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Introduction

Biochemistry is the study of the chemistry of living systems, such as plants and 
animals. Currently, most research falls into three main categories, plant, general, 
and human. Biochemistry is closely allied to the fields of genetics and molecular 
biology. Biochemists study the structure, function, and synthesis of molecules in-
volved in the living process. Advances in biochemistry directly influence medicine 
and the field of human health.

The structural unit of life is the cell. Living organisms can consist of a single 
cell, such as phytoplankton or bacteria, or can be made up of a complex orga-
nization of 100 trillion cells, as humans are. Cells that contain chloroplasts are 
classified as plants and can use sunlight to create chemical energy stored as car-
bohydrates through the process of photosynthesis. Cells also contain ribosomes, 
where amino acids are assembled into proteins that can be structural units, such 
hemoglobin, or enzymes, such as amylase, which catalyze specific reactions in the 
cell. Mitochondria, also contained in cells, are the powerhouse of the cell, provid-
ing the energy needed for the reactions of life. 

Biochemistry plays a central role in all living things. It studies the energy flow 
from molecules such as sugars and carbohydrates, the catalysis of cellular reac-
tion by enzymes, the role of nonpolar constituents such as lipids and fatty acids, 
structural components such as proteins and biopolymers, and inheritance based 
on DNA. 

© 2011 by Apple Academic Press, Inc.



10  Recent Advances in Biochemistry

Modern advances in biochemistry include the 2008 Nobel Prize in chemistry 
awarded to the researchers of green fluorescent protein (GFP). This glowing jel-
lyfish protein has been manipulated by biochemists to revolutionize the tracking 
of tumors and cancer cells. In the area of alternative fuels, biochemists have been 
developing enzymes to break down the cellulose of wood to produce ethanol by 
a process more efficient than corn fermentation. Other groups of biochemists are 
researching the use of algae to sequester carbon dioxide from various sources and 
use the oil produced by the algae for biodiesel. Biochemists are constantly adding 
to our knowledge of what reactions are involved in all living systems.

Much of the recent advances in biochemistry are based on the availability 
of new instrumentation. The limitations of older techniques prevented their use 
in studying high molecular weight components involved in biological systems. 
The growing availability of liquid chromatography mass spectrometers (LC-MS), 
which can analyze high molecular weight biomolecules, has led to advances in 
pharmacokinetics, proteology, and drug development. The use of inductively cou-
pled plasma mass spectrometers (ICP-MS) is now being adopted by biochemists 
to study protein and biomolecules speciation.

Some of the areas where biochemists are employed include agriculture, bio-
technology, cancer research, chemical manufacturing, environmental pollution 
control, food and drink, forensics, hazardous waste, hospitals, pharmaceuticals, 
petroleum, polymer, paper, public health, research, universities, and water treat-
ment. The largest employer of biochemists is the pharmaceutical industry.

The field of biochemistry is constantly changing, with new discoveries being 
made all the time. There is an increased focus on green chemistry, which is the 
design of chemical products and processes that reduce or eliminate the use or 
generation of hazardous substances. In the medical field there is new research be-
ing done on detecting disease on a molecular and genetic level and designing new 
drugs to cure these diseases. There is even research into identifying genetic mark-
ers to predict diseases before they occur. Biofuels are another growing research 
area. The conversion of natural products into energy sources is of vital importance 
to the future. 

— Harold H. Trimm, PhD, RSO
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Biochemical Characterization 
of Bovine Plasma Thrombin-

Activatable Fibrinolysis 
Inhibitor (TAFI)

Zuzana Valnickova, Morten Thaysen-Andersen, Peter Højrup, 
Trine Christensen, Kristian W. Sanggaard, Torsten Kristensen 

and Jan J. Enghild

Abstract
Background

TAFI is a plasma protein assumed to be an important link between coagu-
lation and fibrinolysis. The three-dimensional crystal structures of authentic 
mature bovine TAFI (TAFIa) in complex with tick carboxypeptidase inhibi-
tor, authentic full length bovine plasma thrombin-activatable fibrinolysis in-
hibitor (TAFI), and recombinant human TAFI have recently been solved. In 
light of these recent advances, we have characterized authentic bovine TAFI 
biochemically and compared it to human TAFI.
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12  Recent Advances in Biochemistry

Results

The four N-linked glycosylation sequons within the activation peptide were 
all occupied in bovine TAFI, similar to human TAFI, while the sequon lo-
cated within the enzyme moiety of the bovine protein was non-glycosylated. 
The enzymatic stability and the kinetic constants of TAFIa differed somewhat 
between the two proteins, as did the isoelectric point of TAFI, but not TAFIa. 
Equivalent to human TAFI, bovine TAFI was a substrate for transglutami-
nases and could be proteolytically cleaved by trypsin or thrombin/solulin com-
plex, although small differences in the fragmentation patterns were observed. 
Furthermore, bovine TAFI exhibited intrinsic activity and TAFIa attenuated 
tPA-mediated fibrinolysis similar to the human protein.

Conclusion

The findings presented here suggest that the properties of these two orthologous 
proteins are similar and that conclusions reached using the bovine TAFI may 
be extrapolated to the human protein.

Background
Human thrombin-activatable fibrinolysis inhibitor (TAFI) (EC 3.4.17.20; Uni-
Prot, Q96IY4), also known as plasma pro-carboxypeptidase B, R, and U, is a 
plasma metallocarboxypeptidase that attenuates fibrinolysis [1-10]. TAFI circu-
lates in plasma as a 58 kDa protein with significant intrinsic activity [11,12]. 
The majority of the sites that undergo transglutaminase-mediated cross-linking 
to fibrin are primarily located on the heavily glycosylated pro-peptide, suggest-
ing that TAFI becomes incorporated into the fibrin clot during later stages of the 
coagulation cascade [13]. A variety of trypsin-like proteinases have been shown to 
remove this peptide, generating the mature protein, TAFIa [4,14-17]. The isoelec-
tric point (pI) of this proteolytically cleaved protein is around pH 8.5, which is 
significantly more basic than that of TAFI (pI 5.5) [18]. TAFIa remains in circula-
tion by forming complexes with α2-macroglobulin and pregnancy zone protein 
[19] but is highly unstable, a feature initially attributed to proteolytic cleavage. 
However, this instability is now thought to result from a temperature-dependent 
conformational change that occurs within minutes of activation [4,20-22].

TAFI has been implicated not only in fibrinolysis, but also in inflammation, 
wound healing, and a variety of other deficiencies and diseases, such as diabetes, 
kidney failure, lung cancer, and liver illnesses [23-29]. Interestingly, individuals 
with the more stable Ile325 variant are apparently more susceptible to meningo-
coccal sepsis [30]. TAFI has been studied in multiple animal models, including 
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Biochemical Characterization of Bovine Plasma  13

dog, rabbit, mouse, and rat [31-36]. Intriguingly, the absence of the protein in 
knock out mice is compatible with murine life [25,37,38].

Mouse and rat TAFI have been characterized, and both show similarity to 
the human protein [32,33,35]. Until very recently, the only available structural 
model for the study of TAFI was human pancreatic pro carboxypeptidase B (pro-
CPB) [39]. The protein sequence of Pro-CPB is about 40% identical to TAFI. 
However, in contrast to TAFI, pro-CPB lacks intrinsic activity and its active form, 
carboxypeptidase B (CPB), is stable upon activation [40]. Efforts to crystallize 
authentic human TAFI have been unsuccessful, most likely due to its sugar het-
erogeneity when purified from pooled plasma [18]. However, using recombinant 
human TAFI and authentic protein purified from a single cow enabled the zymo-
gen structure to be solved [41,42]. Although bovine TAFI is similar to pro-CPB, 
it also has differences. Significantly, the position of the pro-peptide is rotated 
12° away from the active site, exposing access to the catalytic residues. Another 
significant distinction is the lack of the corresponding salt bridge between Asp41 
and Arg145 in TAFI [42]. These distinctions might explain the intrinsic activity 
of TAFI [11,12]. Furthermore, the structure of bovine TAFIa in complex with 
tick carboxypeptidase inhibitor (TCI) was determined and found to exhibit a 
high degree of identify with the CPB-TCI structure [43-45]. Interestingly, the 
bovine TAFIa structure contains two undefined regions, both of which are part of 
exposed loops present in the Lβ2β3 and Lα2β4 regions and in a heparin affinity 
region [45]. The domains including Arg302 and Arg330, which are predicted to 
cause instability in human TAFI, were fully ordered in the bovine molecule.

These recent advances prompted us to perform a thorough biochemical char-
acterization of the bovine protein, purified from bovine plasma. This biochemical 
characterization included analysis of stability, N-linked glycosylation, generation 
of TAFIa by removal of the pro-peptide by trypsin and thrombin/solulin, the 
antifibrinolytic effects of TAFIa, as well as analysis of the intrinsic activity of the 
full length protein and its potential to become crosslinked to fibrin by transglu-
taminases.

Results
Primary Structure of Bovine TAFI

The amino acid sequence of bovine TAFI was deduced from a cDNA library and 
published recently [45]. The sequence was 78.6% identical to that of the human 
protein. The bovine protein consisted of 401 amino acid residues, including a  
92-amino acid residue pro-peptide that is released by cleavage at Arg92. All po-
tential glycosylation sites were conserved and found glycosylated in both species, 

© 2011 by Apple Academic Press, Inc.

  



14  Recent Advances in Biochemistry

with exception of the fifth site (Asn219), which remained unglycosylated in bo-
vine TAFI. The location of cysteine residues was identical in both species, with 
the exception of Cys69. This cysteine residue, which is located in the activation 
peptide, was absent from bovine TAFI. In human TAFI, Cys69 does not form a 
disulfide bridge and therefore, is unlikely to affect tertiary structure. All sites in-
volved in catalysis as well as substrate and zinc binding were identical, suggesting 
that the two proteins have the same proteolytic properties.

Generation and Activity of TAFIa

SDS-PAGE of purified bovine TAFI produced a single sharp band at around 56 
kDa, which is slightly lower than the position of human TAFI (Fig 1). TAFIa gen-
erated by either trypsin (Fig 1A) or thrombin/solulin complex (Fig 1B) migrated 
at the same position for both species, suggesting that differences in the migration 
of the full-length species can be attributed to differences in carbohydrates at-
tached to the pro-peptide. It is obvious from the results of the SDS-PAGE that 
greater amounts of proteinases were required to generate human TAFIa (Fig 1). 
Since the thrombin/solulin complex is considered to be responsible for release of 

Figure 1. Generation of bovine and human TAFIa. Bovine and human TAFI (1 µg) were incubated with 
increasing amounts of trypsin (A) or thrombin/solulin complex (B) (all values in µg). Proteolysis products were 
then analyzed by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. Additionally, TAFI (0.2 µg of 
bovine or human) was incubated with increasing amounts of thrombin/solulin complex (C). Increase in activity 
of bovine (filled circles) and human (open circles) TAFIa was monitored through HPLC based kinetic assay 
using Hip-Arg substrate as described in the method section. Note that compared to human TAFI, roughly 15 
times less proteinase complex is required to generate 100% active bovine TAFIa.
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the TAFI pro-peptide in vivo [14] and since trypsin seems to inactivate TAFIa 
more aggressively, only the complex was used to determine the optimal conditions 
for generation of bovine and human TAFIa. Increasing amounts of the thrombin/
solulin were incubated with TAFI, and the enhanced activity was monitored by 
HPLC based activity assay. As shown in Fig 1C, the amount of proteinase com-
plex required to achieve 100% TAFIa activity was much lower than that needed 
for the human TAFI. Furthermore, the kinetic constants for both species were 
determined (Table 1). The intrinsic activity of TAFI is similar between species, 
while the Vmax and Km for bovine TAFa is somewhat higher in comparison to 
the human protein.

Table 1. Summary of bovine and human TAFI and TAFIa kinetic values

Identification of Proteolysis Products Generated Upon 
Proteinase Addition to TAFI

The thrombin/solulin complex produced similar proteolytic fragmentation in 
both the bovine and human TAFI. The generated products were identified by 
Edman degradation and are summarized in Table 2. SDS-PAGE of bovine TAFI 
and thrombin/solulin mixture fashioned a strong band not only at 56 kDa (cor-
responding to full length TAFI), but also at 36 kDa, which was confirmed to 
be TAFIa (Fig 2 and Table 2). In contrast to the human TAFI pro-peptide, the 
released bovine pro-peptide was clearly visible by Coomassie staining, with a mass 
of around 29 kDa (Fig 2). As expected, large amounts of thrombin/solulin com-
plex truncated human TAFIa (36 kDa) at Arg302, liberating the 11.0 kDa C-ter-
minal peptide to produce a proteolytically inactivated form of TAFIa (24.7 kDa) 
(Fig 1B). However, no further proteolytic products were observed for the bovine 
protein in the higher end of the titration using the proteinase complex.

Biochemical Characterization of Bovine Plasma  15
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16  Recent Advances in Biochemistry

Figure 2. Identification of bovine TAFI products generated by proteolysis. SDS-PAGE of bovine or human 
TAFI (1 µg), which was cleaved using either 0.05 µg of trypsin, or thrombin/solulin complex in a ratio of 0.002 
µg/0.05 µg. The products are indicated with arrows and were identified by Edman-degradation (see Table 2 for 
a summary of the bovine TAFI products).

Table 2. Summary of bovine TAFI activation products
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When TAFI was cleaved by trypsin, which is more potent than thrombin/
solulin complex, a somewhat dissimilar fragmentation pattern was generated (Fig 
2). SDS-PAGE of the human protein yielded a typical pattern consisting of full 
length TAFI at 58 kDa, mature TAFIa at 36 kDa, C-terminal processed TAFIa 
(through cleavage at Arg330) at 28 kDa, and the released C-terminal peptide at 
8 kDa (Fig 2). Trypsin cleavage occurred at the same site in both the human and 
bovine protein, creating a 36 kDa TAFIa through truncation at Arg92 (Fig 2). 
Interestingly, in contrast to human TAFIa, bovine TAFIa was initially proteolyti-
cally inactivated by cleavage at the N-terminus, rather than the C-terminus. This 
processing occurred right after Arg147, creating a 29.2 kDa fragment, detected 
around 32 kDa on SDS gel (Fig 2 and Table 2). The pro-peptide was detected at 
around 29 kDa (Fig 2). However, it is most likely immediately processed at the C-
terminus, as a 25 kDa band was detected that also contained the TAFI N-terminal 
sequence (Fig 2). Trypsin and small trypsin fragments were also detected, along 
with the released 6.7 kDa TAFIa N-terminal peptide (Fig 2 and Table 2).

Bovine TAFIa Stability at 37°C

The thermal stability of TAFIa was investigated with HPLC based kinetic assays 
using Hip-Arg as a substrate and the thrombin/solulin complex as an activator 
(Fig 3). The half-life of bovine TAFIa was longer than that of human TAFIa.  
Human TAFIa activity decreased by 50% after 5 min, while this decrease in bo-
vine TAFIa activity occurred at 10 min (Fig 3).

Figure 3. Bovine TAFIa is more stable at 37°C than human TAFIa. Bovine (filled circles) or human (open 
circles) TAFI (3 µg of each) were added thrombin/solulin complex (using optimal conditions as determined in 
the method section), placed at 37°C, and subjected to HPLC based kinetic assays using Hip-Arg substrate at the 
indicated intervals. Bovine TAFIa is more stable than human TAFIa, as seen by a half-life that is twice as long 
(i.e., 10 min vs. 5 min).

Biochemical Characterization of Bovine Plasma  17
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Intrinsic Activity of Bovine TAFI

The intrinsic activity of the bovine protein was determined by activity assays using 
the Hip-Arg substrate and compared to that of human TAFI, by measuring the 
released hippuric acid by HPLC. TAFI activity was undoubtedly detected using 
this method (Fig 4A). Moreover, hippuric acid release was blocked when TAFI 
was incubated with the substrate in the presence of 5 mM 1, 10-phenantroline, 
a chelating agent and known carboxypeptidase inhibitor (Fig 4B). This confirms 
that bovine TAFI has genuine intrinsic activity. This activity was also inhibited by 
2.3 µM TCI, a potentially physiologically relevant inhibitor of TAFI (Fig 4C).

Figure 4. Bovine TAFI cleaves Hip-Arg substrate. The intrinsic activity of the bovine and human protein (1 
µg) was investigated by incubating TAFI with Hip-Arg substrate in the absence (A) or presence of 5 mM 1, 10-
phenantroline (B) or 1 µg TCI (C). The cleaved product, hippuric acid (1), was then separated from the internal 
standard (2) by RP-HPLC. Bovine TAFI, similar to human TAFI, produces considerable hippuric acid, and this 
carboxypeptidase activity is abolished by addition of either 1, 10-phenantroline or TCI.

Isoelectric Point Variation Between TAFI and TAFIa

Isoelectric focusing revealed that the isoelectric point of TAFI and TAFIa varied 
greatly in both species (data not shown). The full length bovine protein migrated 
in the lower end of the pH gradient and appeared as multiple bands between a pI 
of 6.0 and 6.5, likely due to glycosylation heterogeneity. This migration position 
was slightly higher than that of the human TAFI, which migrated to a pI of 5.1 to 
6.0 and also appeared as multiple isoforms. Upon release of the heavily glycosylated 
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activation peptide, both human and bovine TAFIa appeared as a single band at a 
much higher pI of around 8.5. Thus, the difference in migration between TAFI 
in the two species is due to differences in the carbohydrate modifications to their 
respective pro-peptides.

Bovine TAFI Attenuates Clot Lysis In Vitro

The effect of bovine TAFI on fibrinolysis was examined by conducting a fibrinoly-
ses assay in a purified system (Fig 5). The clot was generated in microtiter wells by 
addition of thrombin to fibrinogen and the clot lysis initiated by further addition 
of plasminogen and tPA simultaneously. Purified bovine or human TAFI (1 µg) 
added to the wells, in the presence and absence of solulin, was able to delay clot 
lysis. Moreover, this effect was reversed by the carboxypeptidase inhibitors, PCI or 
TCI, confirming capability of bovine (and human) TAFI to effect clot lysis (data 
not shown).

Figure 5. Bovine TAFIa attenuates clot lysis. The anti fibrinolytic function of bovine TAFIa was tested and 
compared to that of human TAFIa in a purified system. Clott formation was initiated by addition of thrombin 
to fibrinogen in the presence of CaCl2. Simultaneously, the dissolution of clot was generated by tPA and 
plasminogen addition. The change in turbidity was monitored at 405 nm (crosshairs). Upon addition of 1 µg of 
either bovine TAFI (filled circles) or human TAFI (filled squares), in the presence of Solulin, a delay in clot lysis 
was observed. A small anti fibrinolytic effect was observed upon addition of 1 µg of bovine TAFI (open circles) 
and human TAFI (open squares) in the absence of Solulin as well.

Bovine TAFI is a Substrate for Tissue Transglutaminase

To test whether bovine TAFI has the potential to become cross-linked to a fi-
brin meshwork in the same manner as the human protein, we monitored the  

Biochemical Characterization of Bovine Plasma  19
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incorporation of a fluorescent donor, dansylcadaverine, into the protein by tis-
sue transglutaminase. Visualization of SDS-polyacrylamide gels with UV light 
revealed that both human TAFI and α-2AP (another known tissue transglutami-
nase substrate) incorporated dansylcadaverine (Fig 6). Importantly, dansylcadav-
erine was also successfully incorporated into bovine TAFI under these conditions, 
showing that bovine TAFI can serve as a transglutaminase substrate.

Figure 6. Bovine TAFI is a substrate for transglutaminases. Bovine TAFI (2 µg) was incubated with increasing 
amounts of tissue transglutaminase (TG), in the presence of the fluorescent donor, dansylcadaverine. The 
reaction products were separated by SDS-PAGE and visualized under UV light. Human TAFI (2 µg) and 
α2-antiplasmin (2 µg) served as a controls. Note the clear incorporation of dansylcadavarine into bovine TAFI, 
suggesting that it contains amine acceptor sites and functions as a substrate for transglutaminases.
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Bovine TAFI Contains Four N-Linked Carbohydrate 
Structures, Which are Located Solely on the Activation 
Peptide

To characterize the glycans of bovine TAFI, we performed tryptic digests with and 
without subsequent PNGase F treatment, and separated the resulting fragments 
using RP-HPLC. Fractions containing glycopeptides were purified and analyzed 
using MALDI-TOF MS and subsequently verified based on their fragmentation 
using MALDI quadrupole (Q) TOF MS/MS (data not shown). Thirty-five N-
glycans were observed from the four N-glycosylation sites present within the N-
terminal activation region (i.e., N22, N51, N63, and N86) (Fig 7 and Table 3). 
Biantennary structures without core fucosylations were the sole structures identi-
fied by the glycoanalysis. Hence, the substantial microheterogeneity observed was 
limited to variations in the contents of the two types of sialic acids, N-glycolyl-
neuraminic acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac). Up to four 
sialic acid residues were observed on the N22 glycans, whereas the rest of the oc-
cupied sequons contained a maximum of three sialic acid residues (Fig 7). Peptide 
mass fingerprinting of tryptic bovine TAFI treated with and without PNGase F 
revealed that neither of the two potential sites located in the middle of the protein 
(N219 and N226) was occupied by N-glycans. In contrast, N-linked glycosyla-
tion has been detected in human TAFIa. The human protein also exhibits a much 
greater heterogeneity in the N-linked sugars [18]. This may help account for diffi-
culties in determining the three-dimensional structure of human TAFI zymogen.

Figure 7. N-glycans of bovine TAFI. The site in the N-terminal sequence which is cleaved, releasing the 
pro-peptide (Arg92) and known disulfide bonds of bovine TAFI are shown in the schematic, as well as the 
glycosylation sites (not drawn to scale). Square brackets indicate that the glycans were observed with and without 
the particular carbohydrate residue. (Filled squares, N-acetylglucosamine; Open circles, mannose; Filled circles, 
galactose; Filled diamonds, 5-N-acetylneuraminic acid; Open diamonds, 5-N-glycolylneuraminic acid).
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Table 3. Structure of N-linked carbohydrates in bovine TAFI

Discussion
The structure of TAFI and TAFIa/TCI complex has recently been solved using 
authentic bovine TAFI [42,45]. Here, we present a full biochemical characteriza-
tion of the bovine protein purified from bovine plasma. The amino acid sequence 
idenity between the two spieces is 78.6% and all the important sites, such as the 
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catalytic domain, substrate-binding domain, and zinc-binding domain, are fully 
conserved [45]. Only four of the potential N-linked carbohydrate sites are occu-
pied, all located on the activation peptide. The fifth site, Asn219, which is partially 
glycosylated in the human protein [18], remained unglycosylated in the bovine 
protein (Fig 7). Accordingly, this site was found to be buried within the protein 
structure and has previously been suggested to be unglycosylated [42]. Recently, 
the biochemical importance of human TAFI glycosylation has been studied us-
ing TAFI mutants [46]. Interestingly, in some mutants, the absence of carbohy-
drates increases the activity of full length TAFI, but decreases TAFIa activity. The 
increase in intrinsic activity is most apparent in the mutants TAFI-N22Q and 
TAFI-N22Q-N51Q-N63Q. These observations corroborate the finding that, in 
human TAFI, access to the active site exists [11] and this access site potentially 
expands upon carbohydrate removal, possibly imparting a catalytic function to 
sugars [46].

Interestingly, the pronounced microheterogeneity of the TAFI glycans was ex-
clusively generated by the variation in the number and type of sialic acid residues 
located in the termini of the biantennary complex glycans. Neu5Ac and Neu5Gc 
were found in the TAFI glycans and both are known to be abundant sialic acids 
in bovine glycoconjugates. In contrast, humans cannot synthesize Neu5Gc, high-
lighting a difference between the authentic human and authentic bovine TAFI 
structure.

Purified bovine TAFI successfully attenuated fibrinolysis of tPA-induced clots 
in a purified system. Also similar to human TAFI, the bovine protein displays 
considerable stable intrinsic activity, which can be abolished by the same inhibi-
tors used to inhibit TAFIa. Furthermore, it is most likely crosslinked to the fibrin 
meshwork during the early stages of fibrinolysis, as the protein seems to act as a 
substrate for transglutaminases. Bovine TAFI contains potential amine acceptor 
sites, as evidenced by the successful incorporation of dansylcadavarine into the 
protein by tissue transglutaminase.

Bovine TAFI, like the human protein, can also be cleaved through proteolysis 
at Arg92, generating the mature form, TAFIa. In contrast to the human TAFI, 
bovine TAFI is processed into not only the 36 kDa active enzyme, but also a 29 
kDa TAFIa fragment following incubation with trypsin. This N-terminally pro-
cessed TAFIa is missing a 7 kDa N-terminal peptide and is formed through pro-
teolysis of the Arg147-Ala148 bond. This cleavage takes place prior to the usual 
inactivation that occurs at the C-terminus. Human TAFI contains either a Thr or 
Ala at position 147, depending on the variant. Therefore, an identical N-terminal 
truncation at this position is not possible [47]. Similar fragmentation has been 
observed following activation of rat TAFI by plasmin [35]. This may also explain 
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the disordered Lβ2β3 segment observed in the three-dimensional structure of the 
TAFIa/TCI complex [45].

In human TAFI, substituting His333 with Tyr or Gln increases the half-life 
of TAFIa for up to 1.5 h, while preserving all characteristics of wild type TAFI 
[48]. Site-directed mutagenesis of Arg302, Arg320, and Arg330 produces a mol-
ecule much less stable than the wild type protein, suggesting that this instability 
is concentrated in the 302–330 region [21,49]. The naturally occurring muta-
tion of Thr325 to Ile325 has been shown to make human TAFI twice as stable 
[21,50,51]. Position 325 of the bovine protein is occupied by Ile, which might 
account for the longer half-life of bovine TAFIa (10 min) compared to the human 
TAFIa (5 min). Similarly, mutation of Thr329 to Ile329 increases not only the 
half-life of the cleaved human protein, but also its fibrinolytic effect [21]. Again, 
this position is occupied by Ile in bovine TAFI.

Substitution of human TAFI residues with corresponding residues of CPB, 
such as TAFIa-Ile182Arg-Ile183Glu, does not significantly increase stability. On 
the contrary, it reduces antifibrinolytic potential. Nevertheless, lower amounts 
of thrombin-thrombomodulin complex are required in order to generate TAFIa 
from this mutant [52]. This can explain, at least partly, why lower amounts of 
proteinases are required to generate bovine TAFIa, in which Lys182 and Glu183 
naturally occur in sequence. Indeed, 15 times less solulin/thrombin complex is 
required to generate bovine TAFIa with activity similar to that of human TAFIa.

In summary, we deduce that human TAFI and bovine TAFI have similar prop-
erties. The overall secondary structure is conserved, generation of TAFIa can be 
achieved in similar manner, and bovine TAFIa produces a measurable effect on 
fibrinolysis. Thus, the available three-dimensional structure of bovine TAFI is a 
reliable model for investigation of human TAFI, including its in vivo function 
and the in vivo effects of its inhibition.

Conclusion
The bovine and human TAFI activation occurs at equivalent sites and both TA-
FIa and TAFI exhibit caroboxypeptidase activity. Additionally, TAFI from both 
species was found to be substrate for transglutaminases. Minor differences in the 
enzymatic stability of bovine and human TAFIa was observed as well as differ-
ences in the level of glycosylation, isoelectric point and proteolytic by-products 
in trypsin activation. However, overall the findings suggested that the the two 
orthologous proteins are similar and that conclusions reached using the bovine 
TAFI can safely be extrapolated to the human protein.
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Methods
Materials

Bovine trypsin, 1, 10-phenantroline, phenylmethylsulfonyl fluoride (PMSF), 
polyethylene glycol 8000 (PEG), and the chromogenic carboxypeptidase sub-
strate, hippuryl-Arg (Hip-Arg), were obtained from Sigma. Ortho-methylhippu-
ric acid and Pefablock SC were from Aldrich. ECH-Lysine Sepharose was from 
Amersham Biosciences, GE Healthcare (Uppslala, Sweden). Dansylcadaverine 
was from Molecular Probes (Eugene, OR).

Proteins

Human TAFI and human α2-antiplasmin (α-2AP) were purified from normal 
human plasma (Statens Serum, Institute, Copenhagen, Denmark using plas-
minogen-depleted plasma and plasminogen-Sepharose affinity chromatography 
as described previously [4,18]. Guinea pig liver (tissue) transglutaminase (EC 
2.3.2.13), human fibrinogen and human thrombin (EC 3.4.21.5) were purchased 
from Sigma. Recombinanat tPA (EC 3.4.21.68) was purchased from ProSpec-
Tany TechnoGene LTD., Rehovot, Israel. Recombinant soluble thrombomodulin 
(solulin) was a generous gift of Dr. Achim Schuettler (PAION GmbH, Aachen, 
Germany) and Factor XIIIa from Sanofi-Aventis. Potato carboxypeptidase inhibi-
tor (PCI) and TCI were kind gifts from Prof. Francesc. X. Aviles, Dr. Joan Lopez 
Arolas, and Dr. Laura Sanglas. TAFI-antiserum was raised commercially (Pel-
Freez, Rogers, AR). Human plasminogen was purified by affinity chromatography 
using ECH-Lysine Sepharose as described previously [53].

Purification of Bovine TAFI

Bovine TAFI was purified essentially as already described [45]. In short, bovine 
blood (10 L) was collected at the local slaughterhouse and supplemented with 
5 mM EDTA to prevent coagulation. The plasma was separated from erythro-
cytes by centrifugation at 600 × g for 15 min at 22°C. Plasma was incubated 
with 6% (w/v) PEG, and after 1 h, the precipitated proteins were removed by 
centrifugation at 10,000 × g for 40 min at 4°C. Plasminogen was removed from 
the supernatant by affinity chromatography using 1 L of ECH-Lysine Sepharose 
equilibrated in binding buffer (50 mM NaH2PO4, pH 7.5 and 100 mM NaCl). 
Plasminogen-depleted plasma was applied to a 500-ml plasminogen Sepharose 
column equilibrated in binding buffer, and bovine TAFI was eluted using 50 mM 
γ-amino-caproic acid. After buffer exchange into 20 mM Tris-Cl (pH 7.5), bovine 
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TAFI was separated from other contaminants by ion-exchange chromatography 
on a 5-ml HiTrapQ column connected to an AKTA Prime system (Amersham 
Biosciences, GE Healthcare). The column was eluted, at a flow rate of 1 ml/min, 
using a 0.5%/min linear gradient of Buffer A (20 mM Tris-Cl, pH 7.5) and Buffer 
B (20 mM Tris-Cl, pH 7.5 containing 1 M NaCl).

Polyacrylamide Gel Electrophoresis

Proteins were separated by SDS-PAGE in 5 – 15% polyacrylamide gels [54]. 
Samples were boiled for 5 min in the presence of 30 mM dithiothreitol (DTT) 
and 1% SDS prior to electrophoresis.

Generation of Human and Bovine TAFIa

Human and bovine TAFI (1 µg) were incubated with increasing amounts of the 
thrombin/solulin complex, (0 µg/0 µg to 0.01 µg/0.25 µg) for 30 min at 22°C in 
20 mM Tris-HCl and 100 mM NaCl, pH 7.5. For trypsin induced proteolysis, 1 
µg TAFI (human and bovine) was incubated with increasing amounts of trypsin 
(0–0.5 µg) for 20 min at 37°C in 20 mM Tris-HCl and 100 mM NaCl, pH 7.5. 
All reactions were terminated by addition of Pefablock or PMSF to a final con-
centration of 5 mM. Optimal conditions to generate TAFIa with peak activity 
were determined through kinetic assays (using 0.2 µg of TAFI) and SDS-PAGE 
(using 1.0 µg TAFI) with the physiologically relevant thrombin/solulin complex 
as an activator only. To activate 1 µg of human TAFI, the optimal trombin/solulin 
complex ratio (w/w) was 0.06 µg/1.5 µg. Generation of bovine TAFIa was opti-
mal using thrombin/solulin complex ratio of 0.004 µg/0.1 µg to 1 µg TAFI.

NH2-Terminal Amino Acid Sequencing

Proteolytic fragments of bovine TAFI generated by trypsin or solulin/thrombin 
complex were separated by SDS/PAGE. The stacking gel was allowed to polymer-
ize one day prior to electrophoresis, and samples were heated for 3 min at only 
80°C prior to separation. After electrophoresis, proteins were transferred to a 
polyvinylidene difluoride membrane (Immobilon-P, Millipore) in 10 mM CAPS 
and 10% (v/v) methanol (pH 11) [55]. Alternatively, the TAFI-trypsin or TAFI-
solulin/thrombin mixture was applied to an activated ProSorb sample prepara-
tion cartridge (Applied Biosystems), according to the manufacturer’s instructions. 
Samples were analyzed by automated Edman degradation using an Applied Bio-
systems PROCISE™ 494 HT sequencer with on-line HPLC (Applied Biosystems 
Model 120A) for phenylthiohydantoin analysis.
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Isoelectric Focusing

Isoelectric focusing of bovine TAFI was performed essentially as described previ-
ously [18]. Briefly, 10 µg of salt-free protein was focused under native condi-
tions in a Ready IEF gel using the MiniProtean III Cell (Biorad) according to the 
manufacturer's instructions. Bands were focused in a pH gradient of 3 – 10 using 
20 mM lysine and 20 mM arginine as a cathode buffer and 7% phosphoric acid 
as anode buffer (all in H2O). Running conditions consisted of 100 V for 60 min, 
250 V for 60 min, and 500 V for 30 min. Bands were visualized using IEF stain-
ing solution (27% isopropyl alcohol, 10% acetic acid, 0.04% Coomassie Blue 
R250, and 0.05% Crocein Scarlet in H2O).

HPLC Based Kinetic Activity Assay Using Hip-Arg Substrate

The activity of both full length and mature TAFI was determined essentially as 
described previously [56]. A 10-µl sample containing 1 µg of bovine TAFI or 
0.2 µg TAFIa was incubated with 40 µl of 30 mM Hip-Arg for 40 min. Some 
samples were incubated for 15 min with 5 mM phenanthroline or 1 µg TCI prior 
to substrate addition. The reactions were stopped by addition of 50 µl 1 M HCl. 
Ten microliters of 15 mM ortho-methylhippuric acid was included in the reac-
tion mixture as an internal standard. The reaction products, as well as the internal 
standard, were extracted using 300 µl ethyl acetate. One-hundred microliters of 
the extracted sample were lyophilized, solubilized in 100 µl mobile phase buffer 
[10 mM KH2PO4, pH 3.4 containing 15% acetonitrile (ACN)], and separated 
on a reverse phase (RP) HPLC column (PTH C18, 5 µm, 220 × 2.1 mm, Applied 
Biosystems) using the ÄKTA Ettan system (Amersham Biosciences, GE Health-
care).

Determination of TAFI Kinetic Constants

Human and bovine TAFI kinetic properties were essentially determined as de-
scribed previously, with small modifications [46]. Briefly, 1 µg of the zymogen 
and 0.1 µg of TAFIa, generated by the thrombin/solulin complex, for both hu-
man and bovine protein, were incubated with increasing concentration of the 
Hip-Arg substrate (0–30 mM), in duplicates, for 60 min at 37°C in a final volume 
of 60 µl. The reaction was terminated by addition of 20 µl 1 M HCl, neutralized 
by addition of 20 µl of 1 M NaOH and buffered with 25 µl of 1 M NaH2PO4, 
pH 7.4. Upon addition of 60 µl 6% cyanuric chloride dissolved in 1,4-dioxane, 
the samples were vortexed vigorously and centrifuged at 16000 × g for 5 minutes. 
The supernatant was subsequently transferred to 96-well microtiter plate and the 
absorbance was measured at 405 nm in a FLUOStar Omega plate reader (BMG 
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Labtech) using the endpoint mode. The kinetic constants were determined using 
4 different graphical methods.

Thermal Stability of TAFIa Enzymatic Activity

Bovine and human TAFI (3 µg) were mixed with solulin/thrombin complex us-
ing the optimal conditions for generation of TAFIa for each species. At the time 
of reaction termination with pefablock (5 mM final concentration), the reaction 
mixture was placed at 37°C. At various intervals over 120 min, 0.2 µg of TAFI 
protein was removed and incubated with Hip-Arg substrate. Kinetic measure-
ments were then performed using HPLC method described above.

In Vitro Clot Lysis Assays

Clot lysis assays were performed essentially as described previously [57] using 96-
well microtiter plates, with some modifications. Twenty µl of fibrinogen (20 µl/
µg), 1 µl of plasminogen (0.5 µg/µl) and 12.5 µl of factor XIIIa (0.8 µg/µl) were 
mixed in a final volume of 100 µl in 20 mM Hepes and 150 mM NaCl, 5 mM 
CaCl2, pH 7.4 (reaction buffer) in a set of wells. In a proximate set of wells, 1 µl 
of tPA (0.002 µg/µl) and 2 µl of thrombin (20 U/ml) were combined in a final 
volume of 50 µl using the reaction buffer. Clotting was initiated by addition of 
50 µl of the fibrinogen/plasminogen/factor XIIIa mixture to wells containing tPA 
and thrombin. In some wells, 10 µl of solulin (0.1 µg/µl) was added to the tPA/
thrombin mixture prior to clot initiation. Purified human or bovine TAFI (1 µg), 
was added to certain wells containing tPA, thrombin and (+/-) solulin, moments 
prior to the start of the clotting generation. Some wells contained additionally 
1.27 µM TCI or 4.65 µM PCI. The turbidity of the clot was measured continu-
ously at 405 nm in a plate reader (FLUOstar Omega, BMG LABTECH GmbH) 
at 37°C. The lysis time was defined as the time required for a 50% reduction in 
optical density.

Incorporation of Dansylcadaverine Using Tissue 
Transglutaminase

Human TAFI, bovine TAFI, or α-2AP (2 µg of each) were incubated with varying 
amounts of tissue transglutaminase (0 – 2 µg) for 3 h at 37°C in 20 mM Tris-Cl 
and 100 mM NaCl (pH 7.5) containing 10 mM Ca2+, 0.5 mM DTT, and 0.5 
mM dansylcadaverine. The reaction was stopped by addition of 10 mM EDTA, 
and samples were analyzed by reducing SDS-PAGE. The gel was visualized under 
UV light.
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Amino Acid Sequence Analysis

To determine the accurate concentration of TAFI used in this study, we performed 
each analysis in triplicate. For each analysis, approximately 2 µg of purified bo-
vine or human TAFI was dried in 500 µl polypropylene vials. The lids were punc-
tured, and the vials were placed in a 25-ml glass vial equipped with a MinInert 
valve (Pierce Biotechnology, Rockford, IL, USA). Two-hundred microliters of 6 
N HCl containing 0.1% phenol was placed in the bottom of the glass and blown 
with argon before a vacuum was applied. The samples were incubated at 110°C 
for 18 h. They were subsequently redissolved in 50 µl 0.20 M sodium citrate 
loading buffer, pH 2.20 (Biochrom, Cambridge, UK), transferred to microvials, 
and loaded on a BioChrom 30 amino acid analyzer (Biochrom). Data analysis was 
performed using software developed in house.

Proteolytic Digestion of Bovine TAFI and Purification of 
Glycosylated Peptides

Modified trypsin (2 µg, Promega, Madison, WI) was added to approximately 40 
µg of purified bovine TAFI in 20 mM Tris and 200 mM NaCl (pH 7.5) and then 
incubated overnight at 37°C. The resulting peptide mixture was split into two 
samples. N-glycosidase F (1 U, Roche, Mannheim, Germany) was added to one 
of the samples and incubated overnight at 37°C. The other sample was stored at 
-18°C. The two samples were applied separately to a reversed phase HPLC col-
umn (Jupiter C18 250 mm × 2 mm, 5 µm, 300 Å, Phenomenex, Torrance, CA) 
connected to an ÄKTA Basic instrument (Amersham Pharmacia Biotech, GE, 
Uppsala, Sweden). The sample was applied in buffer A [0.06% trifluoroacetic 
acid (TFA) in water] and eluted using the following three-step gradient in buffer 
B (0.05% TFA and 90% ACN in water): 5 to 40% in 30 min, 40 to 60% in 5 
min, and 60 to 90% in 3 min. Differences in the corresponding chromatograms 
revealed the fractions potentially containing glycopeptides. These fractions were 
dried and redissolved in 5% formic acid for further analysis.

Characterization of Glycosylated Peptides by Matrix-
Assisted Laser Desorption/Ionization Time-Of-Flight Mass 
Spectrometry (MALDI-TOF MS)

The fractions containing glycopeptides were concentrated and desalted using hy-
drophobic microcolumns packed with Poros R2 (20 µm, Applied Biosystems, 
Framingham, MA) in GelLoader pipette tips (Eppendorf, Hamburg, Germany) 
as described elsewhere [58]. The samples were eluted directly onto the MS target 
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with 0.5 µl 2,5-dihydroxybenzoic acid (20 g/L) in 70% ACN and 0.1% TFA. 
Alternatively, fractions were not desalted and analyzed by mixing 0.5 µl sample 
and 0.5 µl matrix directly on the target. All samples were analyzed in positive po-
larity mode by MALDI MS using a Bruker Ultraflex (Bruker Daltonics, Bremen, 
Germany) with TOF-TOF technology or a MALDI Q-TOF Ultima (Waters, 
Micromass, Manchester, UK). The spectra were internally calibrated, or external 
calibration was performed by placing a tryptic lactoglobulin digest near the actual 
target spot.
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1The abbreviations used are: α-2AP: α2-antiplasmin; ACN, acetonitrile; Gal: ga-
lactose; Neu5Gc: 5-N-glycolylneuraminic acid; Neu5Ac: 5-N-acetylneuraminic 
acid; GlcNAc: N-acetylglucosamine; Hip-Arg: hippuryl-arginine; PMSF: Phenyl-
methanesulfonyl fluoride; Lys: lysine; Arg: arginine; Man: mannose; MALDI-TOF 
MS: matrix assisted laser desorption ionization time-of-flight mass spectrometry; 
PAGE: polyacrylamide gel electrophoresis; PCI: potato carboxypeptidase inhibi-
tor; pI: isolectric point; PVDF: polyvinylidene difluoride; RP-HPLC: reverse 
phase high performance liquid chromatography; TAFI: zymogen of thrombin 
activatable fibrinolysis inhibitor; TAFIa: activated form of thrombin activatable 
fibrinolysis inhibitor; TFA: trifluoroacetic acid; CPB: carboxypeptidase B; tPA: 
tissue plasminogen activator; TCI: tick carboxypeptidase inhibitor.
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Screening the Glutathione 

Transferase Inhibitors
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Abstract
Background

Glutathione transferases (GSTs) belong to the family of Phase II detoxifica-
tion enzymes. GSTs catalyze the conjugation of glutathione to different en-
dogenous and exogenous electrophilic compounds. Over-expression of GSTs 
was demonstrated in a number of different human cancer cells. It has been 
found that the resistance to many anticancer chemotherapeutics is directly 
correlated with the over-expression of GSTs. Therefore, it appears to be im-
portant to find new GST inhibitors to prevent the resistance of cells to anti-
cancer drugs. In order to search for glutathione transferase (GST) inhibitors, 
a novel method was designed.
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Results

Our results showed that two fragments of GST, named F1 peptide (GY-
WKIKGLV) and F2 peptide (KWRNKKFELGLEFPNL), can significant-
ly inhibit the GST activity. When these two fragments were compared with 
several known potent GST inhibitors, the order of inhibition efficiency (mea-
sured in reactions with 2,4-dinitrochlorobenzene (CDNB) and glutathione 
as substrates) was determined as follows: tannic acid > cibacron blue > F2 
peptide > hematin > F1 peptide > ethacrynic acid. Moreover, the F1 pep-
tide appeared to be a noncompetitive inhibitor of the GST-catalyzed reac-
tion, while the F2 peptide was determined as a competitive inhibitor of this 
reaction.

Conclusion

It appears that the F2 peptide can be used as a new potent specific GST in-
hibitor. It is proposed that the novel method, described in this report, might be 
useful for screening the inhibitors of not only GST but also other enzymes.

Background
Glutathione transferase (GST) (EC 2.5.1.18) is a multifunctional enzyme, which 
protects cells against cytotoxic and genotoxic stresses. GST catalyzes the conjuga-
tion of cytotoxic agents to glutathione (γ-glutamyl-cysteinyl-glycine), producing 
less reactive chemical species. Changes in GST levels have been found to correlate 
with resistance to anticancer drugs through accelerated detoxification of these 
drugs’ substrates [1-4].

Members of the GST family are present at relatively high concentrations in 
the cytosol of various mammalian tissues. Over-expression of GST isozymes has 
been reported in a number of different human cancers, when compared to the 
corresponding normal tissues [5,6]. A 2-fold increase in GST activity was found 
in lymphocytes from chronic lymphocytic leukemia (CLL) patients, who were re-
sistant to chlorambucil, relative to lymphocytes from untreated CLL patients [7]. 
As GST isozymes are frequently up-regulated in many solid tumors and lympho-
mas, inhibition GST activity has become a new drug design concept [8-13]. These 
facts led to the search for and design of GST inhibitors, including their synthetic 
analogues and glutathione conjugates, however, most of the existing inhibitors are 
either too toxic to be used in vivo or are effective only in vitro [14,15].

Although several different GST inhibitors have been reported, to our knowl-
edge, there are no reports on design of the GST inhibitors according to GST 
sequence. In this report, a novel, covering all gene fragments (CAGF), cloning 
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method was used to screen the GST fragments which can bind to glutathione and 
form the inhibitory complexes. These inhibitory complexes act as modified sub-
strate inhibitors or substrate homologues to inhibit the GST activity. The method 
described in this report should be suitable not only for development of novel 
drugs inhibiting the GST activity, but also for finding effective inhibitors in other 
enzyme-catalyzed reaction systems.

Results
Screening the GST Inhibitors using the Fragments of GST

The scheme of the ‘covering all gene fragments’ (CAGF) cloning method is shown 
in Fig. 1, and the whole screening procedure is shown in Fig. 2. Following five-
time panning procedure, as described in the Methods section, 150 positive clones, 
which can tightly bind to the glutathione Sepharose 4B beads, were picked up 
from the plates. The typical panning efficiency during each round is shown in 
Table 1. After five-time panning procedure, the fraction of unbound E. coli cells 
was significantly decreased, from about 11% to 3.9 × 10-5%.

Table 1. The binding efficiency of E. coli cells after each round of panning procedure on glutathione Sepharose 
4B beads.

The 150 positive clones were picked up from the plates and used for screen-
ing the GST inhibitors. Following five consecutive screening procedures (con-
sisting of screening the binding of peptides to glutathione Sepharose 4B beads, 
and screening the positive clones as GST inhibitors), the inhibitor efficiencies 
of all positive clones were compared. We found that positive clones expressing 
GYWKIKGLV (F1 peptide) and KWRNKKFELGLEFPNL (F2 peptide) can sig-
nificantly inhibit GST activity. The binding efficiency of E. coli cells expressing 
F1 or F2 peptides on the glutathione Sepharose 4B beads was confirmed by an 
independent experiment. The fraction of E. coli cells expressing F1 or F2 pep-
tides unbound to the glutathione Sepharose 4B beads was 2.3 × 10-5% or 1.1 × 
10-5%, respectively, while 26.4% control E. coli cells remained unbound to such 
beads (Table 2).
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Figure 1. Cloning all GST gene fragments into the plasmid DNA vector with the covering all gene fragments 
(CAGF) cloning method. A): The gene fragments of GST, B): The amplification of GST fragments using the 
system containing ddNTP, which can terminate the amplification reaction, and produce the DNA sequences 
with the single base differences, thus, the reaction system can produce a large library of fragments with single 
base differences. C): The binding of amplified products, D): Digestion of the CAGF cloning products with 
Exonuclease VII to form the blunt-ended DNA fragments. E): Amplification of the whole pFliTrx plasmid 
with the primers FP2 and RP2, F): The linearized pFilTrx plasmid was linked with the DNA library of the gene 
encoding GST.

Figure 2. The experimental procedure for screening the fragments of GST which can significantly inhibit GST 
activity.
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Table 2. The binding efficiency of E. coli cells expressing F1 and F2 peptides on glutathione Sepharose 4B 
beads.

It has been concluded from the crystallographic study that Arg41, Lys44 and 
Asn53 of GST can interact with glutathione [16]. Here, our results show that 
the identified F2 peptide KWRNKKFELGLEFPNL contains Arg41, Lys44 and 
Asn53 (indicated in bold letters). The control peptide F4, lacking Arg41, Lys44 
and Asn53 residues, could not bind efficiently to the glutathione Sepharose 4B 
beads (Table 3). Moreover, Tyr6, Trp7 and Leu12 of GST were shown to inter-
act with glutathione [16], and our results show that F1 peptide GYWKIKGLV 
contains Tyr6, Trp7 and Leu12 (indicated in bold letters). Moreover, the control 
peptide F3, lacking Tyr6, Trp7 and Leu12, could not bind efficiently to glutathi-
one Sepharose 4B beads (Table 3).

Table 3. The binding of synthesized peptides F1, F2, F3 and F4 to glutathione Sepharose 4B beads.

Results of the screening with the use of the CAGF cloning method are con-
sistent with the crystallographic data. The structure-function analysis has shown 
that GST contains one important binding site (G-site) for glutathione [1]. Ex-
periments based on kinetic and chemical modification techniques indicated that 
the active site might contain either His, Cys, Trp, Arg, or Asp [17-21]. The crystal 
structure indicates that GST binds two molecules of glutathione sulfonate at the 
G-site. Several groups have investigated changes in amino acids involved in the 
formation of the G site of GST. The Tyr6, as one of the important components 
of the G site, is conserved in many mammalian GSTs. Tyr6 plays an essential role 
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in stabilizing the thiolate anion of glutathione through hydrogen bonding. This 
residue was studied using site-directed mutagenesis, and when Tyr was replaced 
by different amino acids, GST has lost at least 90% its specific activity [22-24]. 
Our results with the CAGF cloning method also suggest an important function 
of Tyr6 in glutathione binding, therefore, the screening results are consistent with 
the crystallographic data.

The Binding Characteristics of F1 and F2 Peptides
To determine the binding characteristics of selected peptides (F1 and F2), an 
analysis of the interaction of synthesized peptides with glutathione Sepharose 4B 
beads was performed using the Scatchard method. The Scatchard analysis is a 
method of linearizing data from the binding experiment in order to determine 
binding capacity. The ratio of specific binding and free concentrations was plot-
ted against specific binding concentration. The maximum binding capacity Bmax 
and dissociation constant Kd of F1 and F2 peptides were determined. Our results 
show that there are about 1.1 F1 peptide and 1.2 F2 peptide binding sites on glu-
tathione Sepharose 4B beads, and the disassociation constant of the F2 peptide is 
lover than that of the F1 peptide (Table 4).

Table 4. The binding of F1 and F2 peptides to glutathione.

The binding efficiencies of F1-glutathione and F2-glutathione to GST 
were further confirmed by analysis of the binding of GST to the F1 peptide-
glutathione Sepharose 4B complex and the F2 peptide-glutathione Sepharose 
4B complex. The appropriate binding capacity Bmax and dissociation con-
stant Kd values were determined. The results show that there are about 1.2 
GST binding sites for F1 peptide-glutathione Sepharose 4B complex, and 1.5 
GST binding sites for F2 peptide-glutathione Sepharose 4B complex. The 
disassociation constant of GST on F2 peptide-glutathione Sepharose 4B com-
plex was lower than that of GST on F1 peptide-glutathione Sepharose 4B 
complex (Table 5).
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Table 5. The binding of F1 and F2 peptides to GST.

The Inhibitory Effects of Selected Peptides

The synthesized peptides F1 and F2 were used in the analysis of the efficiency of 
inhibition of GST activity (Table 6). The inhibition efficiencies were as follows: 
tannic acid > cibacron blue > F2 peptide > hematin > F1 peptide > ethacrynic 
acid, with the use of CDNB or DCNB as the substrates. Moreover, we could 
not find any significant inhibition of the GST activity using control peptides  
F3 or F4.

Table 6. Effects of different inhibitors (two selected peptides F1 and F2, tannic acid, cibacron blue, hematin, 
and ethacrynic) on the GST activity.

These results indicate that we have found an efficient GST inhibitor, the F2 
peptide, which is more efficient than hematin (35.2% activity with CDNB as 
a substrate, 42.1% activity with DCNB as a substrate). We also found another 
inhibitor of this reaction, the F1 peptide, which is more efficient than ethacrynic 
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acid (55.1% activity with CDNB as a substrate, 81.2% activity with DCNB as a 
substrate).

The Inhibition Characteristics of Selected Peptides

The inhibitory effects of selected F1 and F2 peptides on the GST-catalyzed reac-
tion, using CDNB and glutathione as substrates, are shown in Fig. 3. Peptides F1 
and F2 inhibited the reaction in a dose-dependent manner, with 50% inhibitory 
concentrations of 0.8 µM and 0.6 µM, respectively.

Figure 3. Effects of F1 and F2 peptides on the activity of GST (µmol/mg/min). The activity was measured 
by monitoring the GST activity with different peptide concentrations, 1 mM glutathione (GSH) and 1 mM 
CDNB in 100 mM potassium phosphate buffer (pH6.5) at 25°C. Each point shows the mean ± SD of triplicate 
determinations. Relative GST activity was obtained from the ratio of GST activity in the presence of inhibitor 
and without inhibitor.

To obtain information on the nature of the inhibition by F1 and F2 peptides, 
GST activity was measured with variable concentrations of glutathione. Here, 
we applied a new model in describing enzyme inhibitor (Fig. 4). It is possible 
that when the F1 or F2 peptide bound to the substrate glutathione, a peptide-
glutathione complex was formed. Because the concentration of the peptide in-
hibitor was significantly lower than the substrate (glutathione) concentration, 
we assumed that the binding of the peptide inhibitor with glutathione will not 
significantly affect the substrate concentration. Hence, the newly formed peptide-
glutathione complex was considered as a new inhibitor. The concentration of the 
peptide-glutathione inhibitor is almost equal to the peptide concentration, thus, 
the Michaelis-Menten equation was used in the analysis.
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Figure 4. The putative mechanisms of F1 peptide- and F2 peptide-mediated inhibition of the GST activity. A): 
Binding of the enzyme (blue) and substrate (red) results in formation of the enzyme-substrate complex, and then 
in liberation of the final product. B): Binding of the F1 peptide (black) and substrate (red) leads to formation 
of a new peptide-substrate complex inhibitor, which may non-competitively inhibit the enzyme activity. C): 
Binding of the F2 peptide (green) and substrate (red) leads to formation of a new peptide-substrate complex 
inhibitor, which may competitively inhibit the enzyme activity.

The Lineweaver-Burk plot for glutathione as the variable peptide concentra-
tion was applied to determine the types of inhibition caused by F1 and F2 pep-
tides. The plot provides a useful graphical method for analysis of the Michaelis-
Menten equation. The effects of the peptide on GST-catalyzed reaction kinetics 
were determined by analysis of apparent Vmax, inhibitor constant Ki and [I]/Ki 
values. Our results indicated that the F1 peptide exerted a noncompetitive inhibi-
tion in the GST-catalyzed reaction with the changing glutathione and F1 pep-
tide concentrations (Vmax decreased while Km remained unchanged) (Fig. 5A). 
However, the F2 peptide exerted a competitive inhibition in this reaction, with 
the changing glutathione and F2 peptide concentrations (Km decreased while 
Vmax remained unchanged) (Fig. 5B).

The Vmax, Ki and [I]/Ki values for the F1 peptide were determined  
(Table 7). The Vmax value of the GST-catalyzed reaction was determined as 1 
µmol/mg/min. However, in the presence of 0.8 µM F1 peptide inhibitor, the 
Vmax, Ki and [I]/Ki values were determined as 0.833 µmol/mg/min, 4.0 µM 
and 0.2, respectively. With the increasing F1 peptide concentrations, from 0.8 
to 3.2 µM, the Vmax value decreased from 0.833 µmol/mg/min to 0.645 µmol/
mg/min, Ki value increased from 4.0 µM to 5.82 µM, and [I]/Ki value increased 
from 0.2 to 0.55.
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Figure 5. Lineweaver-Burk plot of the GST activity with varying glutathione (GSH) concentrations. A): The 
activity was measured with 1 mM CDNB, and different concentrations of GSH, and the F1 peptide. B): The 
activity was measured with 1 mM CDNB, and different concentrations of GSH, and the F2 peptide.

Table 7. The characterization of the F1 peptide as an inhibitor of the GST-catalyzed reaction (The Vmax, Ki and 
[I]/Ki values of the GST-catalyzed reaction in the presence of the F1 inhibit peptide were determined).

The Km, Ki and [I]/Ki values for the F2 peptide were also determined  
(Table 8). The Km value of the GST-catalyzed reaction was determined as 0.25 
mM. However, in the presence of 0.8 µM F2 peptide inhibitor, the Km, Ki and 
[I]/Ki values were determined as 0.38 mM, 1.53 µM and 0.52, respectively. With 
the increasing F2 peptide concentrations from 0.8 to 3.2 µM, the Km value increased 
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from 0.38 mM to 0.58 mM, Ki value increased from 1.53 µM to 2.42 µM, and 
[I]/Ki value increased from 0.52 to 1.32.

Table 8. The characterization of the F2 peptide as an inhibitor of the GST-catalyzed reaction (The Vmax, Ki and 
[I]/Ki values of the GST-catalyzed reaction in the presence of the F2 inhibit peptide were determined).

Moreover, with the changing concentrations of CDNB or DCNB, from 0.5 
mM to 2 mM, the kinetics of the GST-catalyzed reaction remained similar in the 
reaction system containing GST, glutathione and the inhibitor (F1 peptide or F2 
peptide). Therefore, we conclude that CDNB and DCNB cannot significantly 
affect the inhibition efficiency of F1 peptide or F2 peptide.

All these results show that effective non-competitive inhibitor F1 peptide 
and competitive inhibitor F2 peptide were found by using the CAGF cloning  
method. Although F1 and F2 peptides comprise only a small part of GST, they 
show significant inhibition efficiencies in the GST-catalyzed reaction.

Discussion
The development of resistance to anticancer agents is a primary concern in cancer 
chemotherapy. In this light, it is obvious that the emergence of drugs, such as 
the GST inhibitors, able to overcome this resistance is a advancement [10,11]. 
Therefore, it is of special interest to develop GST inhibitors able to enhance the 
therapeutic index of anticancer drugs. Ethacrynic acid and quinine, which are 
both GST inhibitors, have been reported to reverse the resistance to melphalan 
and doxorubicin of cancer cell lines with increased GST expression [25]. In fact, 
ethacrynic acid has been used as an inhibitor of GST in vivo. However, first-gen-
eration GST inhibitors (e.g. ethacrynic acid) were unsuccessful in clinical trials. 
This might be due to its lack of specific function for GST isozyme, and propensity 
to react with other chemicals. In addition, there caused a number of unwanted 
clinical side effects. Therefore, more specific GST inhibitors may eliminate some 
of these undesirable features.

Here, we used the CAGF cloning method to find the GST fragments interact-
ing with glutathione, which might be useful for the finding of GST inhibitors. 
We found two inhibitory peptide fragments, F1 peptide and F2 peptide. Our 
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results revealed that F2 peptide is a potent inhibitor of the reaction with IC50 of 
0.6 µM (Fig. 3).

The putative inhibition mechanisms of actions of F1 and F2 peptide inhibi-
tors are shown in Fig. 4. The F1-glutathione complex was found to be a non-com-
petitive inhibitor, suggesting that the inhibitory binding site of F1-glutathione is 
different from the catalytic site of GST. An analysis of the crystal structure of GST 
and glutathione shows that the F1 peptide is located in the interior position of the 
G site (Fig. 6A). It may be difficult for F1-glutathione complex to dock into the 
catalytic site of GST. We assume that F1-glutathione complex may be docked into 
non-catalytic site of GST, affect the structure of catalytic site of GST, and cause 
the non-competitive inhibition.

On the other hand, the F2 peptide is located in the marginal position of the G 
site of GST (Fig. 6B). It may be easy for F2-glutathione complex to duck into the 
catalytic site of GST. We assume that the F2-glutathione complex may be docked 
into the G site of GST. Thus, F2-glutathione may directly interfere with the cata-
lytic site of GST and glutathione. Since the F2-glutathione causes a competitive 
inhibition, the F2 peptide may be a good candidate for further studies on cancer 
chemomodulation.

Figure 6. The crystal structure of GST with putative binding sites of F1 peptide (A) and F2 peptide (B) 
inhibitors. Symbols: GST (purple), glutathione (brown), selected peptide (yellow). The crystal structure of GST 
and glutathione complex was viewed using the protein structure data (PDB: 1m99).
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The following mechanism was used to explain the inhibitory activity of GST 
fragment-substrate complexes on GST-catalyzed reaction. When the F1 or F2 
peptide bound to the substrate glutathione, a peptide-glutathione complex was 
formed. Although GST can convert glutathione into the reaction products, this 
enzyme cannot convert the peptide-glutathione inhibitor into the product. Thus, 
the binding of the peptide-glutathione to GST can inactive the enzyme activ-
ity. We speculate that peptide-glutathione occupied the functional domain or 
affected the functional domain of GST. Thus, GST-peptide-glutathione or GST-
glutathione-peptide complex cannot catalyze the conversion of glutathione (Fig 
4B and 4C). Here, the function of peptide-glutathione inhibitor is just like the 
substrate homologue or substrate-modifying inhibitor [26].

In summary, we have determined two glutathione-binding fragments of the 
GST sequence, and found that the F2 peptide, selected by the CAGF cloning 
method, can be considered as the inhibitor of GST. The F2 peptide is a potent 
inhibitor, stronger than hematin and ethacrynic acid, but weaker than tannic acid 
and cibacron blue. We suggest that the F2 peptide can be considered in applica-
tions against GST-induced multidrug resistance.

Moreover, Fig. 7 shows the scheme of the novel method in finding enzyme in-
hibitors. In the first step, the enzyme fragments which can bind with the substrate 
were screened to find the binding peptides. In the second step, the complexes 
of enzyme fragments and substrate were screened to find the enzyme inhibitor. 
We believe that this method can be used as a common tool for finding enzyme 
fragments that interact with a substrate, and subsequently for finding enzyme 
inhibitors.

Figure 7. The scheme of the novel method for finding enzyme inhibitors.
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Conclusion
In conclusion, we have successfully found a F2 peptide as GST inhibitor with the 
novel screening method from GST sequence. Our screening method should be 
useful for screening many different enzyme inhibitors.

Methods
Generation of the GST Library

The forward primer FP1: 5’ ATG TCC CCT ATA CTA GGT 3’ and reverse 
primer RP1: 5’ TCA CGA TGC GGC CGC TCG 3’ were used to amplify the 
Schistosoma japonicum full-length GST gene [27] from the pGEX4T-2 plasmid 
DNA vector (Amersham). The amplified DNA fragments were purified with the 
QIAquick PCR purification kit (QIAGEN). The following reaction system was 
used: 1 ng pGEX4T-2 plasmid, 50 mM Tris-HCl (pH 7.8), 5 mM MgCl2, 10 
mM 2-mercaptoethanol, 10 µg/ml BSA, 1 ng forward primer FP1 and 1 ng re-
verse primer RP1, 20 µM dNTP, 1 µM dideoxynucleotides (ddNTP), 2 units 
DNA Polymerase I (Invitrogen), and ddH2O to the reaction volume of 100 µl; 
incubation at 15°C for 30 to 60 min.

The amplified DNA library was purified by using the phenol-chloroform 
method, and dissolved in water. The DNA library was digested with the Exonu-
clease VII (Epicentre), which has a high enzymatic specificity for single-stranded 
DNA and exhibits both 5' → 3' and 3' → 5' exonuclease activities. This enzyme 
is especially useful for rapid removal of single-stranded oligonucleotide primers.

Cloning the GST Library into pFliTrx Vector

The cloning of DNA library into the pFliTrx vector (Invitrogen) was performed 
as shown in Fig. 1. The pFliTrx was amplified using Pfx DNA polymerase (Invit-
rogen) with the forward primer FP2: 5’ GGT CCG TCG AAA ATG ATC GCC 
CCG ATT CTG GAT 3’ and the reverse primer RP2: 5’ CGG ACC GCA CCA 
CTC TGC CCA GAA ATC GAC GAA 3’. The two-step PCR reaction was per-
formed under the following conditions: 92°C for 2 min; then 35 cycles at 68°C 
for 5 min, and 92°C for 30 s. The amplified PCR product was purified by using 
the QIAquick PCR purification kit (QIAGEN).

The purified PCR product of linearized pFliTrx (without the fusion junction) 
was used to link it to the DNA library with T4 ligase. The ligation products 
were introduced into the E. coli GI826 (F-, lacIq, ampC::Ptrp::cI, ΔfliC, ΔmotB, 
eda::Tn10) (Invitrogen).
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Screening the GST Fragments which can Bind to Glutathione

The GST library was introduced to E. coli GI826 competent cells, which were 
then cultured in 50 ml of IMC medium (1 × M9 salts, 0.2% casamino acid, 0.5% 
glucose, 1 mM MgCl2) containing 100 µg/ml ampicillin with shaking (225–250 
rpm) to saturation (OD600 = 3) for 15 hours at 25°C. E. coli cells were added to 
50 ml IMC medium containing 100 µg/ml ampicillin and 100 µg/ml tryptophan 
for induction. The cells were grown at 25°C with shaking for 6 hours. Then, 1 ml 
of glutathione Sepharose 4B (Amersham) slurry and 1 ml of tryptophan-induced 
culture broth were added to 40 ml of the PBS buffer in a 50 ml tube, and kept at 
the room temperature for 30 min, centrifuged at 1,000 × g for 10 min at the room 
temperature, then resuspended in the PBS buffer, and centrifuged at 1,000 × g for 
three more times. Finally, the pellet was resuspended in 2 ml of PBS, and 500 µl 
of elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0) were 
added to elute the bound E. coli cells. The eluted E. coli cells were used for the 
next panning procedure. Following the panning procedure, 100 µl of the eluted 
solution was added on the RMG plates (1 × M9 salt, 0.2% casamino acid, 0.5% 
glucose, 1 mM MgCl2, 1.5% agar). The plates contained 100 µg/ml ampicillin 
for selection of the positive clones. Then the single positive clones from the RMG 
plates were picked up, and 150 single clones were used for screening the GST 
inhibitors.

Screening of GST Fragments which can Inhibit the GST 
Activity

150 single positive clones (grown on the RGB plates), that could tightly bind to 
the glutathione Sepharose 4B, were picked up from the plates, and cultured sepa-
rately in 50 ml of IMC medium containing 100 µg/ml ampicillin for 15 hours 
at 25°C, then induced with 100 µg/ml tryptophan for 6 hours. E. coli cells were 
washed with the PBS buffer for three times at 4°C, and suspended in the 5 ml 
PBS solution, respectively.

Recombinant S. japonicum GST, glutathione, tannic acid, cibacron blue, he-
matin, ethacrynic acid, 1,2-dichloro-4-nitrobenzene (DCNB) and 2,4-dinitro-
chlorobenzene (CDNB) were purchased from Sigma-Aldrich, and used to mea-
sure the GST activity.

To measure the GST activity, glutathione and CDNB solutions were added 
(to final concentration of 1 mM) to 100 µl of E. coli cell suspension (108 cells). 
Then, GST solution was added (the cell suspension without glutathione was used 
as the control). The GST activity was measured by using the spectrophotometric 
assay [28].
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The single clones, which can produce the GST inhibitory peptide, were se-
lected again, and the plasmid DNA was extracted for determination of inserted 
sequences. The whole screening procedures were performed five times. Finally, 
plasmid DNAs were extracted from E. coli cells expressing inhibitory peptides, 
and sequenced.

Analysis of the Binding of Peptides to Glutathione

The binding characteristics of selected peptides to glutathione were determined 
according to the analysis of binding of synthesized peptides to the glutathione 
Sepharose 4B beads. The amount of glutathione in the glutathione Sepharose 4B 
beads was estimated according to the assumption (according to the manufactur-
ere’s information) that there are about 200–400 µmol glutathione/g dried beads. 
An average value of 300 µmol glutathione/g dried beads was used to calculate 
the amount of glutathione in the glutathione Sepharose 4B beads. In our experi-
ments, appropriate amount of wet glutathione Sepharose 4B beads (equal to 1 
mg dry beads) was added to a 1.5 ml Eppendorf tube, and different amounts of 
synthesized peptides were added into the tube. After binding for 10 min at 37°C, 
the binding complexes were separated by centrifugation (12,000 × g for 10 min) 
and concentrations of bound and free peptides were determined by using the 
Lowry method [29]. Scatchard analysis was used to determine the Kd and Bmax 
values. Bmax means the maximum binding sites of synthesized peptide on gluta-
thione Speharose 4B beads (µmol peptide/µmol glutathione). Kd is a dissociation 
constant (pM). Thus, a low Kd value indicates a high affinity.

Analysis of the Binding of Peptide-Glutathione Complex to 
GST

The binding of selected peptide-glutathione complexes with GST were deter-
mined on the basis of analysis of binding of GST to the peptide-glutathione Sep-
harose 4B bead complex. Wet glutathione Sepharose 4B beads (equal to 1 mg dry 
wet) was added into a 1.5 ml Eppendorf tube for binding to peptides. After the 
binding of peptides to glutathione Sepharose 4B beads at 37°C for 10 min, the 
unbound peptides were washed out. Then, different amounts of GST were added 
into the tube. After binding for 10 min at 37°C and separation of the bound com-
plexes by centrifugation, the amounts of bound and free GST were determined 
by the Lowry method [29]. Scatchard analysis was used to determine the Kd and 
Bmax values. Bmax means the maximum binding site of GST with the peptide on 
peptide-glutathione Speharose 4B beads (µmol GST/µmol peptide-glutathione). 
Kd is a disassociation constant (pM).
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Enzyme Inhibition Assay

When the screening experiments were performed, four peptides were synthe-
sized to analyze their inhibition efficiencies. F1 peptide (GYWKIKGLV, yield: 
25.3 mg), F2 peptide (KWRNKKFELGLEFPNL, yield: 28.1 mg), F3 peptide 
(GKIKGV, yield: 2.2 mg) and F4 peptide (KWNKFELGLEFPL, yield: 1.9 mg) 
were obtained from the Invitrogen (Custom Peptide Synthesis, with the purity > 
95%). Recombinant S. japonicum GST (~40 units/mg), glutathione, tannic acid, 
cibacron blue, hematin, ethacrynic acid, 1,2-dichloro-4-nitrobenzene (DCNB) 
and 2,4-dinitrochlorobenzene (CDNB) were from Sigma-Aldrich Co. The in-
hibition studies were carried out according to the previously described method 
[28] at 25°C using glutathione (1 mM) and CDNB (1 mM) or DCNB (1 mM) 
as substrates. The inhibitors (tannic acid, cibacron blue, hematin, ethacrynic acid 
or the synthesized peptides) were added to the reaction mixture and GST activity 
was determined.

The peptide concentration resulting in 50% inhibition (IC50) was deter-
mined from a plot of remaining activity versus peptide concentration. Protein 
concentration was measured according to the Lowry method [29]. Enzyme 
inhibitory kinetic studies were carried out using various concentrations of 
glutathione and CDNB and different concentrations of synthetic peptides 
(0.8, 1.6, 3.2 µM).
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CAGF: covering all gene fragments; GST: glutathione transferase; CDNB: 2,4-
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Role of the UPS in Liddle 
Syndrome

Daniela Rotin 

Abstract
Hypertension is a serious medical problem affecting a large population world-
wide. Liddle syndrome is a hereditary form of early onset hypertension caused 
by mutations in the epithelial Na+ channel (ENaC). The mutated region, 
called the PY (Pro-Pro-x-Tyr) motif, serves as a binding site for Nedd4-2, an 
E3 ubiquitin ligase from the HECT family. Nedd4-2 binds the ENaC PY 
motif via its WW domains, normally leading to ENaC ubiquitylation and 
endocytosis, reducing the number of active channels at the plasma membrane. 
In Liddle syndrome, this endocytosis is impaired due to the inability of the 
mutated PY motif in ENaC to properly bind Nedd4-2. This leads to accumu-
lation of active channels at the cell surface and increased Na+ (and fluid) ab-
sorption in the distal nephron, resulting in elevated blood volume and blood 
pressure. Small molecules/compounds that destabilize cell surface ENaC, or 
enhance Nedd4-2 activity in the kidney, could potentially serve to alleviate 
hypertension.
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Protein Pathway Involvement in Disease
Introduction

Elevated arterial blood pressure, or hypertension, poses a serious public health 
problem, affecting approximately 25% of the adult population in the industrial 
world [1], and becoming, along with obesity, a serious health problem in the 
developing world as well. In recent years, the causes of several genetic disorders 
leading to hypertension or hypotension have been identified, and deleterious mu-
tations have been mapped to components of the aldosterone pathway, as well as 
to key ion channels and transporters expressed along the nephron. Prominent 
examples include Bartter syndrome type I, II or III, Gitelman syndrome, pseudo-
hypoaldosteronism I (PHAI) and Liddle syndrome [2]; the latter two are associ-
ated with mutations in the epithelial Na+ channel (ENaC) and are discussed in 
this review, with a particular focus on Liddle syndrome, a hereditary form of 
hypertension.

The Epithelial Na+ Channel
The amiloride-sensitive ENaC is an ion channel expressed in Na+-transporting 
epithelia such as those present in the distal nephron, respiratory epithelium, distal 
colon and taste buds [3]. In the kidney, it is primarily expressed in the distal con-
necting tubules (CNTs) and cortical collecting tubules (CCTs) of the nephron 
[4,5], where it provides the rate limiting step for Na+ (and fluid) reabsorption into 
the blood stream [3,6,7]. This regulation of Na+ and fluid absorption is tightly 
controlled by the hormones aldosterone (i.e. the renin-angiotensin-aldosterone 
pathway) and vasopressin (antidiuretic hormone, ADH), which stimulate chan-
nel activity [6,8]. The single channel characteristics of ENaC reveal high selectiv-
ity for Na+ over K+, low single channel conductance (~5 pS), high sensitivity to 
amiloride (~100 nM) and slow gating [6]. ENaC activity is primarily regulated by 
control of its opening (Po) and numbers at the plasma membrane [8].

ENaC is comprised of three subunits, α, β and γ [9], each consisting of two 
transmembrane domains flanked by a large extracellular loop and two intracellu-
lar N- and C-termini, and is preferentially assembled at a stoichiometry of α2βγ 
[10,11] (although other configurations have been proposed [12,13]). Maximal 
channel activity is obtained when all three subunits are expressed together, but 
expression of α alone, or a combination of αβ, or αγ, results in low or moderate 
channel activity, respectively [9].

Genetic disease-causing mutations in ENaC, as well as mouse models, have 
shed important light on ENaC function and the pathology of ENaC-related diseases. 
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For example, loss of function mutations in either α, β, or γ ENaC cause PHAI 
[14,15], a salt-wasting disease leading to hypotension, which is also mimicked 
in knockout mouse models lacking β or γ ENaC [16,17], or models expressing 
reduced levels of α ENaC [18], all of which exhibit reduced levels of channel 
expression and activity [9,19]. In contrast to the ENaC loss of function mu-
tations causing PHAI, gain of function mutations in this channel cause Liddle 
syndrome.

Liddle Syndrome

Liddle syndrome (pseudoaldosteronism, OMIM 177200) is an autosomal domi-
nant disease leading to early onset of hypertension. It is associated with hy-
pokalemic alkalosis, reduced plasma rennin activity and low plasma aldosterone 
levels [20]. Over the past 12 years, work from Lifton’s group (Yale University) and 
others has identified several deletions/mutations that cause Liddle syndrome, all 
of which map to β or γ ENaC and lead to elevated channel numbers and activity 
at the plasma membrane, as assessed by heterologously expressing these mutant 
ENaCs in Xenopus oocytes or cultured mammalian cells [2,21,22]. These genetic 
defects either delete the C-terminus of β or γ ENaC [23,24], or mutate a proline 
or a tyrosine within a short sequence, called the PY (Pro-Pro-x-Tyr) motif [25-
28]. The PY motif, or extended PY motif (PPxYxxL [21,29]), is highly conserved 
in the C-termini of all ENaC subunits [26], and serves as a binding site for the 
Nedd4 family of ubiquitin ligases [30], as assessed by in vitro binding, yeast two-
hybrid and co-immunoprecipitation assays, as well as by structural analysis (e.g. 
[29,30]).

Regulation of ENaC by the Ubiquitin System and its 
Impairment in Liddle Syndrome

Ubiquitylation, carried out by the sequential activity of E1, E2 and E3 (ubiq-
uitin ligase) enzymes, usually regulates stability of target proteins that are tagged 
with ubiquitin by the E3 ligases [31]. Most of these proteins are degraded by the 
proteasome [32]. Recent studies have demonstrated, however, that ubiquityla-
tion of transmembrane proteins can tag them for endocytosis and/or vesicular 
sorting, often resulting in their degradation in the lysosome [33,34]. This is usu-
ally achieved by the presence of ubiquitin binding motifs or domains (e.g. UIM, 
UBA, CUE, GAT, UEV, VHS) within proteins such as epsin/Eps15, Hrs and 
GGA, which function to recognize the ubiquitylated transmembrane proteins 
and facilitate their endocytosis or sorting [35].

© 2011 by Apple Academic Press, Inc.

  



60  Recent Advances in Biochemistry

Nedd4 family members are E3 ubiquitin ligases that comprise a C2 domain 
responsible for membrane targeting [36,37], three to four WW domains that bind 
the PY motifs of ENaC [29,30,38-42], and a ubiquitin ligase HECT (homolo-
gous to E6AP carboxyl-terminus) domain [43,44] (Figures 1 and 2). Of the two 
closely related Nedd4 members, Nedd4-1 and Nedd4-2, the latter binds ENaC 
more strongly due to the presence of an additional, high affinity WW domain 
(WW3, out of four WW domains) [41,42]. Accordingly, Nedd4-2 was shown 
to effectively suppress ENaC activity by enhancing removal of the channel from 
the plasma membrane [45-47], and ubiquitylation of ENaC was demonstrated to 
destabilize cell surface ENaC [48] (Figure 2). Indeed, our recent work has dem-
onstrated that Nedd4-2 can ubiquitylate ENaC present at the apical membrane of 
cultured kidney epithelial cells [49]. The few Nedd4-1 proteins that also contain 
this high affinity WW3 domain (e.g. human and Drosophila Nedd4-1) are also 
able to suppress ENaC activity when heterologously expressed in Xenopus oo-
cytes or cultured cells, although in some cases this is prevented in the presence of 
the C2 domain (for example, in the case of human Nedd4-1 [41,47,50]), possibly 
(albeit speculatively) due to inhibitory interactions between the C2 and HECT 
domains.

Figure 1. Regulation of ENaC by Nedd4-2 in homeostasis. The ubiquitin ligase Nedd4-2 binds (via its WW 
domains) to the PY motifs of ENaC, in turn ubiquitylating and targeting ENaC for endocytosis and lysosomal 
degradation. This process can be inhibited by Sgk1- or Akt-mediated phosphorylation of Nedd4-2, which leads 
to binding of 14-3-3 proteins to phosphorylated Nedd4-2, thus preventing Nedd4-2 from associating with 
ENaC and thus increasing ENaC levels at the plasma membrane. Sgk1 can also upregulate ENaC independently 
of Nedd4-2.
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Figure 2. Regulation of ENaC by Nedd4-2 and its impairment in Liddle syndrome. In Liddle syndrome, 
deletion/mutation of the PY motif in βENaC (or γENaC, not shown) impairs the ability of Nedd4-2 to bind 
(and thus ubiquitylate) ENaC, leading to accumulation of ENaC channels at the plasma membrane and 
increased channel activity. (Modified with permission from Staub and Rotin).

Experiments performed in Xenopus oocytes or mammalian cultured cells that 
ectopically express ENaC reveal that unlike the ability of Nedd4-2 to induce re-
moval of wild-type ENaC from the plasma membrane by ubiquitylation (likely 
linked to subsequent clathrin-mediated endocytosis [51]), Liddle syndrome mu-
tations in the PY motif of β or γ ENaC severely attenuate this removal, leading 
to increased retention of mutant ENaC at the cell surface and to elevated channel 
activity [45,46,49] (Figure 2). Accordingly, conditional knockout mice bearing a 
deletion of the PY motif in βENaC (a mouse model for Liddle syndrome) develop 
hypertension that is induced by high salt diet [52]. Moreover, channel feedback 
inhibition by elevated intracellular Na+ concentrations exhibited by wild-type 
ENaC (demonstrated ex vivo in the CCTs of rats [53]) is defective in ENaC bear-
ing the Liddle syndrome mutations in the PY motif (as shown by ectopic expres-
sion of PY motif-mutated ENaC in Xenopus oocytes [54]), further exacerbating 
Na+ loading. Together, this results in increased Na+ and fluid reabsorption in the 
distal nephron, and increased blood volume and blood pressure, which are hall-
marks of Liddle syndrome.

As indicated in the section “The epithelial Na+channel,” ENaC is tightly (pos-
itively) regulated in the kidney by the mineralocorticoid hormone aldosterone. 
One of the recently discovered aldosterone targets is Sgk1, a Ser/Thr kinase from 
the Akt (PKB) family that was found to elevate ENaC levels/activity in response to 
aldosterone in rat or mouse kidney and in A6 cells (a Xenopus cell line endogenously 

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-5&iName=master.img-001.jpg&w=260&h=191


62  Recent Advances in Biochemistry

expressing ENaC and responsive to aldosterone) [55,56]. This effect can be medi-
ated either without (see below) or via regulation of Nedd4-2 (Figure 1). Nedd4-2 
(but not Nedd4-1) possesses Sgk1 phosphorylation sites and, when phosphorylat-
ed by Sgk1 (in cultured cells), is prevented from downregulating ENaC, leading 
to increased ENaC retention at the cell surface and thus increased ENaC activ-
ity [57,58]. This effect is believed to be mediated by association of the adaptor 
protein 14-3-3, known to bind phosphoSer/Thr [59], with Ser-phosphorylated 
Nedd4-2, thus preventing Nedd4-2 from binding ENaC [60,61] (by as yet un-
known mechanism(s)). In support, the expression of 14-3-3β and Nedd4-2, as 
well as Nedd4-2 phosphorylation, were recently shown to be induced in CCT 
cells by dietary salt and by aldosterone [62-64]. However, aldosterone and Sgk1 
can stimulate ENaC independently of Nedd4-2 and their role in Liddle syndrome 
is controversial: aldosterone and Sgk1 were found to increase cell surface abun-
dance of ENaC channels bearing Liddle syndrome deletions/mutations (which 
cannot bind Nedd4-2) [65-68] and, importantly, CCTs harvested from mutant 
mice bearing a Liddle syndrome deletion [52] revealed a normal response to al-
dosterone [69].

In addition to aldosterone, the hormone vasopressin also increases ENaC ac-
tivity (as well as water absorption) in the distal nephron by binding to V2 re-
ceptors and stimulating activation of adenylate cyclase and the release of cAMP 
[6]. cAMP increases the density of ENaC channels (endogenously or ectopically 
expressed in epithelial cells) at the plasma membrane [70,71], an effect suggested 
to be impaired in channels bearing the Liddle syndrome PY motif mutations due 
to defective trafficking to the cell surface [72], or mobilization from a sub-apical 
pool [49]. Recent studies also suggested that Nedd4-2 phosphorylation by PKA 
(which is activated by cAMP) provides inhibitory function much like Sgk1, thus 
inhibiting the ability of Nedd4-2 to suppress ENaC, leading to increased cell 
surface abundance of this channel [73].

Among the other factors that regulate ENaC (aside from hormones, ions and 
Nedd4-2), are proteases such as CAP proteins and TMPRSS3, which activate 
ENaC by proteolytic cleavage of its ectodomains [3,74-77]. A recent paper sug-
gests that Liddle syndrome mutations increase the number of cleaved (active) EN-
aCs at the cell surface (thus further increasing Na+ absorption), and that Nedd4-2 
and ENaC ubiquitylation regulate the number of cleaved channels at the plasma 
membrane [78].

Disease Models, Knockouts and Assays

To date, only one mouse model for Liddle syndrome has been generated. These 
mice, created by the Rossier/Hummler groups (Institut de Pharmacologie et de 
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Toxicologie, Switzerland) in 1999, bear a deletion of the PY motif in βENaC (a 
stop codon is inserted at a residue corresponding to residue Arg566 in human 
βENaC, as found in the original pedigree described by R. Lifton [23]). The mice 
have no phenotype under a normal salt diet, but develop hypertension when fed a 
high salt diet [52]. To date, no other relevant knockout mice of Liddle syndrome 
have been developed.

Disease Targets and Ligands

Liddle syndrome patients are treated with the ENaC antagonist amiloride-tri-
amterene and a low salt diet to stabilize their high blood pressure. While Liddle 
syndrome is a rare disorder, as are several genetic forms of hypertension [2], other 
forms of hypertension are very common in the population and have no known 
genetic components. Inhibiting ENaC activity, the rate limiting step in the regu-
lation of Na+ and fluid reabsorption in the nephron, could provide an attractive 
target to treat hypertension. With the advent of high throughput technology it 
is possible to test for inhibition of ENaC activity by screening with small mol-
ecules/compound libraries, with the hope of identifying inhibitory compounds 
that may be superior to amiloride and its analogs. In that regard, we have recently 
developed a high throughput assay that allows quantification of the amounts of 
cell surface ENaC (Chen and Rotin, unpublished). Given the key role played 
by the ubiquitin system/Nedd4-2 in regulating ENaC cell surface stability and 
ENaC function, identifying compounds that destabilize/decrease ENaC levels at 
the plasma membrane could have potential therapeutic benefits for the treatment 
of hypertension. Stimulating Nedd4-2 activity, which leads to ENaC endocytosis/
degradation, could also be a possibility. However, since Nedd4-2 likely has other 
targets in other tissues/cells, this approach needs to be scrutinized to ensure it is 
targeted specifically to ENaC in the kidney. It is likely that use of putative com-
pounds that aim to enhance ENaC internalization or Nedd4-2 activity would be 
more effective towards other forms of hypertension and not Liddle syndrome, 
since the latter carries mutations that already inhibit ENaC internalization and 
are insensitive to Nedd4-2.

New Frontiers in Drug Discovery
Despite significant recent advances, several key questions remain to be answered 
regarding the regulation of ENaC by Nedd4-2 and the ubiquitin system. These 
include:

(i)	 How is sensing of elevation of intracellular concentrations of Na+ (that 
normally shuts down ENaC) related to the Liddle syndrome mutations? If 
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this is regulated via Nedd4-2, how is Nedd4-2 (directly or indirectly) able 
to sense Na+?

(ii)	 How does phosphorylation of Nedd4-2 by Sgk1 (on sites not within the 
WW domains), which leads to binding of 14-3-3 to Nedd4-2, inhibit the 
association of Nedd4-2 with ENaC, which is mediated via the WW do-
mains?

(iii)	What is the exact stoichiometry of Nedd4-2-ENaC interactions, and how 
is it that loss of only one PY motif is sufficient to cause Liddle syndrome?

(iv)	 How is the activity of Nedd4-2 itself regulated in the cell?
(v)	 What is the physiological function of Nedd4 proteins in vivo in mammals, 

especially in the kidney? The latter should be answered with the generation 
of knockout murine models for these proteins (not yet published). Future 
work will undoubtedly address these and other important questions that 
investigate the relationship between ENaC and the ubiquitin system.

List of Abbreviations Used
CCT: cortical collecting tubule; CNT: distal connecting tubule; ENaC: epithelial 
Na+ channel; HECT: homologous to E6AP carboxyl-terminus; PHAI: pseudohy-
poaldosteronism I; PY: Pro-Pro-x-Tyr.
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Abstract 
Introduction

In Dahl rats’ kidney cortex, the alternatively spliced form of the epitheli-
al sodium channel α subunit (α ENaC-b) is the most abundant mRNA 
transcript (32+/-3 fold > α ENaC-wt) as was investigated by quantitative  
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RT-PCR analysis. α ENaC-b mRNA levels were significantly higher in Dahl 
R versus S rats, and were further augmented by high salt diet. 

Objectives

In the present study, we described the molecular cloning and searched for a 
possible role of α ENaC-b by testing its potential expression in COS7 cells 
as well as its impact on α ENaC-wt expression levels when co-expressed in 
COS7 cells in a dose-dependent manner. 

Methods

Using RT-PCR strategy, the full-length wildtype α ENaC transcript and the 
alternatively spliced form α ENaC-b were amplifi ed, sequenced, cloned, sub-
cloned into PCMV-sport6 expression vector, expressed and co-expressed into 
COS7 cells in a dose-dependent manner. A combination of denaturing and 
native western blotting techniques was employed to examine the expression of 
α ENaC-b in vitro, and to determine if an interaction between α ENaC-b 
and α ENaC-wt occurs in vitro, and finally to demonstrate if degradation of 
α ENaC-wt protein does occur. 

Results

α ENaC-b is translated in COS7 cells. Co-expression of α ENaC-b together 
with α ENaC-wt reduced α ENaC-wt levels in a dose-dependent manner. α 
ENaC-wt and α ENaC-b appear to form a complex that enhances the deg-
radation of α ENaC-wt. 

Conclusions:Western blots suggest a novel mechanism in α ENaC regulation 
whereby α ENaC-b exerts a dominant negative effect on α ENaC-wt expres-
sion. This is potentially by sequestering α ENaC-wt, enhancing its proteolyt-
ic degradation, and possibly explaining the mechanism of salt-resistance in 
Dahl R rats.

Keywords: α ENaC-wt, α ENaC-b, COS7 cells, transfection, expression, binding, 
dose-dependent response, salt-sensitive hypertension, Dahl rats 

Introduction 
The amiloride-sensitive epithelial sodium channels (ENaC) consists of at least 
three subunits denoted by α, β, and γ, each of which possesses two transmem-
brane domains.1–3 The α ENaC subunit is a key molecule for the formation of 
a functional Na+ channel complex in vivo, whereas the β and γ subunits greatly 
potentiate the channel activity.3 α ENaC gene knockout in mice was lethal within 
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40 h of birth because of fluid-filled lungs, confirming the critical role of α ENaC 
in forming functional Na+ channels in vivo.4 Naturally occurring α ENaC alter-
natively spliced forms have been identified in mice, chicken, humans and rats.5–8 
To date, there are two alternatively spliced forms of the α subunit of ENaC (α 
ENaC-a and -b) that have been published in rats, in addition to the major α 
ENaC transcript.7 α ENaC-a transcript is a low abundance transcript compared 
to the full-length α ENaC and has been studied in terms of expression, function-
ality and binding to ENaC blocker.7 On the other hand, α ENaC-b is yet to be 
characterized and appears to play a role in modulating ENaC for the following 
reasons: a) it shares the same splice site with human and chicken spliced forms; 
b) our preliminary results showed that unlike α ENaC-a, α ENaC-b, mRNA 
levels are 32 ± 3-fold higher than full-length α ENaC in kidneys of Dahl rats 
indicating an increased stability/synthesis of the former;9 c) α ENaC-b mRNA 
concentrations are significantly higher in Dahl R versus Dahl S rats,9 suggesting 
a putative dominant negative effect on α ENaC activity in a model of suppressed 
ENaC activity (Dahl R rats);10 d) α ENaC-b is a salt-sensitive transcript, because 
high versus normal salt diet caused a remarkable increase in α ENaC-b mRNA 
levels (P < 0.05) in Dahl R rats.9 

Owing to the fact that non functional α ENaC alternatively spliced forms, 
such as α ENaC-b, have been proposed to serve as negative regulatory compo-
nents for ENaC activity,8 we were prompted to invest in basic research with a 
view to identifying novel targets for diagnosis, prevention and treatment of dis-
orders related to ENaC dysfunction. The overall objectives of these studies were 
to investigate whether α ENaC-b is translated in vitro, whether it is co-expressed 
with α ENaC-wt, and whether α ENaC-b expression suppresses α ENaC-wt ex-
pression when co-expressed in COS7 cells in a dose-dependent manner. 

Methods 
RNA Extraction, RT-PCR and PCR 

Kidney cortex of Dahl S rats was cut out micro¬scopically and homogenized with 
polytron. Poly (A)+ mRNA from kidney cortex of Dahl S rats was isolated using 
Trizol reagent (Invitrogen, CA, U. S.A.) according to the manufacturer’s protocol. 
Isolated RNA was subjected to DNAse treatment for removing potential genomic 
DNA contamination using DNase treatment kit (Ambion, ON, Canada). First 
strand cDNA was synthesized from 2 µg of mRNA with superscript II RNase H-
Reverse transcriptase (Invitrogen, CA, U.S.A.). 

For α ENaC-wt and α ENaC-b, specifi c primers (Table 1) were designed to 
flank the open reading frames of α ENaC-wt and -b form. High fidelity Expand 
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Long Range, dNTPack (kind gift from Roche Applied Science®, QC, Canada) is 
employed to amplify the full length α ENaC and α ENaC-b. Touchdown PCR 
method was employed to improve the efficiency of gene amplification as follows 
(start temperature (Tm) at 68 °C and the annealing Tm reduced 2 °C per cycle 
for the next cycles up to Tm of 58 °C, then the remaining cycles were performed 
at a 58 °C annealing temperature). After amplification, the specific fragments of 
2267 bp (α ENaC-wt ) and 1586 bp (α ENaC-b) were visualized in 1% agarose 
gels (Fig. 1). 

Table 1. Primers used for reverse transcription polymerase chain reaction and expected sizes of cDNA 
fragments. 

Figure 1. Amplification of ENaC-wt and alternatively spliced form from total RNA. Total RNA extracted 
from kidney cortex of Dahl S rats was utilized as a template to generate full lengths cDNAs of α ENaC-wt 
and alternatively spliced form α ENaC-b. High fidelity Expand Long Range, dNTPack was used to amplify 
α ENaC-wt and -b form. Touchdown PCR method was employed to improve the effi ciency of gene amplifi 
cation. After amplifi cation, the specifi c fragments of 2267 bp (α ENaC-wt ) and 1586 bp (α ENaC-b) were 
visualized in 1% agarose gels.

Plasmids and Generation of Constructs 

PCR products for α ENaC-wt and α ENaC-b were ligated with pCR®2.1-TOPO® 
vector using the TOPO TA® cloning kit (Invitrogen, CA, U.S.A.), with blue/white 
screening of DH5α competent cells on ampicillin selective plates. A total of 14 
individual colonies for each species were isolated. Positive clones were picked and 
cultured in LB broth. The DNA extracted from these cultures using Qiagen DNA 
miniprep kit, was sequenced using the M13 universal forward and reverse prim-
ers, in addition to embedded primers within α ENaC-wt and-b forms to verify 
their full lengths sequences. Sequencing was performed using the DYEnamic ET 
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Terminator kit according to the instructions provided by the manufacturer (PE 
Applied Biosystems, Foster City, CA). Sequencing products were purified (DyeEx 
2.0 spin kit columns; Qiagen Canada, Mississauga, ON, Canada) and analyzed 
on 3100 DNA analyser (Applied Biosystems, Foster City, CA). The sequence of 
the cloned α ENaC-b is identical to the one previously reported,7 and the se-
quence of the α ENaC-wt is identical to the one previously reported by our group 
for Dahl rats.11 

Ligated pCR®2.1-TOPO®-α ENaC-wt clone was digested using EcoRI, while 
that of α ENaC-b was digested using EcoRV and HindIII. Digested α ENaC-wt 
and -b fragments were purifi ed from 1% agarose gel (QIAquick Gel Extraction 
Kit, QiagenTM, ON, Canada) and then subcloned overnight at 16 °C into PC-
MV-sport6 vector (Invitrogen, CA, U.S.A.) downstream the T7 promotor using 
the EcoRI site for α ENaC-wt and the EcoRV and HindIII sites for α ENaC-b. 
The positive clones were verified by restriction digestion, then PCR of the inserted 
construct and later by direct nucleotide sequencing as described above. DNA 
yield from positive clones was later increased for transfection studies using Qiagen 
midi-prep kit (QiagenTM, ON, Canada) for amplification of the yield.

Cell Culture and Transfection 

COS-African green monkey kidney cells were maintained in culture at 37°C/5% 
CO2 using Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone® Thermo 
Fisher Scientific Laboratories, Logan, UT) supplemented with glutamine and 
10% heat-inactivated fetal bovine serum (FBS, PAA Laboratories, Pasching, Aus-
tria). Transfections were performed using lipofectamine 2000 reagent (Invitrogen, 
Carlsbad, CA, U.S.A.) and up to 35 µg DNA per 10 cm plate in co-transfection 
experiments. COS7 cells were seeded at approximately one third confluency on 
10 cm diameter plates 18 h before the transfection. Immediately before transfec-
tion, the culture medium was replaced with 5 ml of DMEM supplemented with 
10% (v/v) fetal bovine serum. PCMV-sport6 /αENaC-wt and -b were transfected 
into COS7 cells separately at a concentration of 25 µg DNA /plate (Fig. 2), as 
well as co-transfected together in a dose-dependent manner as demonstrated in 
Figures 3 and 4. The empty PCMV-sport6 vector at a concentration of 25 µg 
DNA /plate was transfected as a control. DNA was added to 250 µl TE buffer and 
lipofectamine was then added (Invitrogen®, ON, Canada). The mixture was incu-
bated at room temperature for 20 min before addition to the COS7 cell culture. 
The cells were incubated overnight at 37 ºC in an air/CO2 (19:1) atmosphere 
before the medium was aspirated and the COS7 cell culture osmotically shocked 
for 2 min with 10% (v/v) PBS. 
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Electrophoresis Analysis

We used two different Western blot analyses namely SDS-PAGE or “denaturing 
gels” and native PAGE or “non denaturing gels”. While SDS-PAGE denatured α 
ENaC-wt and -b proteins, and allowed an easy access of the α ENaC antibody to 
the reactive epitope and subsequent separation of the α ENaC proteins based on 
molecular mass, native gel electrophoresis, on the other hand, allowed us to study 
the α ENaC-wt and -b proteins oligomerization potential. Migration for both 
SDS-PAGE and native gels was performed under 150 V and for 120 min. 

SDS-PAGE and Western Blot Analyses 

Cells from transiently transfected COS7 cells expressing α ENaC-wt, or α EN-
aC-b, or the empty vector along with COS7 cells equally co-transfected with α 
ENaC-wt and -b form were washed twice with ice-cold PBS, scraped and then 
maintained Shehata et al for >2 h at 4 °C in RIPA lysis buffer (10 mM NaPO4, 
150 mM NaCl, 1% deoxycholate, 1% Triton X-100, and 0.1% SDS, pH 7.2) 
supplemented with the protease inhibitor cocktail (Sigma, St. Louis, MO). Pro-
tein concentrations were measured by Bradford. Proteins were then separated by 
SDS-PAGE resolving gels containing 10% acrylamide, and 4% of the same solu-
tion for stacking gels. Samples were mixed with Laemmli buffer (Bio-Rad, 0.5 
M Tris-Hcl, pH 6.8, 10% glycerol, 0.02% bromophenol blue) containing 0.1% 
SDS [sodium dodecyl-sulphate (w:v)] and supplemented with β-mercaptoethanol 
(v:v). Before loading, SDS samples were heated at 100°C for 5 minutes. Proteins 
were separated by SDS-PAGE and western blots were performed according to 
procedures recommended by the Bio-Rad Protein III system (Bio-Rad Inc.). 

Figure 2. Expression of α ΕΝ αC-wt and α ΕΝαC-b in COS7 cells. SDS/PAGE and Western blot analysis were 
performed using extracts from mammalian cells expressing either the alternatively spliced form α ENaC-wt or 
–b form or the empty vector in COS7 cells. Lane 1 represents proteins extrated from COS7 cells transfected 
with α ENaC-wt, lanes 2 and 3 represent COS7 cells transfected with the empty PCMV-sport6 vector, and lane 
4 represents COS7 cells transfected with α ENaC-b. 
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Native Gel Electrophoresis and Western Blot Analyses

Separation of proteins by PAGE under non denaturing conditions was per-
formed similar to SDS-PAGE, except that SDS and β-mercaptoethanol were to-
tally excluded and the samples were not boiled. This will preserve any protein 
interactions. Samples and protein markers were diluted in 0.5 M Tris-HCl, pH 
6.8, 40% glycerol (v:v). and 0.02% bromophenol blue (w:v) (without SDS and 
β-mercaptoethanol), and without heating. In Native PAGE, 20 µg of proteins 
were separated on precast Novex® 8% Tris-Glycine Midi Gel (Invitrogen, CA, 
U.S.A.). Before loading the samples, the gel was cooled to 4 °C. After addition of 
native sample buffer (5X), samples were directly applied to the gel without any 
preconditioning. Native gel electrophoresis (18 cm • 16 cm) was conducted in 
the same apparatus as above. The running buffer (pH 8.3) contained Tris base (25 
mM) and glycine (192 mM).

Polyclonal antibodies raised against the N terminal aa 46–68 [NH2-LGKGD-
KREEQGL-GPEPSAPRQPT-COOH] of the rat α ENaC were used to recognize 
the α ENaC-wt and -b proteins. Antibodies were purified from rabbit sera, con-
centrated to 1.3 ug/ul and diluted to 1:1000. Primary α ENaC antibodies were 
a kind gift from Dr. M. Amin. In Western blot, protein samples were transferred 
to nitrocellulose membranes (Bio-Rad Inc.) using Trans-Blot Cell system (Bio-
Rad Inc., CA, U.S.A.). After transfer, nitrocellulose membranes were blocked for 
1 h with 5% skimmed milk in 0.1% Tris-buffered saline containing 0.1% Tri-
ton X-100 (TBST) and incubated with primary antibody overnight. Blots were 
probed with horseradish peroxidase-conjugated anti-rabbit IgG secondary anti-
body (Promega Inc., ON, Canada) for 2 h at room temperature. Multiple washes 
for the membranes were performed using TBST after the primary and second-
ary incubations. Protein signals were detected using ECL substrate (Amersham 
Biosciences Inc. Chicago, IL) and quantified using Alpha Ease FC (FluorChem, 
9900) software. All Western blots were stripped in 100 mm 2-mercaptoethanol, 
62.5 mM Tris-HCl (pH 6.7), and 2% SDS for 30 min at 55 °C with constant 
agitation. After removal of antibodies, nonspecific interactions were reblocked by 
incubation in Tris-buffered saline-Tween 20 and 5% milk for 2 h before the blots 
were reprobed with the house keeping gene (β-actin).

Results 
Molecular Cloning and Sequencing of α ENaC-wt and 
Alternatively Spliced Form a ENaC-b 

To determine whether α ENaC-b is translated in vitro, and if so, whether α EN-
aC-b binds to α ENaC-wt, we cloned α ENaC-wt and -b transcripts from Dahl 
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S rats’ kidney cortex, using RT-PCR. Using PCR primers that were designed to 
amplify full-length coding sequences of α ENaC-wt and α ENaC-b transcripts, α 
ENaC-wt and α ENaC-b were obtained and cloned (Fig. 1). Sequences for both 
α ENaC-wt and -b form were confi rmed by complete nucleotide sequencing 
analyses. α ENaC-wt sequence was consistent with our previously reported Dahl 
rat coding sequence.11 The present α ENaC-b sequence was consistent with the 
previously reported α ENaC-b sequence.7 

Expression of Full Length a ENaC and Truncated α ENaC-b 
Alternatively spliced Form in Transiently Transfected COS7 
Cells 

Full length α ENaC and truncated α ENaC-b transcripts were studied in COS7 
cells to confirm their ability to make a protein. In vitro translation of α ENaC-wt 
and α ENaC-b produced proteins of 85 and 53 kDa, respectively (Fig. 2). 

Dimerization of α ENaC-wt and α ENaC-b 

Using native Western analysis for lysates obtained from COS7 cells co-transfected 
with α ENaC-wt and -b forms, a dimer was formed at 140 kDa, equivalent to the 
summation of the molecular weights of α ENaC-wt and α ENaC-b. α ENaC-wt 
protein has a molecular mass of 85 kDa, while α ENaC-b protein has a molecular 
mass of 53 kDa (Fig. 3). 

Dose-Dependent Suppression of Full-Length α ENaC 
Expressionby Increasing Doses of α ENaC-b 

Western blot analysis using an α ENaC antiserum revealed that co-expression of 
α ENaC-wt with spliced form α ENaC-b decreased α ENaC-wt protein levels by 
increasing doses of α ENaC-b protein (Fig. 4). 

Discussion
The present study reports the following: a) α ENaC-b transcript is translated in 
COS7 cells to a peptide of apparent mass of 53 kDa, b) α ENaC-b transcript is 
co-expressed with α ENaC-wt transcript, c) α ENaC-b forms a complex with α 
ENaC-wt resulting in dimer formation of a molecular mass of approximately 140 
kDa, d) Increasing doses of α ENaC-b suppressed α ENaC-wt expression in a 
dose-dependent manner when co-expressed in COS7 cells. 
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Figure 3. Analysis of α ENaC-wt and α ENaC-b expression by native Western analysis. α ENaC-wt and α 
ENaC-b interacts in vivo by the formation of a dimmer of a molecular mass of 140 kDa. Lanes 1 and 2 represent 
proteins from COS7 cells co-expressing α ENaC-wt and α ENaC-b in equal proportions (1:1), lane 3 represents 
proteins from COS7 cells transfected with the empty PCMV-sport6 vector. Bands are normalized against the 
house keeping gene  -actin and the experiment was done in triplicate.

Formation of alternatively spliced forms of α ENaC have been previously re-
ported in four species: rats, humans, mice and chicken6–9,12 suggesting that 
alternative RNA splicing is possibly a mechanism for regulating α ENaC ac-
tivity, besides transcriptional regulation. The biological impact of alternatively 
spliced forms, particularly those lacking functional domains such as α ENaC-b 
lacking the second transmembrane domain, may go as far as a drastic switch-off 
effect.13–15 

Our previous findings showed that α ENaC-b mRNA levels were significantly 
higher in Dahl salt-resistant (R) versus salt-sensitive (S) rats.9 Overrepresentation 
of α ENaC-b in Dahl R rats could be indicative of a dominant negative effect on 
α ENaC expression/function in this model. Additionally, owing to the fact that α 
ENaC-b is a salt-sensitive transcript in Dahl R rats,9 we were motivated to search 
for a biological role of α ENaC-b in vitro that might be in progress to protect the 
channel from over-activity in high salt environment in Dahl R rats, possibly by 
a dominant negative effect on α ENaC-wt. Therefore, α ENaC-b was amplified, 
sequenced and cloned. Expression of α ENaC-b alone and in the presence and 
absence of α ENaC-wt was examined. 

Results show that the truncated α ENaC-b protein is translated in vitro and 
its co-expression with α ENaC-wt appeared to substantially reduce α ENaC-wt 
expression in a dose-dependent manner. α ENaC-b acts as a dominant inhibitor 
of α ENaC-wt by forming a complex with α ENaC-wt. These results support an 
important role for alternative splicing in α ENaC regulation, and suggest that 
α ENaC can form heteromers which may be important in regulating α ENaC 
expression and/or activity. 
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The present study is the first to demonstrate the expression of alternatively 
spliced α ENaC-b form in mammalian COS7 cells and expands our understand-
ing of the putative mechanism of action of α ENaC-b as a negative expression 
regulator of α ENaC-wt; by directly interacting with α ENaC-wt as a dominant 
negative protein that ultimately hinders α ENaC-wt expression and potentially 
its activity. In co-expression studies (Fig. 4), a weak signal of α ENaC-b can be 
detected at 53 kDa, possibly indicating that dimerization of α ENaC-wt with -b 
protein degrades α ENaC-wt primarily and eventually degrades α ENaC-b. Our 
findings therefore uncover a new mechanism that may control the regulation of 
α ENaC expression in vivo by a potential spliced form α ENaC-b. A detailed un-
derstanding of the spectrum of alternatively spliced α ENaC-b is of importance 
not only for the understanding of ENaC regulation in Dahl rats, but also for the 
future drug development efforts. It will also provide insight into the beneficial 
impact of increasing α ENaC-b to possibly prevent salt sensitivity. 

Figure 4. Dose-dependent suppression of α ENaC-wt by increasing doses of α ENaC-b. Lanes 1–7 represent 
proteins of COS7 cells co-transfected by α ENaC-wt and α ENaC-b in the ratios provided. Denaturing Western 
analysis demonstrate a dose-dependent reduction in full-length α ENaC expression. Lane 8 represents proteins 
from cells transfected with the empty PCMV-sport 6 vector. A weak signal of α ENaC-b can be detected at 
53 kDa, possibly indicating that dimerization of α ENaC-wt with α ENaC-b proteins degrades α ENaC-wt 
primarily and eventually degrades α ENaC-b. Bands are normalized against the house keeping gene β-actin and 
the experiment was done in triplicate.

To this end, the present study suggests a dominant negative effect imposed 
by α ENaC-b on full length α ENaC protein expression in Dahl R rat kidneys. 
Our preliminary results suggest the intriguing possibility of a “genotoxic” effect 
of α ENaC-b on full-length α ENaC, potentially by accelerating proteolytic deg-
radation of the latter in a dose-dependent fashion. There are at least two areas 
of potential clinical importance for these studies. First, identification of spliced 
forms that impair the hyperactivity of ENaC to sodium in the kidney of Dahl S 
rats would identify specific targets for the development of novel antihypertensive 
drug therapy for salt-dependent hypertension. Second, as gene therapy delivery 
systems continue to evolve, we will be examining in vivo delivery of adenoviruses 
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carrying α ENaC-b and then assessing the resultant blood pressure effects. This 
may eventually gain relevance as a possible “proof-of-concept” gene therapy. 
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Abstract
Background

Protein acetylation is among the most common protein modifications. The 
two major types are post-translational Nε-lysine acetylation catalyzed by 
KATs (Lysine acetyltransferases, previously named HATs (histone acetyltrans-
ferases) and co-translational Nα-terminal acetylation catalyzed by NATs (N-
terminal acetyltransferases). The major NAT complex in yeast, NatA, is com-
posed of the catalytic subunit Naa10p (N alpha acetyltransferase 10 protein) 
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(Ard1p) and the auxiliary subunit Naa15p (Nat1p). The NatA complex 
potentially acetylates Ser-, Ala-, Thr-, Gly-, Val- and Cys- N-termini after 
Met-cleavage. In humans, the homologues hNaa15p (hNat1) and hNaa10p 
(hArd1) were demonstrated to form a stable ribosome associated NAT com-
plex acetylating NatA type N-termini in vitro and in vivo.

Results

We here describe a novel human protein, hNaa16p (hNat2), with 70% se-
quence identity to hNaa15p (hNat1). The gene encoding hNaa16p origi-
nates from an early vertebrate duplication event from the common ancestor 
of hNAA15 and hNAA16. Immunoprecipitation coupled to mass spectrom-
etry identified both endogenous hNaa15p and hNaa16p as distinct inter-
action partners of hNaa10p in HEK293 cells, thus demonstrating the pres-
ence of both hNaa15p-hNaa10p and hNaa16p-hNaa10p complexes. The 
hNaa16p-hNaa10p complex acetylates NatA type N-termini in vitro. 
hNaa16p is ribosome associated, supporting its potential role in cotransla-
tional Nα-terminal acetylation. hNAA16 is expressed in a variety of human 
cell lines, but is generally less abundant as compared to hNAA15. Specif-
ic knockdown of hNAA16 induces cell death, suggesting an essential role for 
hNaa16p in human cells.

Conclusion

At least two distinct NatA protein Nα-terminal acetyltransferases coexist in 
human cells potentially creating a more complex and flexible system for Nα-
terminal acetylation as compared to lower eukaryotes.

Background
About 80% of all mammalian proteins and 50% of yeast proteins are estimated 
to be cotranslationally acetylated at their N-termini [1-6]. This clearly makes N-
terminal acetylation one of the most common protein modifications in eukaryotic 
cells. In yeast, three complexes, NatA, NatB and NatC, express different substrate 
specificities and are responsible for the majority of N-terminal acetylation [6]. At 
present, the nomenclature of this class of enzymes is not coherent and later this 
year a revised nomenclature of this enzyme class will be presented (Polevoda B, 
Arnesen T and Sherman F, unpublished). In brief, for the proteins mentioned 
in this study the following names will apply: Naa10p (Ard1), Naa11p (Ard2), 
Naa15p (Nat1), Naa16p (Nat2) and Naa50p (Nat5). The yeast NatA complex 
contains the structural subunit Naa15p mediating ribosome association and the 
catalytic subunit Naa10p [7,8]. Deletion of yNAA15 and yNAA10 results in a 
number of common defects including lack of Go entry, reduced cell growth, and 
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inability to sporulate [9-11]. The subunit Naa50p is also physically associated 
with Naa10p and Naa15p, but the function of hNaa50p is unknown [7]. The 
human NatA, NatB and NatC complexes were recently characterized [12–15]. 
The human NatA complex contains the human homologues of the yeast NatA 
components hNaa10p, hNaa15p and hNaa50p [13,16]. The function and sub-
strate specificity of hNatA in vivo and in vitro were found to resemble that of 
the yeast NatA complex [1]. The yeast NAA10 gene is duplicated in mammals. 
In humans, the NAA10 duplication has lead to the generation of a novel protein 
designated hNaa11p [17]. Similarly to hNaa10p, hNaa11p potentially interacts 
with hNaa15p implying that two distinct NatA complexes may exist in human 
cells: both hNaa15p-hNaa10p and hNaa15p-hNaa11p [17]. However, an endog-
enous hNaa15p-hNaa11p complex has not yet been detected, thus the functional 
importance of hNaa11p remains to be elucidated. hNaa10p and hNaa15p were 
previously demonstrated to be important for normal cellular viability. RNA inter-
ference-mediated knockdown of hNAA10 or hNAA15 induced apoptosis and cell 
cycle arrest in human cell lines [18-20], thus hNaa10p has been proposed to be a 
novel cancer drug target [21]. On the other hand, it has also been reported that 
hNaa10p is essential for the induction of apoptosis since knockdown of hNaa10p 
protected cells against doxorubicin induced apoptosis [22].

In order to identify novel interaction partners of hNaa10p, we performed 
immunoprecipitation of hNaa10p from HEK293 cells, followed by trypsin diges-
tion of immunoprecipitated proteins and peptide analysis by mass spectrometry. 
We here demonstrate the existence of an endogenous hNaa16p protein, encoded 
by a human paralogue of the hNAA15 gene representing a new orthologue of the 
yeast NAA15 gene. hNAA16 mRNA is generally expressed in human cells. The 
hNaa16p protein associates with ribosomes, and interacts with hNaa10p to form 
a novel human NatA complex.

Results
Identification of hNaa16p and the hNaa16p-hNaa10p Complex

We used an immunoprecipitation-mass spectrometry approach to identify nov-
el interaction partners of hNaa10p. Endogenous hNaa10p was collected from 
HEK293 cell extracts using a hNaa10p-specific antibody. The immunoprecipitates 
were analysed by LC/MS/MS after trypsin digestion. In addition to hNaa10p, 
hNaa15p and hNaa50p [13,16], we identified a novel protein, hNaa16p (hNat2/
Entrez gene official symbol: NARG1L), in each of four parallel affinity extrac-
tions obtained using anti-hNaa10p. Both hNaa15p and hNaa16p were identi-
fied by several unique peptides. Neither hNaa10p nor hNaa15p nor hNaa16p 
were present in four negative controls using unspecific immunoglobulins. The 
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identified hNaa15p and hNaa16p specific peptides are presented in Figure 1. 
The MS/MS spectra of two of these peptides, RAIELATTLDESLTNR (uniquely 
identifying hNaa15p) and DLESFNEDFLK (uniquely identifying hNaa16p) are 
shown in Figure 2. From the alignments (Figure 1) it is obvious that the two 
proteins hNaa15p and hNaa16p are highly similar. According to NCBI bl2seq 
[23], hNaa15p and hNaa16p share 70% identity and 85% similarity at the amino 
acid level. In Figure 3, hNaa15p and hNaa16p structural domains as identified 
by SMART [24] are presented. Both proteins contain several Tetratricopeptide 
(TPR) domains which are degenerate 34 amino acids repeats containing a helix-
loop-helix presumed to be involved in protein-protein interactions. hNaa15p is 
predicted to contain 4 TPRs while hNaa16p is predicted to have 5 TPRs. This dif-
ference results from program threshold values chosen, and since both proteins are 
highly similar in this region, it is likely that also hNaa15p may have a fifth TPR 
domain in the same region. Both proteins contain coiled-coil domains (Figure 3). 
Also the exon-intron organisation for the two genes is highly similar (Figure 3).

Figure 1. Alignment of hNaa15p and hNaa16p proteins with identified peptides from anti-hNaa10p affinity 
extracts indicated. Sequences for hNaa15p and hNaa16p were aligned using Muscle [36], with sequences 
common to both proteins shown between the hNaa15p and hNaa16p sequences. Tryptic peptides uniquely 
identifying hNaa15p are in bold and red, sequences uniquely identifying hNaa16p are in bold and green, and 
peptides common to both proteins are bold and black. Breaks indicate two different peptides within a region. A 
number of peptides unique to each protein confirmed that hNaa16p has a different sequence from hNaa15p.

A Novel Human Nata Nα-Terminal Acetyltransferase Complex  87

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-7&iName=master.img-000.jpg&w=282&h=268


88  Recent Advances in Biochemistry

Figure 2. MS/MS spectra of peptides uniquely identifying hNaa15p and hNaa16p in complex with hNaa10p. A. 
MS/MS spectrum of the peptide RAIELATTLDESLTNR, which uniquely identifies hNaa15p in the hNaa10p 
affinity extraction. The MS/MS spectrum of the +2 peptide ion was matched to this sequence with an Xcorr 
of 4.25 [30]; the peptide had a probability of correct sequencing of 0.99 [32]. B. MS/MS spectrum of the 
peptide DLESFNEDFLK, which uniquely identifies hNaa16p in the hNaa10p affinity extraction. The MS/MS 
spectrum of the +2 peptide ion was matched to this sequence with an Xcorr of 3.4; the peptide had a probability 
of correct sequencing of 0.95. All fragment ions have a +1 charge. Individual matched y ions (blue) and b ions 
(red) are indicated in bold; the position of the peptide precursor ion is indicated by the dagger; the x-axis units 
are m/z and the y-axis represents relative peak intensity normalized to the most intense fragment ion.
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Figure 3. Overview of structural domains and exon structure of hNaa15p and hNaa16p. SMART analysis [24] 
demonstrates the presence of TPR domains (yellow) and coiled coil regions (green). Intron positions are indicated 
with vertical lines showing the intron phase (below lines) and exact amino acid position (above lines).

The interaction between hNaa16p and hNaa10p appears to be independent of 
the hNaa15p-hNaa10p complex since hNaa16p-specific peptides were not present 
in anti-hNaa15p immunoprecipitates analysed in parallel. Since both hNaa15p 
and hNaa16p interact with hNaa10p, it is of interest to determine the approxi-
mate ratio of hNaa15p versus hNaa16p in complex with hNaa10p. To make a 
rough and qualitative estimate of the amounts of hNaa15p and hNaa16p com-
plexed with hNaa10p, the protein abundance index [25] was calculated for each 
protein as the number of LC/MS/MS-observed tryptic peptides (unique to each 
protein) divided by the total number of tryptic peptides that could be identified 
by SEQUEST under the exact search conditions used. For hNaa15p, this number 
was 0.0858, while for hNaa16p it was 0.0138. hNaa15p-hNaa10p complexes thus 
appear to be roughly 6-fold more abundant than hNaa16p-hNaa10p complexes 
in HEK293 cells. As an additional verification of the hNaa16p-hNaa10p interac-
tion, we expressed tagged hNaa16p-FLAG and hNaa10p-V5 in HeLa cells and 
demonstrated that hNaa16p-FLAG was co-immunoprecipitated with hNaa10p-
V5 (Figure 4A). In conclusion, these observations clearly support the presence 
of an endogenous hNaa16p-hNaa10p complex in human cells. Furthermore, we 
also wanted to test whether hNaa16p could interact with hNaa11p, since the lat-
ter protein is very similar to hNaa10p. The co-immunoprecipitation experiments 
using hNaa16p-FLAG and hNaa11p-V5, demonstrated that this indeed is the 
case (Figure 4B).
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Figure 4. hNaa10p-V5 and hNaa11p-V5 co-immunoprecipitate hNaa16p-FLAG. (A) HeLa cells were 
transfected with phNAA10-V5 and phNAA16-FLAG as indicated and the cell lysates were immunoprecipitated 
(IP) with anti-V5 or unspecific control antibodies. The immunoprecipitates and lysate controls were analyzed by 
SDS-PAGE and Western blotting using anti-FLAG and anti-V5 antibodies. The amount of the lysate loaded on 
the gel represents approximately 20% of the material used for IP. Results are representative of three independent 
experiments. (B) As (A) using phNAA11-V5 and phNAA16-FLAG plasmids.

Expression of hNAA15 and hNAA16 in Human Cell Lines

To investigate the expression of these two human homologues of the yeast NAA15 
gene, we analysed the expression of hNAA15 and hNAA16 mRNA by quantita-
tive RT-PCR in 10 human cell lines of various origin (Figure 5A) and 10 human 
cell lines originating from the thyroid gland (Figure 5B). Both genes are highly 
expressed in HepG2 (hepatocellular carcinoma), HEK293 (kidney adenocarci-
noma), and SK-MEL2 (malignant melanoma) cell lines. Our results demonstrate 
that hNAA16 is expressed in all cell lines analyzed, and hNAA15 is the most 
abundant species of the two. The expression level of hNAA15 mRNA is 2–3 times 
than that of hNAA16 mRNA in cell lines like TAD-2 and HepG2, while it is 
7–11 times more abundant in GaMG, SK-N-MC, HeLa, and B-CPAP cells. In-
terestingly, in HEK293 cells, hNAA15 mRNA is 5 times more abundant as com-
pared to hNAA16 mRNA. Although there is not necessarily a direct relationship 
between the level of a specific mRNA and the level of the corresponding protein, 
this agrees with our rough estimates that hNaa15p-hNaa10p complexes appear to 
be 6-fold more abundant than hNaa16p-hNaa10p complexes in HEK293 cells, 
thus suggesting that the level of the various NatA complexes present is proportion-
al to the presence of their single subunits. Tissue expression profiles for hNAA15 
and hNAA16 mRNA also indicate that hNAA15 mRNA is generally more  
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abundant as compared to hNAA16 (NCBI-UNIGENE-EST PROFILE VIEW-
ER). However, in certain tissues like adrenal gland, mammary gland, heart, testis 
and thymus, hNAA16 appears to be the dominant species (http://www.ncbi.nlm.
nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.715706 and http://www.ncbi.
nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.512914). Previously, it 
was demonstrated that hNAA15 was overexpressed in papillary thyroid carcino-
mas as compared to non-neoplastic thyroid tissue [26,27]. The current data sup-
port these observations since hNAA15 is slightly or significantly overexpressed 
in all types of thyroid cancer cell lines tested as compared to the primary thyroid 
cells (TAD-2/Nthy ori 3.1): follicular thyroid carcinoma (CGTH-W-1), papil-
lary thyroid carcinoma (NPA/B-CPAP/ONCO-DG-1/BHT-101) and anaplastic 
thyroid carcinoma (8305C/CAL-62/ARO) (Figure 5B). On the other hand, we 
are not able to make similar conclusions with respect to hNAA16 which appears 
to be expressed equally in tumour- and non-tumour thyroid cell lines.

Figure 5. Expression of hNAA15 and hNAA16 in human cell lines. (A) The expression of hNAA15 and 
hNAA16 mRNA in 10 different human cell lines was analysed by real-time quantitative PCR (RT-qPCR) 
using gene specific primers. Values were normalized to the expression of RpLP2. An independent normalization 
was performed using a second reference gene, RPol2, producing almost identical results (data not shown). 
The mean ± SD of triplicate experiments was calculated. HepG2, hepatocellular carcinoma; HEK293, kidney 
adenocarcinoma; HCT116, colon carcinoma; A431, epidermoid carcinoma; SK-MEL-2, malignant melanoma; 
NCI-H1299, non-small cell lung carcinoma; GaMG, glioblastoma; SK-N-MC, neuroepithelioma; MCF7, 
breast adenocarcinoma; HeLa, cervix adenocarcinoma. (B) As (A) using 10 different human cell lines originating 
from the thyroid gland. TAD-2/Nthy ori 3.1, primary human thyroid cells; CGHT-W-1, follicular thyroid 
carcinoma; NPA/B-CPAP/ONCO-DG-1/BHT-101, papillary thyroid carcinoma; 8305C/CAL-62/ARO, 
anaplastic thyroid carcinoma.
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Evolution of the hNAA16 Gene

The hNAA15 gene (Entrez gene official symbol: NARG1) is located to chromo-
some 4 (4q31.1) while the hNAA16 gene (Entrez gene official symbol: NARG1L) 
is located to chromosome 13 (13q14.11). hNaa15p and hNaa16p belong to a 
protein family with members in Saccharomyces cerevisiae, Caenorhabditis ele-
gans, Ciona intestinalis, Drosophila melanogaster, fish, frog and several higher 
mammals (Family ENSF00000002142 from Ensembl v38, April 2006 [see meth-
ods]). The phylogenetic tree of this family (Figure 6) suggests that the duplication 
that resulted in hNAA15 and hNAA16 occurred at some point after the specia-
tion that resulted in the higher chordates (i.e. after the divergence of Ciona), but 
before the speciation of mammals into eutheria and metatheria. The exact timing 
is confused by Ciona branching before Drosophila, and by the fish (zebrafish, 
fugu, tetraodon) appearing in only the NAA15 clade (possibly suggesting loss of 
NAA16 in fish). The duplication therefore occurred before the duplication that 
resulted in hNAA10 and hNAA11, which we previously narrowed down to some 
time shortly after the divergence of eutheria and metatheria [17].

Figure 6. Phylogenetic tree of NAA15 genes. A phylogenetic tree showing that the duplication leading to 
hNAA15 and hNAA16 occurred at some point after the divergence of Ciona from the other chordates, and 
before the speciation that resulted in the amphibia. This is before the duplication resulting in the NAA10s [17]. 
All identifiers are from Ensembl. Branches highlighted with a black dot are those where the probability of the 
split represented by the branch is > 0.95. Probable NAA15 and NAA16 clades are indicated. In-paralogues in 
this tree represent alternative transcripts, which are possibly artefacts of the genome annotation. See Methods 
for details.
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hNaa16p Associates with Ribosomes and hNaa16p-hNaa10p 
Acetylates NatA-Type N-Termini In Vitro

The characterized hNaa15p-hNaa10p hNatA complex interacts with ribosomes 
[13] and N-terminally acetylates polypeptides with Ser-, Ala-, Thr-, Val- and 
Gly- N-termini [1]. Analyses of isolated polysomes demonstrated that hNaa16p-
FLAG, as well as hNaa15p and hNaa10p, were both present in the polysomal and 
the soluble fractions (Figure 7) supporting a model where hNaa16p dynamically 
associates with ribosomes, and is involved in cotranslational Nα-terminal acety-
lation. To assess whether the hNaa16p-hNaa10p complex expresses acetyltrans-
ferase activity, we performed in vitro N-terminal acetyltransferase assays using im-
munoprecipitated hNaa16p-hNaa10p and synthetic oligopeptides as substrates. 
A synthetic oligopeptide representing an acetylated protein N-terminus in HeLa 
cells, SESS-, was acetylated in vitro by hNaa16p-hNaa10p, while an oligopep-
tide representing an N-terminus not acetylated in HeLa cells, SPTP-, carrying 
an inhibitory Pro in the second position [1], is not efficiently acetylated in vitro 
(Figure 8). These results suggest that hNaa16p-hNaa10p and hNaa15p-hNaa10p 
have overlapping substrate specificities, since also the hNaa15p-hNaa10p com-
plex showed a similar in vitro reactivity towards these peptides [1]. It should be 
noted, however, that in order to properly define the substrate specificity of the 
hNaa16p-hNaa10p complex, a more comprehensive approach is required.

Figure 7. hNaa16p co-sediments with polysomal fractions in a salt sensitive manner. Polysomal pellets from 
HeLa cells expressing hNaa16p-FLAG were resuspended in buffer containing increasing concentrations of KCl. 
Cell lysate (L), supernatant post first ultracentrifugation (S) and polysomal pellets after KCl treatment were 
analyzed on SDS-PAGE/Western blotting. The membrane was incubated with anti-FLAG, anti-hNaa15p, 
anti-hNaa10p, anti-L26 (ribosomal protein) and anti-CytC antibodies. Molecular-mass markers (in kDa) are 
indicated on the left hand side. Results shown are representative of three independent experiments.
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Figure 8. N-terminal acetyltransferase activity of the hNaa16p-hNaa10p complex. HeLa cells were transfected 
with phNAA16-FLAG and phNAA10-V5, and immunoprecipitated with anti-FLAG (+) or a negative 
control antibody (-). The immunoprecipitated hNaa16p-hNaa10p complex was subjected to an in vitro 
N-acetylation assay by the addition of acetylation buffer, a synthetic oligopeptide, [14-C]-Acetyl coenzyme A. 
The radioactivity incorporated into the peptide was determined by scintillation counting. The peptides used 
are [H]SESSSKSRWGRPVGRRRRPVRVYP [OH] (SESS) and [H]SPTPPLFRWGRPVGRRRRPVRVYP 
[OH] (SPTP). An equal level of immunoprecipitated material (input enzyme) was verified by Western-blotting 
analysis. Results are presented as mean ± SD from three independent experiments.

hNAA16 Knockdown Downregulates hNaa10p and Induces 
Cell Death

Previously, we demonstrated that siRNA-mediated knockdown of hNAA10 or 
hNAA15 induced apoptosis and cell cycle arrest in human cell lines [18]. Us-
ing siRNA pools specific for hNAA15 and hNAA16, we knocked down either 
gene in HeLa cells. Semiquantitative RT-PCR analysis revealed that both siRNA 
pools specifically reduced the expression of the targeted gene (Figure 9A). West-
ern blotting analysis of cell lysates harvested 72 hours post siRNA-transfection 
showed, as expected, that only sihNAA15, not sihNAA16, reduced the protein 
levels of hNaa15p (Figure 9B). On the other hand, all three siRNAs sihNAA15, 
sihNAA16 and sihNAA10 significantly reduced protein levels of hNaa10p. The 
dependency of hNaa10p for hNaa15p has previously been described [26,28], but 
the present results also indicate that a fraction of endogenous hNaa10p depend 
on hNaa16p for stability, albeit to a lesser extent as compared hNaa15p. This is 
in agreement with the relative presence of hNaa15p-hNaa10p versus hNaa16p-
hNaa10p complexes described above.
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Figure 9. Knockdown of hNAA16 downregulates hNaa10p. (A) HeLa cells cultured in 6 cm dishes were 
transfected with 50 nM unspecific (Ctr), hNAA15 or hNAA16 siRNAs. ZVAD-fmk (5 µM) was added 24 
hours post transfection to prevent any induction of apoptosis. After 48 hours total RNA was isolated and 
processed by RT-PCR with specific primers to hNAA15, hNAA16 and β-actin. (B) HeLa cells cultured in 6 cm 
dishes were transfected with 50 nM unspecific (Ctr), hNAA15, hNAA16 or hNAA10 siRNAs. ZVAD-fmk (5 
µM) was added 24 and 48 hours post transfection to prevent any induction of apoptosis. After 72 hours cell 
lysates were analyzed by SDS-PAGE/Western blotting. The membrane was incubated with anti-hNaa10p, anti-
hNaa15p and anti-β-tubulin. Results shown are representative of three independent experiments. Protein levels 
were quantified using FUJIFILM IR LAS 1000 and Image Gauge 3.45. Protein levels in siCtr (-) samples were 
set to 1.0 and protein levels in sihNAA15, sihNAA16 or sihNAA10 treated cells were estimated relative to this 
and normalized to β-tubulin levels.

Knockdown of hNAA10 and hNAA15 induces apoptosis in HeLa cells [18], 
and in the case of these cells, we demonstrated that hNAA16 knockdown reduced 
cell viability at comparable levels to hNAA15 knockdown as determined by a 
WST-1 assay (Figure 10A). In order to investigate this phenotype, we analysed 
knockdown cells by live microscopy and observed the appearance of dead cells: 
cells detaching from monolayer had characteristic features of apoptosis (con-
densation of nucleus, shrinking of cytoplasm, formation of apoptotic bodies). 
Furthermore, by Hoechst staining we observed a significant increase of pycnotic 
nuclei in hNAA15 and hNAA16 knockdown cells as compared to control cells 
(Figure 10B). A similar observation was made using a TUNEL assay to detect 
DNA fragmentation further supporting that knockdown of hNAA16 induces cell 
death, most likely apoptosis (Figure 11).

Discussion
Phylogenetic analysis provides strong support for a vertebrate gene duplication 
resulting in the two copies of the NAA15 gene, possibly followed by loss of the 
second copy in fish. The presence of hNaa16p specific peptides in four of four 
parallel anti-hNaa10p immunoprecipitates is a strong indication of the presence 
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Figure 10. Knockdown of hNAA16 reduces cell viability. (A) HeLa cells were transfected with 50 nM unspecific, 
hNAA15 or hNAA16 siRNAs. Cell viability was determined by WST-1 assay 72 hours post transfection. The 
viability of the control cells transfected with Ctr siRNA was set to 100%. The mean ± SD of three parallel 
experiments was calculated. (B) HeLa cells were transfected with 50 nM unspecific, hNAA15 or hNAA16 siRNAs 
for 72 hours and analyzed by phase contrast microscopy (PH) to observe cell morphology and Hoechst33342 
staining to visualize nuclei.
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of endogenous hNaa16p protein and of the presence of hNaa16p-hNaa10p com-
plexes. Both hNaa15p and hNaa16p are orthologues of the yeast Naa15p. The 
simultaneous presence of hNaa15p and hNaa16p in anti-hNaa10p immunopre-
cipitates, and the lack of hNaa16p in anti-hNaa15p immunoprecipitates, indicate 
that hNaa15p-hNaa10p and hNaa16p-hNaa10p make distinct NatA complexes 
in the cells. Recently, we also demonstrated the presence of a second human or-
thologue of the yeast NAA10 gene [17]. Thus, two human orthologues of the 
yeast Naa10p protein exist, hNaa10p and hNaa11p. However, to date there is no 
evidence of the presence of endogenous complexes consisting of hNaa11p and 
hNaa15p or hNaa16p. In mouse, two homologues of yeast NAA15, mNAA15 
and mNAA16 (named mNAT1 and mNAT2), were detected at the mRNA  

Figure 11. Knockdown of hNAA16 induces cell death. HeLa cells were transfected with 50 nM unspecific, 
hNAA15 or hNAA16 siRNAs. Cells were analyzed by TUNEL-assay 72 hours post transfection. In the left 
column, Hoechst33342 staining visualizes nuclei in blue; in the middle column, TMR-red TUNEL staining 
visualizes DNA breaks in red; in the right column, Hoechst and TUNEL signals are merged. Neg: negative 
controls omitting active TUNEL-reaction enzyme
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level [29]. In this study, mNAA16 (mouse homologue of hNAA16) was found 
to be expressed at a lower level as compared to mNAA15 (mouse homologue of 
hNAA15), in agreement with our results suggesting that hNAA15 is the domi-
nant species as compared to hNAA16. Despite the lower abundance of hNAA16 
mRNA as compared to hNAA15 mRNA, we find that hNAA16 is generally 
expressed in a number of human cell lines (Figure 5) and that knockdown of 
hNAA16 induces apoptosis (Figure 11), thus suggesting an important role for this 
novel gene. Whether the hNAA16 knockdown phenotype is resulting from lack 
of N-terminally acetylated hNaa16p-hNaa10p substrates or whether it is coupled 
to another unknown function of hNaa16p remains to be investigated.

Conclusion
In summary, we have identified hNaa16p, a novel hNaa10p interactor. hNaa16p 
and hNaa10p most likely represent a novel human NatA complex complement-
ing the role of the hNaa15p-hNaa10p complex in protein Nα-terminal acetyla-
tion in human cells. The fact that hNAA16 is widely expressed and that hNAA16 
knockdown induces apoptosis points to hNaa16p as an essential human protein.

Methods
Cell Culture and Transfection

HEK293 cells (embryonal kidney, ATCC CRL-1573) and HeLa cells (human cer-
vix carcinoma, DSMZ no. ACC 57) were cultured at 37°C, 5% CO2 in DMEM 
supplemented with 10% FBS and 3% l-glutamine. Plasmid transfection was 
performed using Fugene6 (Roche) according to the manufacturers instructions. 
Plasmid expressing hNaa16p (NARG1L)-FLAG was purchased from Origene 
(RC214224; NM_024561). Plasmids expressing hNaa10p-V5 and hNaa11-V5 
have been described [13,17]. siRNA transfection was performed using Dharma-
fect (Dharmacon) according to the instruction manual. Gene specific smart pool 
siRNAs were purchased from Dharmacon and used at a final concentration of 50 
nM to silence the hNAA15 (hNAT1/NATH/NARG1) and hNAA16 (hNAT2/
NARG1L) genes: sihNAA15, ON-TARGET plus SMARTpool, Cat. L-012847; 
sihNAA16, ON-TARGET plus SMARTpool, Cat. L-013336; negative control 
(siCtr), ON-TARGETplus Non-Targeting Pool, Cat. no D-001810.

For TUNEL assay, cytospins were prepared and cells were incubated in 
TUNEL reaction mixture (In Situ Cell Death Detection Kit, TMR red, Roche) 
for 1 hour at 37°C. Negative controls for hNAA15 and hNAA16 knockdown cells 
were incubated in TUNEL Label reaction without enzyme.
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Immunoprecipitation and Mass Spectrometry

Immunoprecipitation and Mass Spectrometry were essentially performed as pre-
viously described [13], but omitting the crosslinking of antibodies to Protein AG 
Agarose beads. Rabbit polyclonal peptide specific antibodies against hNaa15p 
(anti-NATH) and hNaa10p (anti-hARD1) were produced by Biogenes GmBH. 
The immunogens correspond to amino acids 853–866 of hNaa15p and amino 
acids 204–217 of hNaa10p. Anti-hNaa10p does not crossreact with hNaa11p 
since these two proteins are significantly different in the antibody binding region 
[17]. A Thermofinnigan LCQ Deca XP Plus and an Agilent 1100 Nanoflow hplc 
were used for microcapillary LC/MS/MS analysis of tryptic peptides. Data analy-
sis utilized SEQUEST [30], Medusa [31] and support vector machine learning 
[32]. Approximately 5 × 107 HEK293 cells were used per sample. Four samples 
were immunoprecipitated in parallel using anti-hNaa15p, four samples using an-
ti-hNaa10p and four samples were immunoprecipitated using rabbit Ig (DAKO) 
as negative controls. Peptides present in the negative controls were subtracted 
from the peptides present in the anti-hNaa15p and anti-hNaa10p samples using 
Medusa [31].

Immunoprecipitation and Western Blotting

Approximately 2 × 106 cells were harvested for each sample. Cells were lysed in 
300 µl IPH lysis buffer (50 mM Tris pH 8, 50 mM NaCl, 0.5% NP-40, 5 mM 
EDTA, 1 mM Na3VO4, 1 mM Pefabloc (Roche)) and incubated for 5 minutes 
on ice. Cell membranes and organelles were removed by centrifugation at 15700 
× g for 30 seconds, and the cell lysate was transferred to a new tube. To remove 
proteins that bind unspecifically to the agarose beads, Protein A/G Agarose (Santa 
Cruz) was added, and the lysate was incubated on a roller for 30 minutes at 4°C. 
The beads were removed by centrifugation at 1500 × g for 4 minutes. The cell 
lysate was then incubated with 2 µg specific antibody on a roller for 1 – 4 hours at 
4°C, before adding 50 µl Prot A/G Agarose beads. The lysate was then incubated 
on a roller at 4°C for 4 – 10 hours. The beads were collected by centrifuging as 
above, and washed with 1 × PBS. The supernatant was removed, and the samples 
were prepared for analysis by SDS-PAGE and Western Blotting as described [21]. 
Polyclonal rabbit antibodies against hNaa10p and hNaa15p described previously 
[13], were used at 1:500 dilution, anti-V5 (Invitrogen) at 1:2000, anti-FLAG 
(Sigma) at 1:2000. Horseradish peroxidase-linked anti-mouse and anti-rabbit 
were from Amersham Biosciences (Little Chalfont, Bucks., U.K.).
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In Vitro Nα-Acetyltransferase Assay

HEK293 cells were transfected by plasmids as described above and indicated in 
Figure 8, harvested and lysed in 300 µl IPH lysis buffer. Typically, 5 × 106 cells 
were used. 40 µl Protein A/G Agarose (Santa Cruz) was added to the lysates 
and incubated for one hour at 4°C. After centrifugation at 1500 × g for 2 min, 
the supernatants were collected and incubated for another 2 hours at 4°C with 
anti-FLAG or unspecific antibody (2 µg). The samples were centrifuged as above 
and 50 µl Protein A/G Agarose was added to the supernatants. After incubation 
for 16 hours, centrifugation and three times of washing in 2 × PBS and once in 
acetylation buffer (50 mM Tris-HCl, pH 8.5, 1 mM DTT, 800 µM EDTA, 10 
mM Na-butyrate, 10% Glycerol), the samples were subjected to an in vitro acety-
lation assay. 10 µl peptide (0.5 mM, custom made peptides from Biogenes), 4 µl 
[14C] Acetyl-CoA (50 µCi, 2.07 GBq/mmol, GE Healthcare) and 250 µl acetyla-
tion buffer was added to pellets of Protein A/G-Agarose bound hNaa16p-FLAG-
hNaa10p-V5 complexes. The mixture was incubated for 2 hours at 37°C with 
rotation. After centrifugation the supernatant was added to 250 µl SP Sepharose 
(50% slurry in 0.5 M acetic acid, Sigma) and incubated on a rotor for 5 min. The 
mixture was centrifuged and the pellet was washed three times with 0.5 M acetic 
acid and finally with methanol. Radioactivity in the peptide-containing pellet 
was determined by scintillation counting. All custom made peptides contains 7 
unique amino acids at the N-terminus, since these are the major determinants 
for N-terminal acetylation. The next 17 amino acids are identical to the ACTH 
peptide (corticotrophin amino acid 1–24) sequence to maintain a positive charge 
facilitating peptide solubility and effective isolation by cation exchange Sepharose 
beads. The ACTH derived lysines were replaced by arginines to minimize any po-
tential interference by Nε-acetylation. Peptide sequence information: High mobil-
ity group protein A1 (P17096): [H]SESSSKSRWGRPVGRRRRPVRVYP [OH], 
THO complex subunit 1 (Q96FV9): [H]SPTPPLFRWGRPVGRRRRPVRVYP 
[OH].

Isolation of Polysomes

Total ribosome isolation was performed as a modification of previously described 
methods [33,34]. Approximately 2 × 107 HEK293 cells were used per experi-
ment. Prior to harvesting, cells were treated with 10 µg/ml cycloheximide (CHX) 
for 5 minutes at 37°C. Cells were harvested, and lysed with KCl ribosome lysis 
buffer (1.1% (w/v) KCl, 0.15% (w/v) triethanolamine, 0.1% (w/v) magnesium 
acetate, 8.6% (w/v) sucrose, 0.05% (w/v) Na-Deoxycholate, 0.5% (v/v) Triton-X100, 
0.25% (v/v) Pefabloc), and incubated on ice for 15 minutes. After removing nu-
cleus and membranes by centrifugation at 400 × g for 10 min, 700 µl cell lysate 
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was ultracentrifuged at 436,000 × g for 25 minutes on a 0.4 ml pillow of 25% 
sucrose in KCl ribosome lysis buffer using a MLA-130 rotor (Beckman, Geneva, 
Switzerland). Pellets were resuspended in ribosome lysis buffer with the indicated 
KCl concentrations, followed by ultracentrifugation as described above. Pellets 
were resuspended in KCl ribosome lysis buffer, and prepared for analysis by SDS-
PAGE and Western blot.

RNA Purification and cDNA Synthesis

Total RNA was extracted with TRIzol reagent (Invitrogen, San Diego, CA) ac-
cording to manufacturer’s instructions. RNA was subsequently dissolved in 
DEPC-treated double-distilled water. Single-strand cDNA was synthesized from 
1 µg total RNA using Transcriptor Reverse Transcriptase (Roche, Indianapolis, 
IN) and oligo(dT)15 primer according to the manufacturer's instructions.

Real-Time Quantitative PCR

Relative gene expression levels of hNAA15 and hNAA16 in thyroid cell lines and 
cell lines from different tissues were determined by real-time quantitative PCR 
(RT-qPCR).

To amplify hNAA15 and hNAA16 cDNA the following primers were used: 
hNAA15 primer set 1 (forward TTGGCACGTTTATGGCCTTCT and re-
verse CGTTTCCCTGTAACCCTCAAGA), hNAA15 primer set 2 (forward 
TGTATGGAGGTATTGGAAGCC and reverse CTCTTCATATCCAGGAG-
GCAT); hNAA16 primer set 1 (forward TCTTCCAGACATTGTGAGCAAAG 
and reverse AGGTAGCGTTACGTTTCAGAAAA) and hNAA16 primer set 2 
(forward CAAGATGATTCTGTCGAACCCA and reverse AACGCTGCAA-
GAGTCCATATAC). For data normalization two reference genes were used inde-
pendently: large ribosomal protein P2, RpLP2 (GeneID: 6181) and RNA poly-
merase II, RPol2 (GeneID: 5430). Primers for amplification of reference genes 
were as following: RpLP2 (forward GACCGGCTCAACAAGGTTAT and re-
verse CCCCACCAGCAGGTACAC); RPol2 (forward GCACCACGTCCAAT-
GACAT and reverse GTGCGGCTGCTTCCATAA). Templates (equal amount 
of cDNA) and primers were mixed with components from the LightCycler 480 
SYBR Green I Master mix kit (Roche Applied Science). Reactions in triplicate 
were carried out in the LightCycler 480 real-time PCR machine (Roche Applied 
Science) under the following conditions: initial denaturation at 95°C for 5 min, 
and then 40 cycles of denaturation at 95°C for 10 s, annealing at 57°C for 10 
s, and extension at 72°C for 10 s. Melting curves were obtained to examine the 
purity of amplified products. Absolute quantitation data and CP values were  

A Novel Human Nata Nα-Terminal Acetyltransferase Complex  101

© 2011 by Apple Academic Press, Inc.

  



102  Recent Advances in Biochemistry

obtained by analysis with LightCycler 480 Software 1.5 by 2nd derivative meth-
od. By the use of plasmids encoding hNaa15p (phNAA15-V5His) and hNaa16p 
(phNAA16-Flag), we could verify the specificity of the primers used. The relative 
amount of hNAA15/hNAA16 PCR in each sample was normalized to that of 
RpLP2 PCR and RPol2 independently.

Alignment and Tree Building

Homologues to human hNaa15p and hNaa16p were identified using them to 
search Ensembl version 38, April 2006 [35]. Ensembl peptide identifiers for 
hNaa15p and hNaa16p are ENSP00000296543 and ENSP000000368716/EN-
SP00000310683 respectively. The two identifiers for hNaa16p represent two pos-
sible alternative transcripts in the Ensembl genome annotation. Both hNaa15p 
and hNaa16p are members of Ensembl protein family ENSF00000002142. All 
the peptide sequences from this family were aligned using Muscle [36] with the 
default settings. Coding sequence alignments were produced by aligning the cod-
ing sequences with reference to the alignment of the corresponding peptide se-
quences. A tree was built from the coding sequence alignment using MrBayes [37] 
with different rates for transitions and transversions, and running for 250,000 
generations. The first 100,000 generations were discarded as burn-in, after which 
the likelihood scores had converged. A consensus tree was built from the remain-
ing 150,000 generations by sampling every 100th generation, and summarising as 
a majority-rule consensus tree. The resultant unrooted tree was rooted by treating 
Saccharomyces cerevisiae NAA15 (identifier: YDL040C) as an outgroup. Figure 
6 was created with iTOL [38].

List of Abbreviations
ARD1: Arrest defective 1; hNatA: human N-terminal acetyltransferase A; LC: 
high performance liquid capillary; MS: mass spectrometry; Naa: N alpha acetyl-
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Abstract
Background

A novel fluorescent cAMP analog (8-[Pharos-575]- adenosine-3’, 5’-cyclic 
monophosphate) was characterized with respect to its spectral properties, its 
ability to bind to and activate three main isoenzymes of the cAMP-depen-
dent protein kinase (PKA-Iα, PKA-IIα, PKA-IIβ) in vitro, its stability to-
wards phosphodiesterase and its ability to permeate into cultured eukaryotic 
cells using resonance energy transfer based indicators, and conventional fluo-
rescence imaging.
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Results

The Pharos fluorophore is characterized by a Stokes shift of 42 nm with an 
absorption maximum at 575 nm and the emission peaking at 617 nm. The 
quantum yield is 30%. Incubation of the compound to RIIα and RIIβ sub-
units increases the amplitude of excitation and absorption maxima signif-
icantly; no major change was observed with RIα. In vitro binding of the 
compound to RIα subunit and activation of the PKA-Iα holoenzyme was es-
sentially equivalent to cAMP; RII subunits bound the fluorescent analog up 
to ten times less efficiently, resulting in about two times reduced apparent ac-
tivation constants of the holoenzymes compared to cAMP. The cellular up-
take of the fluorescent analog was investigated by cAMP indicators. It was es-
timated that about 7 µM of the fluorescent cAMP analog is available to the 
indicator after one hour of incubation and that about 600 µM of the com-
pound had to be added to intact cells to half-maximally dissociate a PKA type 
IIα sensor.

Conclusion

The novel analog combines good membrane permeability- comparable to 
8-Br-cAMP – with superior spectral properties of a modern, red-shifted flu-
orophore. GFP-tagged regulatory subunits of PKA and the analog co-local-
ized. Furthermore, it is a potent, PDE-resistant activator of PKA-I and -II, 
suitable for in vitro applications and spatial distribution evaluations in liv-
ing cells.

Background
Fluorescent nucleotides have become widely utilized tools in basic research [1], 
and the number of corresponding reports on their use in cellular systems is vast. 
However studies involving the second messenger cAMP have not kept pace, and 
studies using fluorescently tagged cAMP analogs are still limited.

Early reports mainly used nucleobase-modified analogs where the purine ring 
system was part of the fluorophore, such as 1, N6- etheno-cAMP [2], 2- aza- 1, 
N6- etheno-cAMP [3] or the cyclic phosphate of 2- aminopurine riboside [4]. 
However, these compounds are far from being optimal with regard to membrane 
permeability, cAMP-dependent protein kinase (PKA) binding affinity and sta-
bility towards phosphodiesterases (PDEs). Further more, the fluorophores lack 
brilliance and possess unfavorable spectral properties, e.g., excitation is to be per-
formed in the UV range, which can be harmful to intact cells and monitoring of 
the relatively short emission wavelengths is often disturbed by intrinsic fluores-
cent components of the cell.
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For studies involving PDEs, anthraniloyl [5]- and methylanthraniloyl- modi-
fied [6] cAMP (MANT-cAMP) have been introduced, where the ribose 2- posi-
tion carries a fluorescent reporter group. Since the 2’- modification render these 
structures unable to activate PKA, the MANT group has been linked to the posi-
tions 6 [7] and 8 [8] of the adenine nucleobase as well (MABA-cAMP). Accord-
ing to corresponding lipophilicity data (log kw), cyclic nucleotides with MANT 
modification have improved membrane permeability and better PDE-resistance 
(at least 6- and 8- modified structures), but are still suboptimal with respect to 
their spectral properties. The same holds true for cAMP modified with the NBD 
fluorophore (8-[2-[(7-Nitro-4-benzofurazanyl)amino]ethyl]thio]adenosine-3’,5’-
cyclic monophosphate; 8-NBD-cAMP) [6].

Fluorescein and rhodamine have been attached to the 8- position of cAMP as 
well [9], however, in spite of the improved spectral properties of these dyes, both 
conjugates are not membrane permeable due to an additional charge within the 
dye moiety. Unfortunately, nearly all modern fluorescent dye structures contain 
positive or negative charges which support the electronic push/pull mechanism 
of the respective chromophore but render the corresponding conjugates rather 
polar, especially when attached to nucleotides with their polar phosphate groups. 
Even cAMP conjugates with state-of-the-art dyes such as Cy3 [10], Evoblue, and 
Bodipy® [11,12], which have excellent spectral properties, fail to pass cellular 
membranes, and require invasive application techniques like patch clamp or mi-
croinjection or the osmotic lysis of pinocytic vesicles [13] and are mainly utilized 
in vitro assays. Importantly, if these dyes are connected to the 2’- ribose moiety, 
the resulting conjugates will not bind to and activate PKA anymore. Finally, phos-
phate-modified caged cAMP analogs have been described, which – upon photo-
activation – release cAMP together with fluorescent coumarines [14,15].

Thus, in spite of quite a number of different fluorescent variants of cAMP, these 
structures have only limited application scopes, and presently no analog is avail-
able that offers improved properties in all important aspects mentioned, and which 
could be used with intact cells for tracking or intracellular imaging experiments.

The main effector enzyme of cAMP is the cAMP-dependent protein kinase 
(PKA), which reversibly phosphorylates substrate proteins. Protein kinases and 
their counter players, phosphatases and cAMP-degrading PDEs, are key regu-
latory enzymes in eukaryotic cells. PKA is a multi-substrate enzyme mediating 
the majority of the known effects of cAMP by regulating the activity of proteins 
involved in signal transduction, energy metabolism, cell proliferation, and differ-
entiation [16]. In the absence of cAMP, all PKA isoforms consist of two regulatory 
(R) and two catalytic subunits (C) that form an inactive tetramer. Binding of at 
total of four cAMP molecules to the two tandem cAMP binding sites of each R 
subunit promotes the dissociation of the holoenzyme complex and leads to the 
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release of the now active C subunits phosphorylating target proteins in the cyto-
sol or in the nucleus [17]. Main isoforms of the C subunit are Cα, Cβ, Cγ and 
PrKX, and several minor isoforms have been identified at least at cDNA level. 
In human, four different isoforms of the R subunit (RIα, RIβ, RIIα, RIIβ) have 
been identified [18].

Besides PKA and its corresponding signaling pathway, cAMP addresses addi-
tional cellular targets such as cyclic nucleotide-dependent ion channels (cyclic nu-
cleotide gated ion channel and hyperpolarization-activated cyclic nucleotide-mod-
ulated channel) as well as the exchange protein directly activated by cAMP (Epac), 
which are worthwhile objects for evaluation with fluorescent analogs [19,20].

In view of the importance of the cAMP messenger system, improved tools 
for a more detailed investigation of functions and receptor distribution would be 
quite helpful. Thus, in this study, the properties of a novel commercially available 
conjugate of cAMP with the Pharos dye, 8-[Pharos-575]- adenosine-3', 5'-cyclic 
monophosphate (8-[ϕ-575]-cAMP) and the corresponding free dye were investi-
gated and analyzed physico-chemically (spectral properties, stability), with respect 
to PKA-RI and -RII subunit binding as well as holoenzyme activation in vitro and 
in living cells, PDE-resistance, and cellular uptake.

Results and Discussion
Photochemical Characterization of the Pharos Dye
First we determined the photo-chemical properties of the free Pharos dye. The 
Stokes shift at pH 6.0, pH 7.0 and pH 7.4 was 42 nm resulting from an absorp-
tion maximum at 575 nm and an emission maximum at 617 nm (Fig. 1; ε575nm = 
15,650). 8-[ϕ-575]-cAMP behaved similarly with an excitation maximum at 577 
nm and emission maximum at 605 nm at pH 7.0 (Fig. 2, and data not shown).

Figure 1. Fluorescence absorption and emission spectra of the Pharos dye. The absorption maxima of the Pharos 
dye dissolved in buffer with the indicated pH values is at 575 nm, whereas the emission maxima are at 617 nm. 
All spectra exhibit a large Stokes shift of 42 nm.
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Figure 2. Fluorescence spectra of 8-[ϕ-575]-cAMP bound to PKA R subunits. 150 nM 8-[ϕ-575]-cAMP was 
incubated with or without fourfold molar excess of PKA R subunits as indicated in the figure. The excitation 
spectra (a) were detected at Em 617 nm and Ex 610 nm-430 nm; the emission spectra (b) were detected at Ex 
575 nm and Em 680 nm-580 nm. The experiments were repeated four times with similar results.

To calculate the relative quantum yield ϕ of the Pharos dye the absorption 
(500 nm to 640 nm) and fluorescence (λex = 553 nm, λem ranging from 558 
nm to 800 nm) spectra of several Pharos dye concentrations (640 nM to 64.2 
µM) were recorded using quinine sulfate as a standard [21,22]. The determina-
tion of the relative quantum yield is generally accomplished by plotting the inte-
grated fluorescence intensity versus the absorbance at the excitation wavelength. 
By comparing the slope of the linear regression with that of a standard substance 

Biochemical Characterization and Cellular Imaging of a Novel  111

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-8&iName=master.img-001.jpg&w=276&h=372


112  Recent Advances in Biochemistry

(quinine sulfate), the relative quantum yield of the Pharos dye was determined to 
be 30%.

Spectral Properties of 8-[ϕ-575]-cAMP Upon Binding to PKA 
R-Subunits

8-[ϕ-575]-cAMP was incubated with or without a fourfold molar excess of RIα, 
RIIα and RIIβ subunits (Fig. 2). The excitation spectra (a) were detected at Em 
617 nm and Ex 610 nm-430 nm; the emission spectra (b) were detected at Ex 
575 nm and Em 680 nm – 580 nm. Upon addition of RIIα and RIIβ subunits we  
observed an increase of the amplitude of excitation and emission maxima, whereas 
the interaction of the analog with RIα protein had no significant effect. Further-
more, a slight shift of the excitation and emission spectra to shorter wavelengths 
(Ex = 570 nm; Em = 600 nm) was found with all three R subunits.

8-[ϕ-575]-cAMP Binding to PKA R Subunits and Activation of 
PKA

It has been shown that cAMP analogs, modified in position 8 of the adenine 
nucleobase, are powerful activators of protein kinase A, and even rather bulky 
substituents are accepted here. In addition, all analogs modified with fluorophores 
of high molecular weight and steric demands were reported to be potent PKA 
agonists[7].

To investigate the binding of 8-[ϕ-575]-cAMP to RI and RII subunits, we 
employed a fluorescent polarization displacement assay using 2.5 nM R subunit. 
Displacement of 8-Fluo-cAMP bound to the R subunits was followed by allow-
ing either cAMP or 8-[ϕ-575]-cAMP to compete with 8-Fluo-cAMP binding. In 
the case of RIα, we found 8-[ϕ-575]-cAMP and cAMP bound equally well to the 
R subunit (Fig. 3a). In case of RIIα and RIIβ, cAMP was about 10 times and 5 
times more efficient in displacing 8-Fluo-cAMP compared to 8-[ϕ-575]-cAMP, 
respectively (Fig. 3b und 3c). With respect to both, isoform and site selectivity, 
and considering the bulky substituent in position 8 of the adenine nucleobase, it 
could have been expected that 8-[ϕ-575]-cAMP prefers the B- site of PKA type 
II. However, our data show that binding to RIα is comparable to cAMP, whereas 
a lower affinity of 8-[ϕ-575]-cAMP for RII isoforms was detected. In this respect, 
8-[ϕ-575]-cAMP acts similar to 8-Fluo-cAMP, which shows rather high affinity 
for the site BII along with rather lower affinity to AII, but a quite equal binding 
capacity to both sites A and B of RI, thus resulting in an overall higher binding to 
RIα [23], analogous to other 8-substituted analogs [24,25].
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Figure 3. Competitive nucleotide binding assay using fluorescence polarization. Serial dilutions of cAMP or 
8-[ϕ-575]-cAMP in the presence of 1 nM 8-Fluo-cAMP were prepared. 2.5 nM R subunit was added and 
fluorescence polarization was determined at Ex485 nm/Em535 nm. EC50 values for cAMP and 8-[ϕ-575]-
cAMP binding to the R subunit isoforms were deducted from the corresponding titration curves. Each data 
point represents the mean +/- S.E.M. from at least triplicate measurements.
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We next investigated the ability of 8-[ϕ-575]-cAMP to activate PKA-I and -II 
holoenzymes side by side. RIα, RIIα and RIIβ each were allowed to form a ho-
loenzyme complex with the Cα subunit, before adding increasing amounts of ei-
ther cAMP or 8-[ϕ-575]-cAMP to re-activate the Cα-subunit. Kinase activity was 
assayed spectrophotometrically [26], using the synthetic heptapeptide Kemptide 
as a substrate. The binding properties of 8-[ϕ-575]-cAMP to the RIα subunit is 
reflected in a nearly identical activation titration curve and corresponding activa-
tion constant comparing analog (EC50 = 150 nM) with cAMP (EC50 = 120 nM, 
[27,28], Fig. 4a). However, activation of RIIα and RIIβ holoenzymes was less 
cooperative using 8-[ϕ-575]-cAMP, indicated by a more shallow hill slope of the 
activation titration curves (Fig. 4a and 4b). The corresponding apparent activa-
tion constants (EC50-values) were about two-fold increased for 8-[ϕ-575]-cAMP 
compared to cAMP (EC50 RIIα = 280 nM; EC50 RIIβ = 900 nM).

Figure 4. 8-[ϕ-575]-cAMP is a potent PKA activator in vitro. For determination of apparent activation 
constants, purified recombinant R subunits were allowed to form holoenzyme complexes with PKA-Cα (20 
nM) as detailed in the methods section. Activation assays were performed by increasing (0.3 nM-10 µM) 
cAMP. To obtain apparent activation constants (Kact), the normalized activity of PKA-Cα was plotted against 
the logarithm of the cAMP () and 8-[ϕ-575]-cAMP () concentration and fitted according to a sigmoid 
dose-response model (Graphpad Prism, variable slope). Each data point represents the mean ± S.D. of two 
measurements. Experiments were repeated two to three times with similar results.
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Uptake of 8-[ϕ-575]-cAMP in Living Cells and Activation of 
PKA

Insights into the intracellular distribution within eukaryotic cells were obtained 
by intracellular imaging of the cyclic nucleotide analog. 8-[ϕ-575]-cAMP clearly 
enters the cultivated HEK293 and CHO cells. In most cases it displays a spotty 
distribution inside the cells and seems to accumulate in bright aggregates over a 
diffusely labeled background. The nuclear compartment was unlabeled in most 
cells (Fig. 5a and 5b). In some experiments, employing COS-7 cells less than 
5% of the cells showed an accumulation of the compound in the nucleus, which 
might be attributable to apoptotic degeneration of the cells (data not shown). 
Variations in the incubation procedure (e.g. decrease in temperature, addition of 
pluronic® or serum during incubation [29,30]) did not significantly change the 
distribution pattern or the accumulation in bright spots. However, an incuba-
tion temperature of 4°C led to a markedly reduced uptake and accumulation of 
the compound (data not shown). This could indicate that membrane traffick-
ing, which is inhibited at 4°C, is part of the accumulation process. Whether pi-
nocytotic uptake of the compound or exocytotic processes involving cAMP are 
inhibited [31], deserves further study. The free Pharos dye efficiently diffuses 
within the cells and does not accumulate in spots like 8-[ϕ-575]-cAMP does  
(Fig. 5c and 5d).

Figure 5. Visualization of compounds in living cells. Intracellular imaging of 8-[ϕ-575]-cAMP (a-b) and of 
Pharos dye (c-d) in HEK293 (a,c) and in CHO (b,d) cells after 1 hour of treatment.

Biochemical Characterization and Cellular Imaging of a Novel  115

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-8&iName=master.img-004.jpg&w=220&h=218


116  Recent Advances in Biochemistry

It has previously been shown that fluorescent cAMP analogs were able to label 
RIα aggregates, respectively [32-34]. We therefore investigated whether the com-
pound co-localizes with GFP-tagged RIα and RIIα proteins expressed in COS-7 
cells, and indeed we found co-localization of 8-[ϕ-575]-cAMP, but not the free 
dye, with R subunits (Fig. 6, and data not shown), indicating that the accumula-
tion of the fluorescent cAMP might be in part due to association to (clustered) 
cAMP binding proteins. However, we can not entirely exclude unspecific aggrega-
tion of 8-[ϕ-575]-cAMP.

Figure 6. Co-localization of 8-[ϕ-575]-cAMP and GFP-tagged R subunits. COS-7 cells were transiently 
transfected with GFP-hRIα (a-c) and GFP-hRIIα (d-f ), incubated with 500 µM 8-[ϕ-575]-cAMP for 30 
minutes. Cells were fixed and fluorescence was imaged using confocal microscopy: (a,c) green fluorescence of 
GFP (b,e), red fluorescence of 8-[ϕ-575]-cAMP, (c,f ) merged images. The scale bar indicates 10 µm.

In contrast to many other modern fluorophores, the Pharos chromophore has 
considerably reduced bulkiness along with high lipophilicity. Thus, 8-[ϕ-575]-
cAMP has a lower molecular weight compared to e.g. fluorescein-modified-cAMP 
(8-[2-[(Fluoresceinylthioureido) amino]ethyl]thio]adenosine-3’, 5’-cyclic mono-
phosphate; 8-Fluo-cAMP). Due to its merely hydrophobic character, the dye has 
a big impact on the analog overall lipophilicity, which in turn should compensate 
the negative charge of the cyclic phosphate and finally lead to good membrane 
permeability of 8-[ϕ-575]-cAMP. In lipophilicity measurements using reversed 
phase HPLC [35], its logKw was determined to be 2.95 resulting in a more than 
70 times increased lipophilicity compared to cAMP (data not shown). In this  
respect the analog resembles highly membrane-permeant PKA agonists such as 

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-8&iName=master.img-005.jpg&w=298&h=197


Sp-5,6-DCl-cBIMPS [36] or the Epac activator 8-pCPT-2’-O-Me-cAMP [37], 
and surpasses all fluorescent cAMP analogs described so far. We therefore inves-
tigated the kinetics of 8-[ϕ-575]-cAMP uptake in living cells using a genetically 
encoded fluorescent indicator (H30) formed by a cAMP binding domain from 
Epac and two spectral variants of the green fluorescent protein (GFP) [38]. Its 
functioning is based on the phenomenon of fluorescence resonance energy trans-
fer (FRET). FRET relies on a non-radiative, distance-dependent transfer of en-
ergy between the two fluorescent domains: by exciting the first, the emission from 
the second one can be detected. Since FRET depends on the distance between the 
two fluorophores which in turn is ligand-dependent, this probe is used to estimate 
the intracellular level of cAMP or -analogs.

The cells were treated with 500 µM 8-[ϕ-575]-cAMP for one hour and, dur-
ing this period, FRET ratio increased linearly (Fig. 7a–d). On the basis of the 
cAMP dose-FRET response curve [39], we estimate that about 7 µM 8-[ϕ-575]-
cAMP is available to the intracellular fluorescent indicator. The same experiments 
were performed using Sp-5,6-DCl-cBIMPS, a highly membrane permeable 
cAMP analog [36]. In this case, after 40 minutes of treatment, the fluorescent 
probe was almost completely saturated (Fig. 7e–h), indicating that Sp-5,6-DCl-
cBIMPS crosses the plasma membrane more efficiently compared to 8-[ϕ-575]-
cAMP, in contrast to the retention based lipophilicity measurements on HPLC, 
where the analogs behaved more similarly. We can not exclude, however, that 
the Epac- based FRET sensor used for the measurements preferentially binds  
Sp-5,6-DCl-cBIMPS.

Figure 7. Uptake of 8-[ϕ-575]-cAMP in intact cells. Kinetics of 8-[ϕ-575]-cAMP (a-d) and of Sp-5,6-DCI-
cBIMPS (e-h) uptake in living cells. HEK293 cells were transfected for transient expression of the H30 indicator 
of cAMP and treated with 100 µM IBMX to inhibit phosphodiesterases. The ratio between the background 
subtracted emission intensities at 480 nm and 545 nm is plotted as a function of time. The vertical bars indicate 
the administrations of either 500 µM 8-[ϕ-575]-cAMP (a-d) or Sp-5,6-DCl-cBIMPS (e-h) and of 25 µM 
Forskolin, which activates adenylyl cyclase and saturates the FRET-based probe. The insets show the yellow 
fluorescent protein fluorescence at the beginning of the experiments and the regions of interest where FRET 
ratios are calculated.
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As the reduced intracellular availability of 8-[ϕ-575]-cAMP could also 
be due to intracellular PDE-mediated degradation, we tested stability of the 
compound towards a cAMP-specific PDE isoform (PDE4D5) in vitro using 
a coupled spectrophotometric activity assay [40]. No degradation of 8-[ϕ-
575]-cAMP was detected during the 15 minutes of assay duration (data not 
shown). The specific activity of the enzyme was 0.6 U/mg for cAMP. It has 
been demonstrated before, that 8-modified cAMP analogs possess considerably 
high resistance towards PDE degradation [41]. Absolutely stable analogs would 
arise from conjugating the Pharos fluorophore to phosphorothioate- modified 
structures such as Rp- or Sp-cAMPS (Rp- or Sp-diastereomer of adenosine 3’-
5’-monophosphorothiorate).

We next tested if 8-[ϕ-575]-cAMP can activate the PKA holoenzyme in liv-
ing COS-7 cells using a recently established bioluminescence resonance energy 
transfer (BRET) based reporter for PKA-IIα, based on transient co-expressed lu-
ciferase-tagged RIIα and (RIIα-RLuc) as the BRET donor and a GFP-tagged Cα 
subunit (GFP2-Cα) as the BRET acceptor. In this assay, a decrease in BRET sig-
nal indicates intracellular dissociation of the PKA holoenzyme [42]. As depicted 
in figure 8a, the cAMP analog efficiently allows the PKA subunits to dissociate. 
Half-maximal holoenzyme dissociation was achieved at a concentration of about 
600 µM analog added to the cells. This value in the same range as the value for 
e.g. 8-Br-cAMP (EC50 = 1.5 mM [42]) but is surpassed by acetoxymethyl es-
ters of cyclic nucleotides, that activate PKA in the low µM range determined by 
BRET [7] as well as in physiological assays [43]. Finally, we performed a bystand-
er BRET test [44], where COS-7 cells were transfected with a constant amount of 
donor-expression plasmid (RIIα-RLuc, 0.5 µg) and with increasing amounts of 
acceptor-expression plasmid (GFP2-Cα, 0–2 µg). The cells were incubated with 
600 µM 8-[ϕ-575]-cAMP for 30 minutes prior to the BRET ratio determination, 
or mock treated. Figure 8b depicts the normalized BRET-values of two experi-
ments each performed with n = 6 wells per incubation. When no BRET acceptor 
is expressed in the cells, we observed the background BRET value, and the incu-
bation with 8-[ϕ-575]-cAMP has no effect. With increasing amounts of acceptor 
DNA, the BRET values rises and reaches an asymptote at the 1:1 molar ratio at 
0.5 µg donor and acceptor coding DNA each, as expected from a 1:1 interaction 
of PKA subunits in the holoenzyme. Thereafter the BRET value does not increase 
further, indicating a specific interaction, which can be prohibited to about 50% 
by incubation with 600 µM 8-[ϕ-575]-cAMP, as determined previously (see fig-
ure 8a and 8b).
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Figure 8. 8-[ϕ-575]-cAMP activates intracellular PKA. (a) For standard BRET experiments, COS-7-cells were 
co-transfected with the PKA type II sensor construct or negative control plasmids (bg) as indicated and grown 
for 48 hours. Cells were treated with the indicated amount of 8-[ϕ-575]-cAMP for 30 minutes, or mock treated 
(D-PBS). BRET signals were obtained after addition of the luciferase substrate DeepBlueC™ and detection 
of luciferase and fluorescence light emission using a multi-label reader. Shown is a representative experiment, 
repeated three times; data are mean ± S.E.M., performed with n = 6 replicates. (b) A BRET titration experiment 
was performed as described in the methods section. Briefly, cells were co-transfected with a constant amount 
of BRET donor (hRIIα-Rluc) and an increasing amount of acceptor DNA (GFP2-hCα) as indicated. Before 
BRET read-out, cells were incubated with 0.6 mM 8-[ϕ-575]-cAMP as described above. The BRET values of 
two independent experiments, each performed with n = 6 replicates, were background subtracted, normalized 
and plotted as mean ± S.E.M.

Conclusion
We can conclude that 8-[ϕ-575]-cAMP with its modern, red-shifted fluorophore 
is a useful, stable tool for in vitro and in vivo investigation of cAMP binding 
proteins. It spontaneously enters eukaryotic cells and can be sequestered to PKA 
regulatory subunits. However, undesired partial accumulation in the cell could 
not be entirely excluded in this study. It efficiently binds to and activates PKA-I 
and -II, and should have great potential for many cell biological and in vitro ap-
plications.

Methods
Materials
All cyclic nucleotides, as well as the free Pharos chromophore were derived from 
Biolog Life Science Institute (Bremen, Germany). The solubility of the novel 
Pharos compound is approximately 50 mM in water. LogKw data were deter-
mined by a retention-based lipophilicity ranking using a LiChrograph HPLC 
(Merck-Hitachi, Darmstadt, Germany) equipped with a reversed phase YMC 
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RP-18 phase (250 × 4 mm) running at a flow rate of 1.0 ml/min. Nucleotides 
were detected at λ = 280 nm [35]. A. The purity of cyclic nucleotides was analyzed 
with an elution system consisting of 25% acetonitrile and 10 mM triethyl am-
monium formiate at a flow rate of 1.5 ml/min and was found to be > 99%. No 
trace of free fluorophore was detected in 8-[ϕ-575]-cAMP.

Spectral Measurements

The Pharos dye was diluted in 20 mM 2-(4-morpholino)-ethane sulfonic acid 
(MES) buffer adjusted to pH 6.0, pH 7.0 and pH 7.4, and all samples were 
degassed by bubbling nitrogen through the solution before measuring the absorp-
tion or fluorescence spectra.

For Stokes shift and quantum yield determination, absorption and fluores-
cence spectra were recorded in cells with 1 cm path length using a PerkinElmer 
Lambda 900 UV-Vis spectrophotometer and a Hitachi F-4500 fluorescence spec-
trophotometer, respectively.

To calculate the relative quantum yield ϕ of the free Pharos dye, the absorp-
tion (500 nm to 640 nm) and fluorescence (λex = 553 nm, λem ranging from 
558 nm to 800 nm) spectra of several Pharos dye concentrations (640 nM to 
64.2 µM) were recorded in A. bidest. The integrated fluorescence intensity (I) 
was plotted versus the absorbance (A) at the excitation wavelength. For low con-
centrations the dye molecules are not influenced by each other and thus exhibit 
a linear behavior concerning absorption and emission of light. Linear regression 
yields the slope ΔI/ΔA that is compared to the corresponding data of a quantum 
yield standard by using the equation sa = (ΔIsa/ΔAsa)·(ΔAst/ΔIst)·st. As a 
standard, a solution of quinine sulfate in 1.0 N sulfuric acid (st = 0.546 with 
λex = 365 nm) was used [21,22].

For emission and excitation spectra (Kontron SFM25) with and without puri-
fied regulatory subunit of PKA (see below), 100 nM 8-[ϕ-575]-cAMP was mea-
sured with and without fourfold molar excess of regulatory subunit in 20 mM 
MOPS, 150 mM NaCl, 1 mM β-mercaptoethanol, pH (buffer A) at room tem-
perature. The excitation spectra were detected at λem = 617 nm with λex ranging 
from 610 nm to 430 nm; emission spectra were measured with λex = 575 nm 
with λem ranging from 800 nm to 580 nm.

Expression and Purification of PKA Subunits

For expression of PKA regulatory subunits, one liter of Luria Broth medium 
containing 100 µg/ml of ampicillin was inoculated with E. coli BL21 (DE3) 

© 2011 by Apple Academic Press, Inc.

  



Codon Plus RIL cells (Stratagene) transformed with human RIα, RIβ, RIIα (in 
pRSETB) or rat RIIβ (in pETIIc) and grown at 37°C to an OD600 nm of 0.8. 
Recombinant protein expression was induced by addition of 0.2 M isopropyl-
β-D-thiogalactopyranoside (IPTG) and the culture was incubated at 25°C for 
additional 17–18 h. The pellets were stored at -20°C.

For purification of RI isoforms (Moll et al., submitted), cell lysis of protein ex-
pressing E. coli cells was performed two times with a French Pressure Cell (Thermo 
Electron Corp., Needham Heights, USA) in lysis buffer (20 mM 3-(N-morpholi-
no) propane sulfonic acid (MOPS), 100 mM NaCl, 1 mM β-mercaptoethanol, 
2 mM EDTA, 2 mM EGTA, pH7.0). The lysate was centrifuged at 27 000 ×g 
for 30 min and 4°C. 1.2 µmol Sp-8-AEA-cAMPS-agarose (Biolog Life Science 
Inst.) was used per purification, corresponding to 300–450 µl agarose-slurry. The 
protein content in 12 ml clarified supernatant was batch bound by gentle rota-
tion over night by 4°C. The agarose was washed seven times with 1.25 ml lysis 
buffer. The protein elution step was performed with 1.25 ml of 10 mM cGMP 
in buffer A by gentle rotation at 4°C for 1 h. The agarose was rinsed with two 
additional wash steps (each 825 µl) with buffer A. Subsequently, the R subunits 
were subjected to gel filtration (PD10, Amersham Pharmacia Biotech, Freiburg, 
Germany) into buffer A. To remove all cGMP, the R subunits were dialyzed exces-
sively against buffer A.

For purification of RII isoforms (Moll et al., submitted), cell lysis was per-
formed in buffer consisting 20 mM MES, pH6.5, 100 mM NaCl, 5 mM EDTA, 
5 mM EGTA and 5 mM β-mercaptoethanol with added protease inhibitors (PI): 
Leupeptin (0.025 mg/100 ml), TPCK and TLCK (each 1 mg/100 ml) (buffer 
B). after centrifugation at 27 000 ×g for 30 min and 4°C, the supernatant was 
precipitated at 4°C with 50% saturated ammonium sulfate (AS) for RIIα and 
45% AS for RIIβ and centrifuged by 10 000 ×g, 15 min 4°C. The AS pellets were 
re-suspended in buffer B and protein was batch bound to 1.4 µmol settled Sp-8-
AEA-cAMPS-agarose. The agarose was rinsed twice with 20 mM MOPS, pH7.0, 
1 M NaCl, 5 mM β-mercaptoethanol and then two times with 10 ml buffer B. 
Subsequently, two elution steps were carried out with 25 mM cGMP in buffer B. 
RII subunits were subjected to gel filtration into 20 mM MES, pH 6.5,150 mM 
NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM β-mercaptoethanol.

Murine Cα subunit (in pRSETB) was expressed in E. coli BL21 (DE3) 
(Stratagene) and purified as published previously [45,46]. Protein expression 
and purification was followed by SDS-polyacrylamid gel electrophoresis [47]. 
Typically, the recombinant proteins were purified to 95% homogeneity or  
higher.

Biochemical Characterization and Cellular Imaging of a Novel  121

© 2011 by Apple Academic Press, Inc.

  



122  Recent Advances in Biochemistry

Fluorescence Polarization (FP)

The fluorescence polarization displacement assay was performed as described 
before[7]. Increasing concentrations of cAMP or 8-[ϕ-575]-cAMP were mixed 
with 1 nM 8-Fluo-cAMP before adding 2.5 nM regulatory subunit RIα, RIIα, 
RIIβ. Fluorescence polarization was measured after 5 minutes of incubation at 
room temperature.

Determination of Activation Constants

PKA activity was assayed by the coupled spectrophotometric assay first described 
by Cook et al. [26] using 260 µM Kemptide (LRRASLG) as the substrate. Ho-
loenzyme formation was carried out for 3 minutes at room temperature with 20 
nM murine PKA-Cα subunit and an about 1.2 fold molar excess cAMP-free RIα, 
RIIα, or RIIβ subunit in assay mixture (10 mM MgCl2, 100 µM ATP, 100 mM 
MOPS, 1 mM PEP, LDH, pyruvate kinase, NADH, 5 mM β-mercaptoethanol, 
pH 7.0). Apparent activation constants (Kact, EC50) were determined by adding 
increasing amounts of cAMP or 8-[ϕ-575]-cAMP (0.3 nM to 10 µM).

BRET Assay

COS-7 cells were used for BRET experiments. They were routinely passaged and 
seeded in opaque 96-well microplates (CulturPlate™-96, PerkinElmer) 24 hours 
prior to co-transfection with the previously described PKA-IIα sensor, comprised 
of RIIα-RLuc (donor) and GFP2-Cα (acceptor) [42]. Two days following trans-
fection with 0.5 µg donor and acceptor DNA, respectively, cells were rinsed with 
glucose-supplemented Dulbecco's PBS (D-PBS, Invitrogen), and subsequently 
incubated with 8-[ϕ-575]-cAMP (0.01–6 mM final concentration in D-PBS, 
prepared from a 20 mM stock solution), or mock treated for 30 minutes at room 
temperature. For the BRET read-out, the luciferase substrate DeepBlueC™ (Perki-
nElmer) was added at a final concentration of 5 µM in a total volume of 50 µl D-
PBS. Light output was detected consecutively using a Fusion™ α-FP microplate 
reader (PerkinElmer, read time 1s, gain 25) equipped with appropriate filters for 
the donor (RLuc; λ = 410 nm ± 80 nm) and for the acceptor fluorophore (GFP2; 
λ = 515 nm ± 30 nm) emission. Emission values obtained with untransfected 
(n.t.) cells were routinely subtracted, and BRET signals were calculated as fol-
lows: (emission(515nm) – n.t. cells(515nm))/(emission(410nm) – n.t. cells(410nm)). Control 
measurements with cells expressing RLuc and GFP proteins without a fusion 
partner yield the background BRET signal. A BRET titration (bystander BRET test) 
was performed by co-transfection of COS-7 cells with a constant donor-expression 
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plasmid (0.5 µg) with an increasing amount of acceptor-expression plasmid  
(0–2 µg). The cells were treated as described above. Prior to the BRET read-out, 
cells were incubated with or without 0.6 mM 8-[ϕ-575]-cAMP for 30 minutes.

Uptake of 8-[ϕ-575]-cAMP in Living Cells

HEK293 and CHO cells were grown in the Dulbecco’s modified Eagle medium 
(DMEM, Invitrogen) and F12 nutrient mixture (HAM, Invitrogen) mediums, 
respectively, containing 10% FBS and supplemented with 2 mM L-glutamine, 
100 U/ml penicillin, and 100 µg/ml streptomycin (all: Sigma-Aldrich), in a 37°C 
humidified atmosphere containing 5% CO2. These cell lines are routinely used in 
our laboratory for FRET experiments using various sensors and they have been 
thoroughly characterized for fluorescent sensor expression levels.

For transient expression of the H30 sensor, cells were seeded onto 24-mm 
diameter round glass coverslips, and transfections were performed at 50–70% 
confluence with FuGENE-6 transfection reagent (Roche). Imaging experiments 
were performed after about 24 h. Cells were maintained in Hepes-buffered Ring-
er-modified solution, containing 125 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 
1 mM MgS04, 5.5 mM glucose, 1 mM CaCl2, and 20 mM Hepes, pH 7.4, 
at room temperature and treated with 100 µM 3-Isobutyl-1-methylxanthine 
(IBMX, Sigma-Aldrich) 10 minutes before the experiments. Cells were imaged 
on an inverted microscope (IX50; Olympus) with a 60× oil immersion objective 
(Olympus). The microscope was equipped with a monochromator (Polychrome 
IV; TILL Photonics) and a beam-splitter optical device (Multispec Microimager; 
Optical Insights). FRET variations were measured as changes of the ratio between 
the background-subtracted fluorescence emission intensities at 480 nm and 545 
nm, on excitation at 430 nm. Forskolin (25 µM, Sigma-Aldrich) was added to 
saturate the FRET probe and to determine the maximal FRET response.

For the imaging of the intracellular distribution of 8-[ϕ-575]-cAMP and the 
Pharos dye, cells were grown and seeded as above. Before the image acquisitions, 
cells were treated with 100 µM IBMX and either 500 µM 8-[ϕ-575]-cAMP or the 
Pharos dye for 1 hour. Cells were then washed with the Hepes-buffered Ringer-
modified solution described above and imaged on a confocal microscope (Leica) 
with a 20× oil immersion objective (Leica). Images were obtained by collecting 
the emission light from 600 nm to 640 nm, on excitation at 514 nm.

Intracellular co-localization of 8-[ϕ-575]-cAMP and GFP-hRIα or GFP-
hRIIα was examined in COS-7 cells after two days transient expression of the 
GFP-tagged R subunits [42]. Cloning of the R subunits into the expression vector 
hpGFP2-N2 (PerkinElmer) was performed as described previously [48]. The cells 
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were incubated for 30 minutes at 37°C with 500 µM 8-[ϕ-575]-cAMP in D-PBS, 
rinsed tree times with D-PBS, followed by a standard fixation procedure [42]. 
Cellular imaging was performed on a confocal microscope (Leica) with a Plan apo 
100× oil immersion objective (Leica).

Statistical Procedures

Measurement and statistical evaluation of FP, kinase activity and BRET assays was 
carried out using GraphPad Prism software version 4 (GraphPad Software).

Abbreviations

8-[ϕ-575]-cAMP: 8-[Pharos-575]adenosine -3’,5’-cyclic monophosphate; 8-Fluo-
cAMP: 8-[2-[(Fluoresceinylthioureido)amino]ethyl]thio]adenosine -3’,5’-cyclic 
monophosphate; Sp-5,6-DCl-cBIMPS: 5,6-dichlorobenzimidazole riboside 
-3’,5’-cyclic monophosphorothioate, Sp-isomer; 8-pCPT-2’-O-Me-cAMP: 8-(4-
chlorophenylthio)-2’-O-methyladenosine -3’,5’-cyclic monophosphate; 8-Br-
cAMP: 8-Bromoadenosine -3’,5’-cyclic monophosphate; Sp-8-AEA-cAMPS-
agarose: 8-(2-aminoethylamino)adenosine -3’,5’-cyclic monophosphorothioate, 
Sp- isomer, immobilized to agarose; MOPS: 3-(N-morpholino) propane sulfo-
nic acid; MES: 2-(4-morpholino)-ethane sulfonic acid; PKA: protein kinase A, 
cAMP-dependent protein kinase; R: regulatory subunit; C: catalytic subunit; 
FRET: Fluorescence resonance energy transfer; BRET: bioluminescence resonance 
energy transfer; PDE: phosphodiesterase; IBMX: 3-Isobutyl-1-Methylxanthine.
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Fast Benchtop Fabrication 
of Laminar Flow Chambers 

for Advanced Microscopy 
Techniques

David S. Courson and Ronald S. Rock

Abstract 
Background

Fluid handling technology is acquiring an ever more prominent place in labo-
ratory science whether it is in simple buffer exchange systems, perfusion cham-
bers, or advanced microfluidic devices. Many of these applications remain the 
providence of laboratories at large institutions with a great deal of expertise 
and specialized equipment. Even with the expansion of these techniques, lim-
itations remain that frequently prevent the coupling of controlled fluid flow 
with other technologies, such as coupling microfluidics and high-resolution 
position and force measurements by optical trapping microscopy.
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Method

Here we present a method for fabrication of multiple-input laminar flow de-
vices that are optically clear [glass] on each face, chemically inert, reusable, 
inexpensive, and can be fabricated on the benchtop in approximately one 
hour. Further these devices are designed to allow flow regulation by a simple 
gravity method thus requiring no specialized equipment to drive flow. Here 
we use these devices to perform total internal reflection fluorescence microsco-
py measurements as well as position sensitive optical trapping experiments.

Significance

Flow chamber technology needs to be more accessible to the general scientific 
community. The method presented here is versatile and robust. These devic-
es use standard slides and coverslips making them compatible with nearly all 
types and models of light microscopes. These devices meet the needs of groups 
doing advanced optical trapping experiments, but could also be adapted by 
nearly any lab that has a function for solution flow coupled with microscopy.

Introduction 
Coupling of optical trapping with flow chambers, lab-on-a-chip, and other mi-
crofluidic devices has been accomplished by a number of groups[1]–[6] for two 
major purposes; cell sorting and manipulation[1]–[4] and making biochemical 
and biophysical measurements[5], [6]. Most of the cell sorting devices use tra-
ditional fabrication methods and have one optically uniform glass face while the 
channel walls and opposing face are made of a polymer such as polydimethylsi-
loxane (PDMS)[7].

Traditional microfluidic fabrication methods have several limitations. First, 
the fabrication method requires specialized equipment not readily available to 
many groups. Second, the PDMS face opposite the coverslip prevents some opti-
cal techniques that require accurate visualization through both sides of the de-
vice. One such technique is optical trapping with precision force and position 
measurements, because the PDMS layers are of non-uniform density and distort 
the wavefront of the required detection lasers in unpredictable ways. This can 
make experiments such as the study of molecular motor stepping[8], [9] or forced 
unfolding[10] problematic in such devices. Since buffer conditions can change 
these behaviors, being able to quickly change the buffer conditions while studying 
the same molecules could be useful but remains illusive.

As a result of these difficulties most trapping experiments that require 
precision measurements are performed using chambers made of a slide and  
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coverslip linked by a piece of double sided tape and sealed with vacuum grease[11]. 
When multiple conditions are required, multiple independent experiments are 
run. While very effective these devices have limitations as well. Experiments using 
sealed sticky tape devices require premixing all components, so unwanted compo-
nent self-association prior to visualization is a problem. It is also difficult to make 
complex geometry devices using tape flow cells. Further, coupling tape devices to 
flow often requires drilling through glass and attaching ports, which can interfere 
with optical components such as oil condensers[12].

For biochemical and biophysical measurements with flow other devices have 
been produced. The Kowalczykowski group has coupled optical trapping and flow 
technology to generate a platform for performing fluorescence microscopy mea-
surements on proteins bound to a single DNA molecule[5]. However these de-
vices are made from etched glass, which requires special facilities to fabricate and 
have not been, to our knowledge, coupled to high-resolution detection systems.

Recently the Wuite group developed a system to couple flow and optical trap-
ping with high-resolution position and force detection[6] to examine the single 
molecule behavior of DNA binding proteins. They report using parafilm to con-
struct channels. In our hands uniform parafilm adherence was problematic so 
these devices tended to leak. We also had difficulties incorporating fluid ports 
that would not interfere with our optics. Our research requires a device of this 
type that prevents reagent mixing and self-assembly but allows trapped particles 
to be transported into different environments. Here we present a simple manual 
method for flow chamber fabrication that can be preformed on a benchtop and 
is fast, inexpensive, requires no glass drilling, produces devices that are reusable 
and meet the requirements of advanced optical trapping assays, including all-glass 
optical faces, and a radial arrangement of tubing connections that allows us to use 
oil-immersion condensers and objectives.

Methods 
Device Fabrication

Our flow chamber design uses a single flat sheet of silicon rubber, which is cut 
by hand into the desired shape. The advantage of using commercially available 
silicon rubber sheets is that they have a uniform thickness. Moreover, they are 
easily cut by hand and manipulated, since they only adhere once activated by 
oxygen plasma. We cut out a piece of silicon rubber (McMaster-Carr, 87315K63) 
of the same dimensions as the coverslips that will be used (25 mm round). Next 
the desired pattern is cut into a silicon rubber sheet using sharp razors (Pattern 
in Figure 1a). Channel entrances should be left intact at this point so that sheet 
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remains in one piece until after it is joined to the slide (Figure 1). The cut sheet 
constitutes the device body.

Figure 1. Fabrication and use of devices. A) Scale pattern of a four input device made to fit a 25 mm round 
coverslip. B) Device body of a two input device being prepared. The channel pattern is cut out of the body but 
the channel entrances are left intact so the device remains one solid piece during the process of cleaning and 
adhering to the slide. C) Channel entrances are cut open with a razor blade. A scraping motion is needed to 
remove the piece once cuts are made. D) Pieces of PEEK tubing are cut and one end is flattened to fit into the 
device. E) Tubing is attached using epoxy. The device is complete at this point. F) Example of a functioning four 
input device attached via HPLC connectors to a reservoir and to a priming syringe via silicone tubing. These 
linkages can be modified to fit other systems.

The microscope slide and the device body should be rinsed with pure, deion-
ized water and dried to remove large debris. Plasma clean the slide and device 
body to functionalize the surfaces (acid washing will also work eliminating the 
need for a plasma cleaner[13]). Once cleaned press the device body onto the slide. 
The bond is permanent. Cut channel entrances open with the razor.

Next plasma clean the device complex and coverslip and press them together. 
This produces a sandwich of rubber with channel openings between the slide and 
coverslip. Thin wall PEEK tubing (Upchurch, 1569) is then connected to the de-
vice. Compress tubing at one end and slide into channel entrances. Seal the joint 
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between the device and the tubing with quick drying epoxy. Once dry the device 
is complete and can be hooked up to a flow driving system via HPLC adaptors. 
All devices should be tested for leaks and correct flow characteristics before use in 
experiments.

Device Testing

Since the devices are not precision cut or cast, there will be variance from device 
to device. Thus, if very specific or complex flow characteristics are required this 
technique may not be suitable. Additionally, each flow cell should be character-
ized individually. For example, in multiple input laminar flow cells, if there is 
variance in the structure of the input channels or the length of the tubing leading 
from the reservoir the width and flow rate of each lane in the main channel may 
vary slightly. Even with these limitations for many applications this method is 
sufficient.

Flow rates can be measured in several ways. For high flow rates [>1 ul/sec] 
driving a set amount of fluid through the device and measuring the time required 
to pass a given volume is an effect method. For extremely slow flow rates, ob-
serving the motion of particles such as fluorescent beads as they transit a known 
distance as visualized by the microscope can give an accurate estimation of flow 
rate. It is important to note that flow rates are fastest in the center of the channels 
and slower near surfaces. If driving flow by gravity it is important to remember 
that rates will drop as the column heights balance. Once at a desired flow rate, the 
water column height must be routinely adjusted to maintain the flow rate.

Device Cleaning

Since these systems are entirely composed of PEEK, silicon rubber and glass they 
are very chemically inert. As such they can be cleaned very rigorously allowing 
them to be reused without fear of contamination. We rinse the systems sequen-
tially with water, 1 M NaOH, EtOH then finally water again. This cleans all 
internal surfaces.

Myosin Motility Assay

This assay was performed in two ways: in a flow chamber and a series of sealed 
chambers (the current standard method). Data in panels 3b and 3c were collected 
on different days but used the same motor preparation and solution stocks. Incu-
bation times and all other variables were kept as similar as possible.

© 2011 by Apple Academic Press, Inc.

  



For the flow chamber experiments, a four input laminar flow chamber was 
used. The device was primed with water by injecting it into the device via the 
output port using a syringe. All setup solutions are added in this way. This elimi-
nates bubbles and insures all inputs are exposed to the same conditions. Anti-
GFP antibody (QBiogene, 50 ng/µl) was added into the device to coat all of the 
internal surfaces[14]. BSA was then added as a blocking agent (1 mg/ml). GFP 
tagged Myosin VI heavy meromyosin (HMM) dimer [14] was added followed by 
filamentous actin (chicken skeletal muscle, 100 nM [15]), and then assay buffer 
(25 mM imidazole, pH 7.5, 25 mM KCl, 1 mM EGTA, 4 mM MgCl2, 10 mM 
DTT, 0.86 mg/ml glucose oxidase, 0.14 mg/ml catalase, 9 mg/ml glucose) with 
zero ATP. The microscope was focused and a desirable field of view was found. As-
say buffers with desired ATP concentrations (0, 0.1, 1, 2 µM) were loaded into the 
input reservoirs. Movies were then recorded for the zero ATP condition. The valve 
to the 0.1 µM ATP containing solution was then opened, a sufficient replacement 
volume was allowed to flow through and a movie was recorded. Data in panel 3b 
were recorded with the flow turned off. Data in panel 3c were recorded with flow 
off then with flow on. This process was repeated for each ATP solution. Data was 
recorded on a home built total internal reflection fluorescence (TIRF) microscope 
with Andor iXon camera. Movies were analyzed using ImageJ.

Optical Trapping Assay

All experiments were performed on a home built fluorescence and optical trap-
ping microscope.

Power Spectra

A two input device was used. The system was primed as described above. 1 µm 
beads were loaded into one input reservoir, and assay buffer into the other. Beads 
were flowed into the device and a single bead was trapped. Flow rate was approxi-
mately 1 µL/sec. The trapped bead was moved into the buffer channel and the 
bead position was recorded at 10 kHz, without a lowpass antialias filter. Flow was 
then turned off and the power spectrum was repeated with the same bead. Power 
spectra were calculated using the Igor Pro software package.

Dumbbell

A four input device was used. BSA blocking solution was pumped into the output 
port of the device as described above to prime the device and block the surface. 1 
µm neutravidin coated beads (biotinylated beads from Invitrogen incubated in a 
neutravidin solution and blocked with BSA) were loaded into one input reservoir, 
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TMR-phalloidin (Sigma-Aldrich) stabilized actin filaments with ten percent of 
the monomers labeled with biotin were loaded into the second input reservoir, 
and buffer was loaded into the third and fourth. The solutions were allowed to 
flow into the device. Beads were trapped then the stage was moved so that those 
beads transited into the actin containing channel. Once an actin filament was 
captured (by flowing against a bead) the stage was again moved so the beads and 
captured filament moved into the buffer channel where the dumbbell was as-
sembled. The bead with the attached filament was placed upstream. Buffer flow 
extended the filament. The second bead was then moved into position at the free 
end of the extended filament and the bond was formed.

Results
Here we present data from several experiments that show the broad applicabil-
ity and high degree of functionality of these devices. This data shows that these 
devices are functional for a broad range of microscopy experiments including 
sensitive optical trapping experiments.

Device Characteristics

Devices were fabricated using main channel widths of 0.3 up to 2 mm, input 
channel widths of 0.5 to 1.0 mm, and between 1 and 5 inputs. All devices pro-
duced laminar flow, where each solution in the main channel remained separate 
and only mixed via diffusion (Figure 2). Devices were tested over a range of flow 
rates from greater than a 1 milliliter per second to rate of below 1 microliter per 
minute.

Myosin Motility Assay with Multiple ATP Concentrations

As a proof-of-principle experiment these devices were used to perform myosin 
gliding filament assays under varying ATP concentrations using TIRF micros-
copy. Myosin VI (as is true of all myosins) shows an ATP concentration depen-
dent motility rate [16], [17]. The device was coated with myosin VI before actin 
filaments were added. Some filaments were bound by the motors at the coverslip 
surface and immobilized in the absence of ATP. A series of motility buffers with 
increasing ATP concentrations (0, 0.1, 1, 2 µM) was then allowed to flow into 
the flow chamber and movies were recorded at each ATP concentration, with and 
without flow. The addition of ATP caused the motors to move (Figure 3). The 
motility profiles were similar between the two assays.
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Figure 2. Device Details and Flow Characteristics. A) Diagram of basic flow chamber design. Solutions are 
stored in reservoirs and must pass through a solenoid valve to reach the flow chamber. Solutions can be added 
one by one or multiple at once. When multiple solutions are added they flow in separate laminar flow lanes. 
This behavior is preserved regardless of the number of solutions entering the flow chamber. All the solution flows 
out through a single output port. B) Picture of a four input flow chamber with four solutions flowing. Each 
input has a different colored water solution flowing through it to demonstrate laminar flow characteristics of the 
device. The device is made with a standard microscope slide and 25 mm round #1.5 coverslip. Orange PEEK 
tubing is connected to each input and the output with epoxy. The output tube leads to a collection reservoir 
mounted on an adjustable height platform to allow control of the flow rate by altering the height of the water 
column difference between the input reservoirs and the output tubing end. C) Blow up of flow chamber from 
highlighted area in panel B, showing laminar flow characteristics. Small defects such as the one on the leftmost 
corner do not significantly affect the downstream flow profile. D) Blow up from inside the highlighted area 
in panel C. Bright field image of a feature in the device. This image shows the corner where one of the input 
channels joins the main channel. The scale bar is set over the rubber section while the figure letter is set over the 
input channel solution. Even though these devices are cut by hand they typically have very fine and clean features 
so solution flow is not perturbed.

There are several advantages to the flow chamber method. This method al-
lowed us to assess the ATP-dependent motility of a single population of mo-
tors, rather than preparing a different slide to analyze each ATP concentration. 
This prevents slide-to-slide variation, making results easy and reliable to interpret. 
Open chamber devices (sticky tape) can dry out during the course of an experi-
ment as happens if inadequately sealed, changing ATP concentration. The flow 
chambers presented here do not share this limitation. Finally, continuous solution 
flow can also be used to prevent the accumulation of ADP in the chamber, which 
could lower the apparent motility rate of the motor. The shear induced by flow 
does not appear to affect myosin VI motility but it should be considered if assay-
ing other motors in the presence of flow.
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Figure 3. Myosin VI Motility. A) Motility assay cartoon. Myosin VI motors are immobilized on a coverslip 
surface. Actin filaments land on the surface and are then propelled by the motor proteins. B) Graph of motility 
rate verses concentration of ATP. Data in red (squares) indicates experiments performed in separate sealed 
chambers. Data in blue (circles) indicates a single experiment performed in a flowcell device where a desired 
ATP solution was flowed into the chamber, flow was stopped and data was recorded for each concentration. 
Michaelis-Menton fit for each data set in corresponding colors. Fits are similar though some difference is seen 
at 100 µM and 2 mM. Fit parameters for sealed chambers: Vmax = .075±.0040 µm/sec, Km = 88±25 µM. 
Fit parameters for flowcells: Vmax = .096±.0096 µm/sec, Km = 206±95 µM. C) Graph of motility rate verses 
concentration of ATP. Comparing rates obtained in a single flow chamber with flow on (red cross) and off 
(blue circles). Flow rate used was approximately 1 µl/sec. The fits are nearly identical, indicating surface shear 
experienced by the motor when flow is on had no measurable affect of motor behavior. Fit parameters with flow: 
Vmax = .051±.0030 µm/sec, Km = 129±38 µM. Fit parameters without flow: Vmax = .051±.0031 µm/sec, Km 
= 114±35 µM. Indeed, variation from day-to-day or sample-to-sample is far higher than variation caused by flow 
shear, as is evident by the difference in behavior between samples in panel B and panel C.

Optical Trapping Assays

To demonstrate that optical trapping, manipulation, and position detection is 
practical with these devices two assays were performed. 1) We trapped 1 µm poly-
styrene beads and measured power spectrums with and without flow. 2) We as-
sembled actin dumbbells and manipulated them. The first experiment uses optical 
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trapping, bright field microscopy and laser position detection. The second uses 
optical trapping, bright field and epifluorescent microscopy.

Power Spectra

A bead was trapped under flow of 1 µL/sec flow rate. A power spectrum was re-
corded [8], [18], [19]. Then flow was stopped and another power spectrum was 
measured. The power spectra are nearly indistinguishable in the X direction (the 
direction of flow) (Figure 4). First this demonstrates that trapping is indeed possi-
ble in these devices. Second these devices are functional for position detection and 
force measurements when the system is under flow and when flow is stopped. This 
creates a dynamic environment in which to design and perform experiments.

Figure 4. Power Spectra. A) Representative power spectrum for a trapped bead in a flow chamber with flow 
turned off. A spectrum is taken in X and Y coordinate systems. X is shown in red, Y in purple. Lorentzian fits 
are overlaid on the each spectrum. The black fit is for X, the blue fit is for Y. The bead corner frequency for X = 
781 Hz, for Y = 472 Hz. B) Power spectrum data for the same bead after the flow was turned on at a rate of 1 µl/
sec. Flow is in the X direction. X is shown in orange, Y in green. The black fit is for X, the purple fit is for Y. The 
bead corner frequency for X = 697 Hz, for Y = 226 Hz. Introduction of flow causes some low frequency noise 
in both spectra and shifts the corner frequency of the Y power spectra with respect to the no flow. X spectra are 
very similar for each condition.
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Dumbbells

For many actin based optical trapping experiments, such as analysis of myosin 
motors stepping, forming an actin dumbbell is required [20], [21]. A dumbbell is 
an actin filament with each end connected to beads held in separate optical traps. 
Here we trapped two beads under flow, attached an actin filament to one of those 
beads under flow, then moved the second bead into position downstream behind 
the trapped filament to form the dumbbell (Figure 5). The trapped filament can 
be manipulated and used for desired assays.

Unlike traditional methods where beads and actin filaments are mixed togeth-
er in extremely low dilutions and the user must find and assemble them (a process 
which can be time sensitive), using the flow based method present here each com-
ponent is added in isolation and can be assembled extremely quickly (as fast as 13 
seconds for a dumbbell in our hands). Further, since a buffer channel is present 
which lacks any other components, these structures can be manipulated without 
concern for accidental addition of unwanted components (another bead or actin 
filament sticking to the trapped dumbbell for example). This ability increases 
the percentage of experiments that are successful under most circumstances. Ad-
ditional flow lanes can be added to allow for addition of other components to 
the trapped scaffold, as was demonstrated by the Wuite group’s DNA and H-NS 
experiments[6].

Figure 5. Dumbbell Assembly. A) Diagram of method for assembling an actin dumbbell while under flow. Beads 
are trapped in the bead channel, the stage is moved transferring the trapped beads into the actin channel where 
one filament is attached to one of the beads. The stage is moved again transferring the trapped beads and actin 
filament into the assay chamber where a dumbbell is formed and manipulated. B) A trapped 1 µm neutravidin 
coated bead with and attached biotinylated filament is held in an optical trap. Flow keeps the filament aligned 
down stream. A second trapped bead is then moved into position near the free end of the filament. When the 
bead and filament touch they become tightly linked. Introducing the components in separate channels has 
the advantage that the beads and filaments are isolated and do not spontaneously assemble into undesired 
aggregates.
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Discussion 
Design and Potential Applications

Beyond the ability to perform specialized optical trapping assays these devices 
have other important virtues. The fabrication technique reported here requires no 
glass drilling, no training, and little to no specialized equipment (plasma cleaner 
is recommended). Devices are constructed using standard microscope slides and 
coverslips making them compatible with nearly all light microscopes. The assem-
bly protocol is general enough that any glass coverslip can be accommodated, 
allowing for matching of coverslips to objectives for optimum results and making 
design of devices of different dimensions simple. The slide can even be replaced by 
a second coverslip to accommodate dual objective optical trapping microscopes. 
The fluid volume of the devices is also flexible ranging from 30 down to 3 micro-
liters depending on design. After most usages devices can be cleaned and reused. 
Because of the uniform nature of the silicone rubber sheets used to make these 
devices, when the devices are properly assembled the coverslips lay extremely flat 
allowing for minimal focal drift as the sample is moved. All fluorescence imaging 
characteristics seem to closely mimic those of sealed sticky tape flow cells, includ-
ing low oxygen permeability yielding long fluorescence lifetimes and the ability to 
clearly resolve single molecules.

These devices do carry inherent limitations, which should not be overlooked. 
Since channels are cut by hand variation from device to device will occur. For 
some applications this will require that each device be tested before use. Complex 
multilayer applications such as those requiring pneumatic microvalves [22], [23] 
cannot be adapted to work with these devices. Finally device volumes are typically 
around 10 microliters and require a reservoir to generate flow, so applications that 
use very small volumes are not practical.

We see several areas in which these devices could be immediately applicable. 
The flexibility in device design, low cost, and the ease of construction should al-
low them to be adapted by groups in many fields. Laminar flow chambers, from 
single to many inputs, can be made exactly as described here. Coupling valves to 
the fluid handling system allows for many possibilities from side-by-side laminar 
flow to iterative additions of different solutions.

Coupled with valves these devices allow for rapid and repeated changes in 
buffer conditions. With computer-controlled valves, experiments or condition 
screens could be automated saving researchers time and effort. Our system uses 
commercially available solenoid valves (Lee Company) to control inputs.

Most current optical trapping experiments use sealed chambers. This neces-
sitates mixing all experimental components together before starting the experiment. 
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If these components interact with each other in solution then it becomes difficult 
to control and study these interactions. Devices like these allow for iterative as-
sembly of complex systems, opening up new avenues of exploration for single 
molecule scientists[6]. As our knowledge increases study of more complex sys-
tems becomes necessary. These devices should serve as a useful tool for scientist 
attempting to do that.
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Abstract
Background

Rieske non-heme iron aromatic ring-hydroxylating oxygenases (RHOs) are 
multi-component enzyme systems that are remarkably diverse in bacteria iso-
lated from diverse habitats. Since the first classification in 1990, there has 
been a need to devise a new classification scheme for these enzymes because 
many RHOs have been discovered, which do not belong to any group in the 
previous classification. Here, we present a scheme for classification of RHOs 
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reflecting new sequence information and interactions between RHO enzyme 
components.

Result

We have analyzed a total of 130 RHO enzymes in which 25 well-character-
ized RHO enzymes were used as standards to test our hypothesis for the pro-
posed classification system. From the sequence analysis of electron transport 
chain (ETC) components of the standard RHOs, we extracted classification 
keys that reflect not only the phylogenetic affiliation within each component 
but also relationship among components. Oxygenase components of standard 
RHOs were phylogenetically classified into 10 groups with the classification 
keys derived from ETC components. This phylogenetic classification scheme 
was converted to a new systematic classification consisting of 5 distinct types. 
The new classification system was statistically examined to justify its stabili-
ty. Type I represents two-component RHO systems that consist of an oxygenase 
and an FNRC-type reductase. Type II contains other two-component RHO 
systems that consist of an oxygenase and an FNRN-type reductase. Type III 
represents a group of three-component RHO systems that consist of an oxyge-
nase, a [2Fe-2S]-type ferredoxin and an FNRN-type reductase. Type IV rep-
resents another three-component systems that consist of oxygenase, [2Fe-2S]-
type ferredoxin and GR-type reductase. Type V represents another different 
three-component systems that consist of an oxygenase, a [3Fe-4S]-type ferre-
doxin and a GR-type reductase.

Conclusion

The new classification system provides the following features. First, the new 
classification system analyzes RHO enzymes as a whole. RwithSecond, the 
new classification system is not static but responds dynamically to the growing 
pool of RHO enzymes. Third, our classification can be applied reliably to the 
classification of incomplete RHOs. Fourth, the classification has direct appli-
cability to experimental work. Fifth, the system provides new insights into the 
evolution of RHO systems based on enzyme interaction.

Background
Microorganisms play indispensable roles in the degradation and detoxification of 
polycyclic aromatic hydrocarbons (PAHs) in the environment [1,2]. The initia-
tion of the aerobic microbial degradation of PAHs is an oxidative attack [3,4]. 
The enzymes that catalyze insertion of molecular oxygen into aromatic benzene 
rings are termed oxygenases [5]. They require transition metals, such as iron and 
heme, as catalytic centers. Oxygenases that utilize non-heme Fe(II) are called  
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Rieske-type non-heme iron aromatic ring-hydroxylating oxygenase (RHO) 
whereas others that use heme are cytochrome P450s [6,7]. The term RHO is used 
herein to denote the Rieske-type non-heme iron ring-hydroxylating oxygenase.

Although RHOs mostly use NAD(P)H as an electron donor and catalyze 
the same oxygenation reaction, they are remarkably diverse with respect to their 
structure [3,4,8]. RHOs are multi-component enzymes of two or three protein 
components consisting of an electron transport chain (ETC) and an oxygenase. 
Oxygenase components are either homo- (αn) or hetero-oligomers (αnβn) and 
in each case, the α subunit, called large subunit, contains two conserved regions, 
a Rieske [2Fe-2S] center and non-heme mononuclear iron. The α subunits are 
known to be the catalytic components involved in the transfer of electrons to 
oxygen molecules. The ETC that transfers reducing equivalents from NAD(P)H 
to the oxygenase components consists of either a flavoprotein reductase or a flavo-
protein reductase and a ferredoxin [3,4]. An interaction between oxygenase and 
ETC components is required for the enzyme system to transfer electrons from 
the electron donor to aromatic hydrocarbon electron acceptor. The RHO enzyme 
system has been extensively studied in many different microorganisms since the 
initial reaction mostly determines the aromatic substrate for degradation [9-15].

Classification of RHOs is essentially an effort to organize the information into 
a system that is useful for understanding the relationship between various aspects 
of sequence, structure, function and evolution. A three-class system (class I, II and 
III) was initially instituted by Batie et al. [16]. Based on the number of constitu-
ent components and the nature of the redox centers, this classification was able 
to give systematic information about RHOs. We will refer to this approach as 
"the traditional classification". With the recent tremendous accumulation of new 
sequence information on RHOs, there is a current need for a new classification 
strategy that can transform the multitude of complex data into useful organized 
information. In this regard, computational phylogenetic analysis of molecular se-
quence was imperative, which we term "the phylogenetic classification". Several 
challenges have been introduced using this method. Werlen et al. [17] grouped 
RHOs into four families based on substrate specificities and sequence alignments 
with associated distance calculations. This classification emphasized the structure-
function relationship of the oxygenase component. However, some RHOs appear 
not to fit in this scheme probably because of the small RHO sample pool which 
resulted in the partial observation. Nam et al. [18] also proposed a clustering 
system based on the homology of the amino acid sequences of terminal oxygenase 
components. This classification system was more inclusive and well reflected the 
phylogenetic affiliation among RHOs.

In recent years, we characterized 3 oxygenases, NidAB, NidA3B3 and PhtAaAb, 
from M. vanbaalenii PYR-1 involved in the oxidation of aromatic hydrocarbons 
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[9,10,15,19]. Phylogenetic analysis of these oxygenase components, NidA, NidA3 
and PhtAa, showed that they clustered with a new group of α subunits found in 
Nocardioides, Rhodococcus, Terrabacter, Arthrobacter and other Mycobacterium 
spp. [20-25]. Interestingly, RHO genes found in this group of bacteria appear 
to have features in common; genes for ETC components are not always closely 
positioned with oxygenase genes (genetic discreteness) and limited numbers of 
ferredoxin and reductase components are shared by multiple oxygenases (numeri-
cal imbalance). Interestingly, ferredoxin components, that are compatible with 
the oxygenase enzymes from this bacterial group, were often identified to be a 
[3Fe-4S] cluster type [20,22,23]. The [3Fe-4S] type of ferredoxin has been re-
cently introduced as an ETC component for RHO enzyme systems, the other 
ferredoxin components being the [2Fe-2S] type. In fact, NidAB and NidA3B3 
from PYR-1 were also shown to be compatible with the [3Fe-4S]-type ferredoxin, 
PhtAc and ferredoxin reductase (PhtAd) [19]. However, the classification system 
proposed by Batie et al. and Nam et al. can not explain these new RHO fea-
tures, the [3Fe-4S]-type ferredoxin, genetic discreteness of ETC components and 
the numerical imbalance between oxygenase and ETC component. In addition, 
considering that RHOs are multi-component enzyme systems, ETC components 
along with oxygenases components are also necessary for their functional under-
standing. Therefore, the new classification system was launched with the aim of 
analyzing the RHO components as a whole. The classification system not only 
systematically incorporates each component data but also basically reflects the 
previous "traditional" and "phylogenetic" classification.

Methods
Sequences Retrieving

The amino acid sequences of RHO enzymes were retrieved by BLAST searches 
from public databases including NCBI nonredundant (NR) protein database [26]. 
From several hundreds of RHO enzymes that were recovered, we first ended up 
with the selection of 130 RHO enzymes. Among them, 25 “standard” RHO en-
zymes were chosen (Table 1) and used to construct the new classification system. 
These standard RHO enzymes are all well known with respect to genetics and 
enzyme functions. We also took sequence identities among RHO enzymes into 
consideration for the selection of standard RHO samples, in which highly identi-
cal RHOs were only once selected, so as for the samples to be a full representative 
of RHO enzymes. The size of the 25 standard RHOs as well as their quality as an 
RHO representative were statistically examined. To evaluate the new classification 
scheme, 38 RHO samples (Table 2) were selected as test enzyme systems. For 
some of these test enzymes, the genetic information for both the oxygenase and 
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ETC components are available whereas for others only oxygenase information is 
available. To apply the new classification system, a total of 130 RHO enzymes, 
which include additional 67 RHO enzymes, were classified.

Table 1. Standard RHO enzymes used in this study.

Table 2. Test RHO enzymes used in this study.
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Sequence Analysis

ClustalX [27] was used to obtain multiple alignments followed by distance calcu-
lations for each RHO component. Pairwise and multiple alignments were carried 
out with the default parameters. The weight matrix, Gonnet 250, was used to 
obtain the pairwise distance (PD) matrix. Alignments were visualized and exam-
ined using GENEDOC [28]. Phylogenetic trees were constructed by NJ method 
[29] from distance data and visualized and manipulated with TREEVIEW 1.6.6 
[30]. Tree was also generated using iTOL: Interactive Tree Of Life, an online 
phylogenetic tree viewer and Tree Of Life resource [31]. The reliability of the trees 
obtained was evaluated by 1000 bootstrap replications. The domain structures 
for reductase components were analyzed using the Conserved Domain (CD) Da-
tabase of NCBI [32], which compares primary sequences with all of the known 
domain structures in the databases.

Statistical Analysis

Matlab™ (The Mathworks, Inc.) was used to implement the proposed algorithm 
and to perform the simulation. The program under Matlab generates random 
subsets among 43 RHO samples, performs cluster analysis using the pairwise 
distance (PD) matrices and obtains the PD value which maximizes the classifica-
tion accuracy. In the program, ClustalX [27] was used to obtain multiple align-
ments and PD matrices. The total running time spent for the simulation used in 
this paper is less than an hour and the matlab source code (.m) of the program is 
available upon request.

Results
Construction of the new classification scheme was accomplished as shown in the 
flowchart (Figure 1). Briefly, we first analyzed a total of 130 RHO enzymes in 
which 25 well-characterized RHO enzymes were selected as standards to test our 
hypothesis for the proposed classification system (Table 1). From the sequence 
analysis of ETC components of the standard RHO samples, we extracted the clas-
sification keys that reflect the phylogenetic relationship among ETC components, 
which turned into the grouping criteria in the following classifications. Next, oxy-
genases were phylogenetically classified with the classification keys obtained from 
ETC analyses. Finally we constructed the new systematic classification through 
statistical justification and tested its applicability with 38 RHO samples.
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Figure 1. Flowchart for a new classification scheme.

Step 1: Sampling Standard RHOs

Table 1 shows the list of the 25 standard RHO samples whose genetic and func-
tional information were completely available. It includes the members of Batie’s 
three classes and Nam’s four groups [16,18] and others that are not mentioned in 
those classifications. They are phenanthrene dioxygenase of Nocardioides sp. KP7 
[11] and phthalate dioxygenases of Terrabacter sp. DBF63 [33], Arthrobacter 
keyseri 12B [23], M. vanbaalenii PYR-1 [10] and Rhodococcus sp. RHA1 [34]. 
The ferredoxin components of these RHO enzymes are the [3Fe-4S] type ferre-
doxin; only [2Fe-2S] type ferredoxin components were analyzed in the previous 
classification.

Step 2: Sequence Analysis of ETC Components from Standard 
RHO Samples

In step 2, phylogenetic information was obtained from the amino acid sequences 
of RHO ETC components, which in turn were converted into classification keys 
for grouping of oxygenase components for step 3 analyses.
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Reductase Components

The phenogram with the domain arrangements of reductases is presented in Fig-
ure 2. The 25 reductases were divided into three groups, Rd-I, Rd-II and Rd-III, 
based on the conserved domain arrangements. When grouped with PD value of 
0.85, the 25 reductases can also be grouped into the same three groups. There-
fore, the PD values obtained by using Gonnet weight matrix were less than 0.85 
within each group which has the same arrangement of conserved domains. Group 
Rd-I consists of glutathione reductase (GR) type reductases that show over 28% 
amino acid identity to one another, while groups Rd-II and Rd-III include the 
ferredoxin-NADP+ reductase (FNR) type reductases that show over 15 and 23% 
amino acid identity within each group, respectively. Groups Rd-II and Rd-III 
share the same three domains for flavin, NAD and [2Fe-2S] binding, but show 
different domain arrangements. In group Rd-II, the [2Fe-2S] ferredoxin domains 
are connected to the C-terminus of NAD domains, but to the N-terminus of 
flavin-binding domains in group Rd-III. The overall degree of sequence identity 
between the Group Rd-II and Rd-III is generally no more than 14%. Accord-
ingly, group Rd-I, Rd-II and Rd-III are designated as GR-type, FNRC-type and 
FNRN-type reductases, respectively, and were selected as classification keys for the 
reductase components of RHO enzymes.

Figure 2. Grouping of reductase components from 25 standard RHO enzymes with schematic representation 
of the conserved domain structures. The names of bacterial strains are indicated after the enzyme names. GR-
type, FNRC-type, and FNRN-type reductases are shown in the boxes with black, gray, and white background, 
respectively. Designations: FAD-Flavin adenine dinucleotide; NAD-Nicotinamide adenine dinucleotide.
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Ferredoxin Components

Figure 3 shows the result of phylogenetic analysis for the ferredoxin components 
of standard RHO systems. Conserved amino acid residues were also shown to 
reveal the classification keys for ferredoxins. For the sequence alignment of ferre-
doxins, we initially aligned [2Fe-2S]-type and [3Fe-4S]-type ferredoxins separate-
ly and identified conserved amino acids. Multiple sequence alignment for the all 
ferredoxin sequences was then performed, from which we evaluated the validity 
of alignment. The tree shows that the 16 ferredoxins are divided into two dis-
tinct groups based on the type of iron-sulfur clusters, designated group Fd-I and 
Fd-II. The PD values within each group were less than 0.716. While the overall 
degree of amino acid sequence identity between groups is no more than 20%, 
members in each group show over 29% sequence identity to one another. In 
this analysis, Fdx3, a putidaredoxin-type ferredoxin isolated from Sphingomonas 
wittichii RW1, was used as an outgroup because Fdx3 is phylogenetically unre-
lated to those of RHO enzymes [35]. The group Fd-I comprises the [3Fe-4S] 
cluster-containing ferredoxins. Sequence alignments of this group revealed three 
conserved cysteine residues which serve as ligands for the [3Fe-4S] cluster. Group 
Fd-II consists of the [2Fe-2S] cluster-containing ferredoxins containing a highly 
conserved [2Fe-2S]-binding motif, CXHXnCX2H. Accordingly, group Fd-I and 
Fd-II are referred as [3Fe-4S]- and [2Fe-2S]-type ferredoxins, respectively, which 
in turn were selected as classification keys for ferredoxin components of RHOs.

Figure 3. Grouping of ferredoxin components from standard RHO enzymes with the conserved sequence 
alignments. The amino acid residues involved in binding to [2Fe-2S] (CXHXnCXXH) and [3Fe-4S] (CX5CXnC) 
cluster are indicated by highlighted characters. Fdx3 was used as an outgroup. The names of bacterial strains are 
indicated after the enzyme names.
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Step 3: Sequence Analysis and Grouping of Oxygenase 
Components from Standard RHO Samples

This step involves integration of the phylogenetic data of oxygenase components 
with respect to the classification keys obtained from ETC components. Figure 4 
shows the dendrogram of 25 oxygenase components of standard RHO samples by 
the neighbor-joining (NJ) approach with CarAa from Pseudomonas resinovorans 
CA10 as an outgroup. The 25 oxygenase components can be clustered into two 
groups of homo (αn) and hetero (αnβn) oligomers (Figure 4). The homo-oligomer 
oxygenases include CbaA from Alcaligenes sp. BR60, PobA from Pseudomonas 
pseudoalcaligenes POB310, OphA2 from Burkholderia cepacia DBO1, TsaM 
from Comamonas testosteroni T-2 and CarAa from the strain CA10. However, 
when grouped with the classification keys from the phylogenetic analysis of ETC 
components, the 25 oxygenases are clustered into six distinct groups, designated 
Ox-I (an FNRC-type reductase and a homo-oligomer oxygenase (αn)), Ox-II (an 
FNRC-type reductase and a hetero-oligomer type oxygenase (αnβn)), Ox-III (an 
FNRN-type reductase and an oxygenase (αnβn)), Ox-IV (a hetero-oligomer oxy-
genase (αnβn), a [2Fe-2S]-type ferredoxin and an FNRN-type reductase), Ox-V 
(a hetero-oligomer oxygenase (αnβn), a [2Fe-2S]-type ferredoxin and a GR-type 
reductase) and Ox-VI (a hetero-oligomer oxygenase (αnβn), a [3Fe-4S]-type ferre-
doxin and a GR-type reductase) (Figure 4). Groups Ox-I, Ox-II and Ox-III con-
sist of two-component RHO systems, while groups Ox-IV, Ox-V and Ox-VI 
include three-component RHO systems.

Figure 4. Phylogenetic clustering of oxygenase components from standard RHO enzymes with regard to the 
type of their ETC components. The tree was constructed by the NJ method with CarAa from P. resinovorans 
CA10 as an outgroup.
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In Figure 5, the PD values within each group that shares the same classifica-
tion keys were less than 0.61 with the exception of group Ox-I. This group can 
be further divided into four subgroups if using 0.61 as a PD value, where 25 
oxygenases can be clustered into 10 groups including the outgroup of CarAa from 
CA10. Therefore, the PD value, 0.61, is a suitable criterion for grouping oxyge-
nases based on our classification keys.

Figure 5. PD matrix of oxygenase components from standard RHO enzymes by Gonnet 250 weight matrix. The 
PD value for grouping in Figure 4 is 0.61. Each group is shown in shadow box with the exception of Ox-I. The 
group Ox-I can be further divided into four subgroups at the PD value of 0.61.

Step 4: Construction of the New Systematic Classification

In this step, the integrated classification data were converted to a systematic 
classification. As shown in Figure 6, the standard 25 RHO samples can be or-
ganized into 5 distinct types from 10 groups which clustered at the PD value 
of 0.61, designated type I, II, III, IV and V. All the members within each type 
share the same classification keys of ETC components. Type I and III can be 
further divided into two subtypes, being designated αβ and α according to the 
type of oxygenase components in the RHO system; oxygenase components in 
the subtype αβ and α are hetero-oligomers (αnβn) and homo-oligomers (αn), 
respectively.
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Figure 6. A systematic classification scheme for standard RHO enzymes. Schematic diagram of the structures 
of RHO systems are as in Figure 4.

The type I system represents two-component RHOs that consist of an FNRC-
type reductase and an oxygenase, which is either hetero-oligomer (type Iαβ) or 
homo-oligomer (type Iα). The RHO systems of group Ox-I and Ox-II belong to 
the type Iαβ and type Iα, respectively. Type II represents the other two-compo-
nent systems that consist of an oxygenase and a FNRN-type reductase. The RHO 
enzymes in group Ox-III fall into type II. The well-characterized system for type 
II is benzoate 1,2-dioxygenase (BenABC) from Acinetobacter sp. ADP1. Type 
III represents three-component systems that consist of an oxygenase, a [2Fe-2S]-
type ferredoxin and an FNRN-type reductase. All of group Ox-IV belong to type 
IIIαβ. The carbazole 1,9a-dioxygenase (CarAaAcAd) from P. resinovorans CA10 
used as an outgroup for reconstructing the dendrogram of oxygenase components 
was determined to be type IIIα. The type IV systems represent another three-
component systems that consist of an oxygenase, a [2Fe-2S]-type ferredoxin and 
a GR-type reductase. Type IV was shown to be the biggest group for the known 
RHO enzyme systems. Type V represents another different three-component 
systems that consist of an oxygenase, a [3Fe-4S]-type ferredoxin and a GR-type 
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reductase. The RHO samples of the group Ox-VI were belonged to type V. The 
well-known example of the type V enzyme is phenanthrene dioxygenase (PhdAB-
CD) from Nocardioides sp. KP7, in which the PhdC was the first [3Fe-4s]-type 
ferredoxin to be found in RHO enzyme systems.

Step 5: Statistical Justification of the New Systematic 
Classification

In this step, we statistically examined the classification scheme; the proposed PD 
value and the size and quality of the standard RHOs were evaluated using in-
house program. Here, the learning accuracy is defined as the ratio of the number 
of correctly classified observations and the total number of observations.

First, we evaluated which PD value maximizes the classification accuracy for 
the 25 standard RHO set by the following algorithm:

INPUT: N oxygenases

(1)	Select randomly four key oxygenases a2, a3, a4 and a5 from each categories 
II, III, IV, V respectively.

(2)	At each of the N-1 steps p0, p1, ..., pn, the closest two clusters are merged 
into a single cluster.

(3)	Define cut-off distances as qi = (pi-1 + pi)/2 for each i = 1,..., n. For each qi, 
a cluster is classified as category I, if there is no a2~a5 in the cluster. If one 
or more of ai’s (i = 2, ..., 5) are present in the cluster, the cluster is classified 
randomly as one of their category. Calculate the learning accuracy and find 
the cutoff which maximizes the learning accuracy.

Figure 7 is an output data showing the relations among learning accuracy, PD 
value and RHO classification result deduced from the 25 standard RHOs. This 
data indicates clearly that the PD value 0.611 satisfies demand for the classifica-
tion of 25 standard RHO set with a maximum learning accuracy 1.0.

Based on the estimation of PD value, we devised a simulation to determine 
the suitable set of oxygenases which may minimize the classification error during 
the prediction. For the purpose of simulation, we used a total of 43 oxygenases 
which includes 25 standard and 18 test RHO samples. The training sets of 20, 
25, 30, 35 and 40 RHOs were randomly selected from a total of 43 oxygenases 
for 50 times for each training set. Then, we evaluated the PD values which attain 
the maximum learning accuracy using the above algorithm for each set. Table 3 
indicates that the mean deviation of such PD values is close to 0.61 and the values 
are not much affected by the number of observations, although mean PD values 
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diminishes as the number of oxygenases increases. Figure 8 shows the simulation 
result based on 50 repetitions for 25 randomly selected RHOs, which indicates 
that the maximum accuracy is obtained at the mean PD value of 0.619. In Figure 
9, it was further shown that the PD values of 25 oxygenases are most stable except 
for the set of entire 43 oxygenases, although there are some outliers which increase 
the variance. This simulation test can give us reliability of the 25 standard RHO 
set and PD value 0.611 for our classification.

Figure 7. Accuracy plot and dendrogram of phylogenetic clustering of oxygenase components from standard 
RHO enzymes using the proposed classification algorithm. The right vertical axis represents the accuracy of 
classification based on clustering with the corresponding PD values on the horizontal axis. The labels along the 
left vertical axis display 25 standard RHO enzymes. At PD value of 0.61 (dashed vertical line), the standard 
enzymes have the maximum accuracy of 1.0.
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Table 3. Mean and standard deviation of PD values for randomly selected 20, 25, 30, 35, 40, and 43 oxygenases 
based on 50 repetitions.

Figure 8. Accuracy plot using the proposed classification algorithm based on 50 repetitions of 25 randomly 
selected RHOs. The vertical axis represents the accuracy and the horizontal axis represents the PD values. Blue 
solid lines represent the accuracy of classification based on clustering with the corresponding PD values on the 
horizontal axis. Dashed vertical lines indicate the PD values at which the maximum accuracy is obtained for 
each repetition.
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Figure 9. Box and whisker plot of PD values for randomly selected 20, 25, 30, 35, 40, and 43 oxygenases 
based on 50 repetitions. The box has lines at the lower quartile, median, and upper quartile values. Outliers are 
displayed with a + sign.

Step 6: Test of the New Classification Systems

The reliability of the new classification system was evaluated by examining its 
applicability and usefulness in the classification of 38 RHO enzymes that ranged 
broadly over the various type of RHO enzymes (Table 2). The selection crite-
ria are as follows. At first, 14 complete RHO enzymes for which both genetic 
and functional information were well-known were selected. They were chosen for 
the purpose of verification of the classification systems, which are the same case 
as those standard RHO samples. Next, the 24 incomplete RHO enzymes were 
further selected. These incomplete samples include some of the RHO enzymes 
which have been functionally characterized by gene complementation with com-
patible source of ETC components and others that have other known equivalent 
homologs from which ETC information could be deduced.

Figure 10 shows the strategy used for the classification of test RHO enzymes. 
Basically, the strategy depends on whether RHOs sequence information is lim-
ited. In the case of complete RHO samples, query sequences were first subjected 
to multiple alignments followed by systematic classification; oxygenase compo-
nents of RHOs undergo a phylogenetic classification whereas ETC sequences go 
through traditional classification route which are lastly consolidated into the final 
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classification. In contrast, when analyzing incomplete RHOs, due to the lack of 
sequence information of the ETC component, only the oxygenase part can be 
classified according to the phylogenetic analysis. One of the merits of this clas-
sification strategy is that it responds dynamically to the growing pool of RHO 
enzymes. As shown in Figure 10, the output (final classification) of the classifica-
tion system is returned to increase the standard sequence pool. As the standard 
RHO pool is growing, the classification gets more stable and objective and could 
possibly expand its coverage for many other RHO enzymes.

Figure 10. Strategy for query sequence classification used in this study.

Figure 11 shows the result of systematic/phylogenetic analysis for the classifi-
cation of a total of 63 RHOs which comprised 25 standard and 38 test enzyme 
samples. This tree has a similar branching structure to that of the standard RHOs 
samples (Figure 3). It also mirrors well our classification scheme. When analyzing 
complete test RHO enzymes, the phylogenetic classification results of oxygenase 
components were in agreement with those of the traditional classification of ETC 
components. That is to say, ETC sequences of these complete RHO samples were 
identified by the classification keys to be the same types to which the respective 
oxygenase components were assigned. For example, both oxygenase (PahA3) and 
ETC components (PahA1A2) from P. aeruginosa Pak1 naphthalene dioxygenase 
were shown to be typed IIIA by phylogenetic and traditional classification, respec-
tively. It indicates that our systematic classification reflects exactly the relationship/
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partnership between oxygenase and ETC, which strongly demonstrates that our 
classification scheme has a potential to classify incomplete RHOs.

Figure 11. The resultant tree of the systematic/phylogenetic analysis for 63 RHO enzymes and PD matrix of the 
type IIIαβ group (HybB and NagG) and type IV group (BphA1c, PhnA1b, AhdA1c, BphA1d, and AhdA1d). 
The standard RHO enzymes are shown in shadow box. Schematic diagram of the structures of RHO systems 
are as in Figure 4. The tree was constructed by the NJ method with CarAa from P. resinovorans CA10 as an 
outgroup.

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-10&iName=master.img-013.jpg&w=332&h=436


The 24 incomplete test RHO samples were all classified and assigned to each 
type by phylogenetic analysis. For instance, NidA and NidA3 from M. vanbaalenii 
PYR-1 were clustered together with phenanthrene dioxygenase (PhdABCD) from 
Nocardioides sp. KP7 being allocated to type V with a high bootstrap score and 
stable PD support. Oxygenases from Novosphingobium aromaticivorans F199 
(BphA1a, BphA1b and BphA1f ), Sphingomonas sp. P2 (AhdA1a and AhdA1b), 
Cycloclasticus sp. A5 (PhnA1) and Sphingomonas sp. CHY-1 (PhnA1a) were 
clustered into type IIIαβ with high bootstrap and stable PD values. In case of 
NagG from Ralstonia sp. U2, it was classified as type III with the complete RHO, 
HybB, from P. aeruginosa JB2. Another incomplete RHO samples, BphA1c and 
BphA1d from the strain F199, AhdA1c and AhdA1d from P2 and PhnA1b from 
CHY-1 were clustered as type IV together with the complete RHO, AndAc, 
from DBO1. Interestingly, BphA1c from the strain F199, AhdA1c from P2 and 
PhnA1b from CHY-1 of type IV can also be grouped into type IIIαβ with HybB 
from JB2 (2-hydroxybenzoate 5-salicylate hydroxylase) based on the PD value of 
0.61 (Figure 8). This means that those three type IV RHOs are in the intersection 
with type IIIαβ. Both XylX oxygenase components from the strain F199 and P2 
were grouped into the type II. Notably, ORF25, BphA1e and AhdA1e from the 
strain PYR-1, F199 and P2, respectively, formed a single distinctive separate clus-
ter with a stable PD value; no standard or complete RHO is clustered together. 
In this case, although the genetic information of ETC for these three oxygenases 
are lacking, they were tentatively classified as type IV since BphA1e from the 
strain P2 was shown to be functionally active when complemented with the ETC 
component from type IV [36]. In fact, if all the classification keys are combined, 
we would be able to have 9 possible types for both two- and three-component sys-
tems. However, only 5 types were actually applied to classify RHO enzymes and 
we would need type X (alphabet) for the temporary classification of incomplete 
RHOs which do not have any standard RHO for comparison.

Step 7: Classification of a Total of 130 RHO Enzymes

As a final, a total of 130 RHO enzymes, which include 67 new RHO sequences, 
were classified using our classification system. Figure 12 shows an output based 
on the new classification system, which has a similar branching structure to that 
of the test set shown in step 6. Although RHO enzymes seem to have a grouping 
tendency according to their substrate specificities, the classification clearly indi-
cates that the phylogenetic affiliations of RHO enzymes are determined mainly 
by their relationship with ETC components. For example, as shown in Type 
V, PhtAa (phthalate dioxygenase) and NidA3 (fluoranthene dioxygenase) from 
PYR-1 are grouped together. Although their substrates have been reported to be 
different, their ETC components have been experimentally shown to be the same 
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as [3Fe-4S]-type ferredoxin and GR-type reductase [9,10,15,19]. In this respect, 
the results presented in Figure 12 well reflects the phylogenetic affiliations which 
are integrated with the interactions between RHO enzyme components.

Figure 12. Classification of a total of 130 RHO enzymes. Some RHO sequences are provided with gi numbers 
whose information can be found in NCBI database.

Discussion
In many cases, RHO oxygenases have not been identified together with ETC 
components, thus it has been a challenging task to find a cognate ETC partner 
that can function in cooperation with these “incomplete” oxygenase components 
[9,35-39]. Since some ETCs are interchangeable with each other and can be often 
replaced by outside ETC sources and it is the terminal oxygenase component that 
has the catalytic active site, less emphasis was given to ETC components in Nam’s 
classification. For example, DitA from P. abietaniphila BKME-9 and NidA from 
Rhodococcus sp. strain I24 were clustered in group III together with NahAc from 
Pseudomonas sp. NCIB9816-4 and PahAc from P. putida OUS82. However, these 
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two oxygenases, DitA and NidA, which lacked ETC information (only ferredoxin 
for DitA is known), initially formed a group different from that of NahAc and 
PahAc in the phylogenetic classification route, being classified as type V that rep-
resents the three-component systems consisting of an oxygenase, a [3Fe-4S]-type 
ferredoxin and a GR-type reductase. Whereas the NahAc and PahAc were classi-
fied as type III which consists of an oxygenase, a [2Fe-2S]-type ferredoxin and an 
FNRN-type reductase. The discrepancy between these two classification’s results 
comes from ETC information that reflects the relationship among oxygenases. 
The classification in Nam’s scheme was based on pairwise sequence homology of 
oxygenase components, in which four percentage sets, 0–14, 15–24, 25–34 and 
35–99%, were used. In the new classification, however, the grouping criterion for 
oxygenase components, which is a PD value of 0.62, was objectively determined 
based on ETC information. This PD value finally determines the two oxygenases, 
DitA and NidA, differently from the NahAc and PahAc. The results clearly show 
that information on oxygenases whose ETC components are not available can be 
used to draw ETC data in our classification system.

This new classification system provides insights into the evolutionary chang-
es and relationships between oxygenase and ETC components. Seven oxyge-
nase components, BphA1 [a-f ] and XylX from N. aromaticivorans F199 [37] 
are of particular interest in this context. Although other ETC components are 
maybe involved, those oxygenases from F199, which were found to be scattered 
throughout several gene clusters, seem to function with a limited number of ETC 
components. Two ferredoxins (Rieske- [2Fe-2S]-type BphA3 and plant- [2Fe-2-
S]-type XylT) and two reductases (GR-type BphA4 and FNR-type XylM) have 
been identified on the aromatic catabolic plasmid (pNL1) of F199. These oxy-
genases were classified as type II (XylX), IIIA (BphA1 [a,b,f ]) and IV (BphA1 
[c-e]) (Figure 8). Although there is no functional data available directly from the 
strain F199, genetic information with functional evidence have been reported 
from other sphingomonads which matches with those of F199. For example, sets 
of genes for an oxygenase from Sphingobium sp. P2 (AhdA1 [a-e]) [36], S. yanoi-
kuyae B1 (BphA1c and XylX) [40,41] and Sphingobium sp. CHY-1 (PhnA1a and 
PhnA1b) [42] were reported to have the same gene arrangement with 63–97% 
sequence identity when compared to F199. Consequently, they were classified 
as the same types with those from F199; type II for XylX (B1), type IIIαβ for 
AhdA1 [a,b] (P2), PhnA1a (CHY-1) and type IV for BphA1c (B1), AhdA1 [c-e] 
(P2) and PhnA1b (CHY-1). We found that, without an exception, they were 
experimentally shown to use type IV ETC (all named as BphA3A4) that consists 
of [2Fe-2S]-type ferredoxin and GR-type reductase (Figure 6). These ETCs are 
highly homologous (> 79%) to the BphA3A4 from F199. Therefore, it is reason-
able to predict that the 7 oxygenase components (BphA1 [a-f ] and XylX) from 
F199 might be sharing the same type of ETC, BphA3A4. This implies that the 
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limited ETC (BphA3A4) probably makes for strong selective pressure, favoring 
oxygenase components that can rapidly adapt by increasing their tolerance toward 
alternative ETC. This adaptation should be accompanied by the change of genetic 
information, which suggesting that RHO enzymes are probably evolving under 
the direction of selective pressure derived from ETCs. In fact, although BphA1c 
from F199 was clustered in type IV, it intersected with type III, the group of 
2-hydroxybenzoate 5-salicylate hydroxylase (HybABCD) from P. aeruginosa JB2 
(Figure 8). It suggests that BphA1c from F199 is probably evolving under the 
selective pressure derived from limited ETC. The XylX from the strain B1 is also 
worth noting, XylX belongs to type II, the two-component RHO enzymes, which 
normally functions with an FNR-type reductase. However, it was unexpectedly 
shown to be compatible with BphA3A4 [40,41]. Although both ferredoxins from 
type III and IV are [2Fe-2S]-type, the ferredoxin component (BphA3) from B1 
seems phylogenetically inclined to be branched with ferredoxins which can com-
plement oxygenases belong to type IIIαβ. The inclination of the ferredoxin com-
ponent (BphA3) toward type IIIαβ also can be seen in the RHO enzyme from 
Cycloclasticus sp. A5, of which PhnA1 and PhnA3 components showed high 
identities over 62% with those (BphA1f and BphA3, respectively) from the strain 
F199 [43]. In this case, the oxygenase (PhnA1) belongs to type IIIαβ with the 
ETC components consist of a [2Fe-2S]-type ferredoxin (PhnA3) and an FNRN-
type reductase (PhnA4). Taken together, the 7 oxygenases from F199, belonging 
to type II, IIIA and IV, were classified by our system to work with the three differ-
ent ETC groups, FNRN-type reductase, [2Fe-2S]-type ferredoxins/FNRN-type 
reductase and [2Fe-2S]-type ferredoxins/GR-type reductase, respectively. How-
ever, all those oxygenases are assumed to function with [2Fe-2S]-type ferredoxin 
and GR-type reductase. From these observations question may arise about the 
degree of specificity in recognition between redox partners.

RHO pool is believed to respond dynamically to the environmental transitions 
such as substrate changes. In addition, relative tolerance between oxygenase and 
ETC components is also thought to be one of the important selective forces in 
evolution. In this context, even though little is known as to the role of ferredoxin 
component under selective pressure, it seems likely to be deeply involved in evo-
lutionary changes. A possible benefit for using ferredoxin comes from its potential 
to promptly enhance the tolerance toward new redox partners. Cognizant of "the 
shorter, the faster and more effective", because of the relatively short sequence and 
simple structure of ferredoxin than that of reductase component, it has an evolu-
tionary merit to adapt rapidly to dynamic environments. Hence, it might be an 
attractive hypothesis that ferredoxin has been evolutionarily chosen as a buffer be-
tween reductase and oxygenase component for rapid adaptation toward selective 
force. It might also be a strong driving force to affect the direction of evolution 
from two-component RHO to/toward three-component. Considering this two-way 
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communication flow in RHO system, the adoption of ferredoxin as a new redox 
partner must have led to the changes in other partners, reductase and oxygenase, 
in RHO system. In this context, type III RHO seems likely to be a living fossil 
that has recorded evolutionary changes because they show transitional properties 
from two-component to three-component system. Two-component systems for 
type I and II share FNR-type reductase, FNRC- and FNRN-type, respectively, 
which consist of three domains (flavin, NAD and [2Fe-2S] binding). On the 
other hand, three-component systems for type IV and V, except for type III, share 
a GR-type reductase, which have no [2Fe-2S] cluster (Figure 2 and Figure 6). A 
[2Fe-2S] cluster of reductases separates the two-component system (type I and 
II) from the three-component system (type IV and V). It strongly demonstrates 
that the joining of ferredoxin to the two-component RHO system was probably 
the start of the type III three-component structure. During evolution, the type 
III FNRN-type reductases might have been gradually changed toward type IV 
and V GR-type reductases, although it is not sure whether it was recruited from 
other systems. In some cases, it might also be possible under extreme conditions 
that type I and II RHO systems evolved directly to type IV (or V) as seen in the 
XylX from S. yanoikuyae B1. Taken together, it may be postulated that RHOs 
are evolving under selective pressures from type I and II (two-component system) 
toward type IV and V (three-component), in which this change moves toward ef-
ficiency and keeps going continuously under dynamic environments.

Conclusion
In this study, we have developed a new classification system to classify bacterial 
Rieske non-heme iron aromatic ring-hydroxylating oxygenases. The new classifi-
cation system presented in this study not only reflects sequence information but 
also interactions between RHO enzyme components. The system is characterized 
by the features that include the following. First, the new classification system ana-
lyzes RHO enzymes as a whole, in which information on each RHO components 
is organized into a system that is useful for the understanding of various aspects 
with respect to sequence, structure and biochemical function. Second, our new 
classification system is not static but responds dynamically to the growing pool 
of RHO enzymes. As standard RHO samples increase, the classification system 
evolves, which gets more stable and objective and could increase its coverage of 
many other RHO enzymes. Third, our classification can be applied reliably to the 
classification of incomplete RHOs. Fourth, the classification has direct applicabil-
ity to experimental work. Our classification can provide the information about 
cognate ETC partners for oxygenase catalytic activity. Fifth, the system provides 
new insights into the evolution of RHO systems based on enzyme interaction.
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Abstract
Background

We previously showed that mice lacking the high mobility group A1 gene 
(Hmga1-knockout mice) developed a type 2-like diabetic phenotype, in 
which cell-surface insulin receptors were dramatically reduced (below 10% 
of those in the controls) in the major targets of insulin action, and glu-
cose intolerance was associated with increased peripheral insulin sensitivity.  
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This particular phenotype supports the existence of compensatory mechanisms 
of insulin resistance that promote glucose uptake and disposal in peripheral 
tissues by either insulin-dependent or insulin-independent mechanisms. We 
explored the role of these mechanisms in the regulation of glucose homeosta-
sis by studying the Hmga1-knockout mouse model. Also, the hypothesis that 
increased insulin sensitivity in Hmga1-deficient mice could be related to the 
deficit of an insulin resistance factor is discussed.

Results

We first show that HMGA1 is needed for basal and cAMP-induced retinol-
binding protein 4 (RBP4) gene and protein expression in living cells of both 
human and mouse origin. Then, by employing the Hmga1-knockout mouse 
model, we provide evidence for the identification of a novel biochemical path-
way involving HMGA1 and the RBP4, whose activation by the cAMP-sig-
naling pathway may play an essential role for maintaining glucose metabo-
lism homeostasis in vivo, in certain adverse metabolic conditions in which 
insulin action is precluded. In comparative studies of normal and mutant 
mice, glucagon administration caused a considerable upregulation of HM-
GA1 and RBP4 expression both at the mRNA and protein level in wild-type 
animals. Conversely, in Hmga1-knockout mice, basal and glucagon-mediat-
ed expression of RBP4 was severely attenuated and correlated inversely with 
increased Glut4 mRNA and protein abundance in skeletal muscle and fat, 
in which the activation state of the protein kinase Akt, an important down-
stream mediator of the metabolic effects of insulin on Glut4 translocation and 
carbohydrate metabolism, was simultaneously increased.

Conclusion

These results indicate that HMGA1 is an important modulator of RBP4 
gene expression in vivo. Further, they provide evidence for the identification 
of a novel biochemical pathway involving the cAMP-HMGA1-RBP4 system, 
whose activation may play a role in glucose homeostasis in both rodents and 
humans. Elucidating these mechanisms has importance for both fundamen-
tal biology and therapeutic implications.

Background
Insulin resistance is a metabolic condition found relatively frequently among hu-
mans with chronic hyperinsulinemia and in experimental animal models with 
defective insulin signaling [1-3]. Recently, a link has been established between 
peripheral insulin sensitivity and the retinol (vitamin A) metabolism, and insulin 
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resistance in rodents and humans has been linked to abnormalities of the vitamin 
A signaling pathway [4-6]. According to these studies, impaired glucose uptake in 
adipose tissue results in secondary systemic insulin resistance through release of 
the adipose-derived serum RBP4 [4,5]. However, it is unknown whether RBP4 
effects on insulin sensitivity are vitamin A-dependent or vitamin A-independent. 
RBP4 (also called RBP) is mainly produced by the liver but also by adipocytes 
[7]. In plasma, retinol-RBP4 is found in an equimolar complex with transthyretin 
(TTR), which is a thyroid hormone transport protein that is synthesized in and 
secreted from the liver. This ternary complex prevents retinol-RBP4 excretion by 
the kidney [8]. By impairing insulin signaling in muscle, RBP4 inhibits glucose 
uptake and interferes with insulin-mediated suppression of glucose production 
in the liver, causing blood glucose levels to rise [4]. Conversely, mice lacking the 
RBP4 gene show increased insulin sensitivity, and normalizing increased RBP4 
serum levels improves insulin resistance and glucose intolerance [4].

HMGA1 is a small basic protein that binds to adenine-thymine (A-T) rich 
regions of DNA and functions mainly as a specific cofactor for gene activation 
[9]. HMGA1 by itself has no intrinsic transcriptional activity; rather, it can trans-
activate promoters through mechanisms that facilitate the assembly and stability 
of a multicomponent enhancer complex, the so-called enhanceosome, that drives 
gene transcription [9,10].

As part of an investigation into the molecular basis regulating the human 
insulin receptor gene, we previously showed that HMGA1 is required for proper 
insulin receptor gene transcription [11,12]. More recently, we showed that loss of 
HMGA1 expression, induced in mice by disrupting the HMGA1 gene, caused 
a type 2-like diabetic phenotype, in which, however, impaired glucose tolerance 
and overt diabetes coexisted with a condition of peripheral insulin hypersensitiv-
ity [13]. Concomitant insulin resistance and insulin hypersensitivity in peripheral 
tissues may paradoxically coexist as observed in livers of lipodystrophic and ob/ob 
mice [14], as well as in Cdk4 knockout mice with defective pancreatic beta cell 
development and blunted insulin secretion [15]. The hypothesis that the para-
doxical insulin hypersensitivity of Hmga1-deficient mice could be due to a deficit, 
in these animals, of RBP4 is supported by our data. Herein, by employing the 
Hmga1-knockout mouse model, we provide compelling evidence for the identifi-
cation of a novel biochemical pathway involving HMGA1 and RBP4, whose acti-
vation by the cAMP pathway may play an important role in maintaining glucose 
metabolism homeostasis in vivo, in both rodents and humans. The importance 
of HMGA1 in RBP4 gene transcription was substantiated in Hmga1-deficient 
mice, in which loss of HMGA1 expression considerably decreased RBP4 mRNA 
abundance and RBP4 protein production.
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Results
RBP4 Gene Transcription is Induced by HMGA1 and cAMP

We first performed experiments to see whether HMGA1 had a role in activat-
ing the mouse RBP4 gene promoter at the transcriptional level. To test this pos-
sibility, HepG2 human hepatoma cells and mouse Hepa1 hepatoma cells were 
cotransfected transiently with mouse RBP4-Luc reporter plasmid plus increasing 
amounts of the HMGA1 expression vector. As shown in Figure 1, overexpres-
sion of HMGA1 considerably increased RBP4-Luc activity in both cell types and 
this effect occurred in a dose-dependent manner. Consistent with these results, 
RBP4 mRNA abundance was increased in cells overexpressing HMGA1 and was 
reduced in cells pretreated with siRNA targeting HMGA1 (Figure 1), indicating 
that activation of the RBP4 gene requires HMGA1. These data were substanti-
ated by chromatin immunoprecipitation (ChIP) assay, showing that binding of 
HMGA1 to the endogenous RBP4 locus was increased in whole, intact HepG2 
and Hepa1 cells naturally expressing HMGA1, and was decreased in cells exposed 
to siRNA against HMGA1 (Figure 1). Based on these results, in addition to pre-
vious observations indicating that cAMP, or agents which elevate intracellular 
cAMP, increase RBP transcript levels [16], we were interested to see whether a 
functional link could be established between cAMP, HMGA1, and RBP4. To 
this end, we first confirmed and extended the observation made by Jessen and 
Satre [16] that RBP is induced by cAMP in Hepa1 cells. As measured by North-
ern blot analysis of total RNA (Figure 2), RBP4 mRNA increased ≈ 5-fold over 
the basal level in Hepa1 cells treated with 0.5 mM 8-bromo cAMP (Br-cAMP), 
a standard concentration for c-AMP induction experiments [16]. As shown in 
Figure 2, RBP4 mRNA levels increased starting at 3 h, peaking at 24 h and then 
declining, suggesting a transient transcriptional stimulation. To establish whether 
HMGA1 was required for basal and cAMP-dependent RBP4 transcription, we 
transfected the HMGA1 expression vector in Hepa1 cells treated or not with 
Br-cAMP and RBP4 protein levels were analyzed 48 h later by Western blot. As 
shown in Figure 2, RBP4 protein expression was enhanced in cells overexpress-
ing HMGA1 and even further in cells treated with cAMP, in which an increase 
in HMGA1 protein expression was simultaneously observed, suggesting that in-
duction of RBP4 by cAMP may occur, at least in part, through activation of 
endogenous HMGA1 expression. This hypothesis was supported by the fact that 
RBP4 was reduced in cAMP treated cells in which endogenous levels of HMGA1 
were specifically lowered by transfecting cells with HMGA1 antisense expression 
plasmid (Figure 2). However, further experiments are needed to fully explain the 
role of cAMP on HMGA1 expression. The functional significance of HMGA1 in 
RBP4 gene expression was confirmed in transient transcription assays in Hepa1 
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(and differentiated 3T3-L1, data not shown) cells, in which overexpression of 
HMGA1 caused an increase in both basal and cAMP-induced Luc activity from 
the mouse RBP-Luc reporter plasmid (Figure 3). This effect was substantiated in 
HEK-293 cAMP-responsive cells, a cell line ideally suited for studying the effects 
of HMGA1 on transcription since it does not express appreciable levels of this 
protein. As shown in Figure 3, in support of the role that HMGA1 plays in the 
context of RBP4 gene, the direct effect of cAMP was less effective in promoting 
RBP4 transcription in HEK-293 cells expressing low levels of HMGA1, becom-
ing considerably higher in cells with forced expression of HMGA1.

Figure 1. RBP4 gene expression is induced by HMGA1. (Top) Mouse RBP4-Luc reporter vector (2 µg) was 
transfected into HepG2 and Hepa1 cells plus increasing amounts (0, 0.5, or 1 µg) of HMGA1 expression 
plasmid. Data represent the means ± standard errors for three separate experiments; values are expressed as 
factors by which induced activity increased above the level of Luc activity obtained in transfections with 
RBP4-Luc reporter vector plus the empty expression vector, which is assigned an arbitrary value of 1. (Middle) 
HMGA1 expression plasmid was transfected into HepG2 and Hepa1cells. After 6 h of transfection, the cells 
were treated with anti-HMGA1 (100 pmol), siRNA, or a non-targeting control siRNA, and endogenous RBP4 
mRNA expression was measured 48 to 96 h later. Western blots of HMGA1 in each condition are shown in the 
autoradiograms. (Bottom) ChIP of the RBP4 promoter gene in HepG2 and Hepa1 cells, either untreated or 
pretreated with HMGA1 siRNA. ChIP was done using an anti-HMGA1 specific antibody (Ab).
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Figure 2. Stimulation of RBP4 mRNA and protein expression by cAMP and HMGA1. (Upper left) 20 µg of 
total RNA from Hepa1 cells treated with the indicated concentrations of Br-cAMP for 24 h (lanes 1–7) were 
analysed by Northern blot. Hybridization was carried out with an RBP4 cDNA or an 18S RNA probe as a 
control of the RNA loaded on each lane. (Lower left) 20 µg of total RNA from Hepa1 cells treated with 0.5 mM 
Br-cAMP for the indicated times were loaded on each lane (lanes 1–8) and analysed as above. (Right) Hepa1 
cells, in the absence or presence of an expression plasmid (1 µg) containing the HMGA1 cDNA in either the 
sense (s) or antisense (as) orientation, were left untreated or treated with Br-cAMP (0.5 mM), total protein 
extracts were prepared 48 h later and HMGA1 and RBP4 protein expression levels were detected by Western 
blot (WB) with anti-HMGA1 and anti-RBP4 antibodies, respectively. β-actin, control of cellular protein 
loading. Densitometric analyses of three to five independent blots are shown.

Figure 3. Role of HMGA1 in basal and cAMP-induced RBP4 expression. Rbp4-Luc reporter vector and 
HMGA1 expression plasmid (sense or antisense) were cotransfected into Hepa1 and HEK-293 cells, either 
untreated or treated with Br-cAMP. Data represent the means ± standard errors for three separate experiments. 
Transcriptional activity of the RBP4 gene promoter is shown as the ratio of luciferase activity to Renilla activity 
(Luc/Ren) as described in the experimental procedures. Values are expressed as the factors by which induced 
activity increased above the level of Luc activity obtained in transfections with the reporter vector alone, which 
is assigned an arbitrary value of 1. Open bar, mock (no DNA); black bar, pGL3-basic (vector without an insert). 
Western blots of HMGA1 and β-actin in each condition are shown in the autoradiograms.
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Thus, these data together demonstrate that HMGA1 is of major importance 
for transcriptional regulation of the RBP4 gene, and indicate that a functional 
link exists between cAMP, HMGA1, and RBP4.

Hmga1-Deficient Mice Have Reduced Expression of RBP4 in 
Liver and Fat Tissue and Reduced Serum RBP4 Levels

In the light of the above experimental results, indicating that HMGA1 plays a 
positive role in RBP4 gene transcription in living cultured cells, it was interesting 
to analyze the functional consequences of genetic ablation of HMGA1 on RBP4 
in vivo, in Hmga1-knockout mice. To this end, we performed studies aimed at 
investigating the expression of RBP4 mRNA and protein in Hmga1-deficient 
mice and wild-type controls. As shown in Figure 4, RBP4 mRNA was severely 
attenuated in both liver and fat from Hmga1-null mice, and reduced by 50% in 
Hmga1 heterozygous mutants, as assessed by real-time quantitative polymerase 
chain reaction (qRT-PCR). Reduced RBP4 mRNA levels in liver and adipose 
tissue paralleled the decrease in RBP4 serum levels as detected by Western blot 
analysis of serum samples from age- and body weight-matched mice with diverse 
genotypes (Figure 4), thereby showing the requirement of HMGA1 for full RBP4 
expression in whole animals.

Figure 4. RBP4 expression in wild-type and Hmga1-deficient mice. RBP4 mRNA in liver and fat from control 
and Hmga1-deficient mice, as measured by qRT-PCR (left), and densitometric quantification of RBP4 serum 
levels as detected by Western blot (WB) of serum samples (2 µl) from mice with diverse genotypes (right). In 
WB analysis, an anti-transthyretin (TTR) antibody was used to confirm similar amounts of protein on each lane. 
Results are from 4–6 mice in each group. *P < 0.01 versus control mice.
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HMGA1 and RBP4 Expression Increase in Liver and Fat of 
Normal Mice after Intraperitoneal Glucagon Injection

Based on our observations in intact cultured cells, indicating a role for the cAMP 
signaling pathway in HMGA1 and RBP4 gene expression, cAMP-inducible tran-
scriptional activation of the Hmga1 and RBP4 genes was investigated in vivo, in 
whole animals, by systemic administration of the intracellular cAMP-elevating 
hormone glucagon. Under these conditions, glucagon-stimulated cAMP respons-
es in terms of both Hmga1 and RBP4 mRNA expression were first analyzed in 
wild-type control mice. Consistent with our data in Hepa1 cells, Hmga1 and 
RBP4 mRNA levels significantly increased in liver and fat of normal mice after in-
traperitoneal injection of glucagon (Figure 5). Time course analyses revealed that 
the induction and accumulation of Hmga1 mRNA preceded the expression of 
RBP4 mRNA in both tissues. In liver, RBP4 mRNA appeared after that for Hm-
ga1, peaked after 6 h following glucagon injection, and then remained at a plateau 
(Figure 5). In fat, RBP4 mRNA appeared at 1 h after Hmga1 mRNA, peaked 
after 6 h of glucagon stimulation, and decreased smoothly thereafter (Figure 5). 
Increased levels of Hmga1 and RBP4 mRNAs were paralleled by the increase of 
Hmga1 and RBP4 protein expression, as measured by Western blot analysis of 
proteins from liver and fat of glucagon-injected animals (Figure 5). Interestingly, 
when similar experiments were carried out in glucagon injected Hmga1-deficient 
mice, tissue expression of RBP4 mRNA was severely attenuated in liver and fat 
from heterozygous (Hmga1+/-) and Hmga1-null (Hmga1-/-) animals (Figure 6), 
thereby indicating that HMGA1 is indeed required for maximal induction of 
the RBP4 gene in vivo, in the whole organism, and that the glucagon/adenylate 
cyclase system regulates both HMGA1 and RBP4 gene and protein expression. 
Consistent with this conclusion, liver RBP4 mRNA and protein expression levels 
were lower in fed wild-type mice, becoming higher during fasting, when circulat-
ing glucagon increases (Figure 6).

As a measure of the glucagon efficacy in glucagon-injected mice, a liver bi-
opsy was taken before and after glucagon injection, and cAMP levels in liver 
were determined for both control and Hmga1-deficient mice (Figure 6, inset). 
No substantial difference was found in basal levels of cAMP (0.45 and 0.50 in 
Hmga1-/- and Hmga1+/-, respectively, versus 0.52 µmol/g tissue in controls). 
After glucagon injection, hepatic levels of cAMP increased to 1.50 µmol/g tissue 
in control mice, compared with 1.48 and 1.52 in Hmga1-/- and Hmga1+/- mice, 
respectively. Results similar to those shown in the inset of Figure 6 were also ob-
tained in epididymal and subcutaneous fat pads from control and mutant animals 
(data not shown), thus indicating that the glucagon-stimulated cAMP synthesis 
did not differ among mice with diverse genotypes.
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Figure 5. Hmga1 and RBP4 mRNA and protein expression in vivo, in glucagon-injected wild-type mice. Total 
RNA was isolated from liver (upper left) and fat (upper right) of 3-h-fasted mice, before and after intraperitoneal 
injection of glucagon. Levels of Hmga1 and RBP4 mRNA were measured at the indicated time intervals by qRT-
PCR and normalized to RPS9 mRNA abundance, as described in Methods. Results are the mean values ± s.e.m. 
from 4–6 animals per group. Black bars, Hmga1 mRNA; gray bars, RBP4 mRNA. Representative Western blots 
from liver (lower left) and fat (lower right) of mice before and after glucagon injection are shown. Densitometric 
analyses of immunoblots are shown in bar graphs as the mean ± s.e.m. of data from 3–5 mice per each time 
point. Black bars, HMGA1; gray bars, RBP4.*P < 0.05 versus control mice (time 0).

Figure 6. Comparison of RBP4 mRNA levels in glucagon-injected wild-type and Hmga1-deficient mice, and 
liver RBP4 expression in wild-type mice during fasting and fed. Total RNA was isolated from liver and fat of 
3-h-fasted mice, before (time 0) and after 9 h of intraperitoneal injection of glucagon, and RBP4 mRNA was 
measured by qRT-PCR and normalized to RPS9 mRNA abundance. Results are the mean values ± s.e.m. from 
6–8 animals per group. Black bars, Hmga1+/+, n = 8; gray bars, Hmga1+/-, n = 6; white bars, Hmga1-/-, n = 
6. *P < 0.05 versus each control (time 0). Western blots for HMGA1 protein expression are shown in liver and 
fat from all three genotypes (top). The levels of RBP4 mRNA and protein (shown at the bottom of the figure) 
were measured in liver of fed and 6-h-fasted wild-type mice (6 animals per group), using qRT-PCR and Western 
blot (WB), respectively. *P < 0.05 versus fed mice. Inset, cAMP was measured in liver from control and Hmga1-
deficient mice, in both basal conditions and 3 h after the intraperitoneal injection of glucagon (1 mg/kg body 
weight), as described in the Methods section. The data are mean ± s.e.m. for 4–6 animals per group.

The Camp-HMGA1-RBP4 System  183

© 2011 by Apple Academic Press, Inc.

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-11&iName=master.img-004.jpg&w=182&h=162
http://www.crcnetbase.com/action/showImage?doi=10.1201/b13131-11&iName=master.img-005.jpg&w=148&h=175


184  Recent Advances in Biochemistry

Hmga1-Deficient Mice Have Increased Glut4 Expression and 
Insulin Signaling Activity In Skeletal Muscle and Fat

Systemic insulin resistance has been associated with elevation of serum RBP4, 
whereas genetic and pharmacological interventions aimed at decreasing se-
rum RBP4 levels enhance insulin action and improve insulin sensitivity [4]. 
Increased peripheral insulin sensitivity during insulin-tolerance test was previ-
ously observed by us in Hmga1-knockout mice [13]. To verify whether a func-
tional link indeed existed between HMGA1 and RBP4, and whether insulin 
hypersensitivity in Hmga1-deficient mice could be mediated by the HMGA1-
RBP4 system, we carried out quantitative measurements of Glut4 mRNA 
transcript abundance. Examination by qRT-PCR showed a significant increase 
of Glut4 transcripts in both skeletal muscle and adipose tissues from Hmga1-
deficient mice compared with controls (Figure 7). Accordingly, immunoblot-
ting of muscle and fat tissue showed a 2- to 3-fold increase of Glut4 in the 
insulin hypersensitive Hmga1-knockout mice compared with controls (Figure 
7), clearly indicating that an inverse correlation between RBP4 and Glut4 in-
deed exists in vivo, in this animal model of diabetes, in which reduced RBP4 
may contribute to the maintenance of glucose homeostasis by increasing insulin 
signaling and peripheral insulin sensitivity. In agreement with this interpreta-
tion, the activation state of the protein kinase Akt, an important downstream 
target of PI 3-kinase regulating insulin serum effects on Glut4 translocation 
and carbohydrate metabolism [17], was increased in mutant animals. As shown 
in Figure 7, basal phospho-Akt immunoreactivity was higher in skeletal mus-
cle and adipose tissues from Hmga1-deficient mice compared with wild-type 
controls, and this increase paralleled closely the increase of Glut4 protein in 
adipose and muscle plasma membranes from heterozygous and homozygous 
Hmga1 mutants. In line with previous observations on transcriptional repres-
sion of the mouse Glut4 gene by cAMP [18], endocrine upregulation of Glut4 
in Hmga1-deficient mice was substantiated further by in vitro experiments (not 
shown), indicating that in isolated adipocytes treated with Br-cAMP, Glut4 
mRNA was decreased in all three genotypes. A positive correlation of RBP4 
levels with markers of lipid metabolism adversely affecting insulin sensitivity 
has been reported recently in both clinical and experimental studies [19,20]. 
Hmga1-knockout mice had lower levels of serum free fatty acids (0.45 ± 0.13 
and 0.34 ± 0.07 in Hmga1+/+ and Hmga1-/-, respectively; P < 0.05), which 
might contribute to their improved insulin sensitivity.
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Figure 7. Glut4 and pAkt expression in wild-type and Hmga1-deficient mice. Glut4 mRNA (upper left) and 
protein content (lower left) in muscle and fat parallel pAkt protein abundance in skeletal muscle (upper right) 
and adipose tissue (lower right) from control and Hmga1-deficient mice. Representative Western blots of Glut4 
and pAkt proteins are shown, together with the densitometric analyses of six to eight independent blots. Black 
bars, Hmga1+/+, n = 8; gray bars, Hmga1+/-, n = 6; white bars, Hmga1-/-, n = 6. *P < 0.05 versus Hmga1+/+.

Recombinant RBP4 Injection Reduces Glut4 and Insulin 
Signaling Activity in Muscle and Fat Tissue of Hmga1-
Deficient Mice, and Attenuates Insulin Hypersensitivity of 
these Animals

To demonstrate that increased insulin sensitivity in mutant mice was directly due 
to HMGA1 regulation of RBP4, we determined the effect of recombinant RBP4 
administration on Akt phosphorylation and Glut4 protein expression in skeletal 
muscle from Hmga1-deficient mice. As shown in Figure 8, Akt phosphoryla-
tion was reduced in muscle from RBP4-injected mutant animals compared with 
saline-injected Hmga1 mutants. The reduction in Akt phosphorylation in these 
genotypes correlated inversely with RBP4 serum levels in the same animals (Fig-
ure 8) and paralleled the reduction of Glut4 in skeletal muscle and adipose (not 
shown) plasma membranes (Figure 8), indicating that, in these conditions, activa-
tion of the Akt-Glut4 pathway is regulated, at least in part, by circulating RBP4. 
Plasma insulin levels were slightly higher in RBP4-injected mice, but no signifi-
cant difference was found (1.6 ± 0.2 and 1.2 ± 0.2 in RBP4-injected Hmga1+/- and 
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Hmga1-/- respectively, versus 1.4 ± 0.1 and 0.9 ± 0.1 ng/ml in saline-injected 
Hmga1+/- and Hmga1-/- mice).

Figure 8. Effects of recombinant RBP4 administration on Akt phosphorylation and Glut4 protein expression in 
Hmga1-deficient mice. Basal (saline) levels of pAkt (left) and Glut4 (right) were increased in skeletal muscle of 
saline-injected Hmga1-deficient mice compared with controls, and were reduced following RBP4-injection (n = 
6 per genotype). Densitometric quantifications of three independent experiments from 3 animals per genotype 
are shown, together with representative Western blots of pAkt, Glut4, and serum RBP4 of saline and RBP4-
injected mice. *P < 0.05 versus Hmga1+/+.

Consistent with the condition of insulin hypersensitivity, we previously re-
ported that the glucose-lowering effect of exogenous insulin was enhanced in 
Hmga1-deficient mice during insulin-tolerance test (ITT) [13]. To support fur-
ther the role of RBP4 in insulin hypersensitivity in Hmga1 mutants, we have 
determined the effect of RBP4 administration on the glucose fall induced by 
insulin in these genotypes during ITT. As shown in Figure 9, injection of human 
RBP4 in heterozygous and homozygous Hmga1 mutants caused a less dramatic 
fall in blood glucose levels, lessening the hypoglycemic response to intraperitoneal 
insulin observed in the saline-injected animals. Thus, taken together, our findings 
consistently support the role of HMGA1 as a key element in the transcriptional 
regulation of genes involved in glucose metabolism and add new insights into the 
compensatory mechanisms that may contribute to counteract insulin resistance 
in vivo. By directly regulating RBP4 gene transcription, HMGA1 enhances pe-
ripheral insulin sensitivity, ensuring glucose uptake in skeletal muscle. This, if on 
one hand might represent an adaptive mechanism to ameliorate insulin resistance 
in animals with a disadvantageous metabolic risk profile, on the other might in-
dicate that the cAMP/HMGA1-mediated RBP4 expression during fasting (when 
glucagon peaks) may act physiologically to reduce insulin sensitivity in peripheral 
tissues, thereby contributing to the maintenance of euglycemia under this condi-
tion. This was supported by the observation that after an overnight fasting period 
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(12–16 h) plasma glucose concentration in wild-type mice was higher than that of 
Hmga1-deficient mice (89 ± 5 in Hmga1+/+ mice, versus 72 ± 6 and 62 ± 5 mg/
dl in Hmga1+/- and Hmga1-/- mice, respectively; P < 0.05).

Figure 9. Effects of RBP4 on insulin sensitivity. Insulin-tolerance test (ITT) was assessed in Hmga1-deficient 
mice injected with saline alone (left), and in Hmga1 mutants injected chronically with purified RBP4 (right) 
(n = 6–8 per genotype in each condition). ITT was performed by measuring blood glucose levels in 12-h-fasted 
conscious mice injected intraperitoneally with human insulin (Human Actrapid, Novo Nordisk), 1 U/kg body 
weight. Open squares, Hmga1+/+; open circles, Hmga1+/-; open diamonds, Hmga1-/-. The degree of statistical 
significance was less in RBP4-injected Hmga1-deficient mice compared with the significance for saline-injected 
Hmga1 mutants. *P < 0.0001, saline-injected Hmga1-deficient mice versus Hmga1+/+; # P < 0.05, RBP4-
injected Hmga1-/- mice versus Hmga1+/+.

Discussion
We have previously shown that loss of HMGA1 protein expression, induced in 
mice by disrupting the HMGA1 gene, severely decreased insulin receptor expres-
sion (below 10% of control animals) and phosphorylation in the major targets of 
insulin action, largely impaired insulin signaling, and reduced insulin secretion, 
producing a type 2-like diabetic phenotype in which defects in both peripheral 
insulin sensitivity and pancreatic beta-cell insulin secretion were coexpressed si-
multaneously [13]. However, despite the severe decrease in insulin receptor sig-
naling and insulin receptor production, the glucose-lowering effect of exogenous 
insulin was enhanced in Hmga1-deficient mice during ITT, and the glucose in-
fusion rate necessary to maintain euglycemia was higher in mutant mice during 
hyperinsulinemic-euglycemic clamp [13], supporting the existence of alternative 
pathways of insulin signaling promoting glucose uptake and disposal in certain 
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adverse metabolic conditions such as those found in the Hmga1-knockout mouse. 
The existence of signaling pathways promoting glucose uptake and utilization in 
peripheral tissues through mechanisms that are independent of insulin has been 
postulated before, on the basis of experimental observations supporting the ex-
istence of molecular circuits/pathways that can compensate for the decrease in 
insulin-stimulated glucose uptake in vivo, in both animal models and human 
patients with type 2 diabetes [21-23]. However, how these compensatory mecha-
nisms are activated has remained hitherto largely undefined. As previously shown, 
consistent with the ubiquitous distribution of HMGA1, insulin receptor expres-
sion was also reduced in pancreatic tissue from Hmga1-deficient mice [13]. Loss 
of insulin secretion in response to glucose has been reported in IRβ knockout 
mice with tissue-specific knockout of the insulin receptor in pancreatic beta cells 
[24]. As in the IRβ knockout mice, plasma insulin after glucose challenge was 
considerably reduced in Hmga1-mutant animals, in which the acute first-phase 
insulin secretory response was severely blunted [13], indicating a glucose-induced 
insulin secretory defect. In addition, substantial abnormalities in pancreatic is-
let morphology and size have been described in Hmga1-knockout mice [13], 
indicating that decreased insulin secretion in this genotype may also depend on 
reduced beta-cell mass. Thus, defects in both pancreatic beta-cell insulin secre-
tion and peripheral insulin action coexist simultaneously in this knockout mouse 
model of diabetes, in which activation of compensatory mechanisms to efficiently 
overcome these metabolic abnormalities may be of vital importance.

Downregulation of Glut4 in adipose tissue is a typical feature of insulin-re-
sistant states, such as obesity and type 2 diabetes [25]. It has been found that the 
decrease in Glut4 expression that occurs in the fatty tissue of obese animals and 
humans is accompanied by increased expression and secretion of the adipocyte-
derived RBP4 fraction [4,5], suggesting that RBP4 production is tightly regulated 
by adipose tissue glucose uptake. RBP4 has been recently implicated in systemic 
insulin sensitivity in rodents and humans, in which elevated serum RBP4 levels 
were associated with reduced expression of Glut4 in adipocytes, and correlated 
inversely with peripheral insulin sensitivity. However, based on current data, the 
role of RBP4 in insulin sensitivity in humans is still controversial and might be 
restricted to rodent models only. Interspecies differences are known to exist and 
discrepancies between humans and mice might emphasize the role of non-genetic 
environmental factors and genetic modifiers in determining the phenotypic varia-
tions in RBP4 and insulin sensitivity between humans and animal models. Our 
results in the present study clearly indicate that in Hmga1-knockout mice RBP4 
levels are considerably decreased in serum and in whole liver and adipose tis-
sue extracts, strictly linking HMGA1 and RBP4 expression. We propose that 
HMGA1 deficiency adversely affects RBP4 expression and this, in animals with a 
disadvantageous metabolic risk profile like that observed in the Hmga1-knockout 
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mouse model, might reflect an adaptive mechanism to increase glucose uptake 
and glucose disposal. Consistent with the results obtained in Hmga1-deficient 
mice, RBP4 was considerably reduced in cells of both human (HepG2) and 
mouse (Hepa1) origin readily expressing RBP4, following perturbation of endog-
enous HMGA1 protein expression in cells treated with siRNA against HMGA1. 
Conversely, an increase in RBP4 mRNA abundance was observed in both cell 
lines following forced expression of HMGA1, consistently supporting a role for 
HMGA1 in the transcriptional activation of the RBP4 gene. These findings were 
substantiated further by ChIP analysis, showing that HMGA1 indeed binds to 
the RBP4 locus in intact living cells.

Signal transduction pathways which raise intracellular cAMP have been re-
ported to have a potential role in the regulation of RBP4 gene expression [16]. 
Although the molecular mechanisms underlying this effect remain poorly under-
stood, evidence exists supporting the notion that the regulation of RBP4 gene 
transcription via the cAMP signaling pathway may be physiologically relevant. 
One important physiological condition in which intracellular cAMP increases is 
in response to low glucose availability. In this metabolic setting, a concomitant 
predominance of circulating counter-regulatory hormones, in particular pancre-
atic glucagon acting via the cAMP pathway, induces glycogenolysis and gluconeo-
genesis in the liver, which produce and release hepatic glucose in the blood. In 
this regard, the cAMP-element-binding protein (CREB) has been identified as a 
critical transcriptional checkpoint which, in response to cAMP, promotes hepatic 
glucose output through the synergistic activation of distinct transcriptional ef-
fector pathways, which include the PPAR gamma coactivator 1 (PGC1) and the 
NR4A orphan nuclear receptors [26].

In this paper, we report that systemic injection of glucagon to wild-type con-
trol mice caused an increase in RBP4 mRNA and protein expression, along with 
an increase of both intracellular cAMP and HMGA1 levels. Glucagon effects were 
attenuated in Hmga1-deficient mice, supporting a distinct role for HMGA1 in 
the regulation of RBP4 gene expression and functionally linking this two genes. 
As a consequence of the functional link between HMGA1 and RBP4, a signifi-
cant increase in Glut4 mRNA and protein was observed in both skeletal muscle 
and adipose tissues from Hmga1-deficient mice compared with controls. An in-
verse relationship between RBP4 and Glut4 has been described previously, in the 
adipose-Glut4-/- mouse, in which the decrease in Glut4 expression that occurs in 
the fatty tissue of this mutant genotype is accompanied by increased expression 
and secretion of the fat-derived RBP4 [4]. In our model, instead, RBP4 expres-
sion is genetically impaired due to the lack of HMGA1 and Glut4 is increased 
in both muscle and fat, suggesting that abnormalities in RBP4 and/or metabo-
lites of the vitamin A metabolism may directly affect whole-body insulin action 
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and peripheral insulin sensitivity. In support of this possibility, identification of 
regulatory single nucleotide polymorphisms in the RBP4 gene associated with 
type 2 diabetes has been recently reported [27,28], while correlations of RBP4 
with insulin resistance have been confirmed in experimental clinical approaches 
in humans [7]. Although conflicting results have been reported, raising doubt 
about the postulated relationship of RBP4 with insulin sensitivity in humans, our 
results in Hmga1-deficient mice confirm that an inverse correlation indeed exists 
between RBP4 and insulin sensitivity in vivo, in this animal model of diabetes, 
lending support to previous hypotheses that lowering RBP4 levels would be help-
ful in ameliorating insulin resistance, at least in mice.

Overall, our findings provide mechanistic insight into the regulation of glucose 
uptake and disposal in peripheral tissues, and support further the role of HMGA1 
as a molecule that is likely to be an important emerging factor in the transcrip-
tional activity of genes implicated in the maintenance of glucose homeostasis and 
metabolic control, such as the insulin receptor gene [11-13], the leptin gene [29], 
and, as shown here, the RBP4 gene. Apart from the intrinsic biological interest in 
elucidating the mechanisms leading to improvement in insulin sensitivity, a clear 
understanding of the molecular process involved is of potential importance in the 
development of new therapeutic strategies for patients with metabolic disorders 
such as obesity, diabetes, and other insulin resistant states.

Conclusion
We propose that HMGA1 can serve as a modulator of both RBP4 gene expres-
sion and protein function and represents an important novel mediator of glucose 
homeostasis in vivo.

Methods
Plasmids, Transfections, and ChIP

The RBP4-Luc reporter plasmid was obtained by cloning the NheI/XhoI 1427-
bp sequence of the mouse RBP4 promoter (-1417 to +10) into pGL3 (Promega). 
This fragment was amplified from genomic DNA using the following modified 
primers: 5’-TTGCTAGCATGGCTAAGGTGCTTGTTGAAA-3’, 5’-TTCTC-
GAGCACACCCACTCCATCTCACC-3’ and the integrity of this construct was 
checked by DNA sequencing. RBP4-Luc reporter plasmid, together with either 
the control vector plasmid or expression plasmid encoding HMGA1 [11], was 
transiently transfected into cultured cells using LipofectAMINE 2000 reagent 
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(Invitrogen), and Luc activity was assayed 48 h later, as previously described [30]. 
Renilla control vector served as an internal control of transfection efficiency, to-
gether with measurements of protein expression levels. For antisense HMGA1 
experiments, RBP4-containing vector was cotransfected into Hepa1 cells with 
the expression plasmid pcDNA1 containing the HMGA1 cDNA in the antisense 
orientation [12]. Small interfering RNA (siRNA) targeted to HMGA1 [30] was 
transfected into cells at 50% to 60% confluency and cells were analyzed 48 to 96 
h later. ChIP assay was performed in HepG2 and Hepa1 cells, either untreated 
or pretreated with HMGA1 siRNA as described previously [31]. Formaldehyde-
fixed DNA-protein complex was immunoprecipitated with anti-HMGA1 anti-
body. Primers for the RBP4 sequence were used for PCR amplification of im-
munoprecipitated DNA (30 cycles), using PCR ready-to-go beads (Amersham 
Pharmacia Biotech). PCR products were electrophoretically resolved on 1.5% 
agarose gel and visualized by ethidium bromide staining.

Animals

Male Hmga1-deficient and wild-type mice aged 6–9 months were studied. The 
generation of these animals and many of the physiological characteristics of the 
mice have been described in detail [13]. All animal work was carried out at the 
Animal Facility at the ‘Istituto dei Tumori di Napoli’, and at the Faculty of Phar-
macy, Roccelletta di Borgia, Catanzaro, using approved animal protocols and in 
accordance with institutional guidelines. Serum free fatty acid levels were mea-
sured in wild-type and Hmga1-knockout mice (n = 12–16 per genotype) using 
the NEFA C kit (Wako).

Real-Time PCR and Western Blot

For qRT-PCR, total cellular RNA was extracted from tissues using the RNAque-
ous-4PCR kit and subjected to DNase treatment (Ambion). RNA levels were nor-
malized against 18S ribosomal RNA in each sample, and cDNAs were synthesized 
from 2 µg of total RNA using the RETROscript first strand synthesis kit (Ambi-
on). Primers for mouse HMGA1 (NM_016660.2) (5'-GCAGGAAAAGGATGG-
GACTG-3'; 5'-AGCAGGGCTTCCAGTCCCAG-3'), RBP4 (NM_011255.2) 
(5'-AGGAGAACTTCGACAAGGCT-3'; 5'-TTCCCAGTTGCTCAGAA-
GAC-3'), Glut4 (NM_009204) (5'-TCATTGTCGGCATGGGTTT-3'; 5'-
CGGCAAATAGAAGGAAGACGTA-3'), and RPS9 (NM_029767.2) (5'-CTG-
GACGAGGGCAAGATGAAGC-3'; 5'-TGACGTTGGCGGATGAGCACA-3') 
were designed according to sequences from the GenBank database. A real-time 
thermocycler (Eppendorf Mastercycler ep realplex ES) was used to perform  

The Camp-HMGA1-RBP4 System  191

© 2011 by Apple Academic Press, Inc.

  



192  Recent Advances in Biochemistry

quantitative PCR. In a 20-µl final volume, 0.5 µl of the cDNA solution was 
mixed with SYBR Green RealMasterMix (Eppendorf ), and 0.3 µM each of sense 
and antisense primers. The mixture was used as a template for the amplification by 
the following protocol: a denaturing step at 95°C for 2 min, then an amplification 
and quantification program repeated for 45 cycles of 95°C for 15 s, 55°C for 25 s, 
and 68°C for 25 s, followed by the melting curve step. SYBR Green fluorescence 
was measured, and relative quantification was made against the RPS9 cDNA used 
as an internal standard. All PCR reactions were done in triplicate.

Western blot analysis was performed to analyze HMGA1 and RBP4 protein 
expression in whole-cell liver and fat extracts from normal and mutant mice, using 
polyclonal specific antibodies raised against HMGA1 [11] and RBP4 (AdipoGen, 
Inc.). For the measurement of serum RBP4, blood was collected from the retro-
orbital sinus, plasma protein extracts were resolved on 12% SDS-PAGE, blotted 
onto nitrocellulose membranes and RBP4 was detected using rabbit polyclonal 
antisera at 1:2000 dilution, as suggested by the manufacturer. TTR was detected 
using a goat anti-TTR polyclonal antibody (Santa Cruz Biotechnology). Rabbit 
anti-Glut4 polyclonal antibody was used as previously described [13].

In Vivo Studies with the Peptide Hormone Glucagon

For systemic administration of exogenous glucagon, mice were injected in the 
peritoneal cavity with human glucagon (1 mg/kg body weight) or saline after 3 h 
of fasting. At this dose, the peak increase of plasma glucagon in all genotypes was 
~96% ± 10% above pre-injection levels, reflecting similar previous observations 
in rodents [32]. At different times after the injection the mice were killed by cervi-
cal dislocation, the liver and fat were rapidly removed, frozen into liquid nitrogen 
and stored at -80°C until processed. For cAMP determination, frozen samples 
were first homogenized in ice-cold trichloroacetic acid (TCA) (6% wt/vol), and 
cAMP was determined using the cAMP enzyme immunoassay kit (Amersham 
Pharmacia Biotech), according to the instructions specified by the manufacturer.

RBP4 Purification and Injection

Human RBP4 cDNA cloned into a pET3a expression vector was a kind gift from 
JW Kelly (The Scripps Research Institute). Based on previously published meth-
odology [33], RBP4 protein expression vector was transformed into the BL21 
strain of Escherichia coli (Stratagene), expanded in suspension culture and in-
duced for 6 h with 1 mM isopropyl-D-thiogalactopyranoside to stimulate protein 
expression. Bacteria were pelleted and lysed by osmotic shock [34]. From this 
point on, all steps, including denaturation, refolding, and RBP4 purification, were 
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performed essentially as described elsewhere [35]. Protein fractions were exam-
ined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblotting, and desired fractions were pooled together, concentrated 
with an Amicon Centriprep-10 concentrator (Millipore), and stored at -80°C.

To determine whether elevation of RBP4 affected insulin hypersensitivity in 
vivo, in Hmga1-deficient mice, heterozygous and homozygous Hmga1 mutants, 
were intraperitoneally injected twice daily (at 12-h intervals) with 200 µg of pu-
rified human RBP4 (13 µg/g body weight per mouse) for 7 days. This resulted 
in a daily average serum level of human RBP4 similar to that of control mice 
(see Figure 8), which received physiological saline solution according to the same 
schedule above.

Statistical Analysis

The ANOVA test was used to evaluate the differences between the groups of mice. 
For all analyses, P < 0.05 was considered significant.
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Akt: protein kinase B; Br-cAMP: 8-bromo cAMP; cAMP: cyclic adenosine mono-
phosphate; CREB: cAMP-element-binding protein; Glut4: glucose transporter-4; 
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high mobility group A1; ITT: insulin-tolerance test; PGC1: PPAR gamma coacti-
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4; siRNA: small interfering RNA; TCA: trichloroacetic acid; TTR: transthyretin.

Authors’ Contributions
EC and FP performed qRT-PCR studies as well as transient transfections with 
reporter and expression vectors, and participated in the design of the study. SI 
was involved in Western blotting studies and assisted FP in performing transfec-
tions with siRNA. ILP participated in Western blotting and performed cloning 
studies. DP, EG, GDS and AF participated in the analysis and discussion of the 
in vivo data from normal and mutant mice. GB, AL, and VC performed certain 
aspects of the assays detailed in Figures 1, 2 and 3 and contributed with Northern 
blotting studies. DF provided helpful discussion on this manuscript and partici-
pated in ChIP analysis. AB conceived, coordinated, and supervised the project, 
analyzed data, and wrote the manuscript. All authors read and approved the final 
manuscript.

The Camp-HMGA1-RBP4 System  193

© 2011 by Apple Academic Press, Inc.

  



194  Recent Advances in Biochemistry

Acknowledgements
We remain extraordinarily indebted to Drs R Citraro and N Costa and the entire 
staff of the animal facilities for animal care. We are most grateful to Dr JW Kelly 
for his generous gift of RBP4 expression vector, pET3a. We would also like to 
thank Mrs A Malta and Dr G Ceravolo for secretarial help. This work was sup-
ported by Telethon-Italy, grant GGP04245, and MIUR, protocol 2004062059-
002 Italy (AB).

References
1.	 Kahn CR: Insulin action, diabetogenes, and the cause of type II diabetes (Banting 

Lecture). Diabetes 1994, 43:1066–1084. 

2.	 Polonsky KS, Sturis J, Bell GI: Non-insulin-dependent diabetes mellitus – a 
genetically programmed failure of the beta cell to compensate for insulin resis-
tance. New Engl J Med 1996, 334:777–783. 

3.	 Taylor S: Insulin resistance or insulin deficiency: which is the primary cause of 
NIDDM? Diabetes 1994, 43:735–740. 

4.	 Yang Q, Grahm TE, Mody N, Preitner F, Peroni OD, Zabolotny JM, Kotani 
K, Quadro L, Kahn BB: Serum retinol binding protein 4 contributes to insulin 
resistance in obesity and type 2 diabetes. Nature 2005, 436:356–362. 

5.	 Graham TE, Yang Q, Blüher M, Hammarstedt A, Ciaraldi TP, Henry RR,  
Wason CJ, Oberbach A, Jansson P-A, Smith U, Kahn BB: Retinol-binding pro-
tein 4 and insulin resistance in lean, obese, and diabetic subjects. New Engl J 
Med 2006, 354:2552–2563. 

6.	 Ziouzenkova O, Orasanu G, Sharlach M, Akiyama TE, Berger JP, Viereck J, 
Hamilton JA, Tang G, Dolnikowski GG, Vogel S, Duester G, Plutzky J: Reti-
naldehyde represses adipogenesis and diet-induced obesity. Nat Med 2007, 
13:695–702. 

7.	 von Eynatten M, Humpert PM: Retinol-binding protein-4 in experimental and 
clinical metabolic disease. Expert Rev Mol Diagn 2008, 8:289–299. 

8.	 Monaco HL, Rizzi M, Coda A: Structure of a complex of two plasma proteins: 
transthyretin and retinol binding protein. Science 1995, 268:1039–1041. 

9.	 Bustin M, Reeves R: High-mobility group proteins: architectural components 
that facilitate chromatin function. Prog Nucleic Acid Res Mol Biol 1996, 
54:35–100. 

10.	 Thanos D, Maniatis T: Virus induction of human IFN beta gene expression 
requires the assembly of an enhanceosome. Cell 1995, 83:1091–1100. 

© 2011 by Apple Academic Press, Inc.

  



11.	 Brunetti A, Manfioletti G, Chiefari E, Goldfine ID, Foti D: Transcriptional 
regulation of human insulin receptor gene by the high-mobility group protein 
HMGI(Y). FASEB J 2001, 15:492–500. 

12.	 Foti D, Iuliano R, Chiefari E, Brunetti A: A nucleoprotein complex containing 
Sp1, C/EBP beta, and HMGI-Y controls human insulin receptor gene tran-
scription. Mol Cell Biol 2003, 23:2720–2732. 

13.	 Foti D, Chiefari E, Fedele M, Iuliano R, Brunetti L, Paonessa F, Barbetti F, 
Croce CM, Fusco A, Brunetti A: Lack of the architectural factor HMGA1 
causes insulin resistance and diabetes in humans and mice. Nat Med 2005, 
11:765–773. 

14.	 Shimomura I, Matsuda M, Hammer RE, Bashmakov Y, Brown MS, Goldstein 
JL: Decreased IRS-2 and increased SREBP-1c lead to mixed insulin resistance 
and sensitivity in livers of lipodystrophic and ob/ob mice. Mol Cell 2000, 
6(1):77–86. 

15.	 Rane SG, Dubus P, Mettus RV, Galbreath EJ, Boden G, Reddy EP, Barbacid M: 
Loss of Cdk4 expression causes insulin-deficient diabetes and Cdk4 activation 
results in β-islet cell hyperplasia. Nat Genet 1999, 22:44–52. 

16.	 Jessen KA, Satre MA: Induction of mouse retinol binding protein gene expres-
sion by cyclic AMP in Hepa 1–6 cells. Arch Biochem Biophys 1998, 357: 
126–130. 

17.	 Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw EB 3rd, Kaest-
ner KH, Bartolomei MS, Shulman GI, Birnbaum MJ: Insulin resistance and a 
diabetes mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB 
beta). Science 2001, 292:1728–1731. 

18.	 Kaestner KH, Flores-Riveros JR, McLenithan JC, Janicot M, Lane MD: Tran-
scriptional repression of the mouse insulin-responsive glucose transporter 
(GLUT4) gene by cAMP. Proc Natl Acad Sci USA 1991, 88:1933–1937. 

19.	 von Eynatten M, Lepper PM, Liu D, Lang K, Baumann M, Nawroth PP, Bier-
haus A, Dugi KA, Heemann U, Allolio B, Humpert PM: Retinol-binding pro-
tein 4 is associated with components of the metabolic syndrome, but not with 
insulin resistance, in men with type 2 diabetes or coronary artery disease. Dia-
betologia 2007, 50:1930–1937. 

20.	 Stefan N, Hennige AM, Staiger H, Machann J, Schick F, Schleicher E, Fritsche 
A, Haring HU: High circulating retinol-binding protein 4 is associated with 
elevated liver fat but not with total, subcutaneous, visceral, or intramyocellular 
fat in humans. Diabetes Care 2007, 30:1173–1178. 

21.	 Saltiel AR, Pessin JE: Insulin signaling pathways in time and space. Trends Cell 
Biol 2002, 12:65–71. 

The Camp-HMGA1-RBP4 System  195

© 2011 by Apple Academic Press, Inc.

  



196  Recent Advances in Biochemistry

22.	 Kitamura T, Kahn CR, Accili D: Insulin receptor knockout mice. Annu Rev 
Physiol 2003, 65:313–332. 

23.	 Bouché C, Serdy S, Kahn CR, Goldfine AB: The cellular fate of glucose and its 
relevance in type 2 diabetes. Endocr Rev 2004, 25(5):807–30. 

24.	 Kulkarni RN, Bruning JC, Winnay JN, Postic C, Magnuson MA, Kahn CR: 
Tissue-specific knockout of the insulin receptor in pancreatic β cells creates 
an insulin secretory defect similar to that in type 2 diabetes. Cell 1999, 96: 
329–339. 

25.	 Shepherd PR, Kahn BB: Glucose transporters and insulin action-implications 
for insulin resistance and diabetes mellitus. New Engl J Med 1999, 341: 
248–257. 

26.	 Desvergne B, Michalik L, Wahli W: Transcriptional regulation of metabolism. 
Physiol Rev 2006, 86:465–514. 

27.	 Munkhtulga L, Nakayama K, Utsumi N, Yanagisawa Y, Gotoh T, Omi T, Ku-
mada M, Erdenebulgan B, Zolzaya K, Lkhagvasuren T, Iwamoto S: Identifica-
tion of a regulatory SNP in the retinol binding protein 4 gene associated with 
type 2 diabetes in Mongolia. Hum Genet 2007, 120:879–888. 

28.	 Craig RL, Chu WS, Elbein SC: Retinol binding protein 4 as a candidate gene 
for type 2 diabetes and prediabetic intermediate traits. Mol Genet Metab 2007, 
90:338–344. 

29.	 Melillo RM, Pierantoni GM, Scala S, Battista B, Fedele M, Stella A, De Biasio 
MC, Chiappetta G, Fidanza V, Condorelli G, Santoro M, Croce CM, Viglietto 
G, Fusco A: Critical role of the HMGI(Y) proteins in adipocytic cell growth 
and differentiation. Mol Cell Biol 2001, 21:2485–2495. 

30.	 Paonessa F, Foti D, Costa V, Chiefari E, Brunetti G, Leone F, Luciano F, Wu F, 
Lee AS, Gulletta E, Fusco A, Brunetti A: Activator protein-2 overexpression ac-
counts for increased insulin receptor expression in human breast cancer. Cancer 
Res 2006, 66:5085–5093. 

31.	 Costa V, Paonessa F, Chiefari E, Palaia L, Brunetti G, Gulletta E, Fusco A, 
Brunetti A: The insulin receptor: a new anticancer target for peroxisome  
proliferator-activated receptor-g (PPARg) and thiazolidinedione-PPARg ago-
nists. Endocr Relat Cancer 2008, 15:325–335. 

32.	 Velliquette RA, Koletsky RJ, Ernsberger P: Plasma glucagon and free fatty acid 
responses to a glucose load in the obese spontaneous hypertensive rat (SHROB) 
model of matabolic syndrome X. Exp Biol Med (Maywood) 2002, 227:164–
170. 

© 2011 by Apple Academic Press, Inc.

  



33.	 Xie Y, Lashuel HA, Miroy GJ, Dikler S, Kelly JW: Recombinant human retin-
ol-binding protein refolding, native disulfide formation, and characterization. 
Protein Expr Purif 1998, 14:31–37. 

34.	 Burger A, Berendes R, Voges D, Huber R, Demange P: A rapid and efficient 
purification method for recombinant annexin V for biophysical studies. FEBS 
Lett 1993, 329:25–28. 

35.	 Isken A, Golczak M, Oberhauser V, Hunzelmann S, Driever W, Imanishi Y, 
Palczewski K, von Lintig J: RBP4 disrupts vitamin A uptake homeostasis in 
a STRA6-deficient animal model for Matthew-Wood syndrome. Cell Metab 
2008, 7:258–268.

The Camp-HMGA1-RBP4 System  197

© 2011 by Apple Academic Press, Inc.

  



Advances in Parasite 
Genomics: From Sequences  

to Regulatory Networks

Elizabeth A. Winzeler

Abstract
Parasites have kept many secrets from the researchers who have sought to erad-
icate them over past decades. The mechanisms by which they evade drugs, es-
cape the immune system, regulate switching between genes involved in im-
mune evasion, and orchestrate development have been difficult to elucidate. 
They have been successful at this in part because they are difficult to keep in 
the laboratory, difficult to breed, and difficult to raise in sufficient quanti-
ties for biochemistry, and because they parasitize hosts that are not ideal ex-
perimental subjects. While Plasmodium falciparum is less tractable than one 
would wish, genetic manipulation can still be performed. On the other hand, 
Plasmodium vivax, which cannot be maintained in culture, is even less ac-
cessible, and there are few research tools available.
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While these difficulties present impediments to drug, vaccine, and basic research, 
the availability of parasite genome sequences and related genome-based tools have 
provided substantial opportunities to overcome the lack of a robust culture system 
needed for traditional molecular biology, the shortage of material for biochemis-
try, and the lack of traditional genetic methods for studying gene function. The 
advent of new technologies for examining and detecting genetic variation, mea-
suring transcript abundance, and measuring protein or metabolite abundance on 
a genome-wide scale, or for sequencing genomes in combination with new com-
putational methods, may lift some of the barriers to working on actual pathogens. 
Here, I will review some recent discoveries that were facilitated by industrial-scale 
molecular biology approaches.

New Genome Sequences 
The year 2008 witnessed the publication of the complete genome sequence of  
P. vivax as well as that of Plasmodium knowlesi [1],[2]. Although P. vivax may be 
responsible for up to 40% of the 515 million malaria cases each year, work on this 
parasite has generally lagged because it cannot yet be maintained in long-term 
culture. Among the highlights of the P. vivax genome sequence was the observa-
tion that it encodes a variety of cell-binding proteins involved in erythrocyte se-
lection, and thus P. vivax may be able to use a variety of red cell invasion strategies. 
Of course, knowing the complement of genes encoded by a genome only serves as 
a prelude to further functional studies, and the first set of gene expression data for 
P. vivax was published soon afterwards [3]. This work showed that the transcrip-
tional program of P. vivax is similar to that of P. falciparum and offers hypoth-
eses about the function of a variety of P. vivax genes. For example, a gene whose 
transcriptional pattern is correlated with those of known invasion genes may also 
be involved in invasion. Accompanying the publication on the P. vivax genome 
was the sequence of P. knowlesi, described as the fifth human pathogen given 
its documented zoonoses [4]. This genome sequence reveals intriguing examples 
of molecular mimicry [2]. It was shown that members of the multigene fam-
ily encoding the KIR proteins have a predicted extracellular domain that shows 
stretches of identity to host proteins with particularly strong matches to CD99, 
a human immunoregulatory protein found on the surface of T cells and other 
lymphocytes. These data raise the interesting possibility that the kir gene products 
may play a more active role in immune suppression through competition with 
T cells for CD99 partner molecules rather than just functioning as an antigenic 
smokescreen, a presumed role for many of the proteins encoded by highly variable 
Plasmodium multigene families (vars, stevors, virs).
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Genetic Regulatory Networks 
In organisms that are relatively difficult to genetically manipulate, genomic meth-
ods offer opportunities to define regulatory networks by linking motifs in the 
promoters of co-expressed genes to the DNA-binding activity of different tran-
scription factors. It was recently shown that sets of co-transcribed genes in P. 
falciparum often share short sequence motifs upstream of their ATGs at rates not 
expected by chance [5]. A similar approach has been shown to work in Toxoplas-
ma gondii, where functional annotations served as a substitute for gene expression 
groupings [10]. Although site-directed mutagenesis in P. falciparum has validated 
the importance of some of these motifs controlling promoter activity, the iden-
tity of proteins that bind these motifs has remained generally obscure. However, 
recently de Silva and coworkers used a protein-binding microarray that contains 
every possible 10-mer [6] to discover the motifs bound by a series Apicomplexan 
AP2 transcription factors [7]. These are members of a putative transcription factor 
family discovered by bioinformatic searches and are homologous to a family in 
Arabidopsis named the AP2/ERF DNA-binding family [8]. Remarkably, several 
of these motifs were near perfect matches to the set of motifs shown to be as-
sociated with genes involved in invasion or exoerythrocytic stage function in the 
transcriptional analysis [5]. Moreover, Yuda and coworkers provided genetic con-
firmation that one of the AP2 proteins regulates genes expressed in the ookinete 
stage [9] by binding to specific six-base sequences in the proximal promoter. The 
next challenge will be to perform chromatin immunoprecipitation studies on all 
DNA-binding proteins and to examine their genome-wide occupancy with a goal 
of creating a complete map.

Epigenetics of Antigenic Variation 
While specific promoter elements are likely to regulate some genes, chromatin 
structure may play a major role in controlling transcription of genes involved in 
antigenic variation in multiple parasite species. Malaria parasites and trypano-
somes both have large sets of genes that are involved in antigenic variation, and 
while the two species are well separated on the tree of life, epigenetics appear to 
control expression of genes involved in antigenic variation in both species. In 
African trypanosomes, it was shown that a particular histone methylase is respon-
sible in repressing variant surface glycoprotein genes involved in antigenic varia-
tion [11]. In malaria parasites, disrupting the histone deacetylase PfSir2A, but 
not PfSir2B, also results in derepression of genes involved in antigenic variation 
[12]. Genome-wide chromatin immunoprecipitation studies have also shown 
correlations between various histone modifications [13],[14], or P. falciparum  
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heterochromatin protein 1 [15] and the location of clonally variant gene families 
in P. falciparum. Likewise, histone variants mark the start of polycistronic Pol II 
transcripts in trypanosomes [16]. The patterns of histone occupancy and modifi-
cation may lead to new theories for how the regulation and switching of antigenic 
variation genes, critical to pathogenesis, are controlled.

Expression Quantitative Trait Loci 
Sexual crosses can be difficult to perform in parasites. Nevertheless, laboratory 
crosses have been performed on several occasions for T. gondii and P. falciparum. 
The resulting progeny have been used to map genes involved in drug resistance, 
host specificity [3], and virulence. While the crosses were usually set up to map 
a particular trait (e.g., chloroquine resistance), the progeny strains can also be 
used to map the locus responsible for any quantitative phenotypic difference that 
separates the two parental lines. Such phenotypes may include growth rate, host 
cell invasion pattern, differences in the immunolocalization pattern of a given 
marker, or even gene expression differences [17] that are mapped using a method 
called expression quantitative trait locus (eQTL) mapping. eQTL work involves 
the use of linkage mapping to locate genome regions that determine transcript 
abundance. Both cis loci and trans loci can be identified. An allele that gives rise 
to a cis eQTL might affect transcript abundance for just that gene by affecting 
promoter activity or transcript degradation rates, while a trans eQTL, potentially 
in a transcription factor or an RNA-binding protein, might affect the transcript 
levels at a variety of unlinked loci. By examining the full genome expression pro-
file of different progeny from a genetic cross, one can determine potential regula-
tory loci shared by all strains having the same expression phenotype (Figure 1). 
In P. falciparum, expression studies were performed on a series of progeny clones 
from a genetic cross between a chloroquine-resistant strain (Dd2) and chloro-
quine-sensitive strain (HB3) [18]. The authors of this paper identified a power-
ful trans eQTL on chromosome 5 that controls expression at a large number of 
genes across the genome and co-localizes with an important drug resistance gene 
(pfmdr1). However, similar studies using the progeny of a genetic cross between 
a virulent and less virulent strain of T. gondii only revealed cis-acting loci, in-
dicating that virulence differences were likely to be in polymorphic genes [19] 
and not in any regulatory factor. Because different host strains are known to be 
more or less susceptible to parasite infection, the same approach could be used to 
map regulatory genes controlling the host’s response to infection by examining 
expression profiles of white blood cells or in affected organs in susceptible and 
nonsusceptible hosts.
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Figure 1. Expression quantitative locus (eQTL) mapping. In this method, different clones from a genetic cross 
are expression profiled, potentially resulting in two or more different groups, which show distinct expression 
patterns for a variety of genes as represented by the red-green heat map. Genotyping is then performed on the 
clones. Loci are identified that are shared by all the clones with the group A pattern, but not by clones with the 
group B pattern (hypothetical data). The locus may encode a transcriptional regulatory protein that controls the 
expression of a variety of different genes.

Translating Genomics into Drug Discovery 
Over the past several years, the problem of rapidly emerging drug resistance has 
led to substantial investments in drug discovery programs that have sought to 
place new drugs for neglected diseases into the pipeline. Drug discovery efforts 
have benefited from genome sequencing programs that have revealed targets that 
are found in parasites but are lacking in humans. However, an additional and 
potentially unrecognized benefit of having parasite genome sequences is that they 
offer a very powerful approach for rapidly determining an uncharacterized drug’s 
likely mechanism of action or target using in vitro evolution studies. This clas-
sic method, which involves growing microbes in sub-lethal concentrations of a 
drug until they become resistant and then mapping the mutant allele through 
complementation, has been available to bacteriologists for many years. Because 
parasites may lack efficient complementation methods, parasitologists have had 
to wait for the advent of full genome sequencing or the availability of comprehen-
sive full genome tiling arrays to use this approach. Recently, Dharia et al. showed 
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that tiling microarrays, in addition to uses in discovering new transcripts [20] 
or characterizing variation [21], could be used to detect a copy number variant 
responsible for fosmidomycin resistance and a newly emerged point mutation 
responsible for blasticidin resistance [22]. Full genome deep sequencing methods 
also may give similar results and may be the only option for diploid organisms. 
Copy number variants or SNPs discovered in the laboratory and associated with 
drug resistance may eventually be examined in the field. Nair et al. examined link-
age disequilibrium with a previously identified copy number variant and showed 
that GTP cyclohydrolase I amplifications are in linkage disequilibrium with key 
drug resistance mutations in dihydrofolate reductase [23], suggesting a functional 
linkage between these two genes.

The frontier of parasite genomics is probably not in sequencing more parasite 
species or in collecting gene expression data from another pair of conditions. Ad-
vances are more likely to be through the integration of large multifaceted datasets, 
and through studies of complex systems, such as the global transcriptome of the 
parasite in immune and nonimmune patients, or susceptible and nonsusceptible 
inbred mice lines. In addition, there are great opportunities for combining popu-
lation biology with genomics. One could imagine in the future pinpointing the 
molecular basis of drug resistance through eQTL mapping using expression pro-
files of parasites obtained from the blood of individuals who had clinically failed 
treatment. Before this can be realized, however, similar advances in methods for 
phenotyping parasites will need to be developed. Nevertheless, it seems likely the 
impact of genomics will soon be measured at the bedside.
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Abstract
Background

The today’s public database infrastructure spans a very large collection of het-
erogeneous biological data, opening new opportunities for molecular biology, 
bio-medical and bioinformatics research, but raising also new problems for 
their integration and computational processing.

Results

In this paper we survey the most interesting and novel approaches for the rep-
resentation, integration and management of different kinds of biological data 
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by exploiting XML and the related recommendations and approaches. More-
over, we present new and interesting cutting edge approaches for the appropri-
ate management of heterogeneous biological data represented through XML.

Conclusion

XML has succeeded in the integration of heterogeneous biomolecular infor-
mation, and has established itself as the syntactic glue for biological data 
sources. Nevertheless, a large variety of XML-based data formats have been 
proposed, thus resulting in a difficult effective integration of bioinformatics 
data schemes. The adoption of a few semantic-rich standard formats is urgent 
to achieve a seamless integration of the current biological resources.

Introduction
Convergent advances in biochemistry techniques, biotechnologies, information 
technology and computer science provided the basis for the development of bio-
informatics and made available huge and growing amounts of biological data 
[1].

Today’s public database infrastructure spans a very large collection of hetero-
geneous biological data, opening new opportunities for molecular biology, bio-
medical and bioinformatics research, but raising also new problems for their in-
tegration and computational processing. Indeed the integration of multiple data 
types is one of the main topics in bioinformatics and functional genomics, and 
several works showed that the integration of heterogeneous bio-molecular data 
sources can significantly improve the performances of data mining and computa-
tional methods for the inference of biological knowledge from the available data 
[2-5]. In this context a key issue is the representation of the basic bio-molecular 
entities and biological systems, their associated properties and data in a universal 
format interchangeable between different databases.

XML [6] has emerged as the most interesting recommendation for the repre-
sentation and exchange of semi-structured information on the Web. The possibil-
ity to easily extend the structure and content of documents as well as the flexible 
association of schema information makes XML one of the main means for the 
representation of information exchanged on the Web and, in particular, of bio-
logical data. XML also provides a large set of other recommendations, standards 
and approaches that can be exploited for the representation and management of 
XML within database systems: query languages (like XPath and XQuery [7]) for 
querying collections of XML documents and obtaining adequate results; transfor-
mation facilities (XSLT [8]), for the presentation of the document contents with 
different formats (HTML, pdf, doc, etc.); description of schema information 
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(DTD and XML Schema [9]) to enforce integrity constraints; SQL extension to 
handle at the same time (object-)relational and XML data (SQL/XML facilities 
[19]); indexing structures ([20]) for the efficient evaluation of queries. Moreover, 
many results from both the database and information retrieval communities have 
been presented for the integration and management of heterogeneous biological 
data represented through XML. Finally, new general purpose technologies (like 
Web Services, Grid computing, P2P data management systems) can be exploited 
to properly process heterogeneous bio-molecular data.

In this paper we first review the principal biological data types that have been 
identified and analyzed from the biological community and are currently avail-
able in different heterogeneous databases. Then, we present different proposals 
for the XML representation of many biological data types and the main initiatives 
that exploit XML for the integration of heterogeneous biological data. XML is 
thus not only employed for the exchange of data on the Web, but also for their 
management and integration. For what concerns data integration, we point out 
how conventional and advanced approaches based on Web services and P2P data 
management systems work specifically on XML and the key points and draw-
backs of such approaches. Finally, we envision some future research directions for 
XML-based heterogeneous bio-molecular data integration, and also emphasize 
that further knowledge can be integrated with XML in order to overcome its 
limitations.

Biological Data Types
In this section we introduce the main different types of bio-molecular data and 
their characteristics, considering also the database infrastructure that houses this 
information at different levels of representation.

Primary Sequence Data

Historically the first types of data made publicly available have been nucleotide 
sequence data. It is well-known that EMBL, GenBank and DDBJ host primary 
sequence data with basic information about the sequence of DNA and RNA [21]. 
The content of these data bases (DBs) is the same as it constitutes the common 
base upon which most of the other bio-molecular DBs are built on. This inte-
gration effort is due to the international collaboration between the three most 
important bioinformatics institutions in Europe, USA, and Japan. Nevertheless, 
problems of accuracy and redundancy of the available entries of these databases 
can arise. These are due to both the quality of the annotations and biological rep-
resentation issues (e.g. different Expressed Sequence Tags – EST – sequences are 
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tissue specific and related to the functions of a specific gene). Thus, in some cases 
it would be necessary to identify such redundancies when dealing with multiple 
data sources.

Protein DBs represent the second important source of biological sequence 
data. The SWISSPROT DB is the reference protein bank for the “in silico” analy-
sis of proteins and protein patterns, while TREMBL collects protein sequences 
obtained by translation from coding nucleotide sequences. Both the primary nu-
cleotide DBs and SWISSPROT store sequence information in flat files, although 
an XML representation of these files is also available.

Motif and Domain Data

Motifs and protein domains represent bio-molecular entities, usually discovered 
with pattern recognition methods applied to basic primary sequence data, which 
are widely used in bioinformatics and molecular biology research to characterize 
functions and families of proteins. Different specialized databases have been inte-
grated in InterPRO [22], an EBI bioinformatics resource that allows the simulta-
neous search over different protein domain DBs, through SRS (Sequence Retriev-
al System) [23] or the Oracle DBMS. Pfam is a DB of families of proteins with 
common structural and functional elements [24]. They are represented through 
multiple sequence alignments and Hidden Markov Models. Entries are hierarchi-
cally structured from families, to domains, repeats and motifs. Pfam covers also 
families of proteins obtained through PSI-BLAST [25], an iterative version of 
the popular BLAST alignment tool for the progressive construction of profiles. 
The obtained multi-alignments and profiles are stored in the ProDOM DB [26]. 
Aminoacidic patterns, selected from protein sequences through experimental 
analysis and computational methods, are available in PROSITE [27]. Each entry 
of the DB is represented through a description of the pattern, bibliographic links, 
functional annotation and entries of the SWISSPROT DB where the pattern has 
been localized. The PRINTS DB represents families of proteins as a hierarchy, 
where families are related on the basis of their functionalities [28]. Each family is 
characterized by a “fingerprint”, which is a set of conserved motifs deduced from 
multi-alignments.

Structural Data

Structural data of proteins refer to the atomic spatial coordinates of the atoms 
and aminoacids composing the protein itself. The reconstruction of the three-
dimensional structure of a protein is of paramount importance to understand 
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its function. Data are obtained by X-ray crystallography or NMR spectroscopy. 
Each entry of the PDB (Protein DataBase) is a file with several records and fields 
where all the details of the three-dimensional structure of the protein are avail-
able, as well as primary and secondary structure information and annotations 
[29].

Gene Level Data

Although gene databases started with the annotation of primary sequence data-
bases, recent advances in international projects for sequencing entire genomes 
have promoted the development of specific gene-centric data. For example, En-
trez Gene provides a “gene-centered” view of bio-molecular data [30]. For each 
genetic locus, official gene names and synonyms, together with links to primary 
DBs are available.

All the information about the context of a specific gene are provided: informa-
tion about transcripts, products, genomic regions, genotype, phenotype, related 
pathways and gene ontology terms are linked to the gene under investigation.

KEGG GENES is a collection of gene catalogs for all complete genomes and 
some partial genomes generated from publicly available resources [31].

This collection is part of KEGG, the Kyoto Encyclopedia of Genes and Ge-
nomes and provides a set of integrated databases that can be used to perform 
system level analyses [32]. KEGG GENES includes the KEGG Orthology (KO) 
system, a classification system of orthologous genes, including orthologous rela-
tionships of paralogous gene groups. Data about orthologous genes coding evo-
lutionarily related proteins in different organisms as well as clusters of paralogous 
genes conserved in different species are available in COG: these data represent 
orthologs as clusters of individual proteins delineated by comparing protein se-
quences encoded in complete genomes [33].

Related DBs are represented by collections of nucleotide patterns with control 
and regulatory functions. For instance, TRANSFAC is a data bank for transcrip-
tion factors involved in the regulation and activation of transcription [34]. Data 
refer to transcription factors and the corresponding DNA binding sites, and can 
be used for the analysis of gene regulatory events and networks. UTRdb is a data-
base of the untranslated regions of eukaryotic transcripts [35]. They play a funda-
mental role in post-transcriptional processes of the regulation of gene expression, 
in the subcellular localization and translation of mRNA. Data related to both the 
post-translational modification and the regulation of translation are available in 
TRANSTERM [36].
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Genomic Data

The characteristics and properties of bio-molecules can be investigated at the “om-
ics” level: from the study and analysis of single genes or proteins the new bio-
technologies introduced at the end of ‘90s permit to analyze the entire set of genes 
(genome) or proteins (proteome) of a given species. These data have been gener-
ated from the sequencing and mapping of the genome of entire organisms and are 
available as species-specific resources (e.g. FlyBase for D. melanogaster [37], SGD 
for S. cerevisiae [38], MGD for M. musculus [39]), or as integrated resources. For 
instance Ensembl collects data of the human genome and other organisms relative 
to gene mappings, functional annotations, transcripts, domains, mutations and 
other relevant information at genomic level [40]. Data are publicly available as 
flat files. Another similar genomic resource is represented by the Genome Browser 
[41].

Transcriptomic Data

DNA microarray data collect gene expression levels (i.e. levels of mRNA expressed 
in a given cell at a given time) at a genome-wide scale [42]. These data allow the 
analysis of the variability of gene expression between different tissues, individuals, 
or between different functional or pathological conditions. Three main projects 
developed at NCBI, EBI and Japan provide access to large collections of these 
data. GEO, Gene Expression Omnibus, provide structured data for platforms 
(probes that denote each spot on the array), samples (data of the molecules that 
need to be analyzed) and series (tables that link samples of an expression experi-
ment to the corresponding platform). GEO is integrated within the NCBI En-
trez web site [43]. ArrayExpress, developed at EBI is built on an Oracle DBMS, 
collects data MIAME-compliant (Minimum Information About a Microarray 
Experiment) using three main structures: Experiments, Array and Protocols. A 
subset of curated data can be queried on gene, sample, and experiment attributes 
[44].

Polymorphism and Mutation Data

Polymorphisms and mutations data are now available in public databases and 
allow the analysis at genomic level of the associations between mutations and 
clinic phenotypes [45], as well as studies in the field of population genetics [46]. 
The database dbSNPs collects data relative to SNPs (Single Nucleotide Polymor-
phism), region polymorphisms and mutations associated to specific patholo-
gies [47]. Other databases collect bio-medical data for the association between  
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mutations and diseases. For instance HGMD (Human Gene Mutation Database) 
provides data obtained from literature about mutations and gene alterations re-
lated to hereditary diseases, with annotations that associate each mutation to the 
corresponding clinic phenotype. The OMIM (Online Mendelian Inheritance in 
Man) database reports data correlated to genetic Mendelian diseases. Data are col-
lected in forms with phenotypes associated to chromosome alterations, to SNPs 
and mutations, with links to other databases (e.g. Entrez Gene) and cross-refer-
ences to literature [48]. It is worth mentioning that OMIM provides an XML-
based representation to export query results.

System Level Relational Data

The relationships and interactions between different entities and subsystems in 
cells at different levels (e.g. gene networks or the metabolism of an entire cell) 
represent a class of relational data by which we can model the behaviour of com-
plex biological systems. These data, mainly obtained through high-throughput 
bio-technologies, can be used to infer the complex relationships between bio-
molecules at “system level,” considering biological phenomena as the result of the 
integration of different processes and different interactions involving the entire 
genome and proteome [49,50].

An example is represented by protein and genetic interaction data collected in 
BioGRID from major model organism species derived from both high-throughput 
studies and conventional focused studies [51]. BioGRID houses high-throughput 
two-hybrid [52] and mass spectrometric protein interaction data [53] and syn-
thetic lethal genetic interactions obtained through synthetic genetic array and mo-
lecular barcode methods [54], as well as a vast collection of well-validated physical 
and genetic interactions from literature. Databases of biological networks offer 
other examples of relational data that can be used to model regulation processes 
of gene expression, and post-translational processes related to the metabolism and 
cellular transport of proteins. For instance the KEGG PATHWAY DB collects 
different interactions between proteins and genes represented through graphs: e.g. 
interactions between transcription factor and corresponding target genes, direct 
interactions (binds) between proteins, or relationship between enzymes partici-
pating to the same metabolic process. Other KEGG DBs are obtained by the sys-
tematic application of computational biology algorithms to the entire genome of 
an organism. For instance SSDB is a huge weighted, directed graph, where links 
corresponds to pairwise comparison of genes using Smith-Waterman similarity 
scores. The graph can be used to infer orthologs and paralogs or conserved gene 
clusters or as input to machine learning algorithms to predict gene functions.
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Advanced XML-Based Representations of Biological Data

The advent of XML as meta-language able to describe different kinds of data has 
led to the development of different XML-based languages for the description of 
biological data types.

In the last few years we have observed the proliferation of XML-based lan-
guages for the description of the (1) principal bio-molecular entities (DNA, RNA 
and proteins) and their structural properties, (2) gene expression (microarray), 
and (3) system biology. Initial proposals have been developed within small groups 
of institutes with the main aim of having a common representation of data struc-
tures and languages to model their own set of bio-molecular data types, whereas 
nowadays there are more initiatives (e.g. MIAME) to have a wider general agree-
ment by specifying the minimal requirements that such kinds of data structures 
and languages should have. Table 1 summarizes some of the characteristics of a 
subset of existing XML languages (a further discussion on XML standards can be 
found in [55,56]).

Table 1. XML languages for the representation of biological data types

XML Representation of Bio-Molecular Entities

The Bioinformatic Sequence Markup Language (BSML) [57] describes biologi-
cal sequences (DNA, RNA, protein sequences) at different granularity levels via 
sequence data, and sequence annotation. A BSML document usually contains  
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information about how genomes and sequences are encoded, retrieved and dis-
played. ProXML [58] is used to represent protein sequences, structures and 
families. A ProXML document consists of an identity section, containing the 
description of proteins, and a data section, containing properties of such pro-
teins. RNAML [59] has been proposed for the representation and exchange of 
information about RNA sequences, and their secondary and tertiary structures. 
A RNAML document can represent RNA molecules as a sequence along with a 
set of structures that describe the RNA under various conditions or modelling 
experiments.

XML Representation of Gene Expression

The MAGE project [10] provides a standard for the representation of microarray 
expression data to facilitate their exchange among different data systems. MAGE 
mainly consists of: a data exchange model MAGE-OM (Object Model) and a data 
exchange format MAGE-ML (Markup Language) according to the standardiza-
tion project groups responsible of the MIAME and MGED Ontology projects.

XML Representations for System Biology

The need to capture the structure and content of bio-molecular and physiological 
systems lead to develop SBML (the System Biology Markup Language), CellML 
(the Cell Markup Language), BioPAX (the Biological Pathways Exchange Lan-
guage) [60] and the set of HUPO-PSI (Proteomics Standards Initiative) formats 
[55]. SBML is used to encode models consisting of biochemical entities (spe-
cies) linked by reactions to form biochemical networks, whereas, CellML encodes 
models consisting of a number of more generic components, each described in 
their own component elements. BioPAX and HUPO-PSI formats are examples 
of standards used to represent both structure and semantics of biological data. 
They are based on the use of ontologies as controlled vocabularies providing a 
non-ambiguous meaning of the domain.

Integration Initiatives

As showed above, several formats to represent biological data coming from differ-
ent sources are available. Therefore, as a result, a large collection of heterogeneous 
biological data is available. This collection claims to be integrated to obtain a 
comprehensive view of the domain in order to perform analysis and sophisticated 
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queries over the integrated data. cPath [61] has become an interesting initiative to 
use PSI-MI and BioPAX as standard exchange formats. cPath is an open software 
for collecting, storing and querying biological pathway data. Biological Databases 
can be imported and integrated into cPath via PSI-MI and BioPAX. cPath pro-
vides a standard web browser frontend and also a XML-based web service API in 
order to make data available to third-party applications for pathway visualization 
and analysis.

Biological Data Integration

Biologists usually access different databases through their web interfaces, collect 
information (usually in text format) they think relevant and finally manually or-
ganize them in order to apply their algorithms and thus prove their theories. 
More and more there is the need to adopt (semi)-automatic approaches for the 
integration of biological data or rely on framework that help in the data integra-
tion process.

The integration of heterogeneous data sources is a traditional database research 
area whose purpose is to facilitate uniform access to a federation of several data 
sources. An integrated system provides its users with a global schema in which 
their views can be defined, along with the mechanisms needed to translate the ele-
ments of the global schema into the elements of the corresponding local schema, 
and vice versa. The heterogeneity of the integrated sources usually causes conflicts 
that must be resolved by the translation mechanisms in order to produce global 
results that are correct and complete.

Conflicts can be produced at different levels, namely: physical, syntactic and 
semantic levels. Currently, the adoption of Internet-based protocols and XML as 
interchange language has facilitated the integration at physical and syntactic lev-
els. Indeed, XML technology has been formerly aimed at the syntactic integration 
through the definition of data models (DTD or XSD schemas), query languages 
(XPath and XQuery) and declarative transformation languages (XSLT). Addition-
ally, recent XML-based formats like RDF and OWL also allow the specification 
of semantics for the objects to be integrated (ontologies). We remark that XML 
technology provides the languages for the representation of the information and 
lacks methods that implement the required integration. Data integration meth-
ods, formerly proposed in the database literature, are known as integration ar-
chitectures. These architectures have been traditionally classified into three main 
groups: data warehouses, federated and mediated approaches (see Figure 1 for a 
summary of them).
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Figure 1. Data integration architectures.

In this section, we will analyse the combination of both XML and data in-
tegration architectures for biological data integration. Specifically, we start by 
introducing the aspects of comparison among the proposed data integration ar-
chitectures. Then, for each type of architecture, we analyse how proposed systems 
address such aspects.

Integration Aspects

Table 2 summarizes the main dimensions we regard for comparing current ap-
proaches that integrates systems providing biological data. The next paragraphs 
are devoted to describe them and discuss their relevance.

Table 2. Summary of the integration aspects analyzed in this paper
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BioData

In this aspect we consider the kind of data to be integrated. Some previous papers 
like [62,63] have analysed the impact of data exchange formats in the integration 
of biological data and models. All formats rely on XML because of its simple syn-
tax, extensibility and the numerous existing tools for its processing. Among the 
existing formats, SBML and BioPax are the most accepted ones for integration. As 
a result, a comprehensive list of converters are available from proprietary formats 
to SBML/BioPax as well as among themselves.

Instantiation

The degree of instantiation refers to where the physical data reside. In a virtual 
federation, data reside in the respective data sources, and the integration system 
gives a unified view of them, whereas in a materialized federation, data are collect-
ed from the data sources, cleaned, integrated and stored in a (physically) unique 
repository. Although the materialized approach is computationally more efficient, 
in general the virtual approach is chosen because it does not involve data repli-
cation, it is more flexible when further data sources should be included in the 
system, and it is easier to maintain [64].

Integration

The intended degree of integration is also a relevant aspect to take into account 
when comparing integrated systems. Thus, the integration architecture can be 
aimed at providing: 1) their common data storage, where biological data are ho-
mogenized and consolidated for end users, 2) their common data access, where 
all users can access (query) homogeneously all the integrated data sources and 3) 
their common data interface, where users build its tailored integrated applications 
by combining a series of components that share a common interface (e.g. web 
services).

Global View

Local As View (LAV) means that the global model has been developed indepen-
dently from local sources. Afterwards, local data is adapted to the global model 
in order to give a homogeneous and coherent data representation to end users. 
Instead, Global As View (GAV) means that the global model has been built by 
merging local source schemas, unifying entities at two possible levels: schema 
(S) and instance (I). Hybrid approaches (i.e. Both As View-BAV-) combine both 
aspects, there is a loosely defined global schema which is mapped to the set of rec-
onciled local schemas (e.g. [65]). Figure 2 illustrates these three ways to generate 
an integrated global view.
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Figure 2. Approaches to obtaining a global view.

Schema Matching

One of the key issues for building a global view is the generation of mappings 
between local sources and the global view. In the literature, many approaches for 
automating the schema matching have been proposed [66]. Basically, a schema 
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matcher is aimed at finding the possible mappings between the elements of two 
schemas. Such mappings are usually one-to-one but in many cases one-to-many 
mappings are required. One-to-many mappings are more complex to discover 
and require some transformation/operation to perform the integration (e.g. cur-
rent and birth date in a schema must be subtracted to obtain the age in the other 
schema). Schema matching (SM) has been proposed formerly for relational sche-
mas but it has been also applied to XML and OWL formats. For XML and OWL, 
SM also regards both the structural constraints and semantic constraints to vali-
date the generated mappings. SM can be used in any of the three approaches: 
LAV, GAV and BAV. In LAV, SM maps each local source to the global view, in 
GAV is used to find the unifiable elements of the local sources and in BAV it is 
used for both.

Regarding Biodata, the use of widely accepted formats like SMBL or BioPax 
greatly facilitates the generation of global views. SM is partially performed by a 
manual mapping between SMBL and BioPax (Figure 3). However, a true integra-
tion requires a deeper analysis of the values each data record contains. The integra-
tion at instance level is also facilitated by the use of external links to well-known 
resources such as UniProt, OMIM, GeneBank, HUGO, etc. In this case, the 
integration effort is focused in finding mappings between accession numbers and 
unique identifiers of these resources [67].

Figure 3. Schema Matching example between BioPax and SBML formats.

Following the schemas in Figure 3, Figure 4 shows examples of possible map-
pings. In these examples we have used XPath to locate the elements that partici-
pate in the mapping. Notice that the first rule involves two entities, the second 
one two entity attributes and the third one two entities by means of their context 
(reactants).
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Figure 4. Samples of mapping expressions.

Global Model and Query Language

The global model is the representation model for the unified local objects. The 
more expressive the global model is, the more complex is the global query process-
ing. Traditional approaches rely on relational models (i.e. SQL) which are quite 
efficient. However, tree-like (e.g. XML) and graph-like (e.g. RDF) models are 
much more adequate for representing most biological data. The counterpart is 
that these models present a higher complexity for query processing (e.g. XQuery 
and SPARQL query processors).

Semantics

Ontologies have been used as mediator schemas defining an abstract layer (se-
mantic level), away from data structures and implementation strategies (physical 
level), in order to provide a transparent access to heterogeneous resources. Gruber 
[68] defined ontology as an “explicit specification of a conceptualization.” An 
ontology specifies the concepts and relationships (vocabulary) which are relevant 
for modelling a domain, moreover it provides a meaning for that vocabulary by 
means of formal constraints. This definition is rather broad and the concept on-
tology is not always exploited as desired. Instead, thesauri and glossaries, which 
have less logical expressivity, are used to facilitate data sources interoperability 
and integration, that is, which terms of the sources are intended to have the same 
meaning. Further discussion of the advantages of expressive ontologies are given 
in Section “Towards more powerful representations of bio-entities.”

Scalability

An integrated systems is said to be scalable if the cost of adding new participants 
(e.g. sources or components) to the integrated system is low. This cost will mainly 
depend on the difficulty of updating the global view.

Data Warehouse Approaches

A data warehouse integrates and aggregates data of several different DBMSs into 
a single repository. To this end an integrated database schema is developed that 
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encompasses the schemas of the sources to be integrated. Moreover, views targeted 
to the analysis to be performed can be realized. Usually an integrated database 
schema is developed from scratch and can be seldom updated. Updates should 
be performed sparingly even if, due to a change of user requirements, they are 
mandatory.

Systems that rely on the data warehouse architecture are usually restricted to 
consider a few source databases, but can achieve a higher degree of integration 
of the data sources. The limitation of warehouse system is mainly due to the dif-
ficulty to integrate in the system new data sources without changing the schema 
of the data warehouse. Therefore, these systems allow to obtain an high degree of 
instantiation. Examples of these systems are the following ones:

•	 DWARF [69], which integrates data on sequence, structure, and functional an-
notation for protein fold families. DWARF extracts data from public available 
resouces (e.g. GenBank, ExPDB and DSSP).

•	 BioWarehouse [70] is an open source toolkit for constructing bioinformatics 
database warehouses by integrating a set of different biological databases into 
a single physical DBMS (MySQL or Oracle). It supports data related to the 
following types of biological objects: genes and genomes, proteins, enzymatic 
reactions, biological pathways, taxonomies, nomenclatures, microarray gene ex-
pression, computationally-generated results.

•	 Atlas [71] locally stores and integrates biological sequences, molecular interac-
tions, homology information, functional annotations of genes, and biological 
ontologies.

•	 Biozone [72,73] is a unified biological resource on DNA sequences, proteins, 
complexes and cellular pathways. Biozon combines graph model and hierarchi-
cal class approaches to express and characterize biological entities in terms of 
constraints depending on the relations with other modelled entities or depend-
ing on the proper nature of each individual entity. Biozon supports derived data 
strategies based on similarity relationships and functional predictions enabling 
propagation of knowledge and allowing the specification of complex queries.

•	 cPath [61] is an open source database software for collecting, storing and query-
ing biological pathway data. Multiple databases can be imported and integrated 
into cPath via PSI-MI and BioPAX standard exchange formats. cPath data can 
be viewed by means of a standard web browser or exported via an XML-based 
web service API, making cPath data available to third-party applications for 
pathway visualization and analysis.
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Most of these approaches take the LAV strategy to build the global view, and 
provide a common data and storage model (see Table 3). Due to the complexity of 
the data loaders, where transformations between schemas are usually hard coded 
(e.g. Java, C++ and Perl programs), the cost of adding new sources is high. This 
problem can be alleviated if data sources already provide their data in standard 
XML formats, in which case a few data loaders (e.g. a BioPax data loader) can deal 
with many sources. However, any evolution in either the exchange formats or the 
source schemas will imply a re-implementation of all these loaders, so the cost of 
maintaining these integrated systems can be very high.

Table 3. Data warehouse approaches

Mediation Approaches
In contrast with data warehouse-based architectures, in mediator-based systems 
(originally proposed by Gio Wiederhold [74]) individual data sources maintain 
their independence. Data integration is achieved by defining a global view, or 
integrated schema, which is shared by all sources; a “mediator” component, or 
mediator-based middleware, adapts queries formulated against the global view to 
the local data and capabilities. Typically, each individual source will also require 
the definition of a “wrapper” component, which will be used to export a view of 
the local data in a useful format for mediation (by translating the data to/from 
XML, for instance). Figure 1 depicts a typical mediator-based architecture. Query 
processing is achieved by sending subqueries to relevant sources, and then com-
bining the local query results.

Thus, the main advantages of mediator-based architectures are threefold: (i) 
the insurance that returned data are always up-to-date, since queries are per-
formed dynamically (ii) data are not duplicated since they reside in their local 
repository, (iii) it is easier to add new sources of information. A major drawback 
of mediator-based system is the need to manually specify the mappings between 
local and global schemas; several techniques have been proposed to automate 
these steps (e.g. [66]).
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The following systems are examples of mediator-based systems for biological 
data:

•	 Ontofusion [75] proposes a multiple ontology approach to integrate genomic 
and clinical databases at the semantic level. For each data source an ontology 
(named virtual schema) is created to describe the structure of the data. Virtual 
schemas are unified (i.e. merged) in a unique global schema to give an homoge-
neous access to data.

•	 TAMBIS [76], unlike Ontofusion, adopts a unique ontology approach to pro-
vide a common access to several data resources so that cross database searches 
seem to be transparent. An ontology called TAO (Tambis Ontology) has been 
created for this purpose. TAO collects all the requirements of the database to be 
integrated. Scalability, when adding new resources, is the major drawback of this 
approach.

•	 BioMediator [77] uses a logic-oriented knowledge base to store meta-informa-
tion about each data source, which allows the specification of tailored mediated 
schemas including rich relationships. The mediator component is extensible 
through the use of plug-ins, which allows the definition of mapping rules for 
the tailored schema.

Table 4 summarizes the main mediator-based approaches. Last two columns 
report the characteristics of two recent internet-based architectures that facilitates 
the integration of systems: Web Services and Peer-to-Peer architectures. Both ar-
chitectures are discussed in the next sections.

Table 4. Mediator-based Approaches

In general, in the Bioinformatics area, mediator-based approaches are less 
popular than data warehouse ones. One possible reason for this is that mediator-
approaches require reversible transformations in order to both distribute global 
queries to local sources and translate local results as global objects. Data ware-
house approaches only require unidirectional transformations (i.e. from local to 
global view), which makes their implementation easier.
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Service-Oriented Architectures (SOAs)

In the previous sections we have been mainly concerned with the integration of 
biological data sources through the classical data warehouse and mediator ap-
proaches. However, Bioinformatics research usually implies processing all these 
data by means of software applications as those that realize in silico experiments. 
In this context, Service-Oriented Architecture (SOA) provides a standard method 
to integrate both data sources and software applications by regarding them as 
interoperable services. Thus, client applications will combine these services to 
implement their intended tasks. In this section, we review the main efforts in 
providing such services within the Bioinformatics community.

Figure 5 shows an abstract Web Service (WS) for retrieving pathways given 
a set of possible participants. It is represented with a box with three parts: the 
input, the method name and the output or result. This web service can take part 
of either a mediator-based architecture (top right part of the figure) or a workflow 
(bottom part of the figure). However, in order to use concrete web services (i.e. 
web services located at some machines with a specific interface), applications and 
users must be aware of the XML schema of input and output parameters. This 
schema is expressed with the Web Service Description Language (WSDL). Thus, 
the main integration issue consists of reconciling the schemas of the services to be 
combined. Biological research institutions like the National Center for Biotech-
nology Information (NCBI) and the European Institute for Bioinformatics (EBI) 
have published most of their applications and data sources as Web Services. Thus, 
researchers can freely invoke the Entrez e-utilities, the EMBOSS suite [11], the 
EMBL-EBI tools [12] and Distributed Annotation System [13] among others. 
These Web Services constitute the basic layer over which more complex services 
and workflows can be defined.

Semantic Web Services

WSDL files have found very limited usage for processing and distributing bio-
logical data. As a consequence, new protocols have been proposed to extend 
the basic functionalities of bioinformatics Web Services. BioMOBY [78] has 
been quite successful as such an extension. MOBY services are registered in a 
central node by properly annotating their interfaces. Such annotations mainly 
involve the input and output data of each service as well as some descriptions 
about its functionalities. Currently, there are more than 1000 services regis-
tered and more than 500 data types associated to their descriptions (see http://
sswap.info). Notice that the ratio between data types and services indicates that 
a further data integration effort should be done in order to make them more 
interoperable.
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Figure 5. Integration through Web Services.

Workflows

Several proposals have recently appeared to define complex workflows over Bio-
MOBY services to perform for example in silico experiments. The most popular 
of these proposals is the Taverna tool [79], which has been proposed within the 
myGRID project [80]. This tool allows users to first define graphically a workflow 
(i.e. chain of service invocations) and then execute it over a GRID-based middle-
ware. Other similar Web-based tools have been proposed, for example MOWServ 
[81], SeaHawk [82] and Remora [83] to mention a few. Recently, some exten-
sions to the BioMOBY protocol have been proposed according to the new re-
quirements arisen from workflow management [84].

Grid-Based Services

Grid technologies are intended to provide highly scalable computing frameworks 
where resource-hungry applications can be performed efficiently. As the biologi-
cal community is continuously generating vast amounts of biological data, which 
also require time-consuming processes to be analyzed, Grid computing has been 
usually taken up in large bioinformatic projects (e.g. myGRID, caBIG, EGEE, 
etc.) Grid technologies also rely on Service-Oriented Architectures. Indeed, re-
cent standards for Grid architectures basically extend the Web Service technol-
ogy. Thus, the Web Service Resource Framework (WSRF) is the WS extension 
proposed for the Open Grid Service Architecture (OGSA). Unlike Web Services, 
Grid services must account for security, transaction and distribution issues arisen 
from Grid architectures. A good review of Grid technologies applied to Bioinfor-
matics can be found in [85].

Service-Oriented Architectures have an increasingly prominent role in the 
development of biologiocal data processing and integration. As a result, SOAs 
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are constituting the technological basis for almost the projects aimed at seam-
lessly integrating biological information systems. Nevertheless, little work has 
been done in developing specific methods for querying homogeneously biological 
data-providers services.

Peer Architecture

All the previous presented architectures rely on the definition of a global schema 
that is well accepted by all data sources belonging to the integrated systems. Cur-
rent efforts are devoted to the definition of peer networks where data can be 
locally organized and managed [86]. Each peer or group of peers can share the 
same schema, and local mapping among pairs of schemas can be established lead-
ing to the formulation of a semantic network. When a new peer wishes to join 
the semantic network, it should establish a mapping simply with a single peer or 
a subset of the network peers. When a query is submitted to one of the network 
peers, the query is routed to the peers that, according to the resource availability 
policies, can contain possible answers. Relying on the pre-established mappings 
among schemas, it is possible to translate a query to be executed in local schema 
(and thus obtain more precise results) or to translate the results in order to make 
homogeneous and comparable the different results. The peer, that initially re-
ceived the query, is in charge of collecting the answers and returning them to the 
requesting user or application. Key features of a peer architecture is, thus, the 
lack of a global huge schema. Peers can develop schemas that are tailored for their 
main users and then establish a mapping with a small fraction of other peers. A 
peer can easily join and leave the network. The main drawback of this architecture 
is the need to develop mappings and their use on the fly to evaluate queries that 
can effect the performance of the retrieval process. Many efforts are currently 
devoted to quickly perform these tasks (e.g. developing mapping tables [87]). As 
in the other architecture, XML plays a central role in semantic peer networks, 
XML can be exploited both as a message exchange format among peers as well as 
a format for the representation of the peer contents.

Well-known and general purpose P2P data management systems (PDMS) like 
Hyperion [86], PeerDB [88], and GridVine [89] have been proposed that rely on 
the relational model and can be exploited for the management of biological data 
that do not present complex structures. Moreover, the Bioscout system [90] has 
been developed for helping biologists in the graphical specification of queries and 
for developing efficient query plans to be executed in a peer network. Apart from 
these few systems, P2P technology has been scarcely applied to the biological 
research.
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From a practical point of view, there are not big differences between Service-
Oriented Architectures (SOA) and P2P. Both have as strongest point their good 
scalability. However, unlike SOAs, P2P systems lack a solid and standard tech-
nological background (e.g. SOAP, WSLD, OGSA etc.) that makes them fully 
interoperable.

Advanced issues in XML-based biological data integration

Even if several XML-based approaches for the integration of bio-molecular data 
have been proposed, several items remain open for current and future research. 
For instance, XML is mainly employed for the exchange format and in many cases 
the data management facilities (XSLT, XQuery, indexing structure,...) are not yet 
exploited. Besides this basic limitation, there are some other important issues in 
data integration which are not addressed by these systems:

•	 Data security and privacy. Data contains sensitive information about people that 
needs to be protected from unauthorized users. Specific approaches are required 
for biological data because they contain personal characteristics that can lead to 
the identification of a subject and their obfuscation can alter the experimental 
results.

•	 Evolution of data. Biological databases quickly change [91]: data formats, access 
methods and query interfaces are not stable over time, and even when elaborate 
database integration solutions are used, a significant amount of time is spent to 
address this issue.

•	 Efficiency. Approaches for the efficient evaluation of queries in a distributed and 
heterogeneous environment as well as approaches for collecting and normalize 
answers produced from independent sources should be developed.

•	 Approximation. The richness of data format and organization requires the devel-
opment of systems that return approximate answers to an user query.

We have to remark that conflicts at physical and syntactic levels are almost 
solved exploiting XML technologies. However conflicts at the semantic layer are 
still an open issue for seamless biological data integration.

In the remainder of the section we present the main research initiatives that 
are currently devised to face these issues in the XML context.

Towards More Powerful Representations of Bio-Entities

Despite the current standardization efforts, the Bioinformatics community still 
lacks of a standard exchange language and vocabulary for all the biological data. 
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As shown along this paper, XML-like representations have been widely accepted 
to represent biological data. Additionally, several controlled vocabularies (e.g. the-
sauri) are now available to properly annotate these data. These vocabularies are 
usually expressed in the Open Biological Ontologies (OBO) [14], for example the 
Gene Ontology, the NCBI Taxonomy, the Cell Ontology, etc. The main draw-
backs of these standards are that pure XML representations do not account for se-
mantics, and that OBO ontologies are in most cases limited to simple taxonomies 
(i.e. informal is-a relationships).

The use of more expressive logics would give rise to more powerful and ex-
tensible ontologies so that biological concepts can be described not only with 
taxonomical relationships but also with logical descriptions (axioms). Consider, 
for example, the following pair of axioms

	 ∃ participant. 	  Interaction	 (1)

GeneticInteraction 2 . .≥ participant Gene 	 (2)
It can be derived that Genetic Interaction  Interaction, that is, a new im-

plicit is-a relationship is inferred from concept definitions. Notice that in this way, 
ontologies can be more compact and legible as concept descriptions are closer to 
natural language expressions.

To the best of our knowledge, BioPax is the only standard relying on an expres-
sive ontology language. BioPax describes biological pathways and their compo-
nents in the Ontology Web Language (OWL) [15]. In this way, specific pathway 
data can be classified according to the BioPax concepts by using a reasoner, as long 
as these data are represented as OWL individuals. It is worth mentioning that in 
OWL individuals do not need to be explicitly associated to a specific concept, but 
just to a proper description. This allows biologist to delegate the final classification 
to a reasoner. For example, taking into account the axioms 3 to 6 involving a set of 
individuals and the axioms 1 and 2, a reasoner is able to infer that interaction_1 
is an individual of the concept GeneticInteraction.

participant(interaction_1,BNI1)	 (3)
participant(interaction_1,ATS1)	 (4)
BNI1:Gene	 (5)
ATS1:Gene.	 (6)

Ontology-based data integration has been tested in systems like Ontofusion 
and Tambis previously presented. Ontofusion adopts a multiple ontology ap-
proach (e.g. one per source) whereas Tambis uses a unique global schema. Mul-
tiple ontology approaches are more scalable since they do not require a global 
ontology dependent of the data sources. However the implementation and  

⊥
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integration is harder since the ontologies of each source should be integrated, that 
is, mappings between them have to be defined. This task may be rather difficult 
[92] if ontologies use different names or naming conventions to refer to their 
entities. Assuming that ontologies can be easily mapped (e.g. they use common 
vocabulary) semantic compatibility still arises as an open issue in ontology inte-
gration approaches. Ontologies to be integrated, and therefore the data sources, 
may contain conflicting descriptions which should be detected to perform a prop-
er integration. This apparently disadvantage of the multiple ontology approach 
could also be seen as a strong, since ontologies could be exploited to detect those 
incompatibilities between data sources and then to repair/adapt them to make 
possible the integration. When integrating ontologies errors and incompatibili-
ties manifest themselves as unintended logical consequences (e.g. unsatisfiable 
concepts or unintended subsumptions). In the literature several approaches can 
be found to detect and repair unintended logic consequences [93-95]. These tech-
niques localize those sets of descriptions (i.e. axioms) which provoke the error (i.e. 
incompatibility).

Nevertheless, although the use of expressive ontologies seems to be a feasible 
solution to both the semantic representation of data sources and the classification 
of biological data, in practice, they are not being adopted as expected. The design 
of expressive ontologies requires strong skills in Description Logics (DL) [96], 
which are not familiar to biologists. That is why less expressive languages like 
OBO has become so popular among biologists.

Open Issues in Service Oriented Architectures

The use of Web Services in Bioinformatics have been earlier analyzed in [97]. 
Some of the issues reported in this paper are being currently addressed, for ex-
ample: the migration of HTML-based query forms to web service interfaces, the 
improvement of the discovery tools for biological web services (e.g. Semantic Bio-
MOBY), and the overhead produced by XML when dealing with large biological 
data objects. However, there are some other issues that still remain open. Among 
them, we emphasize those related to data integration, namely:

•	 Web service architectures allow biologists to have several alternative sources for 
the information they request. In contrast, the selection of the proper sources 
will depend on criteria that are not usually found in these architectures, like the 
authority of the provider, the version of the data collection behind the service, 
etc. In this way, new metadata should be defined to guide users in the selection 
of the services they require for their tasks.

•	 Workflows also require some criteria and methods to select the services that po-
tentially can comprise them [98]. These criteria must go beyond simple annotations 
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of input/output parameters, because compositions can require more complex 
interactions between the involved services. For example, non-trivial data trans-
formations may be required in order to connect two web services (i.e. Media-
tors). Additionally, we need the discovery of semantic mappings between WS 
data types to look for further potentially compatible services.

•	 Biological web services require an integrated data space consisting of just a few 
standard data formats, instead of the hundreds XML data types currently avail-
able. In this way, any data type used in a web service should be defined within a 
widely accepted semantic-based standard (e.g BioPax).

Approximate Retrieval of Information

As earlier commented, data warehouse approaches allow a high degree of integra-
tion but at the cost of complying with a common database schema, which makes 
it difficult the inclusion of new data sources or the evolution of existing ones. Re-
cently, several research works proposed to create XML data warehouses with data 
published in the Web (see [99] for a review). Basically, XML warehouses propose 
to store the XML data as it is without imposing any common schema. Afterwards, 
by applying clustering techniques and XML schema inference methods, the data 
warehouse provides the proper structures to support data exploration and analy-
sis. However, these systems should face the high heterogeneity the stored XML 
data may present. Unfortunately, well-known XML tools like XPath and XQuery 
are not appropriate in this context, because they assume a well-defined schema.

Current approaches to handle highly heterogeneous XML collections are 
based on both approximate query processing [100,101] and multi-similarity sys-
tems [102]. The former consists of defining a relaxed query (pattern) in order 
to retrieve a list of similar XML documents (fragments). The latter ones provide 
multiple notions of similarity simultaneously in order to account for the hetero-
geneity of the data contained in the stored XML documents. The ArHex system 
[101] combines both methods in order to provide an extensible framework where 
users can adjust their similarity measures to the collection complexity. Such a 
framework could be used as the basis for defining novel exploration and analysis 
tools over highly heterogeneous biological data sets.

Evolution of Data

The rapid development of technologies leads to quickly change both biological 
data and applications working with such data.
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For what concerns data, different problems should be faced. The introduction 
of new versions of data structures already developed leads to the problem of their 
management and also to determine the version on which queries should be evalu-
ated. The evolution of data structures may imply the elimination of the old ver-
sions of data, but it introduces the issue of modifying existing instances in order 
to adhere to the evolved structures.

For what concern applications, the evolution of data structures requires to up-
date the applications working on them in order to work properly with the differ-
ent versions as well as the evolved structures. Moreover, mapping among schemas 
of two sources, when one of the two is modified, needs to be adapted.

The representation of biological data in the XML format can introduce fur-
ther issues when modifying the schema (either represented through a DTD or 
a XML Schema). Specifically, the evolution of a schema may lead to revalidate 
documents already developed according to the old schema to check whether they 
are still valid for the new schema and, whenever they are no longer valid, to adapt 
the documents to the new schema. In [103], the X-evolution framework has been 
presented to address the issue of XML schema evolution. The authors propose 
both graphical and query-based approaches for the specification of schema modi-
fication and for adapting the documents to the new schema. Nevertheless, more 
specific approaches adapted to biological data should be addressed.

Schema modifications also impact on applications, queries, and mappings be-
tween schemas. The impact of schema evolution on queries and mappings has 
been investigated ([104-106]). The issue of automatically extending applications 
working on the original schema when this has evolved has not been addressed in 
the context of XML.

Last, but not least, another issue to be faced is ontology evolution; that is, the 
issue of modifying an ontology in response to a certain change in the domain or 
its conceptualization. The issues of ontology mapping, alignment, and evolution 
and their consequences on ontology instances should be addressed in the highly 
evolving context of biological data ([107-109]).

Security and Data Privacy

The integration and management of heterogeneous data sources into a huge and 
organized data repository supports the scientists in making and proving the va-
lidity of their theories but it also produces as a side-effect the opportunity for a 
malicious user to access to or to make a prediction about relevant sensitive data. 
As an example, in healthcare domain a malicious user may be interested in patient 
genomic information in order to predict its current and future health status.
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The degree of relevance of data and the kind of countermeasures to adopt in 
order to react against a malicious attack depend on several different aspects mainly 
based on the characteristics of the context to be considered and on the type of 
the attack.

Several approaches have been recently proposed to increase privacy and secu-
rity in different context [110–114]. Access control, authentication, policy speci-
fication and enforcing techniques [115–117] are used to filter the requests to the 
sensitive resources so that the access requests coming from unauthorized parties 
be discarded and data be accessible only by users according to the enforced se-
curity policy. On the other hand, data obfuscation and data hiding techniques 
[118–120] are used to preserve privacy and security in presence of data mining 
techniques and they are based on the idea to distort or encrypt confidential data 
so that relevant information can not be easily retrieved.

When the security level increases, by adopting different security techniques 
coexisting together, the data sharing level decreases. Indeed, data are not publicly 
available but accessible only by those holding the required security credentials. A 
right tuning of these levels is desirable in order to satisfy both the security require-
ments and the data sharing demand.

Conclusion

In this paper we pointed out the main current technologies that can be exploited 
for the integration and management of biological data through XML. We out-
lined the proposals for the representation of biological data in XML and discussed 
new interesting approaches that have been emerging in the last few years. We 
can conclude that XML has succeeded as the syntactic glue for biological data 
sources. Nevertheless, XML-based approaches produced a great variety of data 
formats, which makes it difficult to effectively integrate them. The adoption of a 
few semantic-rich standard formats is urgent to achieve a seamlessly integration 
of the current biological resources.
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Stringency of the 2-His–1-Asp 
Active-Site Motif in Prolyl 

4-Hydroxylase

Kelly L. Gorres, Khian Hong Pua and Ronald T. Raines

Abstract
The non-heme iron(II) dioxygenase family of enzymes contain a common 
2-His–1-carboxylate iron-binding motif. These enzymes catalyze a wide va-
riety of oxidative reactions, such as the hydroxylation of aliphatic C–H bonds. 
Prolyl 4-hydroxylase (P4H) is an α-ketoglutarate-dependent iron(II) dioxy-
genase that catalyzes the post-translational hydroxylation of proline residues 
in protocollagen strands, stabilizing the ensuing triple helix. Human P4H 
residues His412, Asp414, and His483 have been identified as an iron-coor-
dinating 2-His–1-carboxylate motif. Enzymes that catalyze oxidative haloge-
nation do so by a mechanism similar to that of P4H. These halogenases retain 
the active-site histidine residues, but the carboxylate ligand is replaced with 
a halide ion. We replaced Asp414 of P4H with alanine (to mimic the active 
site of a halogenase) and with glycine. These substitutions do not, however, 
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convert P4H into a halogenase. Moreover, the hydroxylase activity of D414A 
P4H cannot be rescued with small molecules. In addition, rearranging the 
two His and one Asp residues in the active site eliminates hydroxylase activ-
ity. Our results demonstrate a high stringency for the iron-binding residues in 
the P4H active site. We conclude that P4H, which catalyzes an especially de-
manding chemical transformation, is recalcitrant to change.

Introduction 
Iron is a common cofactor in enzymes that employ molecular oxygen as an oxi-
dant. In addition to those iron-dependent enzymes that rely on heme, there is a 
class of non-heme, mononuclear iron(II) enzymes that catalyze the hydroxyla-
tion of aliphatic C–H bonds, dihydroxylation of arene double bonds, epoxidation 
of C–C double bonds, heterocyclic ring formation, and oxidative aromatic ring 
opening. The iron in these non-heme dioxygenases is commonly coordinated by 
a 2-His–1-carboxylate motif [1]. Two histidine (His) and either one aspartic acid 
(Asp) or one glutamic acid (Glu) residue bind the iron at the vertices of one trian-
gular face of the octahedral metal center, forming a 2-His–1-carboxylate triad of 
facial ligands (Figure 1A). This arrangement leaves three coordination sites on the 
iron open for the substrate, oxygen, and other co-substrates.

Figure 1. Active sites of α-ketoglutarate-dependent iron(II) dioxygenases. (A) The Chlamydomonas reinhardtii 
prolyl 4-hydroxylase contains a 2-His–1-carboxylate facial triad composed of His143, His227, and Asp145. A 
zinc ion (gray) replaced iron in the crystal structure [28]. (B) The SyrB2 halogenase has two histidine residues 
(His116, His235) that coordinate to the iron ion (orange). α-Ketoglutarate is also bound to the iron. Alanine 
(Ala118) is found in place of the carboxylate-containing residue of hydroxylases, allowing space for the chloride 
ion (green) [12].
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A subset of non-heme iron(II) enzymes uses α-ketoglutarate as a co-substrate. 
These dioxygenases also contain the 2-His–1-carboxylate iron-binding motif. The 
substrate binds near the active site, while α-ketoglutarate binds directly to the iron 
in a bidentate manner. The reaction mechanism involves oxidative decarboxyla-
tion of α-ketoglutarate to produce succinate, CO2, and a high energy Fe(IV)-oxo 
intermediate [2]. In a hydroxylation reaction, one atom of oxygen is incorporated 
into the product, and the other into succinate.

Prolyl 4-hydroxylase (P4H) is an α-ketoglutarate-dependent, iron(II) dioxy-
genase, and catalyzes the post-translational hydroxylation of proline residues (Pro) 
during collagen biosynthesis [3]. This hydroxylation reaction forms (2S,4R)-4-
hydroxyproline (Hyp; Figure 2), which is necessary for the proper folding of the 
collagen triple helix [4]. Accordingly, P4H is an essential enzyme for animals 
[5]–[7].

Figure 2. Reaction catalyzed by P4H.

The active site of P4H is within the α subunit of the α2β2 enzyme tetramer. 
The β subunits (protein disulfide isomerase) keep the α subunits soluble and 
retained within the endoplasmic reticulum [8], [9]. The 2-His–1-carboxylate 
iron-binding residues of P4Hα, identified by site-directed mutagenesis, comprise 
His412, Asp414, and His483 [10], [11].

A recently discovered subclass of α-ketoglutarate-dependent, iron(II) dioxy-
genases catalyzes halogenation reactions in natural product biosynthesis. The 
halogenase SyrB2, found in Pseudomonas syringae, catalyzes the conversion of 
threonine to 4-chlorothreonine during the biosynthesis of syringomycin E. The 
three-dimensional structure of SyrB2 revealed a chloride ion present in place of 
a carboxylate ligand in the facial triad [12]. The Asp or Glu present in other 
mononuclear iron enzymes is replaced by alanine (Ala) in SyrB2, creating space 
in the active site for the binding of a chloride ligand to the iron (Figure 1B).  
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The halogenase CytC3 likewise contains a 2-His motif rather than the 2-His–1-
carboxylate facial triad [13].

Despite the difference in iron-binding residues, halogenation is thought to 
follow a mechanism similar to that of P4H and other α-ketoglutarate-dependent 
iron(II) dioxygenases (Figure 3). Decarboxylation of α-ketoglutarate generates a 
reactive Fe(IV)-oxo intermediate, which abstracts a hydrogen atom from a C–H 
bond of the substrate [14], [15]. This reaction yields a substrate radical and a 
Fe(III)-OH complex. Hydroxylated products result from the recombination of 
the substrate radical with the iron-coordinated hydroxyl group. In contrast, the 
radical substrate intermediate of halogenases combines with the chlorine atom 
coordinated to the iron, instead of the hydroxyl group, to produce a chlorinated 
product. This discovery prompts the question of how the enzyme controls prod-
uct formation.

Figure 3. Proposed reaction mechanisms for the hydroxylase P4H (top) and halogenase SyrB2 (bottom). In both 
mechanisms, the intermediates are labeled A–D. A Iron(II) in the active site is bound by a 2-His–1-Asp motif in 
P4H, but a 2-His–1-chloride in SyrB2. The configuration of these residues is not known for human P4H, but is 
drawn in analogy to SyrB2 (Figure 2B). B The reactive iron(IV)-oxo species is formed upon decarboxylation of 
α-ketoglutarate. C The iron(IV)-oxo species abstracts a hydrogen atom from the substrate producing a radical 
intermediate. D In the hydroxylase reaction, the substrate radical recombines with the hydroxyl group. In the 
halogenase reaction, the substrate radical reacts with the chloride ligand.
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Herein, we test the stringency of the iron-binding ligands in P4H. We deter-
mine whether altering the P4H active site so as to mimic that of a halogenase can 
convert its hydroxylase activity into halogenase activity. In addition, we character-
ize the spatial relationships within the active site of P4H by changing the relative 
positions of the residues that constitute the 2-His–1-carboxylate facial triad. The 
results provide insight on enzymes that catalyze difficult but important chemical 
transformations.

Results 
Difference Between Hydroxylases and Halogenases

P4H, an α-ketoglutarate-dependent iron(II) dioxygenase, contains a 2-His–1-
carboxylate motif. In related enzymes that catalyze halogenation reactions, in-
stead of hydroxylations, the carboxylate-containing residue is replaced with Ala, 
providing space for a halide ion to bind to the iron. If the only difference between 
hydroxylation and halogenation is an aspartate versus an alanine, then exchang-
ing these residues should interconvert the activities. The halogenation reaction 
requires the presence of halide ions. Accordingly, we first investigated the activity 
of P4H in the presence of salts. Up to 100 mM KF, NaCl, NaBr, NaI, KF, KCl, 
KBr, or KI had little effect on P4H activity (Figure 4). Higher salt concentrations 
(500 mM) decreased P4H activity by ~80%.

Figure 4. Tolerance of P4H activity to salts. P4H activity is shown in the absence and presence of increasing 
concentrations of sodium chloride (NaCl), sodium bromide (NaBr), sodium iodide (NaI), potassium fluoride 
(KF), potassium chloride (KCl), potassium bromide (KBr), and potassium iodide (KI). Reaction mixtures are 
described in the Materials and Methods section.

The D414A variant of P4H, which has an active site analogous to that of 
SyrB2, was produced, and, as expected [16], lost its hydroxylase activity. Still, no 
halogenated product from reaction mixtures containing D414A P4H was detect-
ed by high-performance liquid chromatography (HPLC) or mass spectrometry, 
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even in the presence of 100 mM sodium fluoride, chloride, or bromide (Table 1). 
Subsequently, a D414G variant was made to provide even more space for a halide 
ion within the active site. This variant likewise had no detectable halogenase or 
hydroxylase activity.

Table 1. Biochemical attributes of P4H variants.

Small Molecules Cannot Replace the Carboxylate in the P4H 
Active Site

Functional groups missing from amino-acid side chains can be restored by small 
molecules that rescue protein function [17]. In the D414A and D414G variants 
of P4H, the carboxylate group is absent. The sodium salt of azide, formate, or 
acetate (100 mM) was added to D414A P4H reaction mixtures, but did not lead 
to the formation of hydroxylated product. Nor was the activity of D414G rescued 
by nitrite or nitrate.

A 3-His Active Site Is Not Functional in P4H
A 3-His active site is found in cysteine dioxygenase, a non-heme, iron(II) dioxyge-
nase related to P4H that does not utilize α-ketoglutarate. To mimic that enzyme, 
Asp414 was replaced with a histidine residue. The D414H variant was, however, 
unable to form a hydroxylated product detectable by either the HPLC-based en-
zyme assay or mass spectrometry.

Spatial Orientation of the 2-His–1-Asp Triad is Critical for 
Activity
The 2-His–1-Asp triad occupies adjacent coordination sites on the iron. The 
relative position of these residues varies with respect to the sites occupied by 
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α-ketoglutarate and oxygen [18]. The locations of the two histidine and aspartate 
residues were shuffled in the H412D/D414H and D414H/H483D variants. No 
hydroxylated product was detected in reactions with either of these P4H variants 
by either HPLC or mass spectrometry. Apparently, the relative positions of the 
components of the 2-His–1-carboxylate triad are critical for the hydroxylation 
activity of P4H.

Discussion
The 2-His–1-carboxylate motif is common to many α-ketoglutarate-dependent 
iron(II) dioxygenases. The related halogenases differ in that the iron is coordinat-
ed by only two His residues. In the halogenases, Ala is located in place of the Asp/
Glu, and a chloride ion binds to the iron in place of the carboxylate ligand. In an 
attempt to coerce P4H to perform halogenation reactions, we created the D414A 
and D414G variants of P4H. Although these variants lose their hydroxylase activ-
ity, they do not gain detectable halogenase activity. Similar experiments have been 
conducted in other dioxygenases to explore the conversion of hydroxylases to 
halogenases, and vice versa. Replacing alanine with aspartate or glutamate in the 
halogenase SyrB2 abolished halogenase activity with no observable hydroxylase 
activity [12]. Substitution of aspartate for alanine in hydroxylase taurine dioxy-
genase (TauD) abolished hydroxylase activity with no gain in halogenase activity 
[19]. The D101A variant of TauD did bind iron, though not as efficiently as did 
the wild-type enzyme, but it was not known if sufficient chloride ion was bind-
ing in the active site. The affinity of D414A P4H and D414G P4H for iron was 
not determined, as even the wild-type P4H does not bind iron with high affinity 
(KM = 5 µM [20]). These P4H variants were able to be produced like the wild-
type enzyme and had a similar affinity for poly(proline) (Table 1), as assessed 
by their retention during poly(proline)-affinity chromatography. Accordingly, we 
conclude that global protein conformation was unaffected by the amino-acid sub-
stitutions.

All data thus far shows that the difference between Fe(II) and α-ketoglutarate-
dependent hydroxylases and halogenases extends beyond the presence or absence 
of an enzymic carboxyl group. Analysis of structural data of the halogenases CytC3 
and SyrB2 suggests that residues that do not make a direct contact with the active-
site iron are essential for binding α-ketoglutarate and a chloride ion [12], [13]. 
Residues that surround the active site form a network of hydrogen bonds, which 
appear to contribute to chloride binding in CytC3 and SyrB2, and could fail to 
do so in the P4H variants.

The hydroxylase activity could not be rescued by a number of small mol-
ecules. Chemical rescue of the residues within the 2-His–1-carboxylate motif of 

© 2011 by Apple Academic Press, Inc.

  



α-ketoglutarate-dependent iron(II) dioxygenases has been demonstrated with 
other enzymes. The activity of the H174A variant of phytanoyl-CoA 2-hydrox-
ylase was rescued with the addition of imidazole [21]. Interestingly, the same 
substitution at the other iron-binding His residue was inert to rescue. Deleterious 
substitutions of the carboxylate ligand have also been rescued by small molecules, 
as demonstrated by the rescue of TauD D101A by formate [19]. These data pro-
vide clues about the accessibility of the enzymic active sites, as well as the toler-
ance to deviation in ligand position.

Although the 2-His–1-carboxylate motif is common to many iron(II) 
α-ketoglutarate-dependent dioxygenases, there are variations of the metal coordi-
nation motif [22]. Whereas the 2-His–1-carboxylate dioxygenases are quite selec-
tive for iron, enzymes containing three histidines and one glutamate (3-His–1-
Glu) coordinate additional metals. Moreover, some dioxygenases do not utilize 
a carboxylate ligand at all. The halogenases, discussed previously, contribute just 
two histidine residues for iron binding. Enzymes with four histidine (4-His) and 
three histidine (3-His) ligands have also been identified. A comparison of the 
3-His and 2-His–1-carboxylate metal sites revealed an overall structural similarity 
with slight differences in metal-ligand distances [23]. Conversion of a 2-His–1-
-carboxylate to a 3-His metal center was accomplished in tyrosine hydroxylase 
[24]. In P4H, the 3-His motif (that is, D414H P4H) did not have detectable 
enzymatic activity. Thus far, glutamate is the only amino acid that can replace 
Asp414 in P4H and maintain activity [11].

Instead of removing the carboxylate ligand, a second Asp/Glu could be added 
to the facial triad or the carboxylate could be relocated. His675 in aspartyl (as-
paraginyl) β-hydroxylase was replaced with Asp or Glu, and the enzyme retained 
20 or 12% of its activity, respectively [25]. Gln or Glu could be substituted for 
His255 in TauD with 81 or 33% retention of its activity, respectively [19]. In 
P4H, however, no activity was found in the H412E or H483E variant [11]. Rear-
rangement of the His and Asp ligands in the P4H active site (as in the H412D/
D414H and D414H/H483D variants) did not result in enzymatic activity, dem-
onstrating that the native orientation of the 2-His–1-carboxylate facial triad is 
critical for P4H catalytic ability.

In conclusion, the 2-His–1-Asp facial triad in the active site of P4H is resistant 
to variation, including alternative iron-binding residues and the spatial position-
ing of the residues. Mutational analysis of the iron-binding residues within non-
heme, iron(II) dioxygenases shows some flexibility at these locations, though no 
pattern has emerged as to which amino acids can endow function at a particular 
position. Although focus has been placed on the common 2-His–1-carboxylate 
iron-binding motif, differences among the non-heme iron(II) dioxygenases point 
toward the importance of residues that do not bind the iron directly. This secondary 
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coordination sphere presumably alters the steric and electrostatic environments of 
the facial triad and influences the reaction mechanism. Three-dimensional struc-
tural information for human P4H, which has thus far eluded crystallization, will 
identify these additional residues, and could provide information that enables the 
design of P4H variants with transformed activity.

Materials and Methods 
Materials

Escherichia coli strain Origami B (DE3) were obtained from Novagen (Madison, 
WI). Enzymes used for DNA manipulation were from Promega (Madison, WI) 
and DNA oligonucleotides for mutagenesis and sequencing were from Integrated 
DNA Technologies (Coralville, IA). DNA sequences were elucidated by capillary 
arrays on an Applied Bioscience automated sequencing instrument at the Univer-
sity of Wisconsin–Madison Biotechnology Center. Poly(proline) was from Sig-
ma Chemical (St. Louis, MO). Luria–Bertani (LB) medium contained tryptone  
(10 g), yeast extract (5 g), and NaCl (10 g). Terrific broth (TB) medium con-
tained tryptone (12 g), yeast extract (24 g), K2HPO4 (72 mM), KH2PO4 (17 
mM), and glycerol (4 mL). All media were prepared in deionized, distilled water, 
and autoclaved.

Instrumentation

UV absorbance measurements were made with a Cary 50 spectrophotometer 
from Varian (Palo Alto, CA). Fast protein liquid chromatography (FPLC) was 
performed with an AKTA system from Amersham–Pharmacia (Piscataway, NJ) 
and the results were analyzed with the UNICORN Control System. High-per-
formance liquid chromatography (HPLC) was carried out with a system from 
Waters (Milford, MA) that was controlled with the manufacturer’s Millennium32 
(Version 3.20) software. Mass spectrometry was performed with a Perkin–Elmer 
(Wellesley, MA) Voyager MALDI–TOF mass spectrometer at the University of 
Wisconsin–Madison Biophysics Instrumentation Facility.

Production and Purification of P4H Active–Site Variants

The pBK1.PDI1.P4H7 plasmid that directs the expression of the α and β sub-
units of human P4H served as a template for mutagenesis [26]. The QuikChange 
site-directed mutagenesis kit (Stratagene) was used to make point mutations in 
the gene encoding the α subunit. The P4H variants were produced and purified 
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by using procedures reported previously [26]. Briefly, P4H cDNA expression in 
E. coli Origami B (DE3) cells was induced at 18°C for 18 h. Cells were harvested, 
lysed by sonication, and fractionated by precipitation with ammonium sulfate. 
P4H variants were purified by chromatography on a poly(proline)-affinity col-
umn, eluting with free poly(proline). Fractions were purified further by anion-
exchange chromatography, followed by gel-filtration chromatography.

HPLC-Based Enzyme Activity Assay

The ability of P4H to catalyze the hydroxylation or halogenation of a proline resi-
due was monitored with an HPLC-based assay described previously [16], [26], 
[27]. Assays were conducted for 20 min at 30°C in 100 µL of 50 mM Tris–
HCl buffer, pH 7.8, containing dithiothreitol (100 µM), catalase (100 µg/mL), 
ascorbate (2 mM), FeSO4 (50–300 µM), α-ketoglutarate (0.5–25 mM), bovine 
serum albumin (1.0 mg/mL), and P4H (0.09–1.5 µM). The synthetic tetrapep-
tide substrate (dansyl-Gly–Phe–Pro–GlyOEt) was added to initiate the reaction. 
A reversed-phase analytical C18 column was used to separate the substrate and 
product peptides. Enzymic reaction mixtures were also analyzed by mass spec-
trometry. To assess the effect of salt on catalysis, KF, NaCl, NaBr, NaI, KF, KCl, 
KBr, or KI was added to reaction mixtures to 10, 100 or 500 mM. To attempt 
to rescue the enzymatic activity of D414A P4H and D414G P4H, the sodium 
salt of azide, nitrite, nitrate, formate, or acetate was added to reaction mixtures 
to 100 mM.
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Abstract
Background

Syringolin A, an important virulence factor in the interaction of the phyto-
pathogenic bacterium Pseudomonas syringae pv. syringae B728a with its host 
plant Phaseolus vulgaris (bean), was recently shown to irreversibly inhibit eu-
karyotic proteasomes by a novel mechanism. Syringolin A is synthesized by a 
mixed non-ribosomal peptide synthetase/polyketide synthetase and consists of 
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a tripeptide part including a twelve-membered ring with an N-terminal va-
line that is joined to a second valine via a very unusual ureido group. Analy-
sis of sequence and architecture of the syringolin A synthetase gene cluster with 
the five open reading frames sylA-sylE allowed to formulate a biosynthesis 
model that explained all structural features of the tripeptide part of syringolin 
A but left the biosynthesis of the unusual ureido group unaccounted for.

Results

We have cloned a 22 kb genomic fragment containing the sylA-sylE gene clus-
ter but no other complete gene into the broad host range cosmid pLAFR3. 
Transfer of the recombinant cosmid into Pseudomonas putida and P. syrin-
gae pv. syringae SM was sufficient to direct the biosynthesis of bona fide sy-
ringolin A in these heterologous organisms whose genomes do not contain ho-
mologous genes. NMR analysis of syringolin A isolated from cultures grown 
in the presence of NaH13CO3 revealed preferential 13C-labeling at the ureido 
carbonyl position.

Conclusion

The results show that no additional syringolin A-specific genes were needed for 
the biosynthesis of the enigmatic ureido group joining two amino acids. They 
reveal the source of the ureido carbonyl group to be bicarbonate/carbon diox-
ide, which we hypothesize is incorporated by carbamylation of valine medi-
ated by the sylC gene product(s). A similar mechanism may also play a role 
in the biosynthesis of other ureido-group-containing NRPS products known 
largely from cyanobacteria.

Background
Syringolins are a family of closely related cyclic peptide derivatives that are se-
creted by many strains of the phytopathogenic bacterium Pseudomonas syringae 
pv. syringae (Pss) in planta and under certain culture conditions [1,2]. Syringolin 
A, the major variant, was shown not only to induce acquired resistance in rice 
and wheat after spray application, but also to trigger hypersensitive cell death at 
infection sites of wheat and Arabidopsis plants infected by compatible powdery 
mildew fungi [3,4]. Recently, syringolin A was shown to be an important viru-
lence factor in the interaction of Pss B728a with its host plant Phaseolus vulgaris 
(bean), and its cellular target has been identified. Syringolin A irreversibly inhibits 
the eukaryotic proteasome by a novel mechanism, representing a new structural 
class of proteasome inhibitors [5,6].

Structure elucidation revealed that syringolin A is a tripeptide derivative con-
sisting of an N-terminal valine followed by the two non-proteinogenic amino 
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acids 3,4-dehydrolysine and 5-methyl-4-amino-2-hexenoic acid, the latter two 
forming a twelve-membered macrolactam ring. The N-terminal valine is in turn 
linked to a second valine via an unusual ureido group (Figure 1A; [1]). The minor 
variants syringolin B to syringolin F differ from syringolin A by the substitution of 
one or both valines with isoleucine residues, by the substitution of 3,4-dehydro-
lysine with lysine, and by combinations thereof [2]. The structure of syringolin A 
suggested that it was synthesized by a non-ribosomal peptide synthetase (NRPS), 
large modular enzymes that activate and condense amino acids according to the 
thiotemplate mechanism (for reviews see e.g. [7-9]). We previously cloned and 
delimited by mutational analysis a genomic region from Pss B301D-R containing 
five open reading frames (sylA-sylE) necessary for syringolin biosynthesis (Fig-
ure 1B; [10]). Whereas sylA and sylE encode a putative transcription activator 
and an exporter, respectively, sylC encodes a typical NRPS module predicted to 
activate valine, whereas sylD codes for two additional NRPS modules (of which 
the first is predicted to activate lysine and the second is predicted to activate va-
line [10]) and a type I polyketide synthetase (PKS) module. Type I PKS are also 
modular enzymes that, similar to fatty acid synthesis, extend a starter molecule 
by condensation/decarboxylation of malonate extender units (for reviews see e.g. 
[11,12]). The analysis of the structure and architecture of the syl gene cluster led 
to the postulation of a model that completely accounts for the biosynthesis of the 
tripeptide part of syringolin A, including its ring structure with the 5-methyl-4-
-amino-2-hexenoic acid and the 3,4-dehydrolysine (Figure 1C, [10]). However, 
although the addition of the ureido group and its attached second valine could 
not be explained by the model, the syl gene cluster did not contain additional 
open reading frames, which, if present, could potentially have been involved in 
the biosynthesis of this unexplained part.

Here we show that the genes sylA-sylE are sufficient to direct the biosyn-
thesis of bona fide syringolin A when heterologously expressed in Pseudomonas 
putida and Pss SM, two organisms which do not produce syringolin A and have 
no syl gene cluster homolog in their genomes. Thus, biosynthesis of the ureido 
group with its attached terminal valine is achieved without additional syringolin 
A-specific genes (i. e. genes with no other function than in syringolin A biosyn-
thesis). We hypothesized that biosynthesis of the ureido group would most likely 
be accomplished by the product of the sylC gene, which would, in addition to 
the extracyclic peptidyl valine, also activate the terminal valine and join the two 
residues by incorporation of a carbonyl group derived from hydrogen carbonate/
carbon dioxide, thus forming the ureido moiety. We demonstrate by NMR spec-
troscopic analysis of syringolin A isolated from Pss cultures grown in the presence 
of NaH13CO3 that the 13C isotope is preferentially found at the position of the 
ureido carbonyl atom. These results support our hypothesis, which may be of rel-
evance for the hitherto unknown biosynthesis of other ureido-group-containing 
NRPS products largely known to be produced by cyanobacteria [13–20].
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Figure 1. Structure and biosynthesis model of syringolin A. A. Structure of syringolin A. Amino acid constituents 
are delimited by bars. Val, valine. B. Genomic region of Pss B301D-R containing the sylA-sylE genes. Boxes above 
and below the line denote ORFs on the top and the bottom strand, respectively. Arrows indicate restriction sites 
used for cloning of the gene cluster into the cosmid pPL3syl. The sylA, sylB, and sylE genes encode a LuxR-type 
transcription activator, a rhizobitoxin desaturase-like protein thought to desaturate the lysine residue, and an 
efflux transporter, respectively [10]. The sylC gene encodes an NRPS module, while sylD codes for two NRPS 
modules and one PKS module [10] C. Biosynthesis model of the tripeptide part of syringolin A. The open 
boxes represent domains in modules of the syringolin A synthetase labeled with C, condensation domain; A, 
adenylation domain; PC, peptide carrier protein; KS, ketoacyl synthase; AT, acyl transferase; DH, dehydratase; 
KR, ketoreductase; AC, acyl carrier protein; TE, thioesterase. The A domains of the NRPS modules are thought 
to activate valine (NRPS mod1), lysine (NRPS mod2), and valine (NRPS mod3) [10]. The question mark 
indicates the unexplained synthesis and attachment of this group. The figures are adapted from [10].

Results
Biosynthesis of Syringolin A in Heterologous Organisms

In order to test whether the sylA-sylE gene cluster was sufficient to direct syringo-
lin A biosynthesis, we constructed a cosmid containing the sylA-sylE genes but no 
other complete gene by taking advantage of AscI and NotI restriction sites flank-
ing the syl gene cluster (Figure 1B). Southern blot analysis of AscI/NotI-digested 
genomic DNA of Pss B301D-R probed with a sylA gene fragment labeled the ex-
pected 22 kb fragment and thus confirmed the uniqueness of the restriction sites in 
the relevant genome region (data not shown). Thus, Pss B301D-R genomic DNA 
digested with AscI and NotI was separated by agarose gel electrophoresis. Frag-
ments in the 20-23 kb size range were eluted and cloned into the wide host range 
cosmid pLAFR3 [21]. After packaging into lambda phages and transfection into 
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E. coli XL-1Blue, the library was screened with a radiolabeled sylA gene probe. 
Positive clones were isolated and confirmed to contain the complete syl gene clus-
ter by PCR amplification and sequencing of the expected insert ends. One of the 
confirmed clones was designated pPL3syl and chosen for further work.

To test the functionality of pPL3syl, the markerless Pss B301D-R mutant Δsyl 
was constructed in which the complete syl gene cluster was deleted. The pPL3syl 
cosmid was then mobilized into the Δsyl deletion mutant by triparental mating. 
We previously showed that infiltration of syringolin A-producing Pss strains or 
isolated syringolin A into rice leaves leads to the accumulation of transcripts cor-
responding to the defense-related Pir7b gene (encoding an esterase; [22]), whereas 
strains or mutants unable to synthesize syringolin A do not activate this gene 
[1,23]. Syringolin A was originally identified and isolated based on its action 
on the Pir7b gene in rice [1]. We thus infiltrated the B301D-R wild-type strain, 
the syringolin-negative mutants Δsyl and sylA_KO (contains a plasmid insertion 
interrupting the sylA transcription activator gene [10]), as well as Δsyl (pPL3-
syl), the deletion mutant complemented with pPL3syl, into rice leaves. RNA was 
extracted and subjected to gel blot analysis with regard to Pir7b transcript accu-
mulation. As expected and in contrast to the wild type, the syringolin A-negative 
mutants did not induce Pir7b transcript accumulation, whereas the deletion mu-
tant complemented with the pPL3syl cosmid led to a much stronger induction 
of the Pir7b gene (Figure 2A). This strongly suggested that pPL3syl contained a 
functional syl gene cluster able to direct syringolin A synthesis in the Δsyl deletion 
mutant. This does not exclude the possibility that genes not present in the syl gene 
cluster are necessary for syringolin A production because such genes would also be 
present in the Δsyl mutant background.

Next we wanted to mobilize pPL3syl into Pseudomonas strains not carrying 
syl gene homologs and lacking syringolin A production as evidenced by PCR, 
DNA gel blot analysis of genomic DNA, high performance liquid chromatogra-
phy (HPLC) analysis of culture supernatants with regard to syringolin A content, 
infiltration into rice leaves followed by monitoring of Pir7b transcript accumula-
tion, and whole genome sequence comparisons where possible (data not shown). 
After repeated unsuccessful attempts to transfer pPL3syl into the P. syringae pv. 
tomato DC3000 strain (all tetracycline-resistant putative transformants analyzed 
contained deletion variants of pPL3syl), the cosmid was successfully transferred 
into the non-pathogenic bacterium P. putida P3 [24] and Pss SM, a strain origi-
nally isolated from wheat [23,25]. Gel blot analysis of RNA extracted from rice 
leaves infiltrated with parental and transformed strains showed that, as expected, 
P. putida P3 and Pss SM did not induce Pir7b transcript accumulation. In con-
trast, both strains lead to Pir7b gene induction when carrying the pPL3syl cosmid 
(Figure 2B), suggesting that pPL3syl conferred the ability for syringolin A biosyn-
thesis to these strains.
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Figure 2. Gel blot analysis of Pir7b transcript accumulation. A. RNA was extracted from rice leaves infiltrated 
with water (C), Pss B301D-R (WT), a sylA plasmid insertion mutant (sylA_KO), a syl cluster deletion mutant 
(Δsyl), and Δsyl (pPL3syl), the deletion mutant complemented with the wild-type syl gene cluster. Top panel, 
autoradiogram (exposed for 5 h); bottom panel, ethidium bromide (EtBr)-stained agarose gel. B. Lanes were 
loaded with RNA extracted from rice leaves infiltrated as indicated. C, water control; B301D-R, Pss wild-type 
strain; P.p, P. putida P3; P.p. (pPL3syl), P. putida P3 transformed with the syl gene cluster; SM, Pss SM; SM 
(pPL3syl); Pss SM transformed with pPL3syl, and syringolin A solutions of the indicated concentrations. Top 
panel, autoradiogram (exposure times indicated on top), bottom panel, EtBr-stained gel.

To confirm this, the transformed strains were grown in shaken cultures in 
SRMAF medium and conditioned media were analyzed by HPLC. As shown in 
Figure 3, both strains produced a compound eluting at 15.5 min, the elution time 
of the syringolin A standard. Peaks were collected from multiple HPLC runs and 
subjected to mass spectrometry. HPLC-high resolution-electrospray ionization-
mass spectrometry (HPLC-HR-ESI-MS) of the peaks from Pss SM and P. putida 
P3 carrying pPL3syl, and the Pss B301D-R wild type showed quasi-molecular 
ions [M+H]+ at m/z 494.29808 (1.5 ppm difference from calculated exact mass), 
494.29653 (1.1 ppm), and 494.29799 (1.4 ppm), respectively, matching the em-
pirical formula C24H40N5O6+ (protonated adduct of syringolin A; calculated 
exact mass 494.29731). We conclude from these experiments that the syl genes 
contained in pPL3syl are sufficient to direct syringolin A biosynthesis in these 
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heterologous strains and no further syringolin A-specific genes, i.e. genes that 
exclusively function in syringolin A biosynthesis, are necessary.

Figure 3. HPLC analysis of syringolin A content in conditioned SRMAF media. Conditioned media were sterile-
filtrated and 20-µl-aliquots were loaded on the column. Absorption was monitored at 206 nm. Labels of HPLC 
traces are the same as in the legend to Figure 2B.

The Ureido Carbonyl Group of Syringolin a is Incorporated 
From Bicarbonate/Carbon Dioxide

The above results raised the question of how the ureido-valine is synthesized and 
incorporated into syringolin A. We hypothesized that this would most likely be 
accomplished by the product of the sylC gene, which would, in addition to the 
N-terminal valine of the tripeptide part of syringolin A, also activate the second 
valine and join the two residues via their amino groups formally by amidation of 
carbonic acid, thus forming the ureido moiety. If true, feeding syringolin A-pro-
ducing cultures with 13C-labeled hydrogen carbonate should result in syringolin 
A that is preferentially labeled with 13C at the ureido carbonyl position. Thus, Pss 
B301D-R transformed with pOEAC, a plasmid carrying the sylA transcriptional 
activator gene under the control of the lacZ promoter, was grown in SRMAF me-
dium. After 48 h, 13C-labeled sodium hydrogen carbonate was added to a final 
concentration of 70 mM and the culture was further grown for 20 h. Syringolin 
A was isolated from conditioned medium as described [4] and subjected to 13C 
NMR analysis.

The spectrum of labeled syringolin A was normalized in order to get the same 
signal intensities for the valine methyl groups as in the unlabeled sample. Com-
parison of the normalized NMR spectra revealed that the signal from the ureido 
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carbon atom in 13C-labeled syringolin A was 45-fold stronger than the corre-
sponding signal from unlabeled syringolin A (Figure 4). Inspection of the resolved 
13C satellite of the valine methyl group at lowest field in the 1H spectrum of 
labeled syringolin A (data not shown) suggests a 13C content close to natural 
abundance. Therefore, the 45-fold signal enhancement in labeled syringolin A 
directly corresponds to the absolute 13C enrichment at this site. The normalized 
signal strengths of all other C atoms were equal in labeled and unlabeled syringo-
lin A, with the exception of the C4 position of 3,4-dehydrolysine, whose signal 
was enhanced approximately 16-fold in 13C-labeled syringolin A (Figure 4A, B). 
Inspection of biosynthetic pathways using the KEGG database [26] revealed that 
this can be attributed to a carboxylation reaction in the biosynthesis of lysine. The 
C4 atom of lysine represents the C4 atom of L-aspartate-4-semialdehyde, a deriv-
ative of aspartate, which is condensed to pyruvate to yield the intermediary com-
pound L-2,3-dihydrodipicolinate in bacterial lysine biosynthesis. The C4 atom of 
aspartate in turn originates from the carboxylation of pyruvate to oxaloacetate, an 
intermediary compound in the tricarboxylic acid cycle, which is transaminated to 
aspartate. Thus, enhanced 13C-labeling of lysine with H13CO3- at the C4 posi-
tion is to be expected. We note that malonate will also be labeled by H13CO3- as 
it is derived from acetate by carboxylation. However, the label will be removed 
by the condensation/decarboxylation of malonate to the peptide chain during 
syringolin A biosynthesis. We conclude from this analysis that our hypothesis is 
correct, i.e. that the ureido carbonyl moiety in syringolin A originates from the 
incorporation of hydrogen carbonate/carbon dioxide.

Figure 4. 13C-NMR spectra of in vivo NaH13CO3-labeled and unlabeled syringolin A. The spectra of NaH13CO3-
labeled (A) and unlabeled (B) syringolin A have been scaled to give equal signal intensities for the methyl groups 
of the valine residues (17.4, 17.5, 19.0, and 19.1 ppm shifts). The signals at 157.8 ppm (marked 1; clipped off) 
and 132.8 ppm (marked 2) correspond to the ureido carbonyl group and the lysine C4 position, respectively. 
DMSO, DMSO solvent signal. C. Scaled-down version of part of the spectra given in (A) and (B) to show the 
difference in signal intensity of the ureido carbonyl group in NaH13CO3-labeled and unlabeled syringolin A, 
respectively.
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Discussion
We have demonstrated that the syl gene cluster is sufficient to direct syringolin A 
synthesis in heterologous organisms. Although the biosynthesis model presented 
earlier [10] plausibly explained every structural feature of the syringolin A tripep-
tide part through the enzymatic actions of the sylB, sylC, and sylD gene products, 
the generation and condensation of the ureido valine remained enigmatic. As the 
other genes present in the syl cluster encode a transcriptional activator (sylA gene) 
and an exporter (sylE gene), a plausible hypothesis was that the sylC-encoded 
NRPS module not only activated the N-terminal peptidyl valine, but also the 
ureido valine, and that the ureido carbonyl moiety is incorporated from hydro-
gen carbonate/carbon dioxide. As shown above, in vivo labeling of syringolin A 
with 13C-hydrogen carbonate supports this hypothesis. Currently, we can only 
speculate how this is achieved. One possibility is that the quaternary syringolin A 
synthetase complex may contain two (not necessarily identical) molecules derived 
from the sylC gene per SylD polypeptide. Both sylC gene products would activate 
valine, or, to a certain degree, isoleucine in minor syringolin variants [2]. The 
first valine would then be carbamylated by HCO3

-/CO2, perhaps without the ac-
tion of another enzyme, as has been reported for the carbamylation of a catalytic 
lysine residue in β-lactamases of class D [27,28]. The ureido moiety would then 
be formed by amide bond formation between the carbamylated valine and the 
second valine. In this scenario, it remains unclear how the first valine, which, like 
the second one, is envisioned to be bound to the peptide carrier protein domain 
by a thioester bond, is released upon ureido bond formation. It is also conceivable 
that ureido bond formation is achieved by a single SylC protein, which contains a 
condensation domain usually absent from starter modules that may be involved. 
To clarify these issues, more structural information about the large syringolin 
A synthetase and the SylC module must be obtained. The reconstitution of the 
enzymatic activities of the module(s) derived from the sylC gene in vitro will be 
challenging.

In addition to the syringolin family of compounds, a number of other natural 
cyclic peptides mostly isolated from cyanobacteria have been described in the lit-
erature that contain extracyclic ureido groups linking two different amino acids. 
These include anabaenopeptins from Anabaena, Oscillatoria, and Planktothrix 
species [13-16], ferintoic acids from Mycrocystis aeruginosa [17], pompanopep-
tins from Lyngbya confervoides [18], as well as mozamides and brunsvicamides, 
compounds of presumably cyanobacterial origin isolated from sponges [19,20]. 
Bicarbonate/CO2 may also be the source of the ureido carbonyl group joining 
two extracyclic amino acids in the biosynthesis of these compounds, which, to our 
knowledge, has not been elucidated so far.
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Conclusion
Our results show that the syl biosynthesis gene cluster was sufficient to direct 
the biosynthesis of bona fide syringolin A, including the enigmatic ureido group 
joining two amino acids. They reveal the source of the ureido carbonyl group 
to be bicarbonate/carbon dioxide, which we hypothesize is incorporated by car-
bamylation of valine mediated by the sylC gene product(s). A similar mechanism 
may also play a role in the biosynthesis of other ureido-group-containing NRPS 
products known largely from cyanobacteria.

Methods
Construction and Expression of pPL3syl

Unless stated otherwise, standard protocols were used [29]. Genomic DNA from 
Pss B301D-R was isolated and 11 µg were digested with the restriction enzymes 
AscI and NotI. AscI and NotI sites are both unique in the syl gene region (Gen-
Bank: AJ548826) located at position 2052 and 24124, respectively, within the 
ORFs flanking the sylA-sylE ORFs (3507-23596). A DNA gel blot was prepared 
with 1 µg of the digested DNA and probed with a 32P-labeled sylA gene fragment 
PCR-amplified from genomic DNA with primers P1 (5’-ccatcgatggagtagagtgatg-
gc) and P2 (5’-ggaattcttacaaaattcccatcttg). The rest of the digested DNA was sepa-
rated on a 0.4% agarose gel and the DNA in the 20-23 kb size range was cut out, 
electrophoretically eluted into a dialysis bag (10 kDa cutoff), extracted first with 1 
volume of phenol and then with 1 volume of phenol-chloroform-isoamylalcohol 
(25:24:1), precipitated with ethanol and finally taken up in TE (10 mM Tris-HCl, 
pH 8; 1 mM EDTA). Fragments were ligated into the HindIII/BamHI-cut broad 
host range cosmid vector pLAFR3 [21] using adaptors prepared by annealing the 
oligonucleotide 5’-cgcgccaagcttcca with 5’-agcttggaaagcttgg (AscI/HindIII adap-
tor) and 5’-ggccgctagtcaggag with 5’-gatcctcctgactagc (NotI/BamHI adaptor), 
respectively. Ligation products were packaged into lambda phage particles using 
the Gigapack III Gold Packaging Kit (Stratagene, La Jolla, California) and the 
library was plated out on E. coli XL1-Blue (Stratagene) and screened according 
to the instructions of the manufacturer using the 32P-labeled sylA gene fragment 
described above as a probe. Positive clones were isolated and confirmed to contain 
the complete syl gene cluster by PCR amplification and sequencing of the insert 
end fragments using primers 5’-ccggcctacacgcattc (sylA end) and 5’-agcaacctggat-
gtacgg (sylE end) with the respective adaptor oligonucleotides (see above).

pPL3syl was transferred from XL1-Blue to Pseudomonas strains by triparental 
mating using the E. coli helper strain HB101 (pRK600) [30,31].
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Construction of the Syl Gene Cluster Deletion Mutant Δsyl

Two fragments of 783 bp and 655 bp length flanking the syl gene cluster on the 
5’ and 3’ side, respectively, were amplified by PCR from Pss B301D-R genomic 
DNA using the primer pairs P3 (5’-cgggatccaacctgaaatgggagagtc; base given in 
bold at position 2297 in GenBank:AJ548826) and P4 (5’-agcgcgaggactcaatgt-
gaaaacaacg; bold base at position 3072), and P5 (5’-tcacattgagtcctcgcgctggtaacc; 
bold base at position 23600) and P6 (5’-ttctgcagtcaagcctgacgaaaagc; bold base 
at position 24247), respectively. The two bands were isolated and joined by 
overlap extension PCR using primers P3 and P6 to yield a fragment flanked 
by BamHI and PstI restriction sites in which the syl gene cluster from position 
3073-23599 (GenBank:AJ548826) was missing. The deletion is nearly identi-
cal with the one in the completely sequenced P. syringae pv. tomato DC3000 
(GenBank:NC_004578.1), which does not contain a syl gene cluster. The frag-
ment was cut with BamHI and PstI and cloned into the respective restriction 
sites in the cloning box of the suicide vector pME3087 (TcR, ColE1 replicon 
[32]). The recombinant plasmid was transformed into E. coli S17-1 (thi pro hsdR 
recA; chromosomal RP4 (Tra+ TcS KmS ApS; transfer gene-positive, tetracycline-
sensitive, kanamycin-sensitive, ampicillin-sensitive) [33]) and mobilized into Pss 
B301D-R. Tetracycline-resistant colonies were grown in LB medium over night at 
28°C on a rotary shaker (220 rpm). For selection of tetracycline-sensitive colonies, 
the overnight cultures were diluted 100-fold with LB. After 2 h of growth, tetra-
cycline was added (20 µg/ml final concentration) and the cultures were grown for 
1 h, after which the bactericide carbenicillin (2 mg/ml final concentration) was 
added for 3 h. The bacteria were then collected by centrifugation, and after wash-
ing them twice in LB, the selection procedure was repeated another 3 times. The 
cultures were then replica-plated on LB plates with and without tetracycline (10 
µg/ml) and tetracycline-sensitive colonies were isolated (about 2-3%). The de-
sired deletion mutants were distinguished from wild-type revertants and verified 
by sequencing of a 1.7 kb DNA fragment amplified from genomic DNA by PCR 
using primers 5'-attactcgaccagttccg and 5'-ttacgcaatggtatgatgc which are located 
outside the fragment cloned into the suicide vector pME3087 at position 2113 
and 24385 (GenBank:NC_007005.1), respectively.

Construction of pOEAC

The sylA ORF was amplified from genomic DNA using the primers P7 (5’-cca-
tcgatggagtagagtgatggc; ClaI site in italics, translation initiation codon indicated 
in bold) and P8 (5’-ggaattcttacaaaattcccatcttg; reverse primer; EcoRI site in ital-
ics, reverse stop codon in bold), digested with ClaI and EcoRI, and cloned into 
the respective polylinker sites of the pME6001 (GmR) expression vector [34], 
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thereby placing it under the control of the lacZ promoter. The resulting plasmid 
was named pOEA. As it turned out that pOEA did not confer gentamycin resis-
tance in SRMAF medium, pOEAC was used, a derivative of pME6014 (TetR) [35], 
which, in addition to the lacZ::sylA chimeric gene, contained a sylC::lacZ report-
er fusion gene in opposite orientation (the reporter gene is of no relevance in the 
present context). To construct pOEAC, the lacZ::sylA fusion gene was amplified 
from pOEA with primers P8 (see above) and P9 (5’-accgtccaacattaatgcagctgg; up-
stream of lac promoter; bold base complementary to position 987 of pBluescript 
vector (GenBank:X52329)) and joined with a sylC promoter fragment (position 
5409-5649 of GenBank:AJ548826) that was amplified with primers P10 (5’-
ctgcattaatgttggacggtctgc; bold base at position 5409) and P11 (5’-aactgcagtcat-
gacggcctcggat; PstI site in italics, bold base at position 5649) by overlap extension 
PCR using primers P8 and P11. The resulting fragment was digested with EcoRI 
and PstI and cloned between the respective sites in the polylinker of pME6014.

Bacterial Infiltration of Rice Leaves and RNA Gel Blot 
Analysis

Bacterial strains were grown on a rotary shaker (220 rpm) over night at 28°C in 
LB containing, where appropriate, 10 µg/ml tetracycline. Bacteria were pelleted 
by centrifugation, washed twice in distilled water, resuspended in distilled water 
at an optical density at 600 nm (OD600) of 0.4 (approximately 108 cfu), and 
infiltrated into first leaves of 14-day-old rice plants (Oryza sativa cv. Loto; sup-
plied by Terreni alla Maggia, Ascona, Switzerland) as described previously [23]. 
RNA was extracted from infiltrated leaves 16 h after infiltration and subjected to 
gel blot analysis using a 32P-labeled Pir7b cDNA probe (GenBank:Z34270[23]) 
according to standard procedures [29].

HPLC Analysis and Mass Spectrometry of Syringolin A

To analyze conditioned media with regard to syringolin A content, Pseudomonas 
strains were grown in SRMAF medium [36,37] at 28°C for 60 h on a rotary 
shaker (220 rpm). Bacteria were pelleted by centrifugation and the supernatant 
was sterile filtered (0.22 µm pore size). Two-hundred-microliter aliquots were 
acidified with trifluoroacetic acid (TFA; 0.3% final concentration) and subjected 
to reverse-phase HPLC with a Reprosil 100-5 C18 250/4.6 column (Dr. Maisch 
GmbH, Ammerbuch-Entringen, Germany) on a Dionex UltiMate 3000 system 
(Dionex Corporation, Sunnyvale, CA). Elution was performed isocratically with 
20% acetonitrile and 0.06% TFA in water at a flow rate of 1 ml/min.
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High-resolution electrospray mass spectra were recorded on a Bruker maXis 
QTOF-MS instrument (Bruker Daltonics GmbH, Bremen, Germany). The sam-
ples were dissolved in MeOH and analyzed via continuous flow injection at 3 µl/
min. The mass spectrometer was operated in positive ion mode with a capillary 
voltage of 4 kV, an endplate offset of -500 V, nebulizer pressure of 5.8 psig, and 
a drying gas flow rate of 4 l/min at 180°C. The instrument was calibrated with a 
Fluka electrospray calibration solution (Sigma-Aldrich, Buchs, Switzerland) that 
was 100 times diluted with acetonitrile. The resolution was optimized at 30'000 
FWHM in the active focus mode. The accuracy was better than 2 ppm in a mass 
range between m/z 118 and 2721. All solvents used were purchased in best LC-
MS qualities.

13C-labeling and NMR Spectroscopy

Pss B301D-R was transformed with pOEAC and grown in LB containing 10 
µg/ml tetracycline on a shaker at 28°C until an OD600 of approximately 0.5 was 
reached. Bacteria were collected by centrifugation, washed twice with SRMAF me-
dium, and taken up in SRMAF medium at an OD600 of 0.3. Fifty-ml cultures 
were inoculated with 0.01 volume of the bacterial suspension and incubated at 
28°C on a shaker (220 rpm). After 48 h, NaH13CO3 (98%; Sigma-Aldrich, Bu-
chs, Switzerland) was added to a final concentration of 70 mM and incubation 
was continued for 20 h. Bacteria were pelleted and syringolin A was isolated from 
sterile-filtrated conditioned media as described [4].

1H broadband decoupled 13C NMR spectra were recorded at 25°C on a 
Bruker Avance III 600 MHz spectrometer equipped with a cryogenic 5 mm CP-
DCH probe head optimized for 13C detection. Two samples were prepared by 
dissolving 200 µg of labeled syringolin A in 130 µl DMSO-d6 and 5 mg of un-
labeled syringolin A in 750 µl DMSO-d6, respectively. The labeled sample was 
transferred to a 3 mm Shigemi tube, the unlabeled sample was transferred to a 
regular 5 mm NMR tube. The spectral width in both spectra was 248.5 ppm, the 
transmitter was set to 100 ppm. The excitation pulse angle was set to 45°. The 
acquisition time was 2.1 s with a waiting time of 0.3 s between two scans. Both 
spectra were 1H broadband decoupled using the waltz16 composite-pulse de-
coupling scheme. The resulting fid consisted of 157890 total data points. For the 
unlabeled syringolin A sample 4000 scans were accumulated. For the labeled sy-
ringolin A sample 29605 scans were accumulated. Both spectra were zero filled to 
131072 complex data points and processed using an exponential line broadening 
of 2 Hz. The samples contained no internal chemical shift reference and the spec-
tra were referenced to the solvent peak (39.5 ppm). By comparison with chemical 
shifts listed in [1] the signals at 157.8 ppm and 132.8 ppm were assigned to the 
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ureido CO group and the olefinic C at position 4 in the 3,4-dehydrolysine moi-
ety, respectively.
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Abstract
Background

Helical repeat motifs are common among regulatory subunits for type-1 
and type-2A protein Ser/Thr phosphatases. Yeast Sit4 is a distinctive type-
2A phosphatase that has dedicated regulatory subunits named Sit4-Associat-
ed Proteins (SAPS). These subunits are conserved, and three human SAPS- 
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related proteins are known to associate with PP6 phosphatase, the Sit4 human  
homologue.

Results

Here we show that endogenous SAPS subunit PP6R3 co-precipitates half of 
PP6 in cell extracts, and the SAPS region of PP6R3 is sufficient for binding 
PP6. The SAPS domain of recombinant GST-PP6R3 is relatively resistant 
to trypsin despite having many K and R residues, and the purified SAPS do-
main (residues 1-513) has a circular dichroic spectrum indicative of mostly 
alpha helical structure. We used sequence alignments and 3D-jury methods 
to develop alternative models for the SAPS domain, based on available struc-
tures of other helical repeat proteins. The models were used to select sites for 
charge-reversal substitutions in the SAPS domain of PP6R3 that were test-
ed by co-precipitation of endogenous PP6c with FLAG-tagged PP6R3 from 
mammalian cells. Mutations that reduced binding with PP6 suggest that 
SAPS adopts a helical repeat similar to the structure of p115 golgin, but dis-
tinct from the PP2A-A subunit. These mutations did not cause perturbations 
in overall PP6R3 conformation, evidenced by no change in kinetics or prefer-
ential cleavage by chymotrypsin.

Conclusion

The conserved SAPS domain in PP6R3 forms helical repeats similar to those 
in golgin p115 and negatively charged residues in interhelical loops are used 
to associate specifically with PP6. The results advance understanding of how 
distinctive helical repeat subunits uniquely distribute and differentially regu-
late closely related Ser/Thr phosphatases.

Background
Helical repeat motifs such as ANK, HEAT, and ARM are thought to primarily 
mediate protein-protein interactions (see reviews[1-3]). Helical repeat motifs are 
a recurrent theme among regulatory subunits for different protein Ser/Thr phos-
phatases. Best studied is the A or PR65 subunit of PP2A, an all-helical subunit 
first designated to consist of Armadillo (ARM) sequence repeats, that were later 
called HEAT repeats [4], a name derived from proteins with related sequence 
motifs: Huntingtin’s, elongation factor, A subunit of PP2A and TOR. The 3D 
structure of the A subunit of PP2A alone [5], as a dimer bound to the PP2A cata-
lytic subunit [6], and as a scaffold to assemble PP2A heterotrimers [7-9], showed 
the all-helical organization and revealed differences in overall conformation due 
to association with the other subunits. The extended arc of helices is shaped 
like a banana in the monomer or heterodimer and closes to a horseshoe-shaped  
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conformation in the heterotrimer. In addition, in the ABC trimers the regula-
tory B’56 subunit of PP2A was found to be a HEAT-like helical repeat protein 
that contacts both the A and C subunits. The structure of B’56 was unexpected 
because it was not predicted based on sequence alignments with other HEAT-
repeat proteins. Another example of helical repeat motifs in protein phosphatase 
subunits is the MYPT1 subunit for PP1, with 8 ankyrin repeats [10]. In the 3D 
structure these repeats form an arc of alpha helices to engage the top surface of 
the PP1 catalytic subunit and enwrap the C-terminal tail that protrudes from the 
top surface of the subunit. Both the ANK repeats as well as a separate structural 
element consisting of an alpha helix plus a neighboring strand with the canonical 
RVxF motif make contacts with the PP1 catalytic subunit. Based on these ex-
amples there is the expectation that other phosphatase regulatory subunits might 
be comprised of helical repeat structures and use these repeats to mediate subunit-
subunit association.

The yeast Sit4 phosphatase is related in sequence and properties to members 
of the type-2A family of protein Ser/Thr phosphatases [11]. Strains with temper-
ature-sensitive mutations (sit4ts) are rescued by ectopic expression of human PP6 
[12], but not the close relative PP4, showing functional complementation across 
species, but specificity for the individual type of catalytic subunit. The results 
argue for distinct lines of evolutionary descent for PP2A, PP6 and PP4, with a 
high degree of conservation within each line. Yeast Sit4 has multiple associated 
subunits that co-immunoprecipitate, first named Sit4-Associated Proteins (SAP) 
[13]. Sequence alignments using a region common in the yeast SAP identified 
SAPS in various species, including three human proteins (KIAA1115, KIAA0685 
and C11orf23), which were renamed PP6R1, PP6R2 and PP6R3 and shown to 
co-precipitate with PP6, but neither PP4 nor PP2A [14]. The sequence motif in 
yeast and human proteins, as well as in other species, has been designated as a 
“SAPS” domain by PFAM http://pfam.sanger.ac.uk/ webcite. These SAPS do-
main proteins are proposed to function as specific regulatory subunits for PP6. 
Truncation of the C-terminal region of PP6R1 did not compromise co-precip-
itation with PP6, showing that the designated SAPS domain was sufficient for 
binding the catalytic subunit.

The physiological function(s) of this family of SAPS domain proteins as spe-
cific regulatory subunits is not yet well understood. Knockdown of individual 
SAPS domain subunits by siRNA mimics knockdown of PP6 catalytic subunit 
itself in terms of effects on putative individual substrates such as IκBε and DNA-
PK [14,15]. The results argue that all three SAPS subunits can individually asso-
ciate with PP6, but the different PP6 complexes have non-overlapping substrate 
specificity. The conservation of SAPS function in PP6R1, PP6R2 and PP6R3 
subunits is demonstrated by their ability to co-precipitate endogenous Sit4 when 
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expressed in yeast strains deleted for their endogenous SAPs [16]. Furthermore, 
the human SAPS proteins partially restored functions in these strains. Proteomics 
discovered association of PP6R1 with multiple ankyrin repeat domain proteins 
(Ankrd), suggesting a heterotrimeric organization of PP6 [17]. This makes the 
mammalian PP6 different from the yeast Sit4 because the Ankrd genes are not 
found in yeast and there is no evidence for Sit4 heterotrimers. This opens the 
possibility that the Ankrd subunits function to target and regulate PP6 actions 
in addition to the SAPS subunits. Here we analyzed the properties of the PP6R3 
subunit using partial proteolysis, deletions and co-precipitation assays from cells. 
The SAPS domain sequences were used to produce alternate structural models of 
helical repeat motifs, and these models were used to select sites for point muta-
tions that were assayed by co-precipitation. The results indicate the SAPS domain 
subunits of PP6 use a newly-found variation of the helical repeat theme to achieve 
selective recognition of PP6c.

Methods
Antibodies, Immunoprecipitation and Immunoblotting

Anti-FLAG antibodies were purchased from Sigma-Aldrich and used at a dilu-
tion of 1:5000 (Rabbit) or 1:3000 (mouse). Goat anti-rabbit Alexa Fluor 680 and 
donkey anti-sheep Alexa Fluor 680 were purchased from Molecular Probes and 
Invitrogen and used at a 1:5000 dilution. Goat anti-mouse IRDye 800 and anti-
chicken IRDye 800 antibodies were purchased from Rockland Immunochemicals 
and used at a 1:5000 dilution. Rabbits were immunized with purified recom-
binant GST made in bacteria, and anti-GST antibodies were affinity-purified 
from serum and used at a 1:5000 dilution. Antibody against PP6 [14] was used 
at a 1:3000 dilution. Sheep were immunized with purified recombinant GST-
PP6R3 made in bacteria, and antibodies were affinity-purified from serum against 
MBP-PP6R3 and used at a 1:2000 dilution. Anti-PP6R3 beads were prepared as 
follows: 200 µl of protein-G agarose beads were incubated with 400 µg of affin-
ity purified anti-PP6R3 in 2 ml at room temperature for 1 h. Beads were then 
washed twice by centrifugation with 1 ml of 0.2 M sodium borate solution, pH 
9.0. Beads were resuspended in 1 ml of sodium borate and a final concentration 
of 20 mM disuccinimdyl pimelimate added. After incubation at room tempera-
ture for 30 min the coupling reaction was stopped by washing the beads once by 
centrifugation, with resuspension and incubation in 0.2 M ethanolamine for 2 h 
at room temperature. Beads were washed twice by centrifugation and resuspended 
in PBS. Chicken anti-PP6R3 IgY antibodies were prepared using GST-PP6R3 as 
immunogen by Aves Laboratories (California).
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For immunoprecipitation cells were washed with ice-cold PBS then lysed with 
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5 mM 
NaF and protease inhibitor mixture set V, EDTA-free (Calbiochem). After 15 
min on ice cells were scraped and the suspension transferred to a tube, mixed on 
a vortex, and centrifuged at 20,000 × g for 20 min. Supernatants were used for 
immunoprecipitation with 30 µl of immobilized anti-PP6R3 or anti-FLAG beads 
(M2, Sigma) overnight at 4°C with gentle rotation. Beads were washed 3 times 
with the lysis buffer then boiled 5 min in 2 × SDS sample buffer. SDS-PAGE 
was done using acrylamide/Bis 29:1 as previously described [14] or using pre-cast 
CRITERION gradient gels (BioRad). Gels were stained with Coomassie blue or 
GelCode (Thermo Scientific), or proteins were transferred by electrophoresis onto 
nitrocellulose for immunoblotting, and developed using LI-COR Odyssey Infra-
red Imaging System (LI-COR biotechnology). This scanner provides quantitative 
analysis with a extended range of linear response.

Plasmids and PCR

DNA of human PP6R3 was amplified by PCR from HeLa cDNA gener-
ated by Thermoscript poly(dT) reverse transcription-PCR (Invitrogen) follow-
ing the manufacturer’s protocol. The primers for PCR of PP6R3 were 5’-GAA 
TTC ATG TTT TGG AAA TTT GAT CTT C-3’ as the forward primer and 
5’-CTC GAG CAC TTC AGT GAA TGG CCC TGT ATC ACT G-3’ as the 
reverse primer. PP6R3 fragments 1-355 and 1-513 were generated using the 
same forward primer as PP6R3 full length, and 5’-CTCGAGTCAAAGCAG-
GCTGGATATCAACCTAATG-3’ and 5’-CTCGAGTCAGTTCCTCTTGT-
TAGTTTCTCCTAAG-3’ as reverse primers respectively. PP6R3 512-873 was 
generated using 5’-GAATTCACGGTAGATCTAATGCAAC-3’ as the forward 
primer and 5’-CTCGAGTCATACAGGGCCATTCACTGAAGTG-3’ as the re-
verse primer. For directed mutagenesis, the QuickChange site-directed mutagen-
esis kit was used according to manufacturer’s protocol. Primers for E63-E64 to K 
were 5’-GTCTCATTCATTATAAAAAAACCACCTCAAGACATGGATG-3’ as 
the forward primer and 5’-CATCCATGACTTGAGGTGGTTTTTTTATAAT-
GAATGAGAC-3’ as the reverse primer. Primers for mutation of D113 to R 
were 5’-GCTTCCTCCTAAACCGTTCCCCTTTGAATCCACTAC-3’ and 
5’-GTAGTGGATTCAAAGGGGAACGGTTTAGGAGGAAGC-3’ as forward 
and reverse primers respectively. Primers to mutate E204-E205 to K were 5’-
GTTCATCCATCGCAAAAAAAAGATCGACATTCAAATGC-3’ as the for-
ward primer and 5’-GCATTTGAATGTCGATCTTTTTTTTGCGATGGAT-
GAAC-3’ as the reverse primer. Primers for mutation of E259-E262 to K were 
5’-CAAATATTTTCCACAAGAAGAAAAATAAGTCAGCCATAGTCAG-3’ 
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and 5’-CTGACTATGGCTGACTTATTTTTCTTCTTGTGGAAAAT-
ATTTG-3’ as forward and reverse primers respectively.

Recombinant Protein Production and Analyses

Full length PP6R3 (accession Q5H9R7) was subcloned in pGEX-4T-1 vector for 
production of recombinant GST-PP6R3 in BL-21 strain of E. coli that was puri-
fied using glutathione Sepharose following manufacturer’s instructions. PP6R3 
SAPS domain (residues 1-513) was subcloned by PCR and ligated into pET30 
vector, expressed in BL21 cells, and purified by metal ion affinity chromatography 
using Ni-NTA Agarose (Qiagen).

Circular dichroic (CD) spectrum of purified recombinant PP6R3(1-513) at 
0.2 mg/ml in Tris HCl pH 7.4 with 0.15 M NaCl was recorded with a Aviv model 
215 spectropolarimeter.

Purified GST-PP6R3 (2 mcg) was incubated with 10 ng of TPCK-trypsin in 
20 mM Tris pH 7.5 at room temperature for times ranging from 0 to 10 min-
utes. Reaction was stopped by transferring aliquots of the reaction into ice-cold 
denaturing buffer (final concentrations 2% SDS, 50 mM Tris pH 7.5, in 10% 
glycerol). Samples were analyzed by SDS-PAGE and immunoblotting. Molecular 
size standards were BioRad Precision Plus.

Cell Culture and Transfections

HEK293, HEK293T and HepG2 cells were grown in MEM medium with 2 mM 
L-glutamine and 10% FBS. HeLa cells were grown in DMEM medium contain-
ing 10% FBS. Jurkat cells were grown in RPMI medium with 2 mM L-glutamine 
and 10% FBS. Cells were grown at 37°C in humidified 5% CO2 atmosphere. 
HEK293 cells at 40-50% confluence in 10 cm dishes were transiently transfected 
using 4-10 µg of plasmid DNA mixed with Arrest-in (Open Biosystems) for 20 
min at room temperature before addition to cells. Cells were harvested after 24 h 
and extracts prepared for immunoprecipitation.

Sequence Alignments and Structure Modelling

Amino acid sequences of PP6R3 were not recognised as helical repeat motifs by 
standard algorithms (including by PFAM, which was used to define the SAPS 
family). The PP6R3 amino acid sequence did not align with signature sequence 
motifs for either the ARM or HEAT helical repeats. Furthermore, the human 
PP6R3 sequence did not align with any other protein of known 3D structure, 
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when using standard algorithms. We used the ALSCRIPT program [18] to align 
sequences as shown in Figure four.

Modelling of the SAPS protein was carried out using program REP [17]. REP 
was designed to identify structural repeats from protein sequences. The program 
has been trained on profiles from several known ARM and HEAT repeat proteins, 
but did not identify repeat motifs in the PP6R3 sequence when used with stan-
dard thresholds. REP in a low-confidence, no-thresholds-applied mode detected 
sequence repeats in PP6R3, but failed to assign them as ARM, HEAT or ANK 
repeats.

As an alternative we opted to use the 3D-Jury protein structure prediction 
Meta Server http://meta.bioinfo.pl/ webcite. The metaserver first generates 3D 
models using diverse structure prediction methods, and then compares and scores 
models, based on their consistency [19]. This approach allowed us to generate 
possible models for the SAPS domain, based on other proteins that contain either 
ARM or HEAT repeats. These models were depicted as structures in Figure five 
using PyMOL http://pymol.sourceforge.net/ webcite.

Chymotrypsin Digestion of Wild-Type vs. Mutated FLAG-
PP6R3

Human 293T cells at <40% confluence in 100 mm dishes were transfected us-
ing 30 µl Arrest-In (Open Biosystems) diluted in 50 µl Opti-MEM with 5 µg 
of plasmid DNA encoding either wild type PP6R3 or quadruple mutant PP6R3 
(E204K, E205K, E259K, E262K). After 24 h, cells were lysed using 1% NP-40 
buffer and centrifuged at 13,000 rpm for 15 min. Aliquots of 500 µl of the super-
natant were incubated with 50 µl M2 Agarose beads (Sigma, A2220) overnight at 
4°C with rocking. Beads were washed 3× with 100 µl of wash buffer A (1% NP-
40 plus 2 mM ATP and 5 mM MgCl2), two times with 100 µl wash buffer B (50 
mM Tris pH 8.0, 500 mM NaCl), and one time with 100 µl wash buffer C (50 
mM Tris pH 8.0, 150 mM NaCl). The beads were resuspended in 120 µl wash 
buffer C and 20 µl removed as time zero control. Chymotrypsin was added to a 
final concentration of 0.5 ng/µl. At various times 20 µl aliquots were removed, 
mixed with 20 µl 2 × SDS buffer and heated to 100°C for 5 min.

Samples were resolved by 4-15% gradient SDS-PAGE, transferred onto ni-
trocellulose by a semi-dry protocol, and the filter blocked with 5% non-fat milk 
in Tris-buffered saline plus 1% Tween 20. The filters were probed with chicken 
anti-R3 antibodies (1:2000) or anti-FLAG antibodies (Sigma F7425, 1:1000), 
developed with fluorescent secondary antibodies, and scanned 2D images were 
captured by an Odyssey 2D infrared scanner (LiCor Industries). As a control 
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a duplicate sample of washed beads resuspended in 120 µl wash buffer C was 
incubated at 100°C for 5 min. Following centrifugation the supernatant with 
denatured GST-PP6R3 was incubated with chymotrypsin, and samples at various 
time points processed as described above. Molecular size standards were BioRad 
Precision Plus.

Results
The SAPS domain appears in three human proteins, based on a common region 
of sequence identity and similarity (14). We prepared individual antibodies to 
each and found that PP6R3 (a.k.a. SAPS3) was most efficiently immunoprecipi-
tated from HEK293 cell extracts (Figure 1). PP6R3 co-precipitated endogenous 
PP6 catalytic subunit (PP6c) that was detected by immunoblotting (Figure 1A, 
lane 3). Immunoprecipitation was specific because neither PP6c nor PP6R3 was 
in control samples prepared using blank beads or non-immune primary antibody 
(Figure 1A, lanes 1, 2). After two rounds of immunoprecipitation the extracts 
were fully depleted of PP6R3 (Figure 1B, lane 2) as well as 50% of the endog-

Figure 1. Co-immunoprecipitation of endogenous PP6R3 and PP6c. (A) Immunoprecipitates (IP) were 
prepared from HeLa cells with pre-immune sheep serum (lane 1), blank beads (lane 2) or anti-PP6R3 sheep 
antibody (lane 3). Precipitates were analyzed by immunoblotting for PP6R3 (upper panel) and PP6c (lower 
panel). (B) Co-immunoprecipitation of PP6R3 and PP6c from HepG2 cells with anti-PP6R3 antibody (lane 
1). The PP6R3 and PP6c remaining unbound were detected by immunoblotting the supernatant (S, lane 2) for 
PP6R3 (upper panel) and PP6c (lower panel)
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enous PP6c. The other 50% of PP6c in the supernatant presumably was associ-
ated with other subunits besides PP6R3. The same results were obtained with 
co-precipitation from extracts of HeLa, Jurkat and HepG2 cells (not shown). We 
concluded that endogenous PP6R3 stably associates with about half of the total 
PP6c in tissue culture cell lines, making it the major partner for PP6 and a suit-
able candidate for further study as representative of the SAPS domain subunits.

Trypsin Digestion and CD Spectrum of Recombinant PP6R3

We expressed recombinant GST-PP6R3 fusion protein in bacteria, affinity-puri-
fied the protein and subjected it to partial proteolysis by trypsin to examine its 
fragmentation (Figure 2A). The purified fusion protein migrated as a single band 
at 140 kDa and, as expected, was reactive with both anti-GST and anti-PP6R3 
antibodies. The actual molecular mass of PP6R3 is 97.7 kDa (873 residues), so 
the fusion protein migrates much less (at a higher Mr) than predicted. Another 
protein at ~80 kDa was detected by anti-GST immunoblotting, but not by anti-
PP6R3 blotting, and this protein was not digested by trypsin under the condi-
tions used, therefore we used it as a convenient loading control for aliquots taken 
at different time points. Multiple trials were conducted to optimize conditions for 
time-dependent conversion of the GST-PP6R3 into fragments. Digestion with 
trypsin at 1/5000 (w/w) at room temperature and pH 7.5 (shown in Figure 2) 
gave progressive loss of the full length GST-PP6R3 fusion protein that was nearly 
complete by 10 min. Treatment of GST with trypsin under identical conditions 
showed that GST was relatively resistant to digestion (Figure 2A, left 2 lanes). 
Therefore, we could use anti-GST immunoblotting to track cleavage of GST-
PP6R3. The full-length fusion protein was converted into four major fragments 
that were recognised by anti-GST (Figure 2A) as well as with anti-PP6R3 (not 
shown). One fragment formed first, as early as 30 sec, and remained as the pri-
mary product after 10 min. All the major products were >60 kDa, suggesting that 
trypsin cleaved following the GST fused to the N terminus at a point ca. 330-350 
residues into the PP6R3 sequence. We concluded that the N-terminal region of 
PP6R3 up to that point has a conformation in solution that limits digestion by 
trypsin, even though there are many lysine and arginine residues in this region.

In addition, a recombinant His6-tagged PP6R3 protein, residues 1-513, was 
purified from bacteria. The CD spectrum was recorded (Figure 2B) and the purity 
of the protein verified by Coomassie staining after SDS-PAGE (Figure 2C). The 
CD spectrum with minima at 208 and 222 nm is characteristic of proteins that 
are predominantly made of alpha helices [20]. Together these results suggest that 
the SAPS domain is composed of alpha helical secondary structures in a confor-
mation that limits trypsin digestion.
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Figure 2. Trypsin fragmentation of GST-PP6R3 and CD spectrum of SAPS domain. (A) Recombinant GST-
PP6R3 (upper band, open arrow) was digested with trypsin from 0 to 10 min. The GST-PP6R3 and fragments 
were detected using an anti-GST antibody and a non-specific band (labelled C) that was not digested served 
as loading control Trypsin caused time-dependent formation of four digestion products (arrows). GST was 
digested under identical conditions for 10 min (left 2 lanes). The migration of molecular size standards is 
indicated to the left side of the frame. (B) Circular dichroic (CD) spectrum of purified recombinant PP6R3(1-
513) plotted as molar ellipticity (× 10-5) vs. wavelength in nm. (C) Recombinant His6 tagged SAPS domain 
residues 1-513, purified and stained with Coomassie after SDS-PAGE. Left lane, size standards in kDa; right 
lane is protein used for CD spectrum.

Mapping PP6 Binding to SAPS Domain in PP6R3

To map the region of PP6R3 required for PP6c binding we expressed the follow-
ing in HEK293 cells: 1) FLAG-tagged PP6R3 (full-length, residues 1-873), 2) a 
SAPS region (residues 1-513), 3) a C-terminal region (512-873) and 4) a trun-
cated SAPS region (1-355) corresponding approximately to the trypsin-resistant 
N terminus. Cell extracts and FLAG immunoprecipitates were prepared and im-
munoblotted for FLAG and endogenous PP6c (Figure 3). Full length PP6R3 
effectively co-precipitated PP6c (lane 1), as did the SAPS region (residues 1-513; 
lane 3). Less PP6c was recovered with 1-513 compared to full-length, but we at-
tributed this to lower expression level of the 1-513 protein. The FLAG immuno-
precipitate in lane 3 had about equal amounts of a protein corresponding to residues 
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1-513 and a smaller FLAG-tagged protein fragment. This smaller fragment is not 
expected to bind PP6c because of the lack of co-immunoprecipitation with the 
1-355 protein of about the same size in the immunoblot (lane 2). We noted that 
endogenous proteolysis generated nearly the same-sized fragments (about 340 
residues of PP6R3) in lanes 1, 2 and 3. PP6c did not co-precipitate at all with a 
C-terminal region of PP6R3 (residues 512-873) (Figure 3, lane 4). Previous data 
with a different SAPS subunit, PP6R1, showed residues 1-465 were sufficient for 
co-precipitation of PP6c, whereas residues 462-825 did not co-precipitate PP6c 
[14]. These new results show that in PP6R3 a region of residues 1-355 was not 
sufficient, but residues 1-513 could co-precipitate endogenous PP6c.

Figure 3. Deletion mapping of PP6c binding to PP6R3. FLAG-tagged full length PP6R3 (lane 1), or residues 
1-355 (lane 2), 1-513 (lane 3) or 512-873 (lane 4) were expressed in HEK293 cells and immunoprecipitated 
with anti-FLAG antibody. FLAG-tagged proteins (upper panel) and co-immunoprecipitated endogenous PP6c 
(lower panel) were detected by immunoblotting.

Prediction of 3D Organization of the SAPS Domain

Alternative models for the PP6R3 SAPS region were generated by sequence align-
ments (Figure 4) and structural modeling by the 3D-Jury Meta Server, using pro-
teins containing either ARM or HEAT repeats. The modelling fits regions of  
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sequence into putative alpha helices and predicts surface loops between the heli-
ces. The highest score models (Figure 5) were based on: 1) importin alpha ARM 
repeat structures (PDB ID 2C1T, 1IAL, 1Q1S) (line 2, Figure 4), and 2) beta-
catenin ARM domain, (1I7W, 1JDH) (line 3 Figure 4). Models based on HEAT 
repeats in beta importin (2BKU) and the PP2A PR65 subunit (1B3U) had lower 
scores, but were included as possible alternatives in Figure 4 (line 4 and 5). An 
unusual, new ARM repeat structure of a vesicular transport factor called golgin 
p115 was published recently [21]. This structure offers another alternative for 
modelling of PP6R3. In golgin p115, helical repeats 7-9 contain extended loops 
between helix 1 and 2, not previously seen in other ARM domains. This novel 
structure raises the possibility that residues ~223-276 in PP6R3 form a single 
elongated repeat, ~15 residues longer than standard (repeat 6, Figure 4).

Figure 4. Alternative models for helical repeats in the SAPS domain of PP6R3. Line 1. PP6R3 primary sequence, 
residues 1-513. Positions of the mutations tested in Fig. 6 are highlighted in green. Lines 2-6. 3D-jury models 
based on: line 2- importin α; line 3- β-catenin; line 4- importin β; line 5- p115. Convex surface helices are red 
and concave helices are blue cylinders. Lines 7-9 are REP low confidence predictions of: line 7- HEAT; line 
8- ARM; line 9- ANK repeats. For consistency with the models we have highlighted these areas pink for convex 
and light blue concave surfaces. Proposed helical repeat regions are boxed and labelled 1-9. We are less confident 
in repeats 6-9, labelled grey, compared to repeats 1-5 labeled in black.
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Figure 5. Structural models for SAPS domain in PP6R3. The sequence of PP6R3 residues 1-513 was used to 
produce alternate models based on known helical-repeat proteins (left to right): A- PP2A A subunit, B- beta-
catenin, C- p115 golgin. Predicted alpha helices are shown in red (convex) and blue (concave), with intervening 
loops as strands. Side chains of E63, E64, D113, E204, E205, E259 and E262 are shown as space-filling models 
in yellow.

The structure of a HEAT repeat is similar to the structure of an ARM repeat, 
despite the fact that the ARM motifs consist of three helices, while HEAT motifs 
have only two. In both cases, the repeats are stacked together to form a super-helix 
(or solenoid) that in the case of PP2A PR65 and importin are curved (Figure 5A), 
while the structures of importin or beta-catenin are elongated, with less curvature 
(Figure 5B). The helices in the model based on the golgin p115 structure are less 
uniform and their arrangement is less compact (Figure 5C). There are predicted 
surface loops in the golgin p115-based structure that do not appear in the other 
models.

We expected that the SAPS predicted structure would resemble the HEAT he-
lical repeats in the PP2A PR65 subunit, because, after all, this protein fold binds 
the PP2A catalytic subunit that is nearly identical to PP6. However, this model 
had the lowest 3D-Jury score. The models in both Figures 4 and 5 agree in assign-
ment of the boundaries of the helical motifs in the N terminal residues 1-230, 
and therefore we were confident in the phasing of these intra-repeat loops. The as-
signments of helices and loops past residue 230 was more difficult and the models 
diverged in these segments. We speculated that the interactions between PP6R3 
and the PP6 catalytic subunit could be mediated by the intra-motif loops and 
not the inter-motif loops. We used site-directed mutagenesis to generate charge 
reversal mutations in acidic residues that were predicted from the modelling to be 
in the loops. This was to test whether these sites were required for binding PP6c 
and therefore allow us to discriminate between the models in Figure 5.
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Mutation Analysis of the PP6R3 Binding to PP6

We used transient expression of FLAG-PP6R3 and co-precipitation to assay bind-
ing to endogenous PP6c in cells (Figure 6). Wild type FLAG-PP6R3 and the fol-
lowing mutants 1) E63,64K; 2) D113K; 3) E204,205K and 4) E259,262K were 
expressed in HEK293 cells, and the amount of FLAG protein and co-precipitated 
PP6c determined by immunoblotting. The recovery of the FLAG-tagged PP6R3 
proteins was nearly identical (Figure 6B) and the intensity of anti-FLAG staining 
was used to normalize the anti-PP6c staining, with the amount of PP6c bound 
to wild type PP6R3, set as 100 (Figure 6A). Multiple independent experiments 
gave results that were analyzed together. Dual mutation of E63 and E64 to K 
increased recovery of PP6c by about 30%. In contrast, other negative to positive 
charge mutations reduced binding of PP6c. The decrease in PP6c binding due to 
the D113R mutation was not significant. Dual mutations of either E204-E205 or 
E259-E262 produced statistically significant 25 to 35% reduction in PP6c bind-
ing. Combination of the dual mutations of 204/205 plus 259/262 resulted in the 
largest effect compared to wild type, an overall 80% reduction in co-precipitation 
of endogenous PP6c. These data indicated that the negatively charged residues 
in the predicted loops at residues 204, 205, 259 and 262 in PP6R3 were likely 
involved in association with PP6c.

Figure 6. Mapping PP6c binding by charge-reversal mutations in PP6R3. (A) FLAG-tagged full length (FL) 
PP6R3 (A), and mutants E63-64K (B), D113R (C), E204-205K (D), E259-262K (E) and E204-205-259-
262K (F) were expressed in HEK293 cells and immunoprecipitated using immobilized anti-FLAG antibody. 
Co-precipitated PP6c was quantified by fluorescent immunoblotting and normalized for the amount of 
FLAG-tagged protein. Results were replicated in 3 independent experiments and plotted as mean +/- SD. (B) 
Immunoblot of co-precipitated endogenous PP6c from one experiment (upper panel) and the FLAG-tagged 
PP6R3 proteins (lower panel).
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Mutations Reduce PP6c Binding Without Change in Cleavage 
by Chymotrypsin

Mutations that result in a loss-of-function always leave open the possibility that 
alteration of overall protein conformation causes the loss of function, rather than 
a local change of a particular side chain. This is even true for charged resides that 
are likely to appear on the protein surface. To compare the conformation of wild 
type and quadruple mutated (204/205/259/262) PP6R3 we utilized partial pro-
teolysis by chymotrypsin (Figure 7). This protease cleaves C terminal to aromatic 
residues and therefore mutation of charged residues should not affect its reaction. 
Indeed, we observed essentially identical patterns of chymotrypsin digestion for 
wild type and the quadruple mutant FLAG-PP6R3. Both the kinetics of the reac-
tion over the first 10 min and the sizes of fragments formed were indistinguish-
able. The fragments were reactive with both anti-FLAG (upper panels) and anti-
PP6R3 antibodies (lower panels), indicating that the primary sites of proteolysis 
were toward the C terminal region of the protein. We noted that the N terminal 
region (~37 kDa) of PP6R3 was relatively less susceptible to chymotrypsin, be-
cause a FLAG-tagged fragment of this size persisted longer than other fragments 
formed within the first min of digestion (lanes 3, 4, and 9, 10). These patterns of 
fragmentation reflected conformational constraints on proteolysis because dena-
turation of the FLAG-PP6R3 resulted in its complete degradation in less than one 
min in a parallel reaction (lanes 13-14). We concluded that the mutation of the 
negative to positive charges in the predicted loops that severely reduced binding 
of PP6c did not cause a major change in conformation of PP6R3.

Figure 7. Conformational integrity of quadruple mutated FLAG-PP6R3. FLAG-tagged PP6R3 wild type (lanes 
1-6) and the quadruple mutant E204K, E205K, E259K, E262K (lanes 7-14) were expressed in HEK293T 
cells, recovered by immunoprecipitation and digested with chymotrypsin for indicated periods of time. Aliquots 
of the reactions were resolved by SDS-PAGE and immunoblotted for both FLAG (upper panels) and PP6R3 
(lower panels). As a control quadruple mutant protein eluted from beads (lane 13) was denatured and digested 
with the same amount of chymotrypsin for one min (lane 14) and analyzed by immunoblotting. Lines on left 
edge of panels show migration of molecular size standards.
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Discussion
This study examined the properties of PP6R3, as an example of the conserved 
family of SAPS domain subunits that are specific for binding to PP6 phosphatase. 
The PP6R3 co-precipitated half the endogenous PP6c in different cell lines, show-
ing it was the major binding partner for PP6, compared to the other SAPS sub-
units, and other proteins known to bind PP6c, such as alpha4 [22-24] and TIP 
[25], a.k.a. TAB4 [26]. Expression of the human SAPS subunits in yeast allowed 
for the co-precipitation of endogenous Sit4 with each of the SAPS. However, 
only PP6R3 fully rescued strains deleted for all yeast SAPS with restoration of 
budding, indicative of cell cycle progression [16]. We conclude that PP6R3 is a 
dominant and functionally conserved cellular partner for PP6c, making it a suit-
able representative of the family of SAPS proteins.

Our hypothesis is that the SAPS region of PP6R3 recognizes PP6c using alpha 
helical repeats that present residues in the inter-helical loops for subunit-subunit 
interaction. This follows in part from what is known about the PP2A complex 
with its scaffold A or PR65 subunit [6-8], but diverges in specific details. The N 
terminal 513 residues of PP6R3 are sufficient for stable association with PP6c, 
showing truncation of the C terminal 350+ residues of PP6R3 does not elimi-
nate, or even diminish binding of PP6c. The 1-513 fragment of PP6R3 supports 
co-precipitation of PP6c, but a 1-355 fragment is not sufficient, suggesting that 
residues between 355 and 513 are critical, either for direct contact with the cata-
lytic subunit, or for maintenance of the conformation of the SAPS domain. The 
inability of the 1-355 fragment to co-precipitate PP6c does not imply that it is 
not required or involved, just that it alone is insufficient. Clearly, point mutations 
within the 1-355 region (at 204, 205, 259, 262) were effective at nearly eliminat-
ing PP6c binding to full length PP6R3. This at least implies that these residues 
are somehow required and even dominant, though not alone sufficient, for stable 
subunit-subunit association. We speculate that there are contacts between PP6c 
and two regions of the SAPS domain, involving residues in the 200-265 region 
as well as residues in the 355-513 region. Multiple points of contact may well be 
necessary to achieve the specificity for PP6 vs. PP2A. Determination of the co-
crystal structure will be needed to visualize the spatial organization of the SAPS 
domain and interactions with PP6c.

As a preliminary step in understanding the SAPS domain organization, and as 
a guide for mutagenesis we used sequence alignments and jury modelling methods 
to produce models of the SAPS region of PP6R3. The sequences of SAPS domains 
are sufficiently conserved so as to allow discovery of orthologs in species from 
yeast to mammals [14], and have been assigned a Pfam http://pfam.sanger.ac.uk/ 
designation, however the sequences do not allow a match to any structure based 
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on available algorithms. The SAPS domain is predicted to have regions of alpha 
helical secondary structure, and the CD spectrum of an isolated SAPS domain 
indicates predominantly alpha-helical organization. We turned to jury modelling 
methods to produce hypothetical structures for the SAPS domain, using other 
known helical repeat proteins such as importins, beta-catenin, PP2A scaffolding 
PR65 subunit and golgin p115. These models resemble one another in that they 
are made of multiple helices, but each has different helix segments, inter-helix 
loops, and positioning of the helices relative to one another. Because previous 
studies of PP2A binding to its helical scaffolding (PR65) or regulatory subunit 
alpha4 showed basic residues on the phosphatase catalytic subunit were required, 
and these presumably paired with acidic side chains in other subunit [27], we fo-
cused on acidic residues in PP6R3 as likely sites for contacts with PP6c. Reduced 
PP6 binding due to charge reversal mutations was taken as evidence for involve-
ment of specific residues in subunit-subunit association. This analysis implicated 
E204, E205, E2659 and E262 as possible participants. Helical repeat models for 
SAPS domain based on beta-catenin (Figure 5B), or on golgin p115 (Figure 5C) 
position residues 204, 205, 259 and 262 proximal to one another, on the same 
side of the protein surface, in contrast to the 3D model based on PR65 A subunit 
(Figure 5A) that positions these loops on opposite sides. Therefore, results of our 
mutagenesis studies suggest either model B or C in Figure 5 for arrangement of 
the alpha helices in the SAPS domain.

The sensitivity of PP6R3 to proteolytic cleavage about 330-350 residues from 
the N terminus was noted with trypsin digestion of purified recombinant GST 
fusion protein, and with endogenous protease cleavage of various sized FLAG-
tagged proteins expressed in intact cells, and with chymotrypsin digestion of 
FLAG-tagged PP6R3 immunoprecipitated from cells. In the 3D model based 
on the golgin p115 structure (Figure 5C) residues 320-340 are not in a helix, 
but instead predicted to be in an exposed surface loop (Figure 4), whereas in 
the beta-catenin structural model (Figure 5B) this segment is mostly in a helical 
conformation. There are two tandem Pro-Pro sequences at 323-324 and 338-339 
likely to prevent alpha helix formation and the intervening sequence contains 
KKS and TWG as possible sites for trypsin and chymotrypsin. This putative sur-
face loop and the juxtaposition of the 204, 205, 259 and 262 residues makes the 
golgin p115 structure, compose of ARM repeats, our favored model for the SAPS 
domain in PP6R3. We speculate that some structural element in the 350-513 
sequence region, following this loop in the golgin p115 structure, constitutes a 
required contact site for binding to PP6c. The low sequence similarity between 
the golgin p115 and other ARM repeat proteins, despite ARM structures that are 
remarkably similar, tells us that the sampling of ARM, HEAT, ANK and PUM 
repeat proteins in the PDB database is still limited. This may account for why the 
SAPS domain sequence did not match any known structures.
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Finally, binding of the PP6 catalytic subunit to the SAPS region of PP6R3 
leaves the C terminal region of PP6R3 for interaction with the third subunit 
of the PP6 trimer, one of the ankyrin-repeat subunits (ARS), proteins known 
previously as Ankrd28, Ankrd44 and Ankrd52. This hypothetical arrangement 
is similar to, but different from, the actual 3D structures determined for PP2A 
heterotrimers by X-ray crystallography. Most obvious, the entire A subunit for 
PP2A is HEAT repeats, while no predictions suggest the same is true for PP6 sub-
units, where the SAPS domain only includes the N terminal half of the protein. 
The PR65 or A subunit scaffold for PP2A is an open arc of side-by-side helices 
in the AC dimer, but bends into a more closed horseshoe or letter “C” shape in 
the ABC trimer structures (see Fig. 5A). The B regulatory subunits or proteins 
such as small t antigen evidently induce the conformational change in the scaffold 
subunit [28]. Other evidence prior to the determination of the crystal structure 
indicated that small t antigen affected the conformation of the PP2A scaffold 
subunit [29]. The protease sensitivity of PP6R3 at ~330 residues from N terminus 
suggests that there may be a flexible or disordered and exposed junction. In PP6 
trimers the subunit made of ankyrin repeats is expected to contact PP6c to alter 
substrate specificity while primarily tethered to the C terminal region of PP6R3, 
which alone is sufficient for stable association. The structures of known ankyrin-
repeat proteins such as ankyrin, IκB, and MYPT1 show that neighboring helical 
repeats produce curvature in the overall structure [1,3]. Thus, we imagine that 
the PP6 catalytic and ARS subunits could come into proximity to one another 
by their mutual binding to PP6R3. Such a model, like what is seen with PP2A, 
would predict that substrate specificity and possible regulation of activity arises 
from interaction of the catalytic and regulatory subunits (ARS) brought together 
by tethering to a common scaffold (SAPS subunit).

Conclusion
In conclusion, the conserved SAPS domain in PP6R3 forms helical repeats that 
are probably organized similar to those in golgin p115. A core structure of about 
350 N terminal residues is relatively protease-resistant and linked by a readily 
cleaved exposed segment to the rest of the SAPS region that is required for stable 
association with catalytic subunit. Charged residues in interhelical loops are used 
as primary contacts for specific recognition of PP6 and Sit4 catalytic subunits 
relative to other type-2A phosphatases.
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