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Abstract

A growing number of organisms have been discovered inhabiting extreme environments, including
temperatures in excess of 100 °C. How cellular proteins from such organisms retain their native folds
under extreme conditions is still not fully understood. Recent computational and structural studies
have identified disulfide bonding as an important mechanism for stabilizing intracellular proteins in
certain thermophilic microbes. Here, we present the first proteomic analysis of intracellular disulfide
bonding in the hyperthermophilic archaeon Pyrobaculum aerophilum. Our study reveals that the
utilization of disulfide bonds extends beyond individual proteins to include many protein-protein
complexes. We report the 1.6A crystal structure of one such complex, a citrate synthase homodimer.
The structure contains two intramolecular disulfide bonds, one per subunit, which result in the
cyclization of each protein chain in such a way that the two chains are topologically interlinked,
rendering them inseparable. This unusual feature emphasizes the variety and sophistication of the
molecular mechanisms that can be achieved by evolution.
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INTRODUCTION

Proteins from thermophilic organisms are stabilized by a variety of molecular mechanisms?:
2,3, Among these mechanisms, disulfide bonding has attracted recent attention as a key
stabilizing factor in some organisms4; 56 The potentially important role for disulfide bonding
in thermophiles was somewhat unexpected in view of classical ideas in biochemistry. In most
well-studied organisms, the chemical environment within the cytosol is highly reducing. As a
result, the cytosolic proteins of typical organisms do not contain stabilizing disulfide bonds’s
8 However, recent computational, structural and biochemical studies have made it clear that
the protein sequences and cellular environments of certain microbes have evolved to utilize
widespread disulfide bonding as a defence against thermal denaturation®: 5: 6, Still, the cellular
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and structural aspects of how thermophiles use disulfide bonding to stabilize their proteins
have not yet been fully explored.

Here we extend earlier studies, which focused mainly on the stabilization of individual proteins,
to include protein complexes composed of multiple protein chains. Among proteins of known
three-dimensional structure, a number of cases had already been noted in which thermophilic
protein complexes were held together by a disulfide bond between distinct protein chains
(Table 1). However, no genome-wide studies had been conducted, and the frequency of these
stabilizing interactions had not been examined. We therefore sought to address whether
intermolecular disulfide bonding might be found in abundance in a thermophilic microbe such
as Pyrobaculum aerophilum, an organism in which earlier studies had already suggested the
prevalence of disulfide bonding within individual protein chains.

of disulfide bonds by fluorescence

An experimental method was developed to visualize the abundance of intracellular protein
disulfide bonds in P. aerophilum cell lysates. First, cysteine residues existing in their free thiol
form were blocked immediately upon cell lysis by irreversible alkylation with iodoacetamide.
Then, any existing protein disulfide bonds were cleaved by chemical reduction. Finally, the
resulting free thiol groups were labeled with the thiol-reactive fluorescent reagent CPM. The
result of this procedure was a selective labeling of cysteine residues involved in disulfide bonds.

The reliable measurement of disulfide-bonded cysteines in this assay is dependent on the
efficiency and specificity of the reagents utilized, and thus careful consideration was given to
their selection. lodoacetamide is well established in redox studies for alkylating free thiols;
this blocks cysteine residues in their reduced form and prevents any subsequent oxidation%;
1011 previous work has demonstrated the high efficiency of this reaction following
denaturation of the substrate proteinslz? 13  The fluorescent reagent CPM has also been used
extensively in the quantitative analysis of free thiols, and has been shown to exhibit a high
degree of specificity to cysteine residues® 14 15: 16 n the current studies, disulfide labeling
experiments were analyzed after running SDS gels on the treated cell lysates. As described
below, an analysis of the resulting gels supported the veracity of the procedure employed.

The assay revealed an abundance of protein disulfide bonds in P. aerophilum cell lysates (Fig.
1). In order to quantify the abundance of disulfide bonding relative to the total cysteine content
inthe cellular proteins, the same assay was performed, but with the initial blocking step omitted;
this leads to labeling of all cysteine residues. Fluorescence measurements of CPM-labelled
proteins in the gels revealed that approximately 47% of the cysteine residues in the P.
aerophilum lysate are involved in disulfide bonds, as opposed to approximately 8% in E.
coli, which was used as a control. Estimates for the uncertainties in these measured values are
5% and 3%, respectively, based on variations between triplicate experiments; these values
account for random but not systematic errors, and so represent lower bounds on the true errors.
For E. coli, the measured value for disulfide abundance likely includes contributions from
extra-cytosolic (e.g. periplasmic) proteins, which are known to contain disulfide bonds; P.
aerophilum cells do not have a periplasmic space.

Two kinds of control experiments — the comparison of P. aerophilum to E. coli and the omission
of the blocking reagent — were used to address concerns about the efficiency and selectivity of
the disulfide labeling protocol. Some of the labeling observed in the gels could reflect non-
specific binding of the fluorescent reagent, but the relatively low fluorescence measured for
E. coli (8%) suggests that non-specific binding could account for only a few percent of the
estimated (47%) disulfide abundance in P. aerophilum. Another concern is that some of the
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labeling could be to cysteine residues that were not involved in disulfide bonds, but that existed
in the free thiol form and were simply not fully blocked in the initial step. It is difficult to
eliminate this potential scenario entirely, but two points are noteworthy. First, the cysteine
residues in the E. coli proteins were blocked almost completely, as judged by the low overall
fluorescent labeling. Second, in the case of P. aerophilum the two lanes in the gel (with and
without blocking) show very different patterns. In particular, in the lane in which no blocking
was performed, numerous bands are visible that are effectively absent from the lane in which
free cysteines were initially blocked by iodoacetamide. The effective disappearance of
numerous labeled bands gives a measure of the effectiveness of the blocking step.

These new experimental results on whole cell lysates support earlier claims that disulfide
bonding is widespread in P. aerophilum protems51 6: 17 The results also suggested the value
of further experiments aimed at analyzing individual P. aerophilum proteins and the nature of
their disulfide bonds.

Identification of disulfide-bonded protein complexes by 2D diagonal gel electrophoresis

An experimental method employing 2-dimensional diagonal gel electrophoresis (2D-DGE)
was developed for identifying protein complexes in P. aerophilum that might be held together
by disulfide bonding between protein chains (Fig. 2A). Similar methods have been described
for identifying ribosomal proteins W|th non-native intermolecular disulfide bonds 8
|dent|fy|n(1;9prote|n targets of DshAll , investigating oxidative folding in the endoplasmic
reticulum , and most recentl\zl for identifying cytosolic proteins that form stable disulfide
bonds under OX|dat|ve stress2L; 22 In 2D- DGE, proteins are initially separated (in the
horizontal dimension) by SDS-PAGE under non-reducing conditions that preserve any existing
disulfide bonds. Prior to separation in the second (vertical) dimension, proteins within the gel
are chemically reduced, cleaving any disulfide bonds that are present. Proteins that do not
contain disulfide bonds migrate at the same rate in both dimensions, creating a prominent
diagonal line in the 2D gel. Spots below the diagonal arise from proteins that were held together
indisulfide-bonded complexes within the cell. Such proteins migrate more rapidly in the second
dimension because the complexes in which they were held during the first electrophoresis have
been separated into their smaller components. In addition, some individual proteins bearing
intramolecular disulfide bonds appear above the diagonal. Such proteins can have mobilities
that are measurably higher in the first dimension owing to a lower average extension of the
protein chain when constrained by an intramolecular disulfide bond. As shown in Figure 2A,
2D-DGE analysis of a P. aerophilum lysate revealed numerous off-diagonal spots
corresponding to disulfide bonded proteins. In particular, a large number of protein-protein
complexes apparently held together by intermolecular disulfide bonds were observed below
the diagonal. As expected, control experiments with E. coli revealed very few proteins off the
diagonal in the 2D gel (Fig 2B).

To identify which proteins participate in disulfide bonding, off-diagonal protein spots were
excised, subjected to in-gel trypsin digestion, and analyzed by liquid chromatography-tandem
mass spectrometry. Identifications based on genomic sequence data were successful for 16
spots (Table 2), with the predicted molecular weights of identified proteins consistent with the
observed molecular weight of the associated spot. All identified proteins contained at least one
cysteine residue, while proteins predicted to form intramolecular disulfide bonds contained at
least two cysteines. Ten of the proteins were annotated in the NCBI database as hypothetical
or conserved hypothetical, making it dlfflcult to assign cellular functions to them. However,
an analysis of homologous sequences 3 from other organisms showed that the majority of the
cysteines in the identified proteins are not conserved. This suggests that the cysteines residues
are not involved in enzymatic functions, but rather serve structural roles as anticipated. The
major spot observed in the E. coli gel (EC1) was identified as an alkyl hydroperoxide reductase
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(AhpC), a homodimeric enzyme known to form an intermolecular disulfide bond during
reduction of organic hydroperoxide 24

A number of the weaker spots in the P. aerophilum 2D gels could not be identified by mass
spectrometry. Furthermore, there are likely additional disulfide bonded protein complexes in
P. aerophilum that are present at concentrations too low to be visualized in the 2D gels. The
proteins identified (Table 2) therefore represent only a subset of those that form disulfide
bonded complexes in P. aerophilum. Conversely, based on the amino acid sequences and
molecular mass data from the gels, none of the proteins identified as being in disulfide bonded
complexes appear to be false positives. The method employed here may be useful in the future
for identifying disulfide bonded complexes in other hyperthermophilic organisms. However,
the feasibility of broad-based studies is limited at the present time by the general difficulty
associated with culturing such organisms.

One of the protein spots observed in the P. aerophilum 2D-DGE analysis was identified as
citrate synthase. Citrate synthase has been developed as a model protein for structural studies
of thermophilic adaptation25 with crystal structures descrlbed for gsychrophilic mesophilic,
thermophilic, and hyperthermophilic homologues2 Among the numerous
homologues studied, none contain disulfide bonds, maklng the P. aerophilum citrate synthase
(PaCS) the first shown to utilize this mechanism. In an effort to further characterize the enzyme
and analyze the stabilizing effects of its disulfide bonds, PaCS was cloned, expressed, and
purified for biochemical and structural studies. The recombinant protein was found to form a
homodimeric complex, as anticipated from the 2D gel analysis and in agreement with the
known structures of homologous enzymes from other organisms. In addition, SDS-PAGE
analysis in the presence and absence of reducing reagent confirmed that the dimeric state was
dependent on the presence of disulfide bonds (Fig. 5C), consistent with the 2D-DGE
observations.

Crystal structure of citrate synthase

The protein was crystallized and its structure was determined to a resolution of 1.6A. The PaCS
structure is dimeric, with each protein subunit consisting of 18 a-helices and 8 p-strands (Fig
3A). The structure overlaps well with previously determined citrate synthase structures,
consistent with the strong conservation of the protein from bacteria to mammals. Each subunit
is composed of one large domain (helices C-M and S), one small domain (helices N-R), and
additional structural features at the termini (Fig. 3B—C). The active site of citrate synthase,
identified through conserved active site residues, resides between the large and small domains
of each subunit. The C-terminal region of each PaCS subunit wraps across the opposite subunit
in a manner reminiscent of domain swapplng 1 with residues from the C-terminal arm
contributing to the active site of the opposing subunit. Thus, stability of the dimer is necessary
for enzyme activity.

The N-terminal extension

Despite the general similarity of PaCS to homologues from other species, structural and

sequence comparisons reveal unique features in PaCS (Fig. 4). In particular, PaCS contains an
N-terminal extension not present in any of the archaeal or bacterial structures currently known.
The pig and chicken citrate synthases also contain an N-terminal extension, but the sequence
and structural features do not resemble those of PaCS. The PaCS N-terminal extension encodes
three B-strands (strands 1-3). An intermolecular antiparallel p-sheet is formed between strand
1 and strand 1’ from the other subunit, while strands 2 and 3 interact intramolecularly to form
another small antiparallel -sheet within each subunit. These interactions suggest that the N-
terminal extension serves to stabilize the dimer against thermal denaturation. In addition, the
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loop between strands 2 and 3 contains one of the cysteine residues (Cys19) involved in the key
disulfide bond.

Disulfide bond formation leads to catenation

Based on the biochemical results, it was anticipated that the disulfides present in PaCS should
form intermolecular disulfide bonds, as the oxidized form of the protein ran as a dimer during
eletrophoresis under denaturing conditions. An analysis of the structure confirmed the presence
of disulfide bonds, but revealed that the disulfides are in fact intramolecular, between Cys19
and Cys394 from the same subunit (Fig. 5A and B). The formation of this internal bond within
each subunit confers a topological connection between the subunits. Though not directly
bonded, the two subunits are connected like links in a chain, making the dimer an example of
what has been called a protein catenane. This interlinking of cyclized protein chains renders
them inseparable even under denaturing conditions (Fig. 5C).

Interestingly, the N-terminal extension and disulfide-forming cysteines are conserved in the
closely related Thermoproteus tenax and Pyrobaculum islandicum citrate synthases. These
homologues have not been characterized biochemically or structurally, but the sequence
conservation suggests that the topological linkage observed in P. aerophilum may be a feature
common to this branch of archaeal homologues. Additional sequence and structure data should
help clarify the evolutionary history of the unusual features of this enzyme.

Disulfide bonded catenation contributes to thermal stability

Comparison

The stabilizing effect of the disulfide bonds was analyzed by comparing the native protein
(PaCS") to a mutant version (PaCS™! in which the two cysteines were replaced by serine
residues. Due to the high stability of both proteins, addition of the denaturant guanidinium-
HCI (GdnHCI) was required to partially destabilize the proteins in order to observe their
unfolding transitions by circular dichroism. Although both constructs exhibited similar CD
profiles at room temperature, PaCS"a exhibited a melting temperature (T,,) of 84°C, while
PaCSmut exhibited a T, of 73.5°C, a decrease of 10.5°C from the PaCS" (Fig. 6). This shift
in melting temperature suggests that the linkage created by the Cys19-Cys394 disulfide bond
plays an important role in stabilizing the protein against thermal denaturation. Interestingly,
enzymatic activity assays showed no difference between the reaction rates of PaCS" and
PaCS™Ut at temperatures up to 90°C (data not shown), indicating that other stabilizing factors,
inaddition to the disulfide bonds, contribute greatly to the high stability of the dimeric complex.

of PaCS to homologous structures

Analysis of the native and mutant proteins revealed the stabilizing effect of the disulfide bond.
However, the high stability of the disulfide-free mutant indicates that other factors are also
important to the stability of the enzyme. Previous comparative studies of citrate synthase
structures from distantly related organisms have identified several subtle trends correlated with
thermophilicity, includin%decreased surface area and volume, shortening of loops, and
increased ion pairing 25,32 An analysis of these trends with respect to the PaCS structure
revealed key differences in how certain stabilizing mechanisms are utilized between the various
homologues. Table 3 summarizes several properties associated with thermal adaptation for a
set of citrate synthase homologues. Previous studies highlighted an overall decrease in surface
area and volume for thermophilic citrate synthases relative to the mesophilic pig citrate
synthase (PigCS). Surprisingly, this trend does not hold for PaCS, as both the surface area and
volume were found to be greater for PaCS than for all but the PigCS structure. The increase in
size is partly due to the N-terminal extension and additional a-helices that are unique to the
PaCSs structure. The contributions of these elements to stability may override the potentially
destabilizing effect of increased size. PaCS also exhibited a shortening of loops between a-
helices. This decrease in disordered regions is likely to help counter the increase in size33. To

J Mol Biol. Author manuscript; available in PMC 2007 August 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boutz et al.

Page 6

take into account these differences in chain length, we analyzed the surface area and volume
per residue. Interestingly, the PaCS still showed a greater surface area and volume per residue
but, more significantly, the trend of decreased surface area and volume as a function of
thermophilicity was no longer apparent, with the volume per residue actually greater in
thermophilic homologues. These results show that decreased surface area and volume are not
strongly correlated with increased thermal stability.

Intermolecular ion-pairing and hydrophobicity at the dimeric interface have previously been
implicated as stabilizing elements in the thermophilic citrate synthase homologues. An analysis
of overall hydrophobic and charged amino acid content showed no correlation with
thermophilicity, emphasizing the importance of three-dimensional spatial considerations in
understanding thermal stability. Interestingly, a structural comparison of PaCS and PfCS
revealed significant differences in how various stabilizing elements are utilized. Although ion-
pairing was previously identified as a major stabilizing mechanism at the PfCS dimeric
interface <, it does not appear to play as great a role in the stabilization of the PaCS dimer;
only 8% of the residues in the P. aerophilum interface are charged, while the corresponding
value is 22% for P. furiosis. lon pairs in PaCS seem to be primarily intramolecular, stabilizing
each subunit. Instead, PaCS utilizes hydrophobic interactions as a primary mechanism for
stabilizing the dimeric interface. In P. aerophilum, 62% of the residues in the dimeric interface
are hydrophobic (following the definition in Table 3), while the corresponding value is only
32% for P. furiosis.

CONCLUSIONS

Topologically interlinked protein chains are extremely rare among natural proteins. The
situation observed in PaCS — two cyclized chains linked together — has been observed only
once before in the crystal structure of Pichia pastoris lysyl oxidase34. A similar case has been
created syntheticallg by designing specific cysteine mutations into the tetramerization domain
of the protein p533 . Stability studies of that construct revealed an increase in melting
temperature of 59°C over the linear wild-type peptide. A different type of topological linkage
was discovered in the bacteriophage HK97 capsid36. In that case, an isopeptide bond (between
a lysine side chain in one polypeptide chain and an asparagine side chain in another) creates
covalently connected rings of six subunits, with the rings topologically linked to each other.
This “chain mail” organization presumably contributes to the stability of the unusually thin
HK97 viral capsid. Another type of catenation has been noted in the protein 2-Cys
peroxiredoxin. The crystal structure of that enzyme revealed two interconnected dodecameric
rings of protein subunits37. However, the protein subunits are held together by non-covalent
forces rather than covalent bonding, so the role of the interlocking rings in that case is less
clear. Although the PaCS structure is just the second observed case of a natural protein forming
a catenane through disulfide bonding, it seems unlikely that these are the only cases present in
nature. As more structures of thermophilic proteins are determined, it is likely that other
instances will be uncovered, or that other similar mechanisms of topological entanglement will
be discovered.

A number of parallels can be drawn between linking and knotting in protein chains. Like linked
proteins, knotted proteins are extremely rare; only five distinct protein folds have been
identified in which the chain is judged to be deeply knotted38: 39; 40; 41 |n some cases, the
knot has been implicated in stabilizing or rigidifying the enzyme active site38: 41 As described
here for P. aerophilum citrate synthase, linking appears to confer similar advantages. In
addition, knotting and linking both lead to important questions about folding pathways or
landscapes. Both kinds of structural features introduce potentially significant restrictions on
the routes by which the folded state can be reached. In the case of the PaCS dimer, the correct
native structure can only be realized if the N-termini of the two chains wind around each other
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in the proper configuration before the disulfide bonds cyclize the two chains. An examination
of the structure suggests that the disulfide bonded cysteines from a single chain are brought
into proximity by the native interactions between the two chains, thereby promoting the proper
sequence of folding events. To the extent that disulfide bonds in P. aerophilum are
thermodynamically stable, their presence in the PaCS dimer must stabilize the native structure
by restricting the freedom of the chains to fully dissociate from each other; the interlocking of
the chains effectively reduces the entropy of the unfolded state. Experimental studies on the
thermodynamic and kinetic stabilities of knotted proteins have been initiated only recently42;
43 Further studies on knotted and linked proteins should provide insight into unusual
mechanisms of protein folding and stabilization. In addition, understanding how nature has
exploited topological linking could prove beneficial in engineering stable proteins and enzymes
for therapeutic and industrial applications.

MATERIALS AND METHODS

Preparation of cell lysate

For both E. coli and P. aerophilum samples, the cell pellet was resuspended in lysate buffer
(20 mM Tris pH 7.2, 10 mM NaCl, 1 mM EDTA, 20 mM iodoacetamide) to wash, and
repelleted by centrifugation for 5 min at 20,000 x g. Washed cells were again resuspended in
lysate buffer and lysed on ice by sonication for 3 x 1 min. Samples were centrifuged for 10
min at 20,000 x g to remove cell debris, with lysate quickly utilized according to one of the
experimental protocols described below, in order to limit undesired modifications and
proteolysis. In positive control samples where specified, a similar procedure is followed, with
the exception of iodoacetamide in the lysate buffer.

Fluorescent-labeling of cysteines involved in native disulfide bonds

Lysate samples were denatured by heating to 95°C (2 min. for E. coli, 4 min. for P.
aerophilum to ensure denaturation) in the presence of 1% SDS. Samples were treated with 20
mM iodoacetamide for 30 min. in the dark to block free cysteine thiols, and then dialyzed for
2 hours (3,000 M WCO) to remove excess iodoacetamide. Samples were reduced with 10 mM
TCEP for 30 min. Following disulfide cleavage by reduction, samples were reacted with 25
uM CPM (7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin, Molecular Probes) for
30 min. for fluorescent labelling of free thiols. Preparation of fully labelled sample followed
the same protocol, with the exception of iodoacetamide treatment. Proteins were separated by
SDS-PAGE ona12% acrylamide gel. Gels were imaged on Alphalmager 2200 (Alpha Innotech
Corp.), and the levels of fluorescence were quantitated using AlphaEase v. 5.5 (Alpha Innotech
Corp.).

2-D diagonal gel electrophoresis

The method used was adapted from Sommer, et al 44 Samples of whole-cell lysate were
obtained as described above from either P. aerophilum or E. coli cells. Samples were treated
with non-reducing SDS-PAGE sample loading buffer (12 mM Tris pH 6.8, 0.4% SDS, 0.02%
bromophenol blue, and 5% glycerol) and run on a 10% acrylamide gel under denaturing
conditions in the absence of reducing agents. Upon completion of the first-dimension run, the
lane containing the separated sample was excised from the gel, and proteins within the gel were
reduced by incubating the gel slice in loading buffer containing 10 mM DTT at 80°C for 10
min, followed by 37°C for 20 min. The reduced gel slice was placed horizontally across the
top of a 10% acrylamide gel and sealed with 0.5% agarose. The gel was then run to completion.
Protein spots were visualized by silver staining as described by Shevchenko, et al.45 or Sypro
Ruby stain according to the manufacturer.
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Identification of unknown proteins by LC-MS/MS

Off-diagonal spots of interest were excised from the 2D diagonal gels and subjected to in-gel
digestion by trypsin45. Briefly, spots were destained, reduced with DTT and derivatized by
treatment with iodoacetamide. Following alkylation, spots were subject to digestion with
modified trypsin (Promega) for 18 hr. at 37°C. Peptides were recovered by sequential extraction
with formic acid and acetonitirile, and pooled extracts were lyophilized.

Extracted peptides were subjected to tandem electrospray-ionization mass spectrometry for
sequence identification. Lyophilized samples were reconstituted in 0.1 % formic acid, 5 %
acetonitrile. Peptides were separated by reverse-phase liquid chromatography (Ultimate, LC
Packings) and analyzed on a QSTAR XL hybrid quadrupole time-of-flight mass spectrometer
(Applied Biosystems) using automated data-dependent tandem mass spectrometry with
collision-activated dissociation. Proteins were identified by correlation of experimental tandem
mass spectra to predicted mass values calculated from the P. aerophilum sequence database
using the program Mascot (Matrix Science).

The molecular weights of the protein identifications were analyzed against the molecular
weights observed by 2D-DGE. Where possible, likely disulfide connectivity was predicted
based on a combination of 2D-DGE position (i.e. intramolecular when above diagonal,
intermolecular when below), molecular weight, sequence analysis, and functional and
structural comparison to homologues identified by BLAST23, The vertical alignment of spots
1 with 2 and 5 with 6 led to their interpretation as potential heterocomplex subunits. The
identification of spot 2 as NusG, a transcriptional antitermination factor known to form hetero-
but not homocomplexes in a number of genetically diverse organisms, led to its classification
as a probable heterocomplex subunit. Spots 9 and 10 were classified as homodimers based
upon analysis of homologous structures. Cys257 of spot 10 was implicated as the disulfide-
forming residue based on conservation of cysteines.

Protein expression and purification

The Pyrobaculum aerophilum citrate synthase gene (PaCS) was cloned from P. aerophilum
str. IM2 genomic DNA into a pETM11 vector containing an N-terminal His-tag followed by
a TEV (tobacco etch virus) protease cleaveage site. PaCS was overexpressed in E. coli BL21
(DE3) Codon Plus RIL cells (Stratagene) by IPTG induction. Cells were resusupended in Tris
pH 8.0 buffer and lysed by sonication for 3 x 1 min. Due to its thermophilic nature, the
recombinant PaCS was heat purified by bringing the lysate to 75°C for 15 min., followed by
centrifugation to pellet the precipitate. The soluble fraction was loaded onto a nickel Hitrap
column (Amersham Pharmacia) for affinity purification of PaCS. Following elution of purified
PaCs, the His-tag was cleaved by incubation with TEV protease for 3 hr at 37°C as
described4. Cleaved PaCS was separated from uncleaved PaCS and cleaved His-tag by
reloading the sample on a nickel Hitrap column and collecting the flow-through.

The PaCS-pETM11 plasmid was purified by QIAprep Miniprep Kit (Qiagen). A Cys19Ser/
Cys394Ser double mutant (PaCS-mut) was cloned using the Quickchange Multi-Site Directed
Mutagenesis Kit (Stratagene) with the PaCS-pETM11 plasmid as template. PaCS-mut was
overexpressed and purified in a manner similar to that described for PaCS.

Thermal Denaturation Studies

Circular dichroism (CD) measurements were recorded using a Jasco J-715 spectrometer with
a Peltier temperature-controlled cell holder (Jasco). The CD signal was recorded at 222 nm as
the temperature was increased linearly at a rate of 1°C min—1 over a temperature range of 20—
95°C. Samples contained 200 ug mI~1 protein in 30 mM sodium phosphate (pH 8.0), 10 mM
sodium chloride and 4.5 M guanidinium hydrochloride.
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Crystallization and structure determination of PaCS

The purified PaCS protein was concentrated to 18 mg ml~1 in a buffer containing 30 mM Tris
pH 8.0 and 30 mM NacCl, and crystallized by hanging drop vapor diffusion at room temperature
against a well solution of 100 mM sodium cacodylate pH 6.5, 20% (v/v) PEG 8000, and 200
mM magnesium acetate. Crystals grew within hours, but exhibited poor diffraction. A second
phase of crystal growth routinely occurred within 1-2 weeks with crystals diffracting to high
resolution. No additional cryoprotectant was necessary.

For structure determination, a 1.60A native data set was collected on a single crystal at beamline
8.2.2. at the Advanced Light Source (ALS) in Berkeley, California. All data were processed
using DENZO and SCALEPACK (HKL Research, Charlottesville, Virginia, United States).
Phases were determined by molecular replacement using the program PHASER4/ and the PDB
coordinates 1VGP, corresponding to citrate synthase from Sulfolobus tokodaii. Electron
density maps were generated and the model built using the program Coot#8. Refinement of
the model was carried out using the REFMACS in the CCP4 suite?9. The quality of the
structural model was evaluated using the programs ERRAT®0 and PROCHECK?®1. Data
collection and refinement statistics are summarized in Table 4.

The final model includes two chains with residues 3-409 of each chain, two acetate ions, two
magnesium ions, and one chloride ion. The model was refined to 1.60A to an R-factor of 16.0%
and Rgee 0f 19.1%. The crystal structure contains two disulfide bonds, one per monomer,
between cysteines 19 and 394.

Sequence and structure analysis

Citrate synthase sequences were aligned using the MUSCLE multiple alignment softwared2.
Surface area was calculated using AREAIMOL in the CCP4 suite?9. Volume was determined
by VOIDOO®3, Interface hydrogen bonds were determined using ACT in the CCP4 suite9,
Interface surface area was calculated as the difference between the surface area of the dimeric
and monomeric forms of the protein.
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lodo| - + - +

E. coli P. aerophilum

Figure 1.

Abundance of disulfide-bonded proteins in P. aerophilum, as detected by fluorescent labeling.
Whole cell lysate was reacted with iodoacetamide (+) to block free (thiol) cysteines. Following
blocking, any disulfide bonds present were cleaved by reduction with TCEP and fluorescently
labeled with CPM. When iodoacetamide is omitted (—) all cysteines are labeled. A comparison
of corresponding lanes shows that a large fraction of P. aerophilum proteins contain disulfide
bonds. E. coli cells serve as a control.
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P. aerophilum

¥ E.coli |
(2)

Figure 2.

A 2-D diagonal gel electrophoresis method for identifying intermolecular disulfide bonded
protein complexes. The first separation (1) is performed under non-reducing conditions so that
disulfide bonds remain intact. Disulfide bonds are cleaved by reduction with DTT prior to the
second electrophoretic separation (2). Proteins involved in intermolecular disulfide bonds
appear as spots below the prominent diagonal, while spots above the diagonal mark certain
intramolecularly disulfide-bonded proteins whose mobilities are retarded by reduction.
Numerous disulfide bonded protein-protein complexes are visible in a cell lysate from (A) P.
aerophilum, but not in (B) E. coli used as a control. P. aerophilum protein spots identified by
mass spectrometry are numbered as in Table 2.
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Figure 3.

Crystal structure of P. aerophilum citrate synthase (PaCS). (A) The PaCS homodimer
illustrated with the individual subunits colored red and blue. The arrangement of domains is
illustrated for the (B) PaCS dimer, (C) individual subunit, and (D) PaCS dimer rotated 90°
from B. The N-terminal B-sheet domain is colored yellow, the large domain (helices C-M and
S) is colored green, the small domain (helices N-R) is colored red, and the C-terminal domain
is colored blue. Disulfide-bonded cysteins are illustrated as spheres.
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A multiple sequence alignment of citrate synthase homologues from four thermophilic
organisms, illustrating the unusual N-terminus in P. aerophilum. Overall conservation in the
remainder of the protein is highlighted with a-helices shaded in grey and B-strand segments
boxed. Disulfide-bonded cysteines in P. aerophilum are indicated by asterisks (*).
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Oxd Red

Figure 5.

Intramolecular disulfide bonds leading to topological linkage or catenation of protein chains
in P.aerophilum citrate synthase (PaCS). (A) Cartoon representation of interlinked PaCS
chains. On the left, the protein backbone of the PaCS dimer is shown in a smoothed form to
help clarify the chain topology. The region of the N-terminus (residues 1-24) that differs
structurally in comparison to mesophilic homologs is indicated in darker striping. The
topological connectivity is illustrated on the right. (B) Close up view of the disulfide bonds
between Cys19 and Cys394 for both chains. Electron density maps calculated from diffraction
data (based on phases from an omit-model) are shown in blue wireframe. (C) SDS-PAGE gel
of purified recombinant PaCS. Under non-reducing (‘Oxd’) conditions, PaCS migrates at a
molecular weight consistent with the dimeric form. Following treatment with the chemical
reductant TCEP, the reduced (‘Red”) PaCS migrates as a monomer. A minor doublet in the
oxidized lane likely corresponds to a mixture of linear and cyclized forms of the monomer.
Fluorescent labelling with CPM indicates that no free thiols are present in the oxidized, dimeric
form of PaCSs.
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Figure 6.

Thermal denaturation of native and mutant forms of P. aerophilum citrate synthase in 4.5M
Gdn-HCI, monitored by circular dichroism. Experiments in the oxidized (thin curve) and
reduced forms (thick curve) illustrate the stabilizing contribution from the linkage of the two
protein chains.
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Table 1
Reported protein structures containing intermolecular disulfide bonds.
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Protein Source PDB ID Disulfide Reference

5'-deoxy-5'- Sulfolobus 1JDS 125-125' Appleby, et al. 200141

methylthioadenosine phosphorylase solfataricus

Glycosyltrehalose trehalohydrolase Sulfolobus 1EH9 298-298' Feese, et al. 200042
solfataricus

Protein-L-Isoaspartate O-Methyltransferase Sulfolobus tokodaii 1VBF 149-149' Tanaka, et al. 200443

Sm-Like archaeal protein 1 (Smapl) Pyrobaculum 1LNX 8-8' Mura, et al. 2()0344
aerophilum

Aspartate Racemase Pyrococcus LFL 73-73' Liu, et al. 200240
horikoshii

Pyrrolidone Carboxyl Peptidase Thermococcus 1A2Z 190-190’ Singleton, et al. 199946
litoralis

Conserved Hypothetical Protein (Tm0160) Thermotoga maritima 1viL 38-38' Spraggon, et al. 200447

Indole-3-Glycerol Phosphate Synthase Thermotoga maritima 114N 102-102 Knochel, et al. 200248

Triosephosphate Isomerase Thermotoga maritima 1B9B 541-541' Maes, et al. 199949

Elongation Factor Ts Thermus 1AIP 190-190' Jiang, et al. 1996%0

thermophilus
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Table 2

Disulfide bonded P. aerophilum proteins and complexes identified from 2D gels.
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Gene Protein Spot No. Cysteines Likely Disu|fides#
PAE2842 Hypothetical protein 1 3 (57,131, 144) Potential heterocomplex
PAE3103 NusG, transcription antitermination 2 1(6) Probable heterocomplex
PAE3173 Conserved hypothetical 3 1(130)
PAE3144 Conserved hypothetical 4 1(116)
PAE2072 Conserved protein 5 1(120) Potential heterocomplex
PAE2576 Hypothetical protein 6 5(29, 33, 67,143, 177) Potential heterocomplex
PAE2254 Hypothetical protein 7 2 (145, 154)
PAE3406 Conserved hypothetical 8 3 (40, 133, 147)
PAEQ797 Short chain dehydrogenase 9 1(259) Homodimer
PAE2075 Nitrilase, conjectural 10 2 (141, 257) Homodimer (257-257")
PAE1689 Citrate synthase 11 2 (19, 394) Homodimer (19, 394)
PAE2310 Proline dehydrogenase 12 1 (408)
PAE0210 Conserved hypothetical 13 6 (75, 100, 107, 201, Intramolecular

265, 292)
PAE2489 Acetyl-CoA acyltransferase-associated 14 6 (58, 61, 72, 75, 137, Intramolecular

173

PAE2701 Conserved hypothetical 15 2(89, 114) Intramolecular
PAE3161 Hypothetical protein 16 4 (23, 25, 106, 138) Intramolecular

See Figure 1A for corresponding spot numbers. Cysteine residue numbers are given in parenthesis.

Complexes were assigned as likely homomeric vs. heteromeric based on spot positions in the gel and the presence or absence of likely partners related
vertically. Where possible, assignment of likely disulfide connectivity was based on analysis of conservation in multiple sequence alignments, with

conserved cysteines presumed to be functionally active rather than disulfide bonded.
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Data collection and refinement statistics for the crystal structure of P. aerophilum citrate synthase.
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Data collection

Space group

Cell dimensions a, b, ¢ (A)
Resolution (A)

Rsym (%)

1/l

Completeness (%)
Redundancy

Wavelength (A)
Refinement

P2,2,2,
64.42, 89.80, 146.33
1.60

6.2 (64.9)

15.1

94.3 (87.3)

6.9 (5.8)

1.00

Resolution (A)
Total no. working reflections
Total no. test reflections
Rwork/Rfree (%)
No. atoms
Protein
lon
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angels (°)

76.47-1.60 (1.66-1.60)
100,651 (6,756)

5286 (363)

16.1/19.1

6,648
11
815

15.1
27.8
26.5

0.013
1.322

Values in parentheses refer to the highest resolution shell

Rsym =21 - <I>2 /212,

Rwork = Z [IF| = |Fcll / Z|Fol-

Rfree is as Ryork but calculated for a test set comprising reflections not used in the refinement.
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