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Background: The current paradigm of intracellular redox chemistry maintains that cells establish a reducing en-

vironment maintained by a pool of small molecule and protein thiol to protect against oxidative damage. This

strategy is conserved in mesophilic organisms from all domains of life, but has been confounded in thermophilic

organisms where evidence suggests that intracellular proteins have abundant disulfides.

Methods: Chemical labeling and 2-dimensional gel electrophoresis were used to capture disulfide bonding in the
proteome of the model thermophile Sulfolobus solfataricus. The redox poise of the metabolome was characterized

Keywords: . . . L. .

Thiol using both chemical labeling and untargeted liquid chromatography mass spectrometry. Gene annotation was

undertaken using support vector machine based pattern recognition.

Glutathione

Thermophile Results: Proteomic analysis indicated the intracellular protein thiol of S. solfataricus was primarily in the disulfide
Disulfide form. Metabolic characterization revealed a lack of reduced small molecule thiol. Glutathione was found primar-
Proteomics ily in the oxidized state (GSSG), at relatively low concentration. Combined with genetic analysis, this evidence

Metabolomics shows that pathways for synthesis of glutathione do exist in the archaeal domain.

Conclusions: In observed thermophilic organisms, thiol abundance and redox poise suggest that this system is not
directly utilized for protection against oxidative damage. Instead, a more oxidized intracellular environment pro-
motes disulfide bonding, a critical adaptation for protein thermostability.

General significance: Based on the placement of thermophilic archaea close to the last universal common ancestor
in rRNA phylogenies, we hypothesize that thiol-based redox systems are derived from metabolic pathways orig-

inally tasked with promoting protein stability.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Intracellular oxidation-reduction potential must be carefully bal-
anced to support oxidative metabolic processes, while protecting from
detrimental effects of free radical damage. It is generally accepted that
the cytoplasm is kept in a reducing (electron rich) state, with small var-
iations between different cell types [1]. The cytoplasmic redox potential
is typically quantified by measuring relative amounts of protein disulfide
(PSSP) to thiol (PSH) in equilibrium with compounds of known redox po-
tential, such as oxidized (GSSG) and reduced glutathione (GSH) [2-5]. In
the cytoplasm of eukaryotic and most gram negative prokaryotes, GSH
and PSH are the predominant forms and exist at significant concentra-
tions [5-7]. Whereas, GSSG and PSSP are primarily present in more oxi-
dizing environments, such as extracellular space, mitochondria [4,8-10]
or as catalytic intermediates.
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In contrast, structural and genomic evidence suggests thermophiles
and their viruses favor higher ratios of PSSP to PSH. The abundance of
PSSP is proposed to be an adaptation that increases protein stability at
elevated temperatures [11,12]. The genomic analyses show that this ad-
aptation is exclusive to thermophilic organisms, with the highest pro-
posed PSSP/PSH ratios observed in the hyperthermophilic Crenarchaea
[12-17]. Sulfolobus solfataricus is a hyperthermophilic Crenarchaeon liv-
ing optimally at 80 °C and a pH of 3, and has been adopted as a model
for study of high temperature adaptation [18-24]. Previous studies of
S. solfataricus and phylogenetically related thermophiles failed to find
glutathione [25,26], raising the question, how do these organisms regu-
late intracellular redox and protein disulfide formation? Organisms
without glutathione typically have an alternative small molecule thiol
fulfilling this role [6,25-27]; however both proteomic and genomic ev-
idence have failed to provide evidence of common thiol-biosynthesis
pathways in S. solfataricus and its thermophilic relatives [14,25].

The maintenance of thiol redox homeostasis is fundamentally im-
portant to an organism's ability to protect against oxidative damage.
PSSP/PSH and GSSG/GSH ratios are often used as a proxy for estimating
intracellular redox state and tracking changes [2-5]. S. Solfataricus
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utilizes a novel enzyme system for regulating oxidative stress [22,28],
but no evidence supports the role of intracellular thiol in this process.
Herein we provide evidence that both metabolites and proteins of
S. solfataricus are tuned to operate in a noncanonical redox environ-
ment. We find that S. solfataricus does utilize glutathione, although pri-
marily in the oxidized form. Because the balance of oxidized to reduced
protein and small molecule thiol is tilted toward oxidized PSSP and
GSSG, this strongly suggests a more oxidized intracellular environment.
Together these results characterize a phenotype which lies outside the
traditional paradigm, and provides an expanded model of redox ho-
meostasis in thermophilic organisms.

2. Materials and methods
2.1. Growth of microorganisms

S. solfataricus P2 (ATCC) was grown aerobically in liquid DSMZ media
182 (22.78 mM KH,PO,, 18.90 mM (NH,4),S04, 0.81 mM MgSOy4, 1.7 mM
CaCly, 0.2% Yeast Extract) (Media 1), or with the addition of 0.1% glucose
as carbon source (Media 2), pH adjusted to 2.8 with 6 M H,SO4. Media
was analyzed to ensure no glutathione or small molecule contaminant af-
fected results. Batch cultures of S. solfataricus were grown with media in
long neck Erlenmeyer flasks at 80 °C. One liter of media was inoculated
with 10 ml of log phase (ODgsg 0.33) culture and divided evenly between
ten, 1-liter long neck flasks. At (ODgsp, 0.35), 50 ml of each 0.25 liter
culture was removed and placed in a 50 ml falcon tube as growth con-
trols. Cells were collected at exponential, late exponential and stationary
growth phases for metabolite extraction. Liquid cultures of recombinant
Escherichia coli (Strain: BL21-D3) were grown in Luria-Bertani media
(1% Peptone, 0.5% Yeast Extract and 1% NaCl, pH = 7) in 1 1 shaker flasks
at 37 °C. For oxidative stress experiment, H,O, was administered to a final
concentration of 30 UM (n = 10). One liter of media was inoculated with
10 ml of log phase (ODgsg 0.33) S. solfataricus culture and divided evenly
between four, 1-liter long neck flasks. At (ODgs, 0.35), 50 ml of each 0.25
liter culture was removed and placed in a 50 ml falcon tube as stressed
growth controls. An additional 50 ml aliquot was collected from each cul-
ture at 30 min post H,0, inoculation and used for metabolite extraction.

2.2. Zdye maleimide probes for thiol labeling

Cells were lysed with combination of freeze/thaw cycles. Protein sam-
ple extracts were prepared from cell suspensions in ice cold, phosphate
buffer solution (pH = 6.5, 1 mM EDTA). All buffers were degassed and
kept on ice during extraction to help ensure lack of thiol/disulfide ex-
change. Proteins were purified and concentrated with 5-fold volume
of cold acetone (— 80 °C). Protein concentration was measured with
RC/DC Protein Assay Kit (Bio-Rad). For each experiment, 50 pg of
protein was used. Three replicates were reduced using 20 mM
tributylphosphine (Sigma) for 20 min at room temperature, alongside
three unreduced controls. Dye labeling was performed using a fluores-
cent Zdye (Blue emitting ZB-M LC-01-56, and Green emitting BDR-III-
172) coupled to a maleimide, in a method modified from [23]. Dye
was added to a final concentration of 5 pM in PBS, pH 6.5, for 20 min
at room temperature. Reactions were quenched with 5-fold excess ace-
tone (—80 °C). Samples were centrifuged at 15,000 xg and the protein
pellet was resuspended in 2D gel-loading buffer containing 40 mM DTT.
Total protein internal standards were labeled with Cy5 DIGE flor using
minimal labeling methods according to the manufacturer's protocol
(GE Healthcare). 50 pg of protein extract was labeled at 0 °C in the
dark for 30 min with 400 pmoles of Cy5 DIGE flor dissolved in 99.8%
DMF (Sigma). Labeling reactions were quenched by the addition of
1 ul of a 10 mM L-lysine solution (Sigma) and left on ice for 10 min.
Cy5, reduced and unreduced Zdye samples (ZB-M LC-01-56) were com-
bined appropriately and mixed with rehydration buffer (7 M urea, 2 M
thiourea, 4% CHAPS). 2-DE was performed as described elsewhere [23]
using precast IPG strips (pH 3-11 NL, 24 cm length; GE Healthcare) in

the first dimension (IEF). Labeled samples were combined with a maxi-
mum of 450 pl of rehydration buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 0.5% IPG buffer pH = 3-11 NL, 40 mM DTT, and a trace of
bromophenol blue) and loaded onto IPG strips. 150 pg of protein was
loaded onto each strip and IEF was carried out with the IPGPhor II (GE
Healthcare). Focusing was carried out at 20 °C with a maximum of
50 pA/strip. Active rehydration was achieved by applying 50 V for 12 h.
This was followed by a stepwise progression of 500 V for 500 Vh, gradi-
ent ramp from 500 to 1000 V for 1 h, gradient ramp from 3000 to
5000 V for 1 h, gradient ramp from 5000 to 8000 V for 1 h, the 8000 V
constant for 44,000 Vh. After IEF separation, the strips were equilibrated
twice for 15 min with 50 mM Tris-HCl, 6 M Urea, 30% glycerol, 2% SDS
and a trace of bromophenol blue, pH 8.8). The first equilibration solu-
tion contained 65 mM DTT, and the second 150 mM iodoacetamide.
The strips were sealed on the top of the gels using a sealing solution
(0.75% agarose in SDS-Tris-HCl buffer). The second-dimension SDS-
PAGE was performed in a Dalt II (GE Healthcare), using 1 mm thick,
24-cm, 13% polyacrylamide gels, and electrophoresis were carried out
at a constant current (45 min at 2 W/gel, then at 1 W/gel for ~16 h at
25 °C). 2D gels were scanned on a Typhoon Trio Imager according to
manufacturer's protocol (GE Healthcare) at 100 um resolution with ex-
citation wavelength of 532 nm with a long pass emission wavelength of
580 nm and 488 nm with 520 nm emission for Zdyes, and 633 nm with
long pass emission of 670 nm for Cy5 DIGE flor. The number of visible
protein spots was counted for direct comparison; fluorescent measure-
ments and image processing was done using Image] [29].

2.3. Metabolite extraction

A survey of the S. solfataricus metabolome was done by extracting
metabolites using 60% aqueous (v/v) EtOH, 50% aqueous (v/v) MeOH
or MeOH/Chloroform (1 mM EDTA) solvents in an effort to ensure glob-
al coverage. Chloroform methanol extraction was a modification from
[30]. Briefly, cell pellets were resuspended in 1.5 ml of cold MeOH and
transferred to glass tubes, after which 1.5 ml of cold chloroform was
added. All samples were then shaken at 0 °C for 2 h using a custom
made orbital shaker. The samples were then centrifuged (2000 xg,
15 min, —9 °C). Upper MeOH/chloroform layer was removed and 50%
aqueous MeOH (v/v) was added to cellular debris and vortexed for
30 s. After centrifugation the upper phase was pooled with the first
extracts. Proteins were precipitated using 5:1 dilution with —80 °C ac-
etone and centrifuged. Upper phase was collected and subsequently
dried and resuspended in 50% MeOH. MeOH/H,0 and EtOH/H,0 extrac-
tion was a modification from [31]. Briefly each sample was resuspended
in 1.5 ml 60% aqueous EtOH or 50% MeOH (v/v) respectively, 1 mM
EDTA, vortexed for 30s, and sample was frozen in liquid nitrogen and
thawed to room temperature three times. Samples were subsequently
sonicated 60% duty cycle maximum power level for 5 min on ice. The
sample was incubated 1 h at —20 °C followed by a 15 min centrifuga-
tion at 13,000 xg and supernatant was pooled. Cell debris was subse-
quently washed with 1 ml extraction solvent, vortexed for 30 s and
centrifuged. Proteins were precipitated using 5:1 dilution with —80C
acetone and centrifuged. Upper phase was collected and subsequently
dried and resuspended in 50% MeOH. Ignicoccus hospitalis and E. coli me-
tabolites were extracted using identical 50% MeOH method.

24. LCMS based metabolome analysis

Analyses were performed using a 1290 UPLC coupled to a 6538 UHD
Accurate-Mass Q-TOF (Agilent Technologies). The system was operated
in positive and negative electrospray ionization modes. Vials containing
extracted metabolites and standard mixtures were kept at —80 °C prior
to LCMS analysis. Metabolites were separated using a reverse-phase
Kinetix 1.7 um C18, 100A, 150 mm x 2.1 mm (Reverse Phase), or a Co-
gent Diamond Hydride, 150 mm (HILIC). In positive ionization mode,
A = 0.1% formic acid in water B = 0.1% formic acid in acetonitrile. For
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negative ionization mode two pairs of solvent systems were used,
Al = 0.1% formic acid in water B1 = 0.1% formic acid in acetonitrile
and A2 = 1 mM ammonium fluoride in water B2 = acetonitrile. The
C18 linear gradient was 100% A (0-2 min)-100% B with an injection
volume of 15 pl. HILIC linear gradient was 5% A (0-2 min)-50% A with
an injection volume of 2 pl. ESI conditions were modified from [25]
gas temperature 250 °C, drying gas of 12 I/min, nebulizer 30 psig,
fragmentor 120 V, and skimmer 65 V. The instrument was set to acquire
over the m/z range 50-1000 with an acquisition of 1 spectrum/s. MSMS
fragmentation was performed in targeted mode, and the instrument
was set to acquire over the m/z range 50-1000, with default isowidth,
collision energy was 10-20 V. Data was visualized using MassHunter soft-
ware package (Agilent Technologies) and data processing was done using
XCMS software and XCMS online, small molecule characterizations were
done using the Metlin database [32-36].

2.5. GSH labeling and GSSG reduction

A method for labeling reduced glutathione with N-(2-aminoethyl)
maleimide was developed using a GSH standard (Sigma) in aqueous
methanol (50%, pH 6.5). Using HILIC chromatography described above,
a characteristic mass and retention time shift allowed semi-quantitative
analysis of labeling to be performed. To test the reaction conditions that
were developed, 100 nmol GSH was mixed with 35, 70, and 140 nmol
of N-(2-aminoethyl) maleimide in which a linear reduction of GSH and
linear accumulation of product was observed (Supplementary Fig. 4A).
Metabolite extracts from S. solfataricus and E. coli were then spiked with
100 nmol N-(2-aminoethyl) maleimide in triplicate and analyzed with
XCMS software. Using HILIC methods to visualize GSSG reduction, GSSG
standard was spiked into samples (50% MeOH) and reduced, using
10 nmol, 100 nmol and 1 pmol dithioreitol (DTT). Metabolite extracts
from S. solfataricus were then spiked with 2 pmol DTT in triplicate and an-
alyzed with XCMS software to identify potentially novel small molecule
thiols.

2.6. Determination of NADPH-ratio

The intracellular ratio in S. solfataricus and E. coli (BL21-D3) cells was
determined as described by the manufacture of the NADP/NADPH
Quantitation Kit, MAK038-1KT (Sigma Inc.). Cells were grown to mid-
log and stationary phase, with NADP(H) extracted immediately before
measurement.
3. Results

3.1. The S. solfataricus proteome has less cysteine and more disulfide bonds

Genomic analysis revealed that the proteins of S. solfataricus have a
lower percentage of cysteine than proteins from bacteria (E. coli) and
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eukarya (Saccharomyces cerevisiae). Across the proteome of S. solfataricus
cysteine residues make up only 0.6% of the amino acid composition, com-
pared with 1.2% in E. coli and 1.3% in S. cerevisiae. In addition, over a third
(36.5%) of the proteins from S. solfataricus do not contain cysteine, a dis-
tinct difference from E. coli (15.2%) and S. cerevisiae (9.3%).

To determine if a significant fraction of cytosolic proteins in
S. solfataricus contained oxidized (PSSP), rather than reduced cys-
teine (PSH), a fluorescent thiol reactive maleimide probe was used
to label intracellular proteins. Free cysteine thiols in control and
reduced protein extracts were visualized by running the labeled proteins
on 2 dimensional gels. The number and intensity of protein spots was
substantially increased after reduction (Fig. 1). The increase in reduced
thiols after reduction was confirmed by analyzing scanned images of
the gels run in triplicate, which showed that average fluorescence
intensity increased from 1126 + 77 relative units in the control, to
1797 + 282 after reduction. This supports predictions based on se-
quence analysis, that the intracellular proteins of S. solfataricus
have an over representation of paired cysteines [11-13].

3.2. The metabolome of S. solfataricus favors oxidized thiol

Results from the analysis of the proteome provide evidence that the
intracellular thiol environment of S. solfataricus is unlike that reported in
all eukaryotes and all but a few prokaryotes. A detailed characterization
of the metabolome was undertaken to identify any small molecules in-
volved with maintaining the unusually oxidized PSSP, and find a second
indicator of intracellular redox potential. To maximize the metabolic
coverage, ultra performance liquid chromatography based mass
spectrometry (UPLC/MS) was used to analyze a series of metabolite
extractions using multiple solvents (Supplemental Fig. 1). In batch
culture, cellular metabolite expression is dependent upon the phase
of an organism's growth (Supplemental Fig. 2). Therefore, metabolites
from S. solfataricus were extracted from cultures grown at mid-log
and stationary phases as well as after 30 min of oxidative stress with
30 uM H,0,. Untargeted metabolite profiles were compared using
both reverse phase and hydrophilic interaction chromatography, to en-
sure deep coverage (Fig. 2A, B). Analysis of metabolite profiles after
30 min of oxidative stress with 30 uM H,O, allowed visualization of
2065 unique small molecule masses (fold change > 2, p-value < 0.01);
none of which matched the mass of common reduced small molecule
thiol, such as cysteine, GSH, or Coenzyme A (CoA) (Fig. 2C). CoA was pre-
viously suggested as a redox mediator for S. solfataricus and related ther-
mophiles [25].

While reduced GSH was not detectable, GSSG was present in low
abundance (~12.5 uM) (Fig. 2D). To ensure the lack of appreciable
GSH was not caused by the metabolite extraction method, E. coli metab-
olites were extracted from stationary phase using an identical method.
GSH was highly abundant. Based upon cell mass and LCMS spectral in-
tensity, the amount of GSSG detected in S. solfataricus averaged only
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Fig. 1. Cysteine labeling of cytoplasmic proteins of S. solfataricus before and after reduction of disulfide bonds. Comparison of reduced thiol content in total protein sample using a fluores-
cent Zdye-coupled maleimide probe in the native state (A) and after reduction with tributylphosphine (B). The number of proteins labeled and total fluorescence intensity increased after

reduction of disulfide bonds.
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Fig. 2. Metabolic profiling and characterization of thiol content in S. solfataricus. A total of 2064 molecular features changed by >2-fold, (p-value < 0.01) after 30 min of H,0,. Cloud plots
of (A) HILIC and (B) reverse-phase show regulated features. Features whose intensity increased are shown on the top in green, whereas those decreased are shown on the bottom in red.
Features with lower p-values are brighter. The size of each bubble corresponds to the fold change, as calculated by Welch t-test. Plots A and B generated by Metlin online. (C) Lack of CoA in
metabolite extracts was confirmed by spike-in experiments which show a clear mass spectrum of CoA standard. Inset, CoA standard (gray), and absence in metabolite extracts (black).
(D) Presence of oxidized glutathione (GSSG) in S. solfataricus. Mass spectra of GSSG from extract (above) compared to GSSG standard (below). Inset, retention time comparison between

GSSG standard (gray) and GSSG in extract (black), structure of GSSG shown for reference.

0.62% (p-value < 0.05) that were found in E. coli. Previous reports failed
to find glutathione in S. solfataricus [25], suggesting that our success may
be attributed to the superior sensitivity of UPLC/MS. In most prokaryotic
and eukaryotic cells, GSH is typically found in greater abundance than
GSSG during normal healthy growth [1]. To further validate this unique
redox poise, metabolites from the anaerobic thermophilic archaea
L. hospitalis were extracted and similar low levels of GSSG were detected,
again in the absence of measurable GSH (Supplemental Fig. 3).

3.3. Detection of small molecules using chemical biology

The failure to detect a common reduced small molecule thiol in
S. solfataricus did not rule out the existence of a novel form, such as
that observed in eubacteria and lower temperature thermophilic archaea
[26,27]. Therefore, we adopted a chemical labeling approach to search for
thiol containing small molecules. The method allows for direct labeling of
thiol in cellular extracts using a maleimide reactive group. To test the pro-
tocol, reaction of GSH with N-(2-aminoethyl) maleimide was monitored
using UPLC/MS. Extracted ion chromatograms (EIC) showed a decrease in
substrate and reciprocal accumulation of product (Supplemental Fig. 4A,
B), demonstrating that the assay performed as expected. The maleimide
probe was then spiked into metabolite extracts from both S. solfataricus
and E. coli. Targeted analysis of E. coli extracts showed that native GSH
was readily labeled (18-fold reduction, p-value < 0.05) along with
several other putatively identified thiols (Table S1), but in the
S. solfataricus samples, no native reduced thiol reacted with the probe.
GSH and N-(2-aminoethyl) maleimide were iteratively spiked into
S. solfataricus metabolite extract, to validate that there was no unknown
interfering small molecule or matrix effects in the extracts. Clear labeling
of GSH standard was observed, confirming that if GSH was present at
>25 uM, it would have been successfully labeled (Supplemental Fig. 5).
Glutathione can exist at mM concentrations in eukaryotic mesophiles [7].

To probe the metabolome of S. solfataricus for the presence of other
oxidized disulfides, a method for reducing oxidized thiols in metabolite
extracts was developed. Using this approach GSSG was reduced to GSH

by dithiothreitol (DTT) in a dose dependent manner. Differential analy-
sis of the metabolome did not reveal other affected small molecules,
strongly supporting a lack of other disulfides. A concentration threshold
for the reaction was observed, below which oxidized disulfides could
not be reduced. The efficiency of disulfide reduction decayed as the
available GSSG concentration decreased (Supplemental Fig. 4C). The in-
ability of DTT to reduce all detectable GSSG in S. solfataricus, explains
why it would not have been detected previously [25].

3.4. NADPH/NADP™ ratio

NADPH provides reducing equivalents in anabolic pathways and fa-
cilitates regeneration of GSH through glutathione reductase [37]. The
ratio of NADPH to NADP™ in S. solfataricus was determined using a stan-
dard colorimetric assay (Sigma Inc.). The results showed that signifi-
cantly higher levels of oxidized NADP™ were present (Supplemental
Fig. 6). While the ratio of oxidized to reduced equivalents of glutathione
and NADPH are not directly connected, this provides further evidence
that related metabolite pools of S. solfataricus maintain a more oxidized
potential.

3.5. Genomic justification for GSSG

The experimental evidence indicated GSSG exists in S. solfataricus;
however, substantial pathway annotation was missing. With the excep-
tion of gamma-glutamyl transpeptidase (Sso03216) and disulfide protein
oxidoreductase (SsDPO) [9], requisite enzymes for the synthesis of GSH
were not known to be present. Updated genome annotation performed
by SulfoSYS [20] revealed archaeal clusters of orthologous genes (COG)
to glutathione synthase, lactoyl-gluatathione lyase, and glutaredoxin-
like proteins. Discovery of GSSG prompted us to investigate these gene
clusters further, with the goal of completing the synthetic pathway.
While sequence based comparisons often fail when there is high di-
vergence, even low identity can provide evidence of homologous
structures and activities [21]. To elucidate the glutathione pathway,
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Table 1

Summary of S. solfataricus protein with similarity to glutathione synthesis and metabolism.
Gene arCOG annotation arCOG # p-Value
SS00159 Glutathione synthase/glutaminyl transferase/alpha-L-glutamate ligase arC0G01589 2.8E—45
SS00645 Glutathione synthase/glutaminyl transferase/alpha-L-glutamate ligase arC0G01589 6.2E—39
SS02346 Glutathione synthase/glutaminyl transferase/alpha-L-glutamate ligase arC0G01589 3.3E-37
SS01223 Catechol 2,3-dioxygenase or other lactoylglutathione lyase family enzyme arCOG06037 0
S$S02054 Catechol 2,3-dioxygenase or other lactoylglutathione lyase family enzyme arCOG06037 0
$S02426 Lactoylglutathione lyase or related enzyme arC0G02706 5E—24
$S00192* Thiol-disulfide isomerase or thioredoxin (SsPDO) arC0G01218 ref [8]
SS00314 Predicted thioredoxin/glutaredoxin arC0G04235 0
SS03216* Gamma-glutamyltransferase arC0G04053 Annotated

SS00192* has been biochemically characterized and displays activity with GSSG and GSH; SS03216* is annotated.

genes for putative enzymes were analyzed using machine learning ap-
proaches [38,39]. This resulted in the identification of three genes
with significant similarity to those of glutathione synthase, a protein di-
sulfide oxidoreductase with experimentally validated GSH-thiol trans-
ferase activity [9], and confirmation of a newly annotated gamma-
glutamyltransferase (Table 1).

4. Discussion

This report provides evidence from multiple systems that the ratio of
oxidized to reduced thiol in S. solfataricus is substantially shifted toward
the oxidized form. This cellular state does not appear to be maintained
by novel pathways or enzymes, but through adjustment of the canonical
redox system. Global analysis of intracellular protein disulfide shows
that there is a substantial increase in the number of fluorescently la-
beled proteins after reduction, an observation which contrasts most
bacterial and eukaryotic systems [1]. Previous investigations of thiol
content in thermophilic organisms reported an absence of glutathione
or alternatives, such as y-glutamylcysteine found in archaea from cooler
environments [26,27]. We confirmed the absence of small molecule
thiol by chemically labeling reduced thiol in S. solfataricus metabolite
extracts. However, our large scale metabolomic survey detected gluta-
thione in an oxidized form, GSSG. This result prompted a careful inves-
tigation of the S. solfataricus genome, in which genes with significant
similarity to those involved in glutathione synthesis and regulation
were validated. Enzyme assays on protein disulfide oxidoreductase
(SsPDO) from S. solfataricus show that glutathione (GSH) dependent
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Fig. 3. Results of genomic, proteomic and metabolomic investigation comparing thiol con-
tent of the thermophilic S. solfataricus (A) to physiologic conditions typically observed in
mesophilic organisms (B). Genomic analysis indicates that a reduced amount of the
amino acid cysteine is used in the proteins of S. solfataricus. Proteomic investigation indi-
cates that cysteines (PSH) in S. solfataricus occur primarily as protein disulfides (PSSP) un-
like E. coli. The ratio of oxidized (GSSG) to reduced glutathione (GSH) is also much higher
in S. solfataricus. Together, these results suggest a new model for redox homeostasis in
thermophilic organisms.

thiol-transferase activity is suppressed [9]. This would help establish/
maintain oxidized protein disulfides, because the GSH/GSSG ratio is
linked to PSH/PSSP ratio through direct and indirect redox transfer reac-
tions [2]. Connectivity of chemical potential between small molecules
and proteins allows cells to take advantage of substantial redox buffer-
ing capacity of the protein thiol pool [2-5].

Historically, it was suggested that proteins in archaea were low in
cysteine residues and disulfide bonds [40], but more recently evidence
shows significant disulfide bonding in thermophilic archaea [11-17].
In the case of S. solfataricus, the amount of free thiol in the proteome
and metabolome is lower, and the abundance of intracellular protein
disulfides are higher than bacterial or eukaryotic model organisms,
prompting us to put forth a new thiol-redox strategy (Fig. 3). Many of
the proteins from S. solfataricus show an absence of cysteine (36.5%),
but this is not surprising considering studies of thermophilic viruses
which show the membrane proteins often lack any cysteine [15]. Com-
bined with previous results it seems likely that thermophiles utilize a
more oxidizing intracellular environment to take advantage of the
structural stability imparted by disulfides. To achieve this, thermophilic
organisms need to maintain an intracellular environment in which pro-
tein disulfides persist. In this case, a glutathione based thiol pool may
not be appropriate as a redox buffer. It has been previously suggested
that coenzyme A could take on this role, but a lack of detectable levels
in this study (Fig. 2C) and others [25] suggests that this is unlikely. An
alternative explanation is that S. solfataricus has reduced the role of
thiol in redox chemistry, freeing disulfides to be used extensively for
thermostability of intracellular proteins. Consistent with this model is
the fact that while disulfide number is increased, the overall percentage
of cysteine residues is reduced because of the potential to form unwanted
crosslinks. Previous investigations of the cellular response to oxidative
stress lend further support to an alternative cytoplasmic potential. We
found that during periods of oxidative stress the gene encoding gamma-
glutamyltransferase (Ss03216) is up-regulated, and the putative protein
glutathione synthase (Sso0159) is down-regulated in S. solfataricus,
which would trigger a depletion of the GSH pool [22].

By using an integrated analysis of metabolites and proteins, a unified
model of thermophile redox physiology is put-forth. A point that re-
mains to be addressed is the role of glutathione in S. solfataricus and
whether this represents an ancestral cellular state from a time before re-
active oxygen species altered the landscape of biology [41]. A substan-
tial thiol pool exists in mesophilic organisms from all branches of life;
even mesophilic archaea utilize a glutathione-like thiol pool [6,26,27].
Based on the placement of thermophilic archaea close to the last univer-
sal common ancestor in rRNA phylogenies, we suggest that thiol-based
systems now used for maintaining a reducing intracellular environment
are derived from metabolic pathways originally tasked with keeping
protein disulfide bonds intact at high temperature.
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