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Abstract

A significant fraction of the proteome of Chlorobium tepidum is altered in a mutant strain of the green sulfur
bacterium C. tepidum (�::RLP) lacking the Rubisco-like protein (RLP). Additionally, a number of stress proteins
display altered abundance or migration in strain �::RLP, including a thioredoxin, a putative Hsp20 family chaper-
onin, and GroEL. Changes in protein abundance are closely correlated to mRNA abundance in the case of two other
stress proteins, a thiol-specific antioxidant protein homolog (Tsa/AhpC) and an iron only superoxide dismutase
(Fe-SOD). Strain �::RLP is more resistant to hydrogen peroxide exposure than strain WT2321, providing evidence
that the stress proteins are functional. Strain �::RLP is also defective in thiosulfate oxidation, but is able to oxidize
sulfide as well as the wild-type strain. Based on studies with periplasm-enriched extracts of strain �::RLP, the
loss of thiosulfate oxidation capability correlates with undetectable levels of the SoxY protein, a component of the
predicted thiosulfate oxidation complex. These results provide further indications that sulfur oxidation capacity
and the response to stress are linked in C. tepidum, with the RLP playing a major role.

Abbreviations: RLP – Rubisco-like protein; Sox – thiosulfate oxidation complex

Introduction

Ribulose 1,5-bisphosphate (RuBP) carboxylase/oxyge-
nase (Rubisco) is the most abundant enzyme on earth
(Ellis 1979) and is the key catalyst of the Calvin–
Benson–Bassham (CBB) cycle of autotrophic CO2
fixation in plants and a wide variety of bacteria (Tabita
1999). As a result of recent microbial genome se-
quencing efforts, two new types of Rubisco molecules
have been recognized; these are the form III Rubisco’s
from archaea and the form IV Rubisco-like protein
(RLP) sequences from bacteria and archaea. The form
III proteins are bona fide Rubisco catalysts (Ezaki
et al. 1999; Tabita 1999; Watson et al. 1999) but

the form IV proteins (RLPs) represent an interesting
variation in that they both resemble and differ from
bona fide Rubisco enzymes but do not catalyze RuBP-
dependent CO2 fixation (Hanson and Tabita 2001).
These findings have greatly expanded our view of the
diversity of this enzyme family. This paper describes
recent insights revealed by proteomic and physiolog-
ical studies using a mutant strain of the green sulfur
bacterium Chlorobium tepidum (strain �::RLP) that
lacks the RLP.

RLP molecules are delineated from true Rubisco’s
on the basis of two criteria. First, RLP sequences
form a distinct, coherent clade within phylogenetic
trees constructed from alignments of form I, form
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Figure 1. Unrooted neighbor joining phylogenetic tree showing the relationship of bona fide Rubisco sequences (form I – in red and green,
form II – in purple, form III – bronze) and the RLP sequences (form IV – in cyan). Bootstrap values at the nodes indicate the percentage of
times that particular node was present in 1000 trials. Only nodes with less than 70% bootstrap support are indicated. The scale bar represents
0.1 substitutions per site.

II and form III Rubisco molecules (Figure 1), with
RLP sequences derived from a broad range of or-
ganisms (Table 1). Recently available sequences in-
cluded in the tree reinforce the notion that the RLP’s
(form IV) are very diverse and contain at least one
subgroup comprised of RLP’s from the green sulfur

bacteria C. tepidum and C. limicola, along with RLP2
from the purple non-sulfur bacterium R. palustris
and the RLP found in the purple sulfur bacterium
A. vinosum (Figure 1). Aside from these four RLP
molecules, which display ∼60% amino acid se-
quence identity, the entire RLP family shares only
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Table 1. Sequences used to construct the phylogenetic tree in Figure 1

Rubisco sub-family Organism Source/accession number

Form I – Red Xanthobacter flavus P23011

Rhodobacter sphaeroides P27997

Olisthodiscus luteus P14959

Cylindrotheca sp. Strain N1 P24673

Mn-oxidizing bacterium strain SI85-9A1 AAB41464

R. palustris DOE-JGIa

Form I – Green Synechococcus sp. strain PCC 6301 P00880

Prochlorothrix hollandica P27568

Euglena gracilis NP_041936

Chlamydomonas reinhardtii P00877

Nicotiana tabacum P00876

Spinacia oleracea P00875

Rhodobacter capsulatus O32740

Acidithiobacillus ferrooxidans AAD30508

Allochromatium vinosum (RbcL) P22849

Thiobacillus denitrificans Q56259

Synechococcus sp. Strain WH 7803 P96486

A. vinosum (RbcA) P22859

Hydrogenovibrio marinus Q59460

Form II H. marinus Q59462

T. denitrificans Q60028

Rhodospirillum rubrum 230725

R. palustris DOE-JGI

R. sphaeroides P29278

R. capsulatus P50922

Form III – Archaeal Archaeoglobus fulgidus NP_070466

Thermococcus kodakaraensis BAA33863

Methanosarcina acetivorans W. Metcalf b

Pyrococcus horikoshii NP_142861

Methanocaldococcus jannaschii NP_248230

Form IV – Rubisco-like C. tepidum TIGRc

C. limicola f. sp. thiosulfatophilum AAK14332

R. palustris (RLP2) DOE-JGI

A. vinosum BAB44150

Mesorhizobium loti NP_107406

Burkholderia cepacia Sanger d

Bordetella bronchiseptica Sanger

R. palustris (RLP1) DOE-JGI

A. fulgidus NP_070416

B. subtilis NP_389242

B. anthracis TIGR

a United States Department of Energy-Joint Genome Institute, http://www.jgi.doe.gov.
b Personal communication.
c The Institute for Genomic Research, http://www.tigr.org.
d The Sanger Centre, http://www.sanger.ac.uk.

∼25%–30% overall sequence identity; moreover, indi-
vidual RLP’s are no more related to one another than
they are to Rubisco’s of forms I–III. These distinct

differences in sequence identity might indicate that
there are multiple physiological roles for phylogenet-
ically distinct RLP molecules.
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The second criterion separating RLP from bona
fide Rubisco is that all RLPs contain varying num-
bers of substitutions at residues that comprise known
active site residues that are invariant in bona fide
Rubisco molecules. In the case of the C. tepidum
RLP, nine of nineteen active site residues have been
replaced by non-conservative amino acid substitu-
tions. Not surprisingly, no significant Rubisco activity
was demonstrated by purified recombinant C. tepidum
RLP or crude extracts of C. tepidum (Hanson and
Tabita 2001).

The precise physiological role of most RLPs re-
mains enigmatic. Studies on strain �::RLP, a mutant
of C. tepidum in which the RLP-encoding gene
(CT1772) was inactivated, indicated that RLP may
somehow be involved with sulfur metabolism and
the response to oxidative stress. Studies on the RLP
encoded by the ykrW gene of B. subtilis indicate a
role for this protein in recycling of methylthioaden-
osine produced as a by-product of spermidine bio-
synthesis (Grundy and Henkin 1998; Murphy et al.
2002; Sekowska and Danchin 2002). However, C.
tepidum RLP is unlikely to carry out the same func-
tion, consistent with the fact that the B. subtilis and
C. tepidum sequences fall within different sub-groups
of RLP molecules (Figure 1). The two proteins them-
selves are also not very similar and contain differ-
ent patterns of substitutions at Rubisco active site
residues. Furthermore, the recently completed C. tep-
idum genome does not encode orthologs of any of
the other genes proposed to complete the methyl-
thioadenosine recycling pathway (Eisen et al. 2002).
Most convincingly, the pleiotropic phenotype exhib-
ited by C. tepidum strain �::RLP is exhibited under
normal growth conditions while the B. subtilis ykrW
mutant has to be highly starved for sulfur before a
phenotype becomes apparent (Murphy et al. 2002;
Sekowska and Danchin 2002). These observations
bolster the hypothesis that subfamilies of RLPs, as
delineated by phylogenetic comparisons, may carry
out distinct physiological roles in their respective
hosts.

In order to further characterize the physiological
role of the C. tepidum RLP, we have undertaken com-
parative physiological and proteomics studies of the
wild type strain WT2321 and strain �::RLP. These
studies have greatly extended earlier indications that
oxidative stress responses and sulfur metabolism are
perturbed in strain �::RLP. For example, proteomic
comparisons indicated that a large fraction of the C.
tepidum protein profile was changed in strain �::RLP.

In addition to the previously identified thiol-specific
antioxidant protein superfamily (Tsa/AhpC) homolog
and iron superoxide dismutase (Fe-SOD) (Hanson and
Tabita 2001), additional stress response proteins were
identified on the basis of their altered abundance or
migration in strain �::RLP. In two instances, protein
abundance was shown to correlate with changes at the
level of gene transcription. Most importantly, altered
patterns of protein accumulation correlated with sig-
nificant increases in the tolerance of strain �::RLP to
peroxide stress, reinforcing and extending initial ob-
servations that the RLP appears to affect the regulation
of stress responses in C. tepidum. Finally, protein anal-
yses of periplasm-enriched extracts in strain �::RLP
indicated that a predicted thiosulfate oxidation protein,
SoxY (Friedrich et al. 2001; Quentmeier and Friedrich
2001; Eisen et al. 2002), correlated with defects in
normal thiosulfate oxidation capacity. These results,
taken together, suggest that RLP plays a central role in
the physiology of C. tepidum and directly or indirectly
affects stress responses and sulfur metabolism in this
organism.

Materials and methods

Sequence alignments and phylogenetic
tree construction

The sources of the sequences used to construct the
phylogenetic tree in Figure 1 are listed (Table 1). Mul-
tiple sequence alignments and bootstrapped neigh-
bor joining trees were constructed using ClustalX
1.8 (Thompson et al. 1997). Trees were visualized
with TreeView 1.6.6 (Page 1996) and prepared for
publication using Corel Draw 8 (Corel Corporation,
Ottawa, Canada). The scale bar corresponds to 0.1
substitutions per site.

Strains and growth conditions

The construction of C. tepidum strain �::RLP and the
growth of C. tepidum wild type strain WT2321 and
strain �::RLP were described previously (Hanson and
Tabita 2001). Cultures (20 ml) were grown in sealed
25 ml tubes (Bellco, Vineland, New Jersey) under
a headspace of 95% N2 + 5% CO2 unless otherwise
noted. C. tepidum growth was quantitated by follow-
ing the protein content of cultures (Mukhopadhyay
et al. 1999).
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Two dimensional SDS-PAGE comparison
of C. tepidum strains

Three autotrophic cultures each of C. tepidum strain
WT2321 and strain �::RLP were grown to mid-
exponential phase (100–120µg protein ml−1) and har-
vested by centrifugation at 7500 × g for 5 min at
room temperature. Cell pellets were stored at −70 ◦C
until processing. At the desired time, cell pel-
lets were resuspended in 0.5 ml cold lysis buffer
(20 mM Tris-HCl, pH 7.5 + 10 mM MgCl2 + 1 mM
EDTA + 10 mM β-mercaptoethanol+ 10% glycerol).
Cells were lysed using a Heat Systems (Farmingdale,
New York) model W-385 sonicator equipped with a
microprobe tip. Samples were sonicated for 2 min us-
ing a 50% duty cycle, power setting = 3.5, while being
cooled in an ice water bath. Cell debris was removed
by centrifugation at 16,000× g for 5 min at 4 ◦C.
Extracts were fractionated by ultracentrifugation at
150,000× g for 60 min at 4 ◦C. The supernatant from
the ultracentrifugation was carefully removed and was
designated the soluble fraction. The protein concen-
tration in soluble fraction samples was determined
with a modified Lowry protocol (Markwell et al.
1978).

Soluble fraction protein samples (100 µg pro-
tein) were adjusted to 8 M urea + 1% CHAPS + 2 mM
tributylphosphine+ 0.2% BioLytes 3–10 + 0.001%
bromphenol blue in a volume of 350 µl. Samples
were applied to 17 cm ready strip pH 3–10 IPG strips
(Bio-Rad) using the active rehydration program on a
Protean IEF cell (Bio-Rad). Samples were focused
for a total of 95,000 V h after 15 min of prefocusing
at 250 V using the linear ramp program from 250 to
10,000 V.

SDS-PAGE on pre-cast Protean 8–16% gradient
gels (Bio-Rad) was carried out after equilibrating fo-
cused IPG strips according to manufacturer’s instruc-
tions. Gels were stained with a mass spectrometry
compatible silver stain kit (Silver Stain Plus, Bio-Rad)
and gel images collected using a FluorS MultiImager
operated by PDQuest software Version 6.2.1 (Bio-
Rad). Molecular mass and pI values for proteins were
estimated by comparison to gels of 2D SDS-PAGE
standards (Bio-Rad) separated under the same con-
ditions as the samples. Gel images were processed,
normalized and compared with PDQuest 6.2.1. For
quantitative comparisons, a matchset was constructed
from the six gel images corresponding to the soluble
fractions of strain WT2321 and �::RLP. Spot inten-
sities were normalized using the ‘total density in gel

image’ method in PDQuest 6.2.1 and values for spot
intensity are reported as parts per million (ppm) re-
flecting the contribution of each spot to the total pixel
density present in the image.

Protein identification by mass spectrometry

Two-dimensional gels were run as above except that
400 µg of soluble extract protein was loaded. After
second dimension electrophoresis, gels were fixed in
50% ethanol+ 10% acetic acid overnight followed by
two 30 min washes in 50% methanol+ 5% acetic acid.
Staining was carried out with 0.25% Coomassie R-250
(Sigma, St. Louis, Missouri) dissolved in 50% meth-
anol + 5% acetic acid. Gels were destained in 50%
methanol+ 5% acetic acid and stored in 5% acetic
acid at 4 ◦C until coring. Proteins identified as hav-
ing altered abundance in the silver stained gels were
cored using a robotic spot cutter (Bio-Rad) and cores
were analyzed at The Ohio State University Campus
Chemical Instrument Center. Proteins in gel cores
were digested with modified sequencing grade trypsin
(Promega, Madison, Wisconsiu).

Following digestion, matrix assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) was per-
formed on a Reflex III mass spectrometer (Bruker,
Breman, Germany) operated in linear, positive ion
mode with a N2 laser. Laser power was used at
the threshold level required to generate signal. Ac-
celerating voltage was set to 28 kV. The instrument
was calibrated with protein standards bracketing the
molecular weights of the protein samples (typically
mixtures of bradykinin fragment 1–5 and human ad-
renocorticotropic hormone fragment 18–39 as appro-
priate (Fluka, St. Louis, Missouri). Salt buffers from
the digestion samples were cleaned when necessary
using ZipTips (Millipore, Bedford, Massachusetts)
according to manufacturer’s directions. α-Cyano-4-
hydroxycinnamic acid (Fluka, St. Louis, Missouri)
was used as the matrix and prepared as a saturated
solution in 50% acetonitrile/0.1% trifluoroacetic acid
(in water). Aliquots of 10 µl of matrix and 2 µl of
sample were thoroughly mixed together; 0.5 µl of this
was spotted on the target plate and allowed to dry.
MALDI-TOF spectra are monoisotopic masses and re-
ported as [M + H]+. The resulting mass profile was
searched against databases using the Mascot search
program (MatrixScience, London, UK) or manu-
ally matched to peptide mass profiles generated from
known C. tepidum proteins or other protein sequences
with the Peptide Mass program at the Expasy WWW
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server (http://ca.expasy.org/tools/peptide-mass.html).
Profiles were generated as monoisotopic [M + H]+
masses of tryptic derived peptides allowing up to one
missed cleavage site per peptide.

When MALDI-TOF MS did not unambiguously
identify a C. tepidum protein, samples of diges-
ted cores were further analyzed by capillary liquid
chromatography nanospray tandem mass spectrom-
etry (Nano-LC-MS/MS). Nano-LC-MS/MS was per-
formed on a hybrid quadrupole time-of-flight mass
spectrometer (Q-Tof II, Micromass, Wythenshawe,
UK) equipped with an orthogonal nanospray source
from New Objective, Inc. (Woburn, Massachusetts)
operated in positive ion mode. The LC system was
a Waters Alliance 2690 Separation Module (Waters,
Milford, Massachusetts). Solvent A was water con-
taining 50 mM acetic acid and solvent B was ace-
tonitrile. Of each sample, 10 µl was first injected
on to the trapping column, which was then washed
with solvent A. The injector port was switched to
inject and the peptides were eluted off of the trap
onto the column. A 10 cm, 50 µm I.D. BioBasic C18
column packed directly in the nanospray tip was used
for chromatographic separations. Peptides were eluted
directly off the column into the Q-TOF system us-
ing a gradient of 3–80% B over 20 min, with a flow
rate of 280 µl/min with a pre-column split to about
500 nl/min. Total run time was 35 min. The nanospray
capillary voltage was at 2.8 kV and cone at 55 V. The
source temperature was maintained at 100 ◦C. Mass
spectra were recorded using MassLynx 3.5 automatic
switching functions. Mass spectra were acquired from
mass 300 to 2000 Da every 1 s with a resolution of
8000 (FWHM). When the desired peak (using include
tables) was detected at a minimum of eight ion counts,
the mass spectrometer automatically switched to ac-
quire CID MS/MS spectrum of the individual peptide.
Collision energy was set dependent on charge state re-
cognition properties. Sequence information from the
MS/MS data was processed using the MassLynx 3.5
Biolynx software. Resulting spectra were searched
against the NCBI non-redundant protein database us-
ing the Mascot Sonar MS/MS search program to
identify the corresponding C. tepidum protein.

Quantitative reverse transcriptase PCR (RT-PCR)
assay for mRNA quantitation

C. tepidum sequence data (Eisen et al. 2002) was
obtained from The Institute for Genomic Research
website (http://www.tigr.org). Primers were designed

with the aid of Gene Runner software Version 3.05.
The following amplicons were used in this study
for quantitation of mRNA levels by quantitative
RT-PCR: A 117 bp section of gene CT1492 en-
coding the Tsa/AhpC homolog was amplified us-
ing primer Tsa-RT-F (5′-TGCTCGGTTGCTCGGTT
GAC-3′) and primer Tsa-RT-R (5′-TGGTCTTGTTG
ATGTCGGAGATGA-3′). A 118 bp section of gene
CT1211, encoding an iron only superoxide dis-
mutase, was amplified using primer Sod-RT-F
(5′-CGAAGGCACGCCATATGACG-3′) and Sod-RT-
R (5′-GTAGAAGCTGTGGTTCCATGCCTG-3′). Fi-
nally, a 118 bp section of gene CT1551 encoding
SigA, the presumed major housekeeping sigma factor
(Gruber and Bryant 1998), was amplified using primer
Sig-RT-F (5′-ACGAGGGCCATCAAGGAAGGT-3′)
and primer Sig-RT-R (5′-TGGCCACCGAAACCAC
GAA-3′).

RNA was prepared from early to mid-exponential
phase C. tepidum strain WT2321 and �::RLP cultures
(∼60 µg protein ml−1) by a hot SDS:phenol extraction
method (Tong et al. 1996) followed by LiCl precipita-
tion (Ausubel et al. 1987). RNA samples were treated
with RNase-free DNase I (Amplification grade, In-
vitrogen, Carlsbad, California) to minimize genomic
DNA contamination. Reverse transcription reactions
were carried out with a commercial kit (Omniscript
RT, Qiagen, Valencia, California).

Quantitative PCR reactions (25µl) were per-
formed on 1:10 diluted reverse transcription (+RT)
reactions and −RT controls (for genomic DNA con-
tamination) using the QuantiTect SYBR Green PCR
kit (Qiagen). Data sets were collected on a BioRad
iQ Real Time PCR System using iCycler Version
2.3.1370 software and analyzed using the same soft-
ware. Fluorescein (10 nM in all reactions, Bio-Rad)
was used to collect well correction factors prior to data
acquisition. The cycling conditions were: 15 min at
95 ◦C (activation of Taq polymerase)+ 90 s at 94 ◦C
(well factor collection) followed by 45 cycles of 30 s
at 94 ◦C, 30 s at 60 ◦C, and 60 s at 72 ◦C. Fluorescence
signal data were collected during the 72 ◦C phase of
each cycle. Melt curves from 95 ◦C to 56 ◦C in 0.5 ◦C
increments, measuring fluorescence at each tempera-
ture, were collected for all samples following the last
cycle.

All genes studied are present in the C. tepidum
chromosome in single copy. Therefore, dilutions of
CsCl purified (Ausubel et al. 1987) C. tepidum strain
WT2321 genomic DNA were used to construct inde-
pendent standard curves for each gene ranging from
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50 to 5 × 107 copies per reaction with each point mea-
sured in triplicate. Efficiencies for amplification of
each gene were similar based on the slopes of the
standard curves. The standard curves were used to
derive the copy number of each gene in three RNA
samples from independent cultures of each strain.
The copy number in each RNA sample was determ-
ined in triplicate. The derived copy number for either
oxidative stress gene was divided by sigA transcript
copy number resulting in an expression ratio, which
normalizes for differences in RNA preparation and
amplification efficiency between samples. These ex-
pression ratios are presented in Figure 5A. The sigA
transcript copy number was found to be relatively
constant (292 ± 107 copies per nanogram total RNA)
across all samples, which may indicate it as a gener-
ally useful reference gene. The observed variance is
likely due to differences in quality of individual RNA
preparations.

T -tests (Microsoft Excel, two-sample, assuming
unequal variance, alpha = 0.05) were used to deter-
mine if the differences observed for transcript, activ-
ity and protein levels between strains WT2321 and
�::RLP were statistically significant. The resulting
P -values are noted (Figure 5A).

Oxidative stress resistance of C. tepidum strains

Resistance of C. tepidum strains to 400 µM H2O2 was
measured by a viable plate count assay. To quantitate
viable cells, 0.1 ml samples taken from early expo-
nential phase (40–50µg protein ml−1) cultures were
immediately injected into sealed sterile 2.5 ml serum
vials containing an atmosphere of 2.5% H2 + 97.5%
N2. Vials were quickly transferred into an anaer-
obic chamber and serial dilutions of the culture
samples were made in liquid CP medium (60). Di-
lutions were plated on CP plates and incubated in
custom-built anaerobic jars with Gas-Pak envelopes
(Beckton Dickinson, Cockeysville, Maryland), cata-
lyst (Beckton Dickinson), and a sulfide generating
system (Wahlund and Madigan 1995) for 5–7 days at
48 ◦C at which time colonies were counted.

Sulfur compound assays

Sulfide was quantitated by the methylene blue assay
(Trüper and Schlegel 1964). Thiosulfate was measured
after conversion to Fe–SCN complex in the presence
of Cu2+ ions as described by Westley (1987).

Subcellular fractionation of C. tepidum

Autotrophic cultures (100 ml per culture) of C. tep-
idum strains WT2321 and �::RLP were grown to mid-
exponential phase (∼80–100µg protein ml−1). Cells
were collected by centrifugation at 7500 × g for 5 min
at room temperature. Secreted proteins were recovered
by recentrifuging spent medium prior to concentration
from 100 ml to ∼150 µl through a Centricon-15 con-
centrator with a 5 kDa molecular weight cutoff filter.
Periplasm-enriched fractions were prepared by mild
osmotic shock in the absence of lysozyme, as orig-
inally described for Alcaligenes faecalis (Zhu et al.
1999). Cells recovered from the osmotic shock were
resuspended in cold lysis buffer and treated as above
to produce the soluble fraction. The pellet resulting
from centrifugation at 150,000× g was washed once
by resuspension in cold lysis buffer followed by a
30 min centrifugation at 150,000× g. The resulting
pellet constituted the membrane fraction and was re-
suspended in cold lysis buffer + 1% SDS. Extracts
prepared by this method were normalized for gel load-
ing by their absorbance at 280 nm because they could
not be reproducibly quantitated using either Lowry or
Bradford colorimetric assays.

Results and discussion

General comparison of soluble proteins
from strain WT2321 and �::RLP

Examples of gels used to compare the proteomes
of strain WT2321 and strain �::RLP are shown
(Figure 2). Comparison across three independent cul-
tures for each strain led to the identification of a
set of 350 individual soluble polypeptides that could
be matched across all gels and compared quantitat-
ively. Based on the prediction of 2228 ORFs in the
total C. tepidum genome (Eisen et al. 2002), this
means that approximately 16% of the potential pro-
teome was observed in this comparison of soluble
proteins, assuming that each visualized polypeptide
corresponds to one protein. This is not a valid as-
sumption for all proteins (see Figures 3 and 4) and a
more accurate estimate is probably between 10% and
15% of the total proteome. The results of that com-
parison (Table 2) indicated that approximately 13%
of the C. tepidum proteome, or one out of every
eight polypeptides observed on a two-dimensional gel,
significantly changed in abundance due to the loss
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Figure 2. Two-dimensional SDS-PAGE separations of soluble extracts from strain WT2321 (A) and strain �::RLP (B). First dimension separ-
ation was performed in a pH 3–10 gradient and second dimension separation utilized an 8–16% acrylamide gradient gel. Standards for pI and
MW were from independently run gels of 2D SDS-PAGE standards (Bio-Rad). Identities of proteins were determined by MALDI-TOF MS as
described in Materials and methods. Boxed regions containing proteins with expression or migration differences are expanded in Figure 4.

Figure 3. Expanded view of regions indicated in Figure 3. Left hand panels are of strain WT2321 extract and right hand panels are of strain
�::RLP extract. (A) Region containing the Tsa/AhpC homolog previously identified as a hyper-expressed protein in strain �::RLP. (B) Region
containing a number of polypeptides with higher abundance in strain WT2321 (squares) or strain �::RLP (circles). Protein identities were
determined by MALDI-TOF MS or by LC-MS/MS (Table 4).

of the RLP. Similar numbers of polypeptides were
seen to increase or decrease in abundance in strain
�::RLP.

One goal of this study was to identify protein mark-
ers that could be used as landmarks for future studies.
Several abundant polypeptides from widely separated
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Figure 4. Comparison of subcellular fractions of strain WT2321 and strain �::RLP. (A) SDS-PAGE of secreted (Sec), periplasm-enriched (Per),
membrane (Mem) and soluble (Sol) fractions in a 15% acrylamide gel. Indicated proteins were identified by MALDI-TOF MS or LC-MS/MS
(Table 5). (B) Close-up of 2D SDS-PAGE separation of periplasm-enriched extracts from strain WT2321 and strain �::RLP demonstrating
twinning of GroEL in strain �::RLP. Each polypeptide was identified as GroEL by MALDI-TOF MS (Table 5).

Table 2. Summary of 2D SDS-PAGE comparison of soluble pro-
teins from C. tepidum strain WT2321 and �::RLP

Total matched proteins 350

Proteins > 3X over-expressed 24 Max. 18.1X

in �::RLP Avg. 5.7X

Proteins > 3X under-expressed 21 Max. 40.1X

in �::RLP Avg. 6.1X

Total number of proteins changed 45 (12.9%)

>3X in �::RLP

areas of the gels were identified (Figure 3)
and the observed pI /MW values derived from sep-
arately run standard gels compared to predicted
pI /MW values derived from the predicted ORFs

Table 3. Comparison of predicted and observed pI and MW for C.
tepidum landmark proteins indicated in Figure 2

Protein Gene Predicted pI /MWa Observed pI /MWb

DnaK CT0643 5.2/68.5 5.1/65

GroEL CT0530 5.2/58.1 5.1/60

SoxB CT1970 7.0/68.4 (6.6/63.6) 6.1/46

OmpH CT0254 9.5/20.4 9.5/18

Trx-2 CT1970 4.9/11.9 4.7/12

a Calculated using pI /MW tool at the ExPASy Molecular Biology
Sever (www.expasy.ch) using sequences from the C. tepdium annota-
tion at The Institute for Genomic Research website (www.tigr.org).
b Derived by comparison to 2D SDS-PAGE standards separated
under the same conditions in independent gels.

encoding the proteins. Good agreement was
found in most cases except for the SoxB protein
(Table 3).
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Table 4. Proteins showing altered abundance or migration in soluble extracts of strain �::RLP compared to strain
WT2321 (Figure 2)

Protein Gene Fold difference ID method Z-scorea % Coverageb

�::RLP/WT2321

Tsa/AhpC CT1492 10.5 MALDI 1.78 46

E-valuec Number of

peptidesd

Hsp20 CT1970 3.0 LC-MS/MS 6.3 × 10−14 8

Trx-2 CT0841 Basic pI shift in LC-MS/MS 7.7 × 10−7 3

�::RLP

a Confidence score as reported by Mascot ProFound search engine. In all cases, C. tepidum sequences were the
best scoring match.
b Percent of amino acid sequence of the sequence match that corresponded to peptide masses in the MALDI-TOF
peak list.
c Confidence score as reported by Sonar MS/MS search engine. Similar to BLAST E-values, it indicates the
probability that the matches found are random based on the size of the database searched, in this case the NCBI
non-redundant database. In all cases, the indicated C. tepidum sequences were the best match.
d Number of individual peptides from LC-MS/MS data displaying a match to the proposed sequence match.

The C. tepidum SoxB protein, a subunit of the
predicted thiosulfate oxidizing complex (Wodara et al.
1994; Friedrich et al. 2001), consistently migrated at
∼46 kDa, faster than the observed mass for GroEL,
at ∼60 kDa. The predicted SoxB protein, at 68 kDa, is
approximately 10 kDa larger than the predicted GroEL
protein at 59.8 kDa. Part of this discrepancy lies in
the fact that SoxB is a periplasmic enzyme and the
annotated ORF contains a signal sequence. Another
part of the discrepancy is that the SoxB ORF likely
was assigned the wrong start site, including 32 ad-
ditional codons that are not supported by BLASTP
alignments against the characterized Paracoccus pan-
totrophus SoxB protein. The P. pantotrophus SoxB
protein has a predicted mass of 58.8 kDa that is closely
matched by its observed mass of 59 kDa in SDS-PAGE
(Friedrich et al. 2000). However, the considerations
above predicted a molecular mass of 64 kDa for the
C. tepidum Sox B protein, which is still significantly
higher than the observed molecular mass of 48 kDa.

Identification of specific proteins with differential
abundance in strain WT2321 and �::RLP

We previously showed that C. tepidum strain �::RLP
constitutively over-produces two oxidative stress re-
sponse proteins, Tsa/AhpC (CT1492) and Fe-SOD
(CT1211) homologs, that co-migrate on SDS-PAGE
gels. However, previous experiments failed to deter-
mine the separate contribution of each protein (Hanson
and Tabita 2001). In the current study, it is now es-
tablished that the Tsa/AhpC protein encoded by gene

CT1492 is the most abundant hyper-accumulated pro-
tein in strain �::RLP (Figure 3, Table 4). An addi-
tional hyper-expressed protein was identified in strain
�::RLP as a putative Hsp20 chaperonin encoded by
gene CT1970.

The Hsp20 family is a large group of related pro-
teins with an average molecular mass of 20 kDa. They
are found in bacteria, archaea, eukaryotes and in-
clude the recently crystallized MJ0285 protein from
Methanococcus jannaschii (Kim et al. 1998) as well
as α-crystallin A and B chains of vertebrates (de Jong
et al. 1993). Members of this family that have been
functionally characterized tend to be synthesized at
higher levels during heat and other stresses; they
are highly oligomeric and apparently serve to pre-
vent denaturation and/or aggregation of unfolded pro-
teins by direct binding (Saibil 2000). This protein
family has greatly expanded in plants resulting in
four distinct classes with distinct subcellular local-
ization and regulation (Waters 1995). Expression of
Hsp20 family members in Escherichia coli can in-
duce increased resistance to thermal stress (Soto et
al. 1999) as can overexpression in the cognate host
(Sun et al. 2001). The hyper-accumulation of an
Hsp20 family chaperonin in C. tepidum may suggest
that strain �::RLP experiences unfolded protein stress
or that chaperonins are part of an oxidative stress
regulon that is activated in strain �::RLP. An addi-
tional indication of such a response in strain �::RLP
to unfolded protein or oxidative stress was the ob-
servation of a modified form of GroEL, discussed
below.



241

In addition to proteins showing a greater than
3-fold change in abundance, proteins displaying mul-
tiple isoforms were identified. An example is a
thioredoxin, Trx-2, encoded by gene CT0841. Both
isoforms appeared to be present in strain �::RLP and
strain WT2321 and they differed in their isoelectric
point (pI). The more positive pI isoform was approx-
imately 2- to 3-fold more abundant in strain �::RLP
compared to strain WT2321 (circle in right panel of
Figure 3A) and vice versa for the more acidic isoform
(square in left panel of Figure 5A). Shifts in isoelectric
point can result from post-translational modification.

Figure 5. Increased transcription of genes encoding the C. tepidum
Fe-SOD and Tsa/Ahp homologs accounts for the observed increases
in SOD activity and Tsa/AhpC protein levels. (A) Expression ra-
tios of each transcript relative to transcripts encoding SigA in strain
WT2321 (white bars) and strain �::RLP (black bars). (B) Compar-
ison of SOD activity or Tsa/AhpC protein levels in strain WT2321
(white bars) and strain �::RLP (black bars). The vertical axis units
are specific activity [Units (mg protein)−1] for the SOD data and
spot density (×102 ppm, see ‘Materials and methods’ for unit ex-
planation) for the Tsa/AhpC data. The data are the mean of three
independent cultures for each measurement with the error bars rep-
resenting the standard deviation about the mean. P -values resulting
from t-tests on each comparison are noted above the data.

A recent study indicated that human thioredoxin is
glutathionylated in response to oxidative stress in vivo
(Casagrande et al. 2002) and suggests that thioredoxin
modification may have regulatory significance. The
nature and significance of this potential modification
of Trx-2 from C. tepidum is unclear at this time.

Elevated transcription causes oxidative stress
protein over-abundance in C. tepidum
strain �::RLP

The most logical explanation for the observed hyper-
accumulation of the C. tepidum Tsa/AhpC and Fe-
SOD protein homologs is increased transcription of
their cognate genes. Transcript levels were determined
for the genes encoding Tsa/AhpC (CT1492) and Fe-
SOD (CT1211) homologs as well as the gene encod-
ing the major housekeeping RNA polymerase sigma
factor, SigA (CT1551) (Gruber and Bryant 1998;
Eisen et al. 2002). Transcript levels in strains WT2321
and �::RLP were determined using a quantitative RT-
PCR assay. Amplicons for quantitation of each gene’s
mRNA are described in ‘Materials and methods’. Melt
curve determinations for each amplicon gave a single
peak and agarose gel electrophoresis of the products
from genomic DNA controls or reverse transcription
reaction products confirmed that each primer pair pro-
duced a single, identical product regardless of the
template (data not shown). The gene encoding the ma-
jor sigma factor SigA served as an internal standard
for normalization in this experiment and controlled
for any effects due to variations in RNA prepara-
tion, reverse transcription efficiency or amplification.
Based on the observation that approximately 80–85%
of the proteins matched between strains WT2321 and
�::RLP were present at similar levels (Table 2), it was
expected that the level of SigA protein and transcript
levels would be essentially the same in the two strains.
Simple division of the transcript-specific copy num-
bers, determined in the quantitative PCR reactions,
gave an expression ratio of the Tsa/AhpC or Fe-SOD
transcripts relative to SigA. This ratio was then used
to compare expression of the homolog genes between
strains WT2321 and �::RLP.

The quantitative PCR data indicated that there was
a 14.2-fold increase in transcript levels for the gene
encoding the Tsa/AhpC homolog in strain �::RLP
compared to strain WT2321 (Figure 5A). The gene
encoding the Fe-SOD homolog appeared to be tran-
scribed at a 1.7-fold higher level in strain �::RLP
compared to strain WT2321. Densitometry of the
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Figure 6. C. tepidum strain �::RLP (�) is more resistant to H2O2
exposure than strain WT2321 (�). Viability was determined using a
plate count assay over time in cultures that were amended to 400 µM
H2O2 immediately after the zero time point was taken. The data are
presented as the percentage of colony forming units at time zero
remaining at each time point.

Tsa/AhpC homolog protein indicated that it was
present at a 10.5-fold higher level in strain �::RLP
compared to strain WT2321 (Figure 5A). SOD activ-
ity was elevated 3-fold in strain �::RLP compared
to strain WT2321 [Figure 5A, also see (Hanson and
Tabita 2001)]. T -tests of each data set indicated
that the observed differences were statistically signifi-
cant. The close agreement between these independent
measures of gene expression and protein accumu-
lation/activity for both the Tsa/AhpC and Fe-SOD
homologs indicated that elevated transcription ac-
counted for the observed over-abundance of these
two proteins in strain �::RLP. This data also clearly
demonstrated that strain �::RLP over-produced higher
levels of the Tsa/AhpC homolog compared to the
Fe-SOD homolog. This result could imply that over-
expression of the gene encoding the Tsa/AhpC homo-
log, CT1492, is more important to strain �::RLP or
is more responsive to a signal that is generated in the
�::RLP background.

C. tepidum strain �::RLP is more resistant
to oxidative stress than strain WT2321

An initial assessment of the functionality of the vari-
ous identified stress proteins was made by comparing
the resistance of C. tepidum strain �::RLP and wild-
type strain WT2321 to H2O2 exposure by measuring

viable cell populations in stressed cultures. A level of
400 µM H2O2 was used for the challenge. This level
of H2O2 is significantly lower than conditions used
to oxidatively stress other organisms (Mongkolsuk
et al. 1998; Takemoto et al. 1998; King et al. 2000;
Yamamoto et al. 2000; Rince et al. 2001). Fol-
lowing only 10 min of H2O2 exposure, cultures of
strain �::RLP contained approximately 10-fold higher
levels of viable cells than cultures of strain WT2321
(Figure 6). This result strongly implicated the iden-
tified oxidative stress proteins in active resistance to
oxidative stress, implying that the proteins were not
quiescent or synthesized in inactive forms in the ab-
sence of stress. Genetic experiments are currently un-
derway to further probe the contribution of the genes
encoding the Tsa/AhpC and Fe-SOD to the observed
increase in oxidative stress resistance in strain �::RLP.

Strain �::RLP is defective for thiosulfate,
but not sulfide, consumption

Strain �::RLP was previously shown to accumulate
higher levels of elemental sulfur compared to strain
WT2321, the wild type parent (Hanson and Tabita
2001). Oxidation of sulfide and thiosulfate was ex-
amined in both strains to determine if the defect was
specific to elemental sulfur utilization or if it affected
the ability to utilize all reduced sulfur compounds.
The levels of sulfide and thiosulfate in batch auto-
trophic cultures of strains �::RLP and WT2321 were
measured over time (Figure 7). Cultures of strain
�::RLP consumed sulfide at the same rate as wild type
(Figure 7A). Sulfide is most likely oxidized via a sulf-
ide quinone oxidoreductase in C. tepidum (Shahak et
al. 1992; Eisen et al. 2002; Verte et al. 2002). Clearly,
this system appeared to be unaffected by the loss of
the RLP.

Thiosulfate was not consumed to any significant
extent by strain �::RLP during the course of the ex-
periment (Figure 7B). Strain WT2321, in contrast,
oxidized most of the thiosulfate provided in the me-
dium. This result suggested that the defect in strain
�::RLP affected both elemental sulfur and thiosulfate
oxidation, which may indicate that oxidation of both
compounds relies on a common pathway at some point
during their metabolism by C. tepidum.

SoxY protein abundance is altered in strain
�::RLP compared to strain WT2321

Given that strain �::RLP displays a thiosulfate ox-
idation defect, we attempted to ascertain whether
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Figure 7. Concentration of reduced sulfur compounds in batch
cultures of strain WT2321 (diamonds) or strain �::RLP (squares)
during growth. (A) Sulfide concentration determined using methyl-
ene blue assay. (B) Thiosulfate concentration determined after
conversion to thiocyanate.

the Sox proteins were present in the periplasm of
strain �::RLP. This would discriminate between strain
�::RLP being unable to produce Sox proteins due to
gene expression defects as opposed to defects prevent-
ing the catalysis of existing Sox complexes. The C.
tepidum genome contains an operon that encodes a
homolog of the well-studied periplasmic sulfur oxi-
dizing (Sox) system of P. pantotrophus GB17 which
encodes thiosulfate:cytochrome c oxidoreductase. A
recent review describes the components of the sys-

tem, their functions and the distribution of sox genes
among various bacteria (Friedrich et al. 2001). The
C. tepidum operon lacks various genes, including
those encoding the SoxCD component. SoxCD is
a periplasmic molybdenum-containing sulfur dehyd-
rogenase that is required for the full oxidation of
thiosulfate in vitro (Rother et al. 2001). The substrate
of SoxCD is a protein bound cysteine-S-sulfide (S-
thiocysteine) bound on SoxY in the SoxYZ subunit of
the Sox complex (Friedrich et al. 2001; Quentmeier
and Friedrich 2001; Rother et al. 2001). The products
of the reaction are sulfate and the regenerated cysteine
in SoxY.

Published protocols for producing periplasmic
fractions from various organisms resulted in lysis
of C. tepidum as judged by the release of Bchl c,
which normally resides in the interior of the cell
in the chlorosomes (Vassilieva et al. 2002). Absor-
bance spectra of the fractions produced by a gentle
osmotic shock in the absence of lysozyme indicated
that more than 95% of the Bchl c was retained in
the membrane fraction with very low levels of Bchl c
contamination in the secreted, periplasmic or soluble
fractions (data not shown). SDS-PAGE comparisons
of these fractions also indicated that unique proteins
were present in each fraction (Figure 4). However,
immunoblot analysis of the fractions revealed that
the periplasmic fraction was contaminated by ATP-
citrate lyase and RLP, both of which were expected
to be cytoplasmic (data not shown). Identification of
prominent polypeptides in the osmotic shock fraction
indicated that it did indeed contain predicted peri-
plasmic proteins; SoxA and SoxB were identified
in strain �::RLP and SoxY was identified in strain
WT2321 (Figure 4A, Table 5). This result indicated
that at least some of the Sox proteins were produced
in strain �::RLP and eliminated a complete lack of
Sox gene expression as the cause of the thiosulfate
oxidation defect in strain �::RLP. However, pro-
teins corresponding to the Tsa/AhpC homolog as well
as GroEL were also detected in periplasm-enriched
samples (see below). Neither protein should be peri-
plasmically localized, which further indicated that the
osmotic shock produced only a periplasm-enriched
fraction.

Comparison of periplasm-enriched fractions im-
mediately revealed that a ∼17 kDa polypeptide present
at high levels in strain WT2321 was not detectable
in strain �::RLP (Figure 4A). This polypeptide was
identified as SoxY (Table 5). SoxY is the carrier pro-
tein of the Sox complex, and binds thiosulfate through
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Table 5. Identification of proteins from secreted and periplasm-enriched fractions (Figure 4) of strain �::RLP and strain WT2321

Protein Gene Strain Fraction ID Method Z-score % coverage

Conserved CT0893 WT2321 Secreted MALDI 1.73 40

hypothetical

Conserved CT0893 �::RLP P-enricheda MALDI 1.65 45

hypothetical

Tsa/AhpC CT1492 �::RLP P-enriched MALDI 1.78 46

SoxB CT1021 �::RLP P-enriched MALDI 2.39 31

SoxA CT1019 �::RLP P-enriched MALDI 2.11 42

GroEL CT0530 WT2321 P-enriched MALDI 2.34 41

GroEL-negative isoform CT0530 �::RLP P-enriched MALDI 2.34 37

GroEL-positive isoform CT0530 �::RLP P-enriched MALDI 2.34 41

E-value Number of peptides

SoxY CT1017 WT2321 P-enriched LC-MS/MS 1.8 × 10−2 1

a Periplasm-enriched fraction.

the sulfidic end of the molecule by a cysteine-S-sulfide
bond (Quentmeier and Friedrich 2001). This observa-
tion suggests that the thiosulfate oxidation defect re-
sulted from drastically decreased abundance of SoxY
in strain �::RLP. However, the proximal cause for de-
creased abundance of SoxY protein in strain �::RLP
is not clear. It is possible that the gene encoding SoxY
may not be expressed in strain �::RLP, but such a
mechanism would likely be complicated. SoxY is the
third gene in a thirteen gene operon (CT1015-CT1027)
encoding the Sox complex (Eisen et al. 2002; Verte
et al. 2002). This cluster includes the genes encoding
SoxB and SoxA, which are located transcriptionally
downstream of the gene encoding SoxY. Thus, if the
gene encoding SoxY was not expressed, we would not
expect that the genes encoding SoxA and SoxB would
be expressed either. Our results indicated that both
SoxA and SoxB were synthesized in strain �::RLP,
indicating that multiple transcripts, differential stabil-
ity or degradation of mRNA or protein are necessary to
explain the lowered abundance of SoxY in C. tepidum.

The elemental sulfur oxidation and growth pheno-
types of strain �::RLP can be rescued with 0.5 mM
cysteine, suggesting that the defect may lie in
low molecular weight thiol metabolism (Hanson and
Tabita 2001). We do not have conclusive data at this
time for the effect of low molecular weight thiols on
the thiosulfate oxidation defect in strain �::RLP. Low
molecular weight thiols have been postulated to be in-
volved in elemental sulfur oxidation in phototrophic
bacteria (Brune 1989, 1995). Specifically, glutathione
amide appears to cycle between thiol and perthiol

forms when A. vinosum oxidizes stored elemental sul-
fur globules (Bartsch et al. 1996). C. limicola and C.
tepidum appear to contain structurally novel low mo-
lecular weight thiols (Fahey et al. 1987; Hanson and
Tabita, unpublished). Thus, there is a distinct possi-
bility that RLP is involved in synthesizing or cycling
these low molecular weight thiol compounds during
sulfur compound oxidation.

Furthermore, the C. tepidum genome does not
encode a complete system for the oxidation of
thiosulfate. C. tepidum specifically lacks genes encod-
ing SoxCD which acts as a sulfur dehydrogenase on a
SoxY bound sulfur atom (Quentmeier and Friedrich
2001). This suggests that C. tepidum possesses an
alternative mechanism for oxidation of SoxY bound
sulfur. We speculate that this mechanism is transfer
of the SoxY bound sulfur atom to a low molecular
weight thiol acceptor. The product of this transfer
would be a low molecular weight perthiol, which
is structurally analogous to heterodisulfides produced
during methanogenesis and archaeal C1 metabolism
(Setzke et al. 1994; Ide et al. 1999). The C. tepidum
genome encodes a homolog of an archaeal hetero-
disulfide oxidoreductase with the closest functionally
characterized homolog being that of Methanosarcina
mazei Gö1 (Ide et al. 1999; Eisen et al. 2002). These
genes are localized in the C. tepidum genome along
with genes encoding a copy of the A. vinosum dsr
system, previously implicated in elemental sulfur ox-
idation (Pott and Dahl 1998). This potential sulfur
oxidation island also includes genes encoding ATP-
sulfurylase and APS reductase. The presence of these
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Figure 8. Proposed oxidative sulfur metabolism scheme in C. tepidum. A similar pathway was proposed in the published analysis of the C.
tepidum genome sequence (Eisen et al. 2002). Areas of doubt requiring further experimental confirmation are indicated by question marks.
Abbreviations: HS−, sulfide; −S-Sn-S−, polysulfide; S0, elemental sulfur; S2O3

2−, thiosulfate, SO2−
3 , sulfite; SO2−

4 , sulfate; X-S−, low
molecular weight thiol; SQR, sulfide quinone oxidoreductase; Sox, thiosulfate oxidation complex; Hdr, possible heterodisulfide reductase; Dsr,
dissimilatory sulfite reductase homologs; Aps, adenosine phosphosulfate reductase; AS, ATP-sulfurylase. The genes encoding the Hdr, Dsr,
Aps and AS components are co-localized on the C. tepidum genome in a potential sulfur metabolism island containing ∼28 genes encoding
these functions and conserved hypothetical proteins (CT0841-CT0868) (Eisen et al. 2002).

genes leads to a proposed pathway for the oxidation
of elemental sulfur globules and the S-thiocysteine of
SoxY via a low molecular weight thiol intermediate
through sulfite and APS, leading to sulfate (Figure 8).
An attractive feature of this model is the conserva-
tion of one molecule of ATP by reversal of the ATP
sulfurylase reaction.

As shown in the model, elemental sulfur is de-
posited extracellularly in C. tepidum and other green
sulfur bacteria (Wahlund et al. 1991). Extracellular
elemental sulfur can be oxidized by green sulfur bac-
teria (Paschinger et al. 1974) in a light dependent
process, but thus far no specific proteins involved in
this process have been identified. Current models of
sulfur oxidation in C. tepidum do not account for the
extracellular localization of elemental sulfur (Eisen
et al. 2002), but it is known that strain �::RLP dis-
plays a defect in elemental sulfur metabolism (Hanson
and Tabita 2001). A 35 kDa polypeptide was retained
in the periplasm-enriched fraction of strain �::RLP,
but co-migrated with a polypeptide in the secreted
fraction of strain WT2321 (Figure 4A). Both poly-
peptides were identified as a conserved hypothetical

protein, encoded by CT0893. No significant structural
or sequence motifs were found in this protein that
might shed light on its physiological role. However,
its apparent secretion by strain WT2321 and lack of
secretion by strain �::RLP make it a candidate protein
for extracellular elemental sulfur oxidation. Further
genetic experiments will be undertaken to test this
hypothesis.

Potential modification of GroEL in strain �::RLP

2D SDS-PAGE separations of periplasmic fractions
from strain �::RLP and WT2321 revealed a pro-
tein that was consistently twinned in extracts from
strain �::RLP (Figure 4B) suggesting posttransla-
tional modification resulting in isoforms. All three
proteins were identified as GroEL, encoded by gene
CT0530 (Table 5). This discovery was serendipitous
in that the subtle shift was not observed in soluble
extracts due to the abundance of the GroEL protein
(Figure 2). The osmotic shock employed to produce
the periplasm-enriched fraction apparently also re-
leased a portion of some of the most abundant proteins
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in the cytoplasm, uncovering this potentially modified
population of GroEL molecules.

The nature of the apparent modification of GroEL
has not been elucidated. However, the more negative
GroEL isoform observed in strain �::RLP had lower
sequence coverage than the other isoform (Table 5).
This corresponded to a larger number of unmatched
masses present in the MALDI peak list. These masses
could not be attributed to background peaks arising
from trypsin, MALDI matrix, or acrylamide adducts
(data not shown). Searches of these unmatched masses
against C. tepidum GroEL for common modifications
such as phosphorylation, methylation, acetylation,
biotinylation, and others including side chain oxida-
tion and degradation, failed to identify the potential
modification of GroEL in strain �::RLP. Further LC-
MS/MS experiments should determine whether the
more negatively charged GroEL isoform observed in
strain �::RLP is the result of a physiologically sig-
nificant modification. Modification of GroEL is not
unprecedented; phosphorylated GroEL was found in
heat stressed E. coli (Sherman and Goldberg 1992).
Phosphorylation allowed GroEL to release from un-
folded protein substrates in the absence of GroES and
was proposed to enhance the function of GroEL in
stressed cells. Similarly, the human GroEL homolog,
Hsp60, was also recently found as a glutathionylated
form during oxidative stress (Fratelli et al. 2002) and
appears to be synthesized at elevated rates following
exposure to peroxide stress (Mitsumoto et al. 2002).

Conclusions

The C. tepidum and C. limicola RLP sequences form
part of a distinct cluster within the larger group of
all known RLP molecules; this cluster includes RLP’s
from R. palustris and A. vinosum (Figure 1). In-
deed, there appear to be at least two, and possibly
three subclasses of RLP, which will undoubtedly be-
come clearer as more genomic sequences become
completed. C. tepidum, C. limicola, R. palustris and
A. vinosum are phototrophic sulfur oxidizers. Given
that the C. tepidum RLP appears to affect both ele-
mental sulfur and thiosulfate oxidation, we speculate
that the RLP’s in these organisms may perform similar
functions. The results presented in this study, along
with earlier data, clearly indicate that the C. tepidum
RLP plays a distinct physiological role from that pro-
posed for the ykrW-encoded RLP gene product of
B. subtilis. Further studies of close relatives to the

C. tepidum protein should clarify this point. While
no concrete biochemical activity is currently known
to be catalyzed by C. tepidum RLP, we have made
progress in further defining the phenotype of strain
�::RLP. This, we feel, is an important approach to-
wards unlocking this puzzle. Additionally, several loci
for future genetic and biochemical analyses related to
sulfur metabolism, the noted oxidative stress response,
and the integration of both processes in C. tepidum
metabolism have been identified.
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