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Almost nothing is known about the mechanisms of dissimilatory
metal reduction by Gram-positive bacteria, although they may be the
dominant species in some environments. Thermincola potens strain
JR was isolated from the anode of a microbial fuel cell inoculated
with anaerobic digester sludge and operated at 55 °C. Preliminary
characterization revealed that T. potens coupled acetate oxidation to
the reduction of hydrous ferric oxides (HFO) or anthraquinone-2,6disulfonate (AQDS), an analog of the redox active components of
humic substances. The genome of T. potens was recently sequenced,
and the abundance of multiheme c-type cytochromes (MHCs) is unusual for a Gram-positive bacterium. We present evidence from trypsin-shaving LC-MS/MS experiments and surface-enhanced Raman
spectroscopy (SERS) that indicates the expression of a number of
MHCs during T. potens growth on either HFO or AQDS, and that
several MHCs are localized to the cell wall or cell surface. Furthermore, one of the MHCs can be extracted from cells with low pH or
denaturants, suggesting a loose association with the cell wall or cell
surface. Electron microscopy does not reveal an S-layer, and the precipitation of silver metal on the cell surface is inhibited by cyanide,
supporting the involvement of surface-localized redox-active heme
proteins in dissimilatory metal reduction. These results provide
unique direct evidence for cell wall-associated cytochromes and support MHC involvement in conducting electrons across the cell envelope of a Gram-positive bacterium.
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he importance of bacteria in mediating iron redox cycles is wellestablished (1), and the mechanisms used by some Gram-negative dissimilatory metal-reducing bacteria (DMRB) have been
extensively characterized. Recently, Gram-positive DMRB have
been recognized (2–4) and shown to be the dominant DMRB in
some environments (2, 3). In contrast to Gram-negative DMRB,
however, the mechanisms of metal reduction by Gram-positive
DMRB are unknown. Mechanisms used by Gram-negative DMRB
include indirect reduction through the use of electron shuttles (5, 6)
or iron chelators (7), or direct reduction through surface mediated
electron transfer involving cytochromes (1, 8) or conductive pili (9,
10). Thermincola potens strain JR was isolated from a thermophilic
microbial fuel cell (MFC) and physiological characterization
revealed that it coupled acetate oxidation to hydrous ferric oxide
(HFO) or anthraquinone-2,6-disulfonate (AQDS) reduction (11).
Remarkably, T. potens failed to use soluble iron, such as ferric
citrate or ferric nitrilotriacetic acid, suggesting an obligate utilization of insoluble iron as an electron acceptor (11). A similar preference for insoluble iron was observed with hyperthermophilic
Geobacteraceae (2). Supernatant swapping experiments in MFCs
and live/dead staining of anode bioﬁlms support a direct mechanism of electron transfer, and cyclic voltammetry of MFC supernatants indicated the absence of redox active shuttles (11).
The abundance of multiheme c-type cytochromes (MHCs) in
the T. potens genome is unusual among sequenced Gram-positive
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bacteria (12). T. potens has 32 genes coding for MHCs, with one
predicted to have as many as 58 heme motifs (12) (Table S1).
Although genetic, biochemical, and spectroscopic evidence have
identiﬁed a role for c-type cytochromes in iron reduction by
Gram-negative species (13), until recently, no clear correlation
between the presence of c-type cytochromes and iron reduction
has been reported outside the Proteobacteria. Within the Firmicutes, c-type cytochromes were expressed during metal reduction
in one Gram-positive bacterium, Carboxydothermus ferrireducens
(14, 15). Furthermore, the genomes of several Firmicutes and
Actinobacteria have abundant MHC genes, suggesting that these
proteins may be important to some Gram-positive species (16).
In this article we present biochemical and biophysical evidence
that T. potens has cell wall or surface-localized MHCs. Gene
deletions to demonstrate the involvement of these proteins in metal
reduction are not currently possible. However, physiological characterization indicates that T. potens is an obligate DMRB, and
therefore, the MHCs expressed under respiratory conditions (HFO
or AQDS) are likely necessary for this metabolism (11). Cells for
electron microscopy, low pH extraction, resonance Raman, surface-enhanced Raman spectroscopy (SERS), and trypsin shaving
were grown with AQDS because of concerns about the stability of
cell proteins during iron extraction (17) and possible interferences
of HFO with the analytical procedures. Preliminary studies showed
that the AQDS and HFO cell proteomes were similar for T. potens,
indicating that reduction of these alternate compounds is mediated
by a similar mechanism, as previously found for Geobacter and
Shewanella (18). The identiﬁcation of cell wall/surface cytochromes
is unprecedented in Gram-positive bacteria, but suggests a general
mechanism of electron transfer across cell walls.
Results
Electron Microscopy Supports Cell-Surface Localization of CytochromeMediated Metal Reductase Activity and Lack of Crystalline S-Layer.

Incubation of T. potens with Ag+ before thin sectioning and staining
resulted in the precipitation of Ag(0) on the cell surface (Fig. 1 A
and B). Similar observations were made previously with Geobacter
sulfurreducens (19). Ag precipitation was inhibited by potassium
cyanide added before incubation with Ag+, implicating involvement of heme proteins. Cyanide binds to ferric hemes, inhibiting
redox cycling by cytochromes and thereby blocking electron ﬂow

Author contributions: H.K.C., A.T.I., A.G., B.S.Y., R.T., R.A. Melnyk, R.A. Mathies, M.A., and
J.D.C. designed research; H.K.C., A.T.I., A.G., B.S.Y., R.T., and R.A. Melnyk performed research;
H.K.C., A.T.I., A.G., B.S.Y., R.T., R.A. Melnyk, R.A. Mathies, M.A., and J.D.C. analyzed data; and
H.K.C. and J.D.C. wrote the paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
1

To whom correspondence should be addressed. E-mail: jdcoates@berkeley.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1112905109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1112905109

Fig. 1. TEM images of thin sectioned T. potens. Intact cells
were treated with Ag+ (A and B) or KCN before Ag+ (C–E)
before thin-sectioning. (A) Ag precipitation (indicated by
arrows) visible on the cell surface (A and B) is inhibited by the
addition of KCN (C–E). A crystalline S-layer is not visible on the
cell surface. Cells were stained with three stains: 0.5% Ruthenium red (polysaccharides), 2% Osmium tetroxide (lipids), and
2% Uranyl acetate (proteins and nucleic acids).

Low pH or Denaturant Extraction of a Multiheme Cytochrome from
Intact Cells. Treatment of T. potens with denaturants such as 8 M

Urea, 5 M guanidine HCl, or 0.2 M glycine pH 2 buffer led to a loss
of red color in cell pellets (Fig. 2A), and extraction of one major and
one minor protein band on Coomassie-stained SDS-Page gels (Fig.
2B). Chelators, salts, and detergents did not extract proteins from
intact T. potens cells (Table S2). Microscopic inspection of cells
showed that less than 5–10% lysis occurred during the extractions.
The major protein band displayed heme peroxidase activity (Fig.
2B), and UV-visible spectra of the neutralized low pH extract
revealed characteristic cytochrome absorbance peaks (Fig. 2C). Ingel tryptic digests and LC-MS/MS identiﬁed the major protein band
as TherJR_1122, a hexaheme cytochrome, and the minor protein
band as TherJR_2793, a ﬂagellin homolog. Based on Bradford
assays, the dialyzed low pH extract was estimated to contain ∼5% of
the total cellular protein, and both TherJR_1122 and TherJR_2793
were sensitive to trypsin when extracted from cells (Fig. S1).
It seems likely that TherJR_1122 is noncovalently associated
with cell-wall polymers or cell-wall proteins. Denaturants, low pH,
chelators, and high salt have all been used to extract crystalline Slayers from Gram-positive and some Gram-negative cells (22–24).
These treatments disrupt interactions between S-layer homology
domains and the underlying cell-wall polymers (24). T. potens lacks
a crystalline S-layer, but has a number of proteins with S-layer
homology domains. These domains bind to cell-wall polymers to
anchor proteins or multiprotein complexes to the cell (24, 25). It is
noteworthy that proteins with S-layer homology domains identiﬁed
in the trypsin-shaving experiments (described below) are not
readily extracted with denaturants or low pH. It may be that these
proteins are covalently attached to the peptidoglycan surface
through an unidentiﬁed mechanism or that their large size traps
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them in the cell-wall matrix after treatment with chaotropic buffers.
In contrast, TherJR_1122 is of a size and conformation and is anchored to the cells in a way that enables its extraction.
SERS Supports Surface/Cell-Wall Localization of Multiheme Cytochromes.

Heme proteins have distinct Raman bands from porphyrin bending
and stretching modes. These peaks can be resonantly enhanced
with an excitation wavelength that falls within the heme absorbance
spectrum. The Raman signals can also be enhanced when the
protein lies close to nano-roughened gold or silver surfaces (Fig. 3
and Fig. S2) (26). This process is termed SERS, and has served to
visualize cell-surface Raman active species in several bacteria (19,
27–29). The SERS effect decays exponentially within a few nanometers from the metal surface, but the enhancements can be as

Fig. 2. Low pH treatment of T. potens cells solubilizes a multiheme cytochrome, TherJR_1122. (A) Cells suspended in neutral pH buffer retain a red
color after pelleting, but cells suspended in acidic buffer lost the red color
after pelleting. (B) Low pH extract consists of one major band (TherJR_1122,
MHC) displaying peroxidase activity, and one minor band (TherJR_2793,
ﬂagellin). (C) UV-visible electronic absorption spectra of dithionite reduced
and air oxidized TherJR_1122 extracted from T. potens cells.
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through electron transport chains. Previous electron microscopic
analysis revealed the ultrastructure of the T. potens cell envelope
(11). A 16-nm thick low-density inner wall zone is surrounded by
a 17-nm thick high-density outer wall zone. No S-layer was observed. In support of this ﬁnding, a crystalline protein S-layer was
also not apparent in transmission electron microscopy (TEM)
images (Fig. 1 C–E). This ﬁnding is similar to the observations with
Thermincola ferriacetica, another metal-reducing member of the
Thermincola genus (20). In contrast, Thermincola carboxydophila is
not a DMRB and does have a crystalline S-layer (21).

Fig. 3. Resonance Raman, SERS
and SERRS spectra of cytochrome c
and T. potens with 413.1 nm laser
excitation (A and B) and 633-nm
laser excitation (C and D) (A) 0.4 μM
cytochrome c and (B) T. potens in
the presence (black traces) and absence (gray traces) of Ag colloids.
(C) Cytochrome c and (D) T. potens
on smooth and electrochemically
roughened Au electrodes.

great as 104- to 1014-fold (26). Therefore, SERS is a powerful, direct
in situ method to probe the bacterial surface.
The resonance Raman spectra of cytochrome c with 413.1-nm
excitation show the ν4 band at 1,372 cm−1 from the Cα-N stretching
mode along with other heme skeletal markers (Fig. S2). In the
presence of Ag colloids, the cytochrome c peaks are further enhanced (Fig. 3A and Fig. S2). We used the 1,372-cm−1 (ν4) band as
a marker for surface cytochromes. The Raman spectra of T. potens
with and without added Ag colloids are shown in Fig. 3B. Here the
marker peak at 1,375 cm−1 is clearly enhanced, suggesting that the
cytochromes are close to the cell envelope surface.
To further conﬁrm that cytochromes are indeed localized on the
cell wall of T. potens, we performed SERS on electrochemically
roughened Au electrodes with 633-nm laser excitation. This
wavelength was chosen because it is off resonance with the cytochrome absorption spectrum, and hence, any signal enhancement
can be attributed solely to the SERS effect (from the Au). A
smooth Au surface was used as a control.
On a polished Au electrode with negligible SERS effect, no
peaks were observed from both cytochrome c and T. potens (Fig. 3
C and D). However, on a roughened Au surface, the ν4 and other
bands belonging to the cytochromes were clearly visible. Because
there is no resonance enhancement, these signals must have been
enhanced by the roughened Au substrate. This ﬁnding is conﬁrmed
by the elevated background of the SERS spectra, a phenomenon
associated with the SERS effect. The observation of SERS cytochrome signals in T. potens indicates that these proteins are localized on the outer cell wall.
We cannot completely rule out cytochrome peaks from lysis, but
all cells were washed and ﬁxed with glutaraldehyde before SERS,
and T. potens can clearly interact with metals without lysing, as
indicated by its ability to grow by HFO reduction and to precipitate
Ag on its cell surface. The 1,402- and 1,464-cm−1 peaks observed in
the 633-nm T. potens SERS spectrum cannot be assigned to porphyrin modes or glutaraldehyde, and may be because of other cellsurface molecules.
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Trypsin Shaving Supports Surface/Cell-Wall Localization of MHCs. We
used a trypsin shaving approach to identify T. potens surface proteins. This approach was effective for identifying surface proteins in
Gram-positive organisms, such as Staphylococcus aureus or Bacillus
subtilis (30–32). Other studies relied on spectral counting to identify
proteins as surface-exposed based on the prevalence of peptides
from these proteins after the cells have been incubated with trypsin
(30, 31). A false-positive control, in which cells were incubated
without trypsin, was used to identify cytoplasmic proteins leaking or
“shed” from lysing cells (30). In our T. potens experiments, rarely
were more peptides observed for a protein in shed controls compared with trypsin-shaved cells (Dataset S1). It may be that less lysis
occurs in T. potens cells or that the shed proteins are more tightly
associated with the cell surface than for mesophilic bacteria previously used. T. potens does not readily grow on agar plates, and
therefore, we could not easily determine the effect of trypsin on
viability, but microscopy and cell counting revealed no fewer intact
cells after trypsin treatment. However, trypsin-shaved cells showed
a much slower rate of HFO reduction (Fig. S3) in washed cell
experiments, suggesting a functional role for cell-surface proteins in
metal reduction.
The low number of peptides observed in the false-positive (shed)
condition led us to seek an alternative control to identify surface
proteins. Toward this end, we sonicated an equivalent number of
cells before incubation with trypsin. Any proteins that are more
abundant in the periplasm or cytoplasm relative to the surface
should yield more peptides in this lysed cell condition compared
with the trypsin condition. The comparison of trypsin-shaved to
lysed cells is a stringent ﬁlter for the identiﬁcation of surface proteins as the relative abundances of the surface proteins do not
change between the trypsin and lysed cell conditions, but trypsin
will have more access to buried and cytoplasmic proteins in the
lysed cell condition.
Although it is a reasonable assumption that the trypsin/lysed
ratios will recapitulate the cellular localization of proteins, additional factors may affect the spectral counts observed for a given
Carlson et al.

Fig. 4. Average number of peptides observed in trypsin (shaded bars) and lysed
cell (open bars) conditions for proteins with the highest trypsin/lysed ratios.
Across four biological replicates, TherJR_2595, TherJR_2582, and TherJR_1061
were found to have signiﬁcantly more peptides in trypsin-shaved samples
compared with lysed cell samples. *P < 0.05, Student’s two-tailed T-test.
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The hexaheme MHC, TherJR_1122, and the decaheme MHC,
TherJR_1117, were only observed in the trypsin fraction, but fewer
peptides were observed for these two proteins (eleven and two
peptides observed, respectively, across the four biological replicates) (Table S4 and Dataset S1). TherJR_1122 is readily extracted
from T. potens with denaturants (Fig. 2), but may be resistant to
protease in intact cells because of a close association with other
cellular components or because of a protease-resistant conformation when associated with cells. Consistent with this hypothesis,
TherJR_1122 can be extracted at similar yields from trypsin shaved
cells, but is sensitive to trypsin when denatured in SDS/PAGE gels
for in-gel digests or when trypsin is added to neutralized low pH
extracts (Fig. S1). TherJR_1117 has an additional N-terminal
transmembrane region after the hydrophobic signal sequence, and
may serve as a quinol dehydrogenase that initiates the extracellular
electron transport chain, but could be shielded from trypsin by its
inner membrane localization.
We also analyzed tryptic peptides from lysed T. potens cells
grown on HFO and found that a similar set of proteins were present
(Dataset S1). Of particular interest, the identical set of S-layer
homology domain proteins and MHCs were found in HFO and
AQDS grown cells (Table S4 and Dataset S1).
Discussion
In the model Gram-negative DMRB, Shewanella oneidensis and
G. sulfurreducens, MHCs function as an electron conduit across the
periplasm and outer membrane to reduce extracellular electron
acceptors, such as humic acids or HFO (13). The Gram-negative
cell architecture requires that electron transfers occurs at three
distinct locations: (i) from the inner membrane quinone pool to the
periplasm (CymA, MacA), (ii) across periplasmic space (MtrA,
PpcA), and (iii) across the outer membrane to extracellular
acceptors (MtrB/C, OmcA/B, OmcS) (13, 34). The Gram-positive
cell architecture imposes different constraints on electron transport. Periplasmic proteins must also transfer electrons from the
inner membrane to the cell wall. These proteins may be similar to
the periplasmic MHCs of Geobacter and Shewanella. However,
transferring electrons across the peptidoglycan/teichoic acid matrix
of the cell wall requires a cytochrome that packs into ﬁssures in the
cell wall or is anchored to the peptidoglycan. Previous studies
suggest that the peptidoglycan matrix permits the diffusion of up to
30-kDa globular proteins (35). Alternatively, an unfolded or extended conformation of a larger protein may also diffuse through
the cell wall matrix. Recent structures of MHCs from G. sulfurreducens and S. oneidensis do show extended conformations (36, 37).
T. potens lacks sortase homologs, like other Clostridia (38), and
none of the cell wall-associated proteins identiﬁed in this study have
the canonical LPXTG motif recognized by sortases. However,
a number of proteins with S-layer homology domains were identiﬁed, and these proteins may function like the scaffoldins in cellulosomes (25), binding both cell-wall polymers and other proteins to
arrange a multiprotein complex on the cell surface.
A model for the extracellular electron transfer conduit in
T. potens is presented in Fig. 5. Core metabolic proteins in the
Wood-Ljungdahl pathway, ATP synthase, and components of putative complex I and III were identiﬁed in the trypsin experiments.
The extracellular electron transfer may begin at complex I or III,
but one decaheme MHC with a N-terminal transmembrane region,
TherJR_1117, was observed in the proteomics experiments. Few
peptides from TherJR_1117 were observed in the trypsin experiments, but this protein is likely associated with the inner membrane
and may function as a quinol dehydrogenase and the ﬁrst component of the extracellular cytochrome cascade, similar to the role
that CymA plays in Shewanella (13). Alternatively, it is possible that
electrons may ﬂow through an unidentiﬁed protein or the periplasmic hydrogenase subunits, TherJR_0764-0765, to initiate the
extracellular electron transfer. In other organisms, the translocation of the large subunit (TherJR_0765) has been shown to be
PNAS | January 31, 2012 | vol. 109 | no. 5 | 1705
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protein. The abundance of peptides from a protein is inﬂuenced by
the accessibility and number of trypsin cleavage sites. For example,
burial of protease sites in a protein-protein complex or membrane
will slow the proteolysis rate. Coelution on the liquid chromatography (LC) and spectral interference of peptides from other proteins can also mask peptides in the LC-MS/MS analysis. For MHCs,
peptides that are covalently linked to heme confound identiﬁcation
by LC-MS/MS.
To analyze the effect of trypsin shaving, we combined the results
of four independent experiments. A total of 2,576 peptides were
observed. The complete dataset is given in Dataset S1. For further
analysis, we focused on the set of proteins for which greater than 10
peptides were observed in the combined results of the four independent experiments (Table S3 and Dataset S1). We calculated
the ratio of the number of peptides observed in the trypsin shaved
to lysed cells conditions. A trypsin/lysed ratio greater than 1 indicated surface localization for a protein. In conﬁrmation of this
approach, all proteins observed with trypsin/lysed ratios of 0.9 or
greater had N-terminal signal peptides, twin-arginine translocation
signals, or in the case of ﬂagellin, are known to be secreted. Three
proteins had trypsin/lysed ratios greater than 1.5: TherJR_2595,
a nonaheme MHC, and two proteins with S-layer homology
domains, TherJR_2582, and TherJR_1061 (Fig. 4, Table S3, and
Dataset S1). These three proteins consistently yielded more peptides in trypsin shaving compared with lysed cell controls (Fig. 4).
Flagellin (TherJR_2793), a decaheme MHC (TherJR_0333), two
periplasmic hydrogenase subunits (TherJR_0764-765), and an
extracellular solvent binding protein (TherJR_0861) had trypsin/
lysed ratios close to 1. The next highest trypsin/lysed ratio was 0.5
(Table S3) for TherJR_2994, a cobalamin binding protein with
likely cytoplasmic localization. The S-layer homology protein,
TherJR_2871, had a lower trypsin/lysed ratio of 0.38. This ratio is
lower than other S-layer homology proteins, but TherJR_2871 is
homologous to a middle cell wall protein from Brevibacillus brevis
(33), and may be buried on the cytoplasmic face of the cell wall in
trypsin treatments, but released in sonicated, lysed cells.
A number of core metabolic proteins likely associated with the
cytoplasmic membrane or cytoplasm were identiﬁed in the trypsin
experiments. Consistent with inner localization, these proteins had
trypsin/lysed ratios of less than 0.5. ATP synthase (TherJR_2887),
and Wood-Ljungdahl pathway proteins (TherJR_1157-1160) were
abundant in proteomic datasets and had trypsin/lysed ratios of 0.19,
0.26, 0.31, 0.37, and 0.13. Similarly, EF-Tu (TherJR_0276), adenylate kinase (TherJR_1985), and GroEL (TherJR_0775) were
also abundant (trypsin/lysed ratios of 0.43, 0.31, and 0.16,
respectively).

antibody labeling, and electron microscopy will provide additional
information about the function and localization of the MHCs
identiﬁed in this study. Although it is currently not possible to delete
genes in T. potens, a reverse genetic system would conﬁrm the
functional roles of the identiﬁed MHCs, and the potential contribution of teichoic acids or other cell-wall components to extracellular electron transfer (42–45). The characterization of other
Gram-positive DMRB using the techniques of this study will further expand our knowledge of electron transport conduits across
bacterial cell walls.
Materials and Methods
Media and Culture Conditions. T. potens was grown in basal media (11) containing 10 mM sodium acetate and 10 mM AQDS or 80 mM HFO at 55 °C. Cultures were also supplemented with 0.1 g/L yeast extract and an additional 10 μM
NiCl2. Cells were harvested in late exponential phase. For experiments with cells
grown on HFO, iron was extracted with oxalate, as previously described (17).
Electron Microscopy. For detecting metallic silver deposition by transmission
electron microscopy, T. potens cells from 200 mL of acetate/AQDS cultures were
pelleted at 4,000 × g and ﬁxed for 30 min in 0.1 M cacodylate buffer, pH 7.2,
containing 2% glutaraldehyde and washed with buffer. Cells were then treated
with EnzMet (Nanoprobes) HRP detection kit reagents. Brieﬂy, cells were incubated with 120 μL of Detect A reagent for 2 min followed by 40 μL of Detect B
and C respectively. Negative controls were preincubated for 15 min with 0.1 M
potassium cyanide (KCN) in 0.1 M cacodylate buffer, pH 6.5, and then incubated
with the silver reagents in the presence of KCN. Following this protocol, the cells
were treated with 2% osmium and 0.5% ruthenium red for 30 min, processed
through a graded ethanol series and embedded in Epon resin. Thin (70–100 nm)
sections were collected on Formvar-coated 200-mesh copper grids and poststained with 2% aqueous uranyl acetate. The sections were imaged at 120 kV
using a Tecnai 12 TEM (FEI).

Fig. 5. Model for proposed extracellular electron transfer conduit by T.
potens. The likely cellular localization of MHCs and other proteins observed
in proteomics experiments is indicated.

dependent on the Tat sequence of the small subunit (TherJR_0764)
(39, 40), and the periplasmic hydrogenase of Desulfovibrio has been
suggested to be involved in hydrogen recycling (41). Future work is
needed to determine the role of the T. potens periplasmic hydrogenase in dissimilatory metal reduction, and conﬁrm its periplasmic
localization. The nonaheme MHC, TherJR_2595, with the highest
trypsin/lysed ratio of any protein observed, is likely surface exposed
on T. potens, and may be the terminal metal reductase similar to
Shewanella MtrC or Geobacter OmcS. The decaheme MHC,
TherJR_0333, has a lower trypsin/lysed ratio and may be periplasmic similar to Shewanella MtrA. TherJR_1122 is a hexaheme
MHC that can be extracted from T. potens with low pH or denaturants, suggesting a noncovalent association with the cell wall.
Few peptides from TherJR_1122 were observed in trypsin experiments, but this may be because the protein is tightly packed in the
cell wall with blocked proteolytic sites. The trypsin/lysed ratio for
TherJR_1122 was 0.7, and although only 11 peptides were observed
for this protein across the four biological replicates, this ratio is
consistent with cell wall localization. TherJR_1122 is not homologous to any characterized MHCs, but its loose association with the
cell envelope is reminiscent of the Geobacter protein OmcS. OmcS
is readily extracted from Geobacter cells with detergents, and similar
to TherJR_1122, represents an abundant component of the electron conduit (34).
Taken together, the results of this study are unique in providing
direct evidence for cytochromes localized to the cell wall or cell
surface of a Gram-positive bacterium. Other Gram-positive DMRB
species are known (2–4), and the mechanism used by T. potens may
be a general strategy for electron transport across cell walls. In future studies, characterization of recombinantly expressed proteins,
1706 | www.pnas.org/cgi/doi/10.1073/pnas.1112905109

Low pH Protein Extraction. Bacterial pellets were resuspended in 8 M Urea, 5 M
guanidine HCl, or 0.2 M glycine, pH 2 and incubated at 25 °C for 30 min, and cells
were pelleted at 10,000 × g for 5 min. The extracts and extracted cell pellets
were resuspended in SDS-PAGE loading buffer and loaded onto Bio-Rad Any-Kd
Minigels. Low pH extractions were neutralized with 2M Tris HCl, pH 7.5 before
SDS-PAGE. SDS-PAGE gels were either stained with Coomassie or transferred to
nitrocellulose membranes (Schleicher and Schuell) in a Bio-Rad Mini Trans-Blot
cell. Membranes were washed brieﬂy with PBS containing 0.5% Tween 20.
Heme peroxidase activity of blotted proteins was assessed by addition of Pierce
ECL substrate and luminol and imaging with a Bio-Rad ChemiDoc. In-gel trypsin
digests from Coomassie-stained gels were done according to published methods (46) and analyzed by LC-MS/MS.
UV-Visible Spectroscopy. Low pH extracts from T. potens were dialyzed against
50 mM Tris HCl, pH 7.5 in 10 kDa Slide-A-Lyzer dialysis cassettes (Pierce) overnight at 25 °C before spectral analysis. A Varian Cary 50 Bio spectrophotometer
was used for collecting UV-visible electronic absorption spectra. Anaerobic
cuvettes were ﬁlled with dialyzed extract and sparged with nitrogen. Dithionite
was added from a 500 mM anaerobic stock solution to reduce the cytochrome,
and the anaerobic cuvette was opened to the air to oxidize the cytochrome.
Resonance Raman and SERS. T. potens cells were pelleted under N2 at 4,000 × g.
For resonance Raman and colloidal surface-enhanced resonance Raman spectoscropy (SERRS), cells were ﬁxed under N2 with 2.5% glutaraldehyde and
resuspended to a ﬁnal concentration of 109 cells/mL and diluted ﬁvefold into
spectral buffer (100 mM sodium phosphate buffer, pH 7.5) or Ag colloids prepared according to Lee and Meisel and others (29, 47). Cytochrome c (rabbit
heart; Sigma) was prepared from a lyophilized powder and diluted to relevant
concentrations in spectral buffer or Ag colloids. 0.1 M NaCl was added to induce
aggregation of the Ag colloids. For SERS on Au electrodes, 1–2 μL cytochrome c
from a 40 μM stock solution or T. potens cells from a 109 cell/mL cell suspension
were spotted onto smooth or electrochemically roughened Au electrodes. A
more detailed description of the electrode preparation methods is given in SI
Materials and Methods.
Trypsin Shaving. The protocol for trypsin shaving was based on previous protocols (30, 31) with modiﬁcations. Cell pellets from 200 mL of acetate/AQDS
cultures (∼107 cells) were used for each condition. Cells were pelleted at 4,000 ×
g and washed 3 × 500 μL with 100 mM NH4HCO3 buffer (Sigma) and resuspended in 100 μL 100 mM NH4HCO3 buffer. Cells for the lysed cells control were
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sonicated aerobically three times for 30 s each and the cell suspension became
translucent indicating lysis. Cell lysis was also veriﬁed microscopically. Bradford
assays (Sigma) were used to determine that 100–200 μg of total protein was used
for each condition. Twenty nanograms of trypsin gold porcine protease (Promega) or trypsin agarose beads (Promega) were added to the cell suspensions and
the cells were incubated for 90 min at 37 °C. At the end of the trypsin treatment,
all cells and cell debris was pelleted at 10,000 × g. Cells from the negative control
and trypsin condition were checked by microscopy to conﬁrm that less than 5–
10% lysis had occurred. Cysteines were blocked with iodoacetamide and samples
were digested overnight before LC-MS/MS (SI Materials and Methods).

ultraperformance liquid chromatograph (Waters). The resulting data were
searched against the T. potens protein database using ProteinLynx Global
Server software (Waters). A more detailed description of the LC-MS/MS
methods used in this study is given in SI Materials and Methods.
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LC-MS/MS. Trypsin-digested proteins were analyzed by LC-MS/MS using
a quadrupole time-of-ﬂight mass spectrometer connected in-line with an
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