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In microbial communities, extracellular polymeric substances (EPS), also called the extracellular matrix,
provide the spatial organization and structural stability during biofilm development. One of the major
components of EPS is protein, but it is not clear what specific functions these proteins contribute to the
extracellular matrix or to microbial physiology. To investigate this in biofilms from an extremely acidic
environment, we used shotgun proteomics analyses to identify proteins associated with EPS in biofilms at two
developmental stages, designated DS1 and DS2. The proteome composition of the EPS was significantly
different from that of the cell fraction, with more than 80% of the cellular proteins underrepresented or
undetectable in EPS. In contrast, predicted periplasmic, outer membrane, and extracellular proteins were
overrepresented by 3- to 7-fold in EPS. Also, EPS proteins were more basic by �2 pH units on average and
about half the length. When categorized by predicted function, proteins involved in motility, defense, cell
envelope, and unknown functions were enriched in EPS. Chaperones, such as histone-like DNA binding protein
and cold shock protein, were overrepresented in EPS. Enzymes, such as protein peptidases, disulfide-isomer-
ases, and those associated with cell wall and polysaccharide metabolism, were also detected. Two of these
enzymes, identified as �-N-acetylhexosaminidase and cellulase, were confirmed in the EPS fraction by enzy-
matic activity assays. Compared to the differences between EPS and cellular fractions, the relative differences
in the EPS proteomes between DS1 and DS2 were smaller and consistent with expected physiological changes
during biofilm development.

The acid mine drainage (AMD) environment presents an
extreme challenge for most forms of life on Earth. However,
several microorganisms thrive in this environment and play an
important role in AMD generation (15). These microorgan-
isms live as microbial communities that form pellicle biofilms
on the surfaces of AMD pools and streams (11). Biofilms are
composed mostly of extracellular polymeric substances (EPS),
also known as the extracellular matrix, a major structural com-
ponent that provides spatial organization and stability to the
microbial community.

We previously characterized the EPS compositions of two
AMD biofilms, designated developmental stage 1 and 2 bio-
films (DS1 and DS2) (28), collected from the Richmond Mine
at Iron Mountain in Redding, CA (34, 44). Protein is the third
most abundant component in the EPS, behind carbohydrates
and heavy metals (28). Previous molecular characterization of
these AMD microbial community populations (10) indicated
that the DS1 biofilm was dominated by Leptospirillum group II,
which accounted for 90% of the population, and that there
were minor amounts of Leptospirillum group III (3%) and
archaea (7%). In comparison, the thicker DS2 biofilm was

comprised of a more diverse community, including Leptospiril-
lum group II (43%), Leptospirillum group III (28%), and ar-
chaea (29%). However, it remains a considerable challenge to
provide a complete biochemical profile of the EPS, and little is
known about the function of the proteins present, which is
essential for understanding the biofilm physiology and how
changes in protein composition affect community organization
and development.

EPS-associated proteins have been identified from many
microorganisms, indicating that various proteins with essential
functions are present (17, 40, 41, 51). For example, over 200
proteins have been found in the EPS of Haemophilus influen-
zae (21), with the most frequently identified proteins being
those involved in cell motility and secretion, ribosomal pro-
teins, and proteins of unknown function. Over 500 proteins
were identified in the EPS of an Escherichia coli culture, whose
functions are related mostly to amino acid and carbohydrate
metabolic pathways and cell wall and membrane biogenesis
(17). Several extracellular or outer membrane proteins in-
volved in the defense response or cell adhesion have been
found in the EPS of several microorganisms (9, 37, 41, 51).
Examples include flagella, porins, lipoproteins, root adhesins,
immunodominant antigens, and superoxide dismutase. Fur-
thermore, several extracellular carbohydrate-active enzymes
(CAZymes) were found for Aspergillus oryzae (40); proteins
with lipoprotein secretion signals, such as metalloproteases,
were found in the EPS fibrils of Myxococcus xanthus (9).

In addition to these EPS proteome studies, numerous stud-
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ies have reported differential expression of cellular proteins in
biofilm compared to the planktonic growth state, providing
a base profile of protein expression specifically important
for biofilm growth. Various proteins relating to flagella,
ABC transporters, chaperones, cell adhesion, and the oxi-
dative stress response were upregulated during the biofilm
growth stage (14, 30).

The objective of this study was to gain a better understand-
ing of the functions of proteins residing in the extracellular
matrices of biofilms growing in an AMD environment. Given
the extreme acidity and high level of heavy metals that these
proteins encounter, we anticipated that the EPS proteome
would be dramatically different from those of nonextremo-
philes. Using an environmental proteomics approach, we
identified and compared proteins present in the extracellu-
lar matrices of two biofilms at different developmental
stages, providing insights into EPS proteome dynamics and
potential biological functions.

MATERIALS AND METHODS

Biofilm and protein preparation. Biofilms were collected in May and August
2007 from the surfaces of AMD pools at the “AB Muck” location within the
Richmond Mine, at Iron Mountain in Redding, CA (15). Visual examination and
fluorescence in situ hybridization (FISH) analysis indicated that the sample
harvested in August represented a mid-developmental-stage thin biofilm (devel-
opmental stage 1 biofilm [DS1]); the sample harvested in May represented a
later-growth-stage, thicker biofilm (developmental stage 2 biofilm [DS2]) (10,
28). The EPS was extracted according to procedures described previously (28).
Briefly, biofilm samples were frozen on dry ice upon sampling, and the frozen
samples were thawed on ice and centrifuged at 5,000 � g at 4°C for 60 min to
remove residual AMD solution trapped in the biofilm. The supernatant, desig-
nated the “AMD solution” was saved. The pelleted biofilm was resuspended in
30 ml of cold sulfuric acid solution (0.2 M sulfuric acid, pH 1.1), which resembles
the acid mine drainage solution in the sampling site where these biofilms grow.
The biofilm matrix containing EPS was then disrupted using a glass hand-held
homogenizer (Wheaton Science Products, Millville, NJ). The cell suspension was
stirred on ice for 2 h before centrifugation again at 10,000 � g at 4°C for 30 min
to remove residual cells and debris. The resulting pellet, designated the “cellular
fraction,” was saved, and the supernatant containing EPS was precipitated with
15 volumes of 100% cold ethanol and stored at �20°C overnight. The low
quantity of lipid present in the DS1 supernatant suggested that substantial cell
lysis did not occur during sample preparation (28). EPS was then pelleted by
centrifugation at 10,000 � g at 4°C for 30 min and resuspended in 20 ml water
using the homogenizer. The cellular fraction was washed in phosphate-buffered
saline (PBS) solution (10 mM Na2HPO4, 1.76 mM KH2PO4, 137 mM NaCl, 2.7
mM KCl, pH 7.4) and resuspended in diluted (1:10) BugBuster protein extrac-
tion reagent (Novagen) in PBS. The suspension was kept on ice and sonicated
(Misonix, Farmingdale, NY; 50% intensity, 6 cycles of 30 s on and 30 s off).
Proteins from the extracted EPS, the AMD solution, and the cellular fraction
were precipitated using trichloroacetic acid (TCA) (28), and the TCA precipi-
tates were washed three times in cold methanol, air dried at room temperature,
and frozen at �80°C until liquid chromatography-mass spectrometry (LC-MS)
analyses.

Enzymatic activity of EPS matrix proteins. TCA precipitates from extracted
EPS were used for enzymatic activity assays. Briefly, the washed TCA precipitate
of proteins extracted from DS2 EPS was resuspended in 50 mM sodium citrate,
pH 5.0. A protein concentration of 1 mg/ml was used for all the assays. �-N-
Acetylglucosaminidase was measured by hydrolysis of the artificial substrate
4-nitrophenyl-N-acetyl-�-D-glucosaminide (NP-GlcNAc) (Sigma, Saint Louis,
MO). Cellulase activity was measured using three different substrates, i.e., cel-
lulose, carboxymethylcellulose, and the fluorescent substrate resorufin cellobio-
side (MarkerGene, Eugene, OR), according to the manufacturer’s instructions.
Cellulose and carboxymethylcellulose were used at 0.2% and mixed with EPS
protein at a 1:1 (vol/vol) ratio. Samples were then incubated in the dark over-
night (�12 h) at 37°C or on ice for the controls. After incubation, glucose was
measured using 3,5-dinitrosalicylic acid as described by Miller et al. (36). �-N-
Acetylglucosaminidase activity was determined by absorption measurements at
405 nm. Cellulase activity with resorufin cellobioside was determined by fluores-

cence measurement (560-nm excitation and 590-nm emission wavelengths). Op-
tical density and fluorescence measurements were read with a spectrophotomet-
ric plate reader (Synergy HT; BioTek, Winooski, VT).

2D-LC-MS/MS and protein identification and quantitation. Each protein
fraction was denatured and reduced in a solution of 6 M guanidine and 10 mM
dithiothreitol (DTT) in 50 mM Tris buffer (pH 7.6) for 1 h with shaking at 60°C.
The solution was then diluted 6-fold with 50 mM Tris buffer containing 10 mM
CaCl2 (pH 7.6), and proteins were digested using 1:100 (wt/wt) sequencing-grade
trypsin (Promega, Madison, WI). Insoluble cellular material was removed by
centrifugation (2,000 � g for 10 min). Peptides were desalted offline by C18

solid-phase extraction (Waters, Milford, MA), concentrated, filtered, and ali-
quoted as described previously (56). Three technical replicates of each fraction
were analyzed by two-dimensional liquid chromatography-tandem mass spec-
trometry (2D-LC-MS/MS) on an LTQ-Orbitrap (Thermo Fisher, San Jose, CA)
as described elsewhere (10, 23, 59). In brief, chromatographic separation of the
tryptic peptides was conducted over a 24-h period of increasing (0 to 500 mM)
pulses of ammonium acetate followed by a 2-h gradient from aqueous to organic
solvent. The LTQ was operated in a data-dependent manner as follows: full scans
at 30K resolution were acquired in the Orbitrap, followed by five data-dependent
MS/MS spectra acquired in the LTQ; two microscans were averaged for both full
and MS/MS scans, and dynamic exclusion was set at one.

The resulting MS/MS spectra were searched using the SEQUEST algorithm (60)
against a composite community database, Biofilm_AMD_CoreDB_04232008.fasta,
available at http://compbio.ornl.gov/amd_gtl_ms_results/databases/ (12). This
database contains proteins derived from the 5-way (53) and UBA (34) commu-
nity genomic data sets. The proteomics search database contained the curated
predicted proteins of Leptospirillum group II 5-way CG type (2,596 proteins)
(48), Leptospirillum group II UBA type (2,629 proteins) (23, 34), Leptospirillum
group III (2,695 proteins) (23), unassigned Leptospirillum (49 proteins), G-
plasma (1,445 proteins), Ferroplasma acidarmanus types I and II (1,628 and 2,409
proteins, respectively, plus 512 proteins from a laboratory isolate) (1), unas-
signed bacterial and archaeal proteins (1,227 proteins) (53), and common con-
taminants such as keratin and trypsin (36 proteins). The output data files were
then filtered and sorted with the DTASelect algorithm (44) using parameters
reported previously to give a false-discovery rate of �5% (34, 44, 52). The
high-accuracy mass measurements of the LTQ-Orbitrap allowed better than �10
ppm for �80 to 85% of identified peptides.

All MS data, including spectral counts, sequence counts, sequence coverage,
and normalized spectral abundance factor (NSAF) (34, 44, 52) values, as well as
links to all identified spectra can be found at: http://compbio.ornl.gov/amd_eps/.

Because the AMD reference database contains some protein variants with very
similar peptide sequences, we removed those protein variants with nearly iden-
tical patterns of spectral counts across all replicates. Spectral counts were then
normalized to sum to 100,000 in each replicate to enable comparisons across
samples. To test which proteins had significantly different abundances in DS1
and DS2, we used a normal approximation to the difference of binomial propor-
tions, and performed a two-tailed test with a Bonferroni correction to account for
the large number of proteins tested (46).

Cellular localization prediction. We used a combination of various publically
available algorithms to assign a predicted subcellular localization for each of the
3,426 nonredundant proteins found in EPS, AMD solution, and the cellular
fraction. We used TMHMM v2.0 (33) and SCAMPI (4) to predict transmem-
brane domains and SignalP 3.0 (19) to find signal peptides indicative of proteins
secreted out of the cytosol (see also reference 20). As SignalP does not provide
a predictor for archaeal signal peptides, we ran the archaeal proteins through the
Gram-positive, Gram-negative, and eukaryotic predictors and kept only those
predictions on which all three agreed, as recommended by Nielsen et al. (38). We
used BOMP (5) to predict outer membrane proteins, as well as PsortB v.3.0 (22),
which provides one of the widest ranges of subcellular locations, including cyto-
plasmic, cytoplasmic membrane, periplasmic, outer membrane, and extracellular.
Lastly, we used Subloc v1.0 (26) for those proteins not predicted to be membrane
associated by any of the previous methods. Since Subloc tended to overpredict
periplasmic and extracellular localizations for a number of abundant ribosomal
proteins (24) with noted inconsistencies in subcellular localization predictions by
different prediction tools, all annotated ribosomal proteins were assigned to the
cytoplasm. Due to the application of these multiple predictors, a small number
of proteins (117 out of 3,426) were assigned to two locations, in which case they
were counted in both for the purposes of the statistics and figures presented here.

EC number, CAZy, and COG database searches. We used the November 2008
release of PRIAM (7), modified for nucleotide queries using the “-p F” flag of
RPSBLAST, to assign the four-digit Enzyme Commission (EC) numbers, at an
E value of �1e�10. We also used BLASTX to search for homologs (at an E
value of �1e�20) against 87,000 enzyme sequences in a local copy of the CAZy
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and FOLy databases (6). We used the best BLASTX hit for each sequence read
to assign protein family memberships and the best BLASTX hit against the 6,367
CAZy and FOLy enzymes that have independently validated EC numbers to
assign a putative EC number. If the existing functional annotation, PRIAM
search, and CAZy search resulted in more than one EC number, we used the
existing annotation where available; otherwise we let the best CAZy hit take
priority over PRIAM. The Clusters of Orthologous Groups (COG) assignment
for each protein sequence was determined by performing RPSBLAST against
the NCBI COG database using an E value threshold of 0.00001. The top hit was
used for the assignment.

RESULTS

Proteins associated with EPS were identified in biofilms DS1
and DS2 and compared to those in the cellular fraction and in
some cases to those in the AMD solution (the liquid that was
trapped in the biofilm matrix when samples were collected).
Based on proteome sequence coverage, we found that proteins
from Leptospirillum group II are dominant (�90%) in both the
cellular and EPS fractions of DS1 and DS2. Nevertheless, EPS
proteins are substantially different from those in the cellular
fraction, with �80% of the proteins detected in the cellular
fraction underrepresented or undetectable in the EPS. In con-
trast, proteins with special characteristics in regard to isoelec-
tric point, size, subcellular localization, and function are over-
represented in the EPS compared to the cellular fraction, and
these are the focus of our analyses. In total, 1,351 nonredun-
dant proteins were identified in the EPS proteome (see Table
S1 in the supplemental material), of which the top 20 account
for about half of the EPS proteome based on MS/MS spectral
counts (Table 1). In the following sections, first we focus on the
difference between the EPS and cellular fractions, averaged
between DS1 and DS2, and then in the final section we revisit
the relatively smaller differences in EPS proteomes between
DS1 and DS2.

Isoelectric point and cellular localization. Proteins with
higher isoelectric points (pI) are more abundant in EPS than in
the cellular fraction. Leptospirillum group II, the dominant
species in DS1 and DS2 biofilms living at a pH of �1 (2), has
an entire proteomic profile that is shifted approximately one
pH unit higher than those of common neutrophilic microbes
(57). We consistently observed an average predicted pI of 8.5
for EPS proteins, compared to 6.8 for the cellular fraction.
Examples of proteins with unusually high pI values that are
abundant in EPS include putative flagellins (pI 9.76), histone-
like DNA binding proteins (pI 10.66), peptidoglycan binding
domain-containing proteins (pI 10.92), and a protein of un-
known function (pI 11.66) (Table 2).

The pI distribution of EPS proteins displays a distinctive
bimodal shape (Fig. 1), with 31% of the proteome at pI 5 to 7
and 56% at pI 9 to 11. In contrast, the majority of the proteins
in the cellular fraction have pIs of between 5 and 7. The EPS
proteins also showed a small but significant increase around pI
10.7, while few cellular proteins have pI values above 9.7.

In keeping with their high pI values, many EPS proteins are
predicted to be located on or outside the cell envelope, ex-
posed to the highly acidic AMD environment. While predicted
cytoplasmic proteins are dominant in the cellular fraction
(78%), more than half of the total spectral counts of EPS
proteins consist of predicted periplasmic proteins and proteins
of unknown localization (Fig. 2). Also, a greater increase of the
predicted extracellular proteins in EPS (7%) and AMD solu-
tion (3%) than in the cellular fraction (1%) was observed.
There was a 3-fold increase in proteins with one or more
transmembrane domains in EPS compared to the cellular frac-
tion and a 4- to 5-fold increase in proteins with a signal se-
quence (see Fig. S1 in the supplemental material). Addition-
ally, proteins in the EPS are relatively smaller, with a weighted

TABLE 1. Top 20 proteins identified in the EPS of DS1 and DS2 biofilms based on spectral counts

Protein ID Spectral
counta Function annotation COG

category Sublocb TMc Secrd

5wayCG_LeptoII_Cont_11233_GENE_46 4,548 Conserved protein of unknown function S U Y Y
5wayCG_LeptoII_Cont_11111_GENE_14 3,828 Putative flagellin N P or E
UBA_LeptoII_Scaffold_8135_GENE_9 3,773 Conserved protein of unknown function S U Y Y
UBA_LeptoII_Scaffold_8241_GENE_652 2,927 Putative flagellin N P or E
UBA_LeptoII_Scaffold_8241_GENE_550 2,858 Putative histone-like DNA binding protein L P
UBA_LeptoII_Scaffold_8062_GENE_372 2,370 Probable cytochrome c, class I U Y Y
UBA_LeptoII_Scaffold_8524_GENE_180 1,671 Protein of unknown function M P Y
5wayCG_LeptoII_Cont_11233_GENE_57 1,277 Cold shock protein K C
UBA_LeptoII_Scaffold_8062_GENE_147 1,098 Probable cytochrome c, class I U Y Y
UBA_LeptoII_Scaffold_8692_GENE_26 1,079 Putative signal transduction protein with CBS

domains
T C

UBA_LeptoII_Scaffold_8524_GENE_126 1,039 Probable isocitrate dehydrogenase (NADP) C
5wayCG_LeptoII_Cont_11277_GENE_292 978 Protein of unknown function P Y
UBA_LeptoII_Scaffold_8062_GENE_357 965 Putative histone-like DNA binding protein L P
5wayCG_LeptoII_Cont_11391_GENE_14 881 Conserved protein of unknown function S U Y Y
5wayCG_LeptoII_Cont_11067_GENE_2 854 Ribosomal protein L7/L12 J C
5wayCG_LeptoII_Cont_11212_GENE_23 787 Ribosomal protein S5 J C
5wayCG_LeptoII_Cont_11276_GENE_38 755 Putative OmpA family protein M OM Y Y
5wayCG_LeptoII_Cont_11277_GENE_291 753 Probable ABC transporter, periplasmic component P U Y
UBA_LeptoII_Scaffold_8135_GENE_56 746 Cold shock protein K C
5wayCG_LeptoII_Cont_11212_GENE_21 697 Ribosomal protein L6P/L9E J C

a Average of the normalized spectral counts of DS1 and DS2.
b Predicted cellular location. C, cytoplasmic; IM, inner membrane; P, periplasmic; OM, outer membrane; E, extracellular; U, unknown.
c Predicted transmembrane domain. Y, yes; N, no.
d Predicted secretion domain.
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average of �25 kDa, compared to �45 kDa for proteins from
the cellular fraction.

COG classification. Proteins identified in EPS were catego-
rized according to their biological function using the Clusters
of Orthologous Groups of Proteins (COG) database (50). Of
the 25 COG categories, 22 have representations in the biofilm
proteome, with category J (translation, ribosomal structure,
and biogenesis) the most abundant across all fractions (see Fig.
S2 in the supplemental material). Functions related to amino
acids (E), energy production and conversion (C), transcription
(K), and chaperones (O) decreased by 2-fold or greater in EPS
compared to the cellular fraction. In contrast, a 2-fold or
greater increase was observed in EPS proteins related to mo-
tility (N), cell envelope (M), replication, recombination and
repair (L), and inorganic ion transport and metabolism (P),
most of which resemble those previously identified in the EPS
of other microbial systems (9, 37, 41, 51).

In addition, proteins of unknown function and proteins with
no designated COG family are also overrepresented in EPS,
indicating that these novel proteins may function in adaptation
to the extreme environment.

CAZyme analysis. Because polysaccharides are a major
component in the EPS of these biofilms (28), carbohydrate-
active enzymes (CAZymes) are likely to play an important role
in synthesis, modification, and degradation of EPS. Putative
CAZymes were identified in the EPS proteome by comparison
of protein sequences against a library of sequences from all the
entries present in the CAZy database (6). Given that enzymes
(whose EC numbers are given in Table S1 in the supplemental
material) in general are present in low abundance in EPS, most
of the CAZy homologs identified are also found in low abun-
dance and are not enriched in EPS by substantial amounts
(Table 3). In this regard, we discuss CAZymes for identifica-
tion purposes only, and information on relative abundance is
not emphasized.

Many of the CAZymes present are likely to be involved in
EPS degradation (Table 3). Two such examples are �-N-acetyl-
hexosaminidase and cellulase. �-N-Acetylhexosaminidase is
an outer-membrane-associated lipoprotein that often degrades
complex oligosaccharides (31). Cellulase may act in recycling
of extracellular polysaccharides for nutrients or in biofilm dis-

FIG. 1. Distribution of isoelectric point (pI) by protein abundance
for proteins from the EPS and cellular fractions of DS1 and DS2
biofilms.

FIG. 2. Comparison of relative abundances of proteins in EPS and
cellular fractions that are predicted to reside in various subcellular loca-
tions, Cyt, cytoplasmic; IM, inner membrane; Per, periplasmic; OM, outer
membrane; Ext, extracellular; Unknown, unknown location.

TABLE 2. Top 15 highly abundant proteins with isoelectric points of greater than 9.0 present in EPS and AMD solution

Protein ID Spectral
counta Predicted function pIb Sublocc

UBA_LeptoII_Scaffold_8241_GENE_550 15,474 Putative histone-like DNA binding protein 10.66 Periplasmic
UBA_LeptoII_Scaffold_8524_GENE_180 13,509 COG3409, putative peptidoglycan binding domain-

containing protein
10.92 Periplasmic

5wayCG_LeptoII_Cont_11111_GENE_14 10,713 Putative flagellin 9.76 Extracellular
UBA_LeptoII_Scaffold_8241_GENE_652 8,275 Putative flagellin 9.76 Extracellular
5wayCG_LeptoII_Cont_11391_GENE_14 6,457 Conserved protein of unknown function 9.91 Cytoplasmic
UBA_LeptoII_Scaffold_8062_GENE_357 5,500 Putative histone-like DNA binding protein 10.72 Periplasmic
UBA_LeptoII_Scaffold_8049_GENE_366 4,309 Conserved protein of unknown function 9.66 Cytoplasmic
5wayCG_LeptoII_Cont_11277_GENE_292 4,318 Protein of unknown function 9.87 Periplasmic
5wayCG_LeptoII_Cont_11181_GENE_24 3,825 Putative outer membrane protein, WD40-like repeat 10.11 Extracellular
UBA_LeptoII_Scaffold_8524_GENE_126 4,242 Probable isocitrate dehydrogenase (NADP) 9.01 Periplasmic
5wayCG_LeptoII_Cont_11212_GENE_23 3,647 Ribosomal protein S5 9.92 Extracellular
5wayCG_LeptoII_Cont_11184_GENE_47 3,329 Protein of unknown function 11.66 Periplasmic
5wayCG_LeptoII_Cont_11212_GENE_21 3,157 Ribosomal protein L6P/L9E 9.99 Cytoplasmic
UBA_LeptoII_Scaffold_8241_GENE_297 2,841 Protein of unknown function 11.66 Periplasmic
5wayCG_LeptoII_Cont_11277_GENE_291 2,902 Probable ABC transporter, periplasmic component 10.53 Periplasmic

a Total normalized spectral counts of proteins present in both EPS and the AMD solution.
b Predicted pI based on protein sequence.
c Predicted subcellular localization.
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solution. Indeed, several lines of evidence have suggested the
presence of cellulosic polysaccharide in the EPS of DS1 and
DS2 biofilms (28). Additionally, cellulase appears to be more
abundant in the EPS of DS2 than in that of DS1, suggesting a
higher demand of this protein at later biofilm developmental
stages.

We further experimentally tested and confirmed that pro-
teins extracted from DS2 EPS exhibit both �-N-acetylgluco-
saminidase and cellulase activities, suggesting that these en-
zymes are active in EPS (Table 4). It is worth noting that
cellulase activity was detected only with carboxymethylcellu-
lose as a substrate and not with cellulose or the fluorescent
substrate resorufin cellobioside (data not shown), which is in-
dicative of a low level of endocellulase activity that works
poorly on crystalline cellulose or cellobioside substrates. This is
also consistent with the finding of amorphous-phase extracel-
lular polysaccharides present in biofilm matrix (28). The opti-
mal pH is about 5 for both �-N-acetylglucosaminidase and
cellulase activities (Table 4), although a lower optimal pH of
enzyme activity is expected for EPS proteomes extracted from
microbial communities that live at a pH of �1. Nevertheless,
the optimal pH of these enzymes is consistent with that of two
previously described c-type cytochromes isolated from the ex-
tracellular fraction of this AMD community (27, 49).

In addition to the CAZymes related enzymes listed in Table
3, a protein annotated as “putative glycosyl hydrolase, BNR
repeat” is also present in high abundance (see Table S1 in the
supplemental material). BNR repeats are known to occur fre-
quently in secreted proteins and in proteins that act on or
interact with polysaccharides (8, 45). Given its lack of homol-
ogy with any of the known enzymes in the CAZy database, we
suspect that this protein may represent a novel glycosyl hydro-
lase.

Comparison between DS1 and DS2. Compared to the dif-
ferences between EPS and the cellular fractions, the relative
differences in the EPS fraction between DS1 and DS2 biofilms
are smaller (Table 5; see Table S2 in the supplemental mate-
rial). Proteins related to cell motility (N), intracellular traffick-
ing and secretion (U), and secondary metabolites (Q) are
2-fold or more lower in DS2 EPS than in DS1. In contrast,
proteins involved in transcription (K), replication, recombina-
tion, and repair (L), defense mechanisms (V), lipid transport
and metabolism (I), and cell wall biogenesis (M) are a 2-fold or
more higher in DS2 EPS than in DS1.

Proteins overrepresented in DS1 include putative ribosomal
proteins, flagellar proteins, isocitrate dehydrogenase, rubreryth-

rin, and a putative phage shock protein. Proteins overrepre-
sented in DS2 include c-type cytochromes, cold shock proteins,
a putative histone-like DNA binding protein, and proteins of
unknown function (Table 5; see Table S2 in the supplemental
material). The most conspicuous change observed in DS2
is the decrease in abundance of flagellum-related proteins, a
classical group of cell surface proteins involved in attachment
during biofilm formation in many microorganisms (30). In the
AMD pellicle biofilms, flagella are likely to be important for
the initial cell-to-cell attachment, but the decreased expression
in DS2 suggests that flagella are of less importance in fully
developed biofilms. It is also noteworthy that the abundance of
flagellum-related proteins in these AMD biofilms increased
again in very late developmental stages (36a), suggesting a role
for flagella during biofilm dissemination.

DISCUSSION

Besides the expected periplasmic and membrane proteins
present in EPS, a large number of cytoplasmic proteins were
also detected, such as ribosomal proteins. Proteins that are
abundant in EPS may result from high expression, high levels
of protein secretion, cell lysis, or shedding of protein-contain-
ing membrane vesicles during cell growth (3). Based on the
relative abundance of the nonclassical secretory proteins pres-
ent in both EPS and cellular fractions, we estimate that up to
9 to 14% of the EPS proteome consists of cellular contamina-
tion. The low quantity of lipid present in the EPS of DS1
biofilm suggests that substantial cell lysis did not occur during
our sample preparation (28); thus, non-extracellular protein
contamination in EPS is likely due to the presence of cellular
debris from cell lysis occurring naturally in the community.

Nevertheless, a large number of proteins with special func-
tions relevant to the AMD environment were identified (Table
1; see Table S1 in the supplemental material). The presence of
a highly abundant cold shock protein is one of the least ex-
pected. Despite the fact that heat shock proteins are commonly
upregulated under biofilm growth conditions (17, 51), to our
knowledge there is only one report so far on the upregulation
of a cold shock protein in non-AMD biofilms (14). We initially
suspected that freezing of biofilms on dry ice after sample
collection could have induced its expression. However, the
same protein was found in abundance even when samples
were frozen in liquid nitrogen right after sampling, where the
amount of time during freezing is probably too short to induce
the expression of a large quantity of protein (V. J. Denef,
personal communication). Although this protein found in EPS
has homology to the bacterial CspC cold shock proteins in-

TABLE 4. Enzymatic activities of proteins extracted from
DS2 EPS at different pHs

Enzyme
Activity (%)a at pH:

1 3 5 7

�-N-Acetylglucosaminidase 4 � 2 11 � 3 23 � 2 15 � 1
Cellulase 6 � 2 5 � 2 13 � 3 6 � 2

a A protein concentration of 1 mg/ml was used in each of the assays. Activity
is presented as percent increase in activity for samples incubated overnight at
37°C relative to controls that were incubated on ice. Standard deviations for
triplicate samples are given.

TABLE 3. List of carbohydrate-active enzymes in the EPS
proteomes of DS1 and DS2 biofilms

EC no. CAZy
category Enzyme

Normalized
spectral count

DS1 DS2

3.2.1.52 GH3 Beta-N-acetylhexosaminidase 16.5 32.5
3.2.1.- GH23 Lytic murein transglycosylase 23.3 13.0
3.2.1.4 GH8 Cellulase 4.1 27.1
2.4.99.1 GT80 Sialyltransferase 17.9 8.7
2.4.1.- GT41 Hexosyltransferases 2.7 10.8
3.2.1.1 GH13 Alpha-amylase 0.0 10.8
3.1.3.12 GT20 Trehalose-phosphatase 0.0 2.2
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volved in transcription, we postulate that its actual function in
the biofilm matrix is to protect and stabilize nucleic acids as
chaperones (43), unrelated to a cold shock response.

The abundance of EPS proteins involved in defense mech-
anisms may reflect a protection strategy of the AMD microbial
community. Given the high concentration of heavy metals in
the AMD environment (15), heavy-metal-induced hydrogen
peroxide production is likely to occur (29, 39). Consistently,
several proteins related to superoxide dismutase (SOD) are
present in high abundance in EPS, including chaperones, EF-
Tu, rubrerythrin, peroxiredoxin, cytochrome c peroxidase, and
phage shock protein A, many of which have previously been
identified in the EPS of other microorganisms (9, 37, 41, 51).
Another example of a protective protein identified in EPS is
UTP-glucose-1-phosphate uridylyltransferase (see Table S1 in
the supplemental material). Also known as UDP-glucose pyro-
phosphorylase, it appears to have a dual function in both treha-
lose metabolism (16) and thermotolerance and osmotolerance in
stationary-phase E. coli and Bacillus subtilis (25, 55). Consistently,
another trehalose-acting enzyme, trehalose-phosphatase, was also
identified through CAZy analysis (Table 3), indicating that
trehalose may be an important component in the EPS of the
AMD community. Trehalose is a nonreducing disaccharide and is
highly resistant to heat and extreme pH (47). In trehalose-
producing organisms, such as Leptospirillum rubarum of the
AMD community (23) and Leptospirillum ferrooxidans (42),
this compound may serve as an energy reserve, a buffer
against stresses, or a protein stabilizer (13, 18, 58).

Histone-like DNA binding protein is one of the most abun-
dant proteins in EPS (Table 1). A direct role for this class of

DNA binding proteins in EPS has not been reported; normally
these proteins bind tightly with chromosomal DNA in the
nucleotide structure. The importance of extracellular DNA as
a structural component of biofilm in Pseudomonas aeruginosa
was recently reported, and this has subsequently been demon-
strated in a variety of bacterial species (35). Indeed, we have
detected the presence of extracellular DNA in the EPS of DS1
(�5% [dry weight]) and DS2 (�2% [dry weight]) (28). DNA is
extremely sensitive to reactive oxygen species, and specific and
nonspecific DNA binding proteins have previously been de-
tected in the EPS of E. coli biofilms (17). We speculate that the
histone-like DNA binding protein binds to extracellular DNA
in the EPS of the AMD biofilms and acts to support or orga-
nize biofilm structure, although we cannot rule out other pos-
sibilities. Histone-like DNA binding proteins may also play a
regulatory role in the biosynthesis of extracellular polysaccha-
rides (32), or the high abundance of this protein may be related
to an increase in protein export (54).

In summary, AMD biofilms were found to produce a unique
profile of EPS proteins, with enrichment of novel proteins that
are likely required for adaptation to this extreme environment.
Future biochemical characterization and functional analysis of
the EPS proteome will increase our understanding of the
ecophysiology of the AMD microbial community.
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TABLE 5. Top 20 proteins that are differentially represented in the EPS proteomes of DS1 and DS2
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Normalized
spectral count Bonferroni Pb Function annotation COG

category Sublocc TMd Secre

DS1 DS2

UBA_LeptoII_Scaffold_8241_GENE_652 4,025 1,828 2.E�155 Putative flagellin N P or E
5wayCG_LeptoII_Cont_11111_GENE_14 4,709 2,947 5.E�75 Putative flagellin N P or E
5wayCG_LeptoII_Cont_11212_GENE_2 762 182 1.E�66 Ribosomal protein S7 J C
5wayCG_LeptoII_Cont_11212_GENE_22 536 82 6.E�63 Ribosomal protein L18 J C
UBA_LeptoII_Scaffold_8524_GENE_126 1,380 697 4.E�40 Probable isocitrate dehydrogenase

(NADP)
C

UBA_LeptoII_Scaffold_8241_GENE_53 842 374 7.E�32 Rubrerythrin C C
5wayCG_LeptoII_Cont_11212_GENE_18 571 207 2.E�30 Ribosomal protein L5 J C
UBA_LeptoII_Scaffold_7931_GENE_8 700 304 1.E�27 Ribosomal protein S16 J C
5wayCG_LeptoII_Cont_11067_GENE_2 1,101 606 8.E�25 Ribosomal protein L7/L12 J C
5wayCG_LeptoII_Cont_11346_GENE_31 549 224 9.E�24 Putative phage shock protein A (PspA) K/T C
UBA_LeptoII_Scaffold_8241_GENE_599 258 720 4.E�35 Elongation factor Ts (EF-Ts) J C
5wayCG_LeptoII_Cont_11346_GENE_138 266 971 2.E�65 Cytochrome 579 U Y Y
UBA_LeptoII_Scaffold_8062_GENE_147 580 1,616 2.E�81 Cytochrome 579 U Y Y
UBA_LeptoII_Scaffold_8524_GENE_180 1,034 2,308 4.E�82 Protein of unknown function M P Y
5wayCG_LeptoII_Cont_11391_GENE_14 346 1,415 1.E�106 Conserved protein of unknown function S U Y Y
UBA_LeptoII_Scaffold_8049_GENE_366 102 1,121 2.E�136 Conserved protein of unknown function S U Y Y
5wayCG_LeptoII_Cont_11233_GENE_57 416 2,137 2.E�191 Cold shock protein K C
UBA_LeptoII_Scaffold_8135_GENE_56 60 1,432 1.E�201 Cold shock protein K C
UBA_LeptoII_Scaffold_8062_GENE_372 1,116 3,623 5.E�225 Cytochrome 579 U Y Y
UBA_LeptoII_Scaffold_8241_GENE_550 1,188 4,528 0.E�00 Putative histone-like DNA binding

protein
L P

a Proteins are sorted such that those enriched in DS1 are in the top half of the table and proteins enriched in DS2 in the bottom half.
b P value for the significance of the difference between DS1 and DS2, based on a normal approximation to the difference of binomial proportions of spectral counts

in DS1 and DS2, with a Bonferroni correction for multiple-hypothesis testing.
c Predicted cellular location. C, cytoplasmic; P, periplasmic; E, extracellular; U, unknown.
d Predicted transmembrane domain. Y, yes; N, no.
e Predicted secretion domain.
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