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As a pioneer colonizer of the oral cavity, Actinomyces oris expresses proteinaceous pili (also called fimbriae) to mediate the fol-
lowing two key events in biofilm formation: adherence to saliva deposits on enamel and interbacterial associations. Assembly of
type 2 fimbriae that directly facilitate coaggregation with oral streptococci and Actinomyces biofilm development requires the
class C sortase SrtC2. Although the general sortase-associated mechanisms have been elucidated, several structural attributes
unique to the class C sortases require functional investigation. Mutational studies reported here suggest that the N-terminal
transmembrane (TM) region of SrtC2, predicted to contain a signal peptide sequence, is cleaved off the mature protein and that
this processing is critical for the proper integration of the enzyme at the cytoplasmic membrane, which is mediated by the ex-
tended hydrophobic C terminus containing a TM domain and a cytoplasmic tail. Deletion of this putative TM or the entire cyto-
plasmic domain abolished the enzyme localization and functionality. Alanine substitution of the conserved catalytic Cys-His
dyad abrogated the SrtC2 enzymatic activity. In contrast, mutations designed to alter a “lid” domain that covers the catalytic
pocket of a class C sortase showed no effect on enzyme activity. Finally, each of the deleterious mutations that affected SrtC2 ac-
tivity or membrane localization also eliminated Actinomyces species biofilm development and bacterial coaggregation with
streptococci. We conclude that the N terminus of SrtC2, which contains the signal sequence, is required for proper protein trans-
location and maturation, while the extended C-terminal hydrophobic region serves as a stable membrane anchor for proper en-
zyme functionality.

Oral biofilms are a complex communities of microbial organ-
isms that dwell on enamel and gingival tissue surfaces. Com-

monly referred to as dental plaque, this complex microbial com-
munity, consisting of over 700 identified species, is associated with
root caries, gingivitis, and periodontal disease (11). Actinomyces
and oral streptococcal species are the predominant pioneer colo-
nizers of this environment and thus important for establishing
favorable conditions for the incorporation of other microbes (11,
24), including Fusobacterium species, bridging bacteria for late
colonizers (24). Actinomyces species produce two antigenically
and functionally distinct types of fimbriae or pili that are required
for the aforementioned interaction of Actinomyces bacteria and
oral streptococci and the adherence of Actinomyces cells to the
tooth surface (33). Type 1 fimbriae promote bacterial adherence
to salivary proline-rich proteins (PRPs) coating the tooth surface
(8), while type 2 fimbriae mediate adherence of Actinomyces not
only to oral streptococci but also to various host cells, including
erythrocytes and epithelial cells (4, 19, 33).

In Actinomyces oris, the most abundant species among various
Actinomyces spp. in the human oral cavity (28), the genetic com-
ponents for type 1 and 2 fimbrial assembly are arranged in two
distinct gene clusters (20). Encoded by the fimQ-fimP-srtC1 clus-
ter, a type 1 fimbria is composed of the fimbrial shaft FimP and the
tip fimbrillin FimQ, which is the major adhesin interacting with
PRPs (32). On the other hand, a type 2 fimbria, encoded by the
fimB-fimA-srtC2 cluster, is made of the fimbrial shaft FimA and
the tip fimbrillin FimB (20). We showed that FimA is essential for
A. oris coaggregation with oral streptococci, adherence to red
blood cells (RBCs), and biofilm development (22). Assembly of
type 1 fimbrial polymers requires sortase SrtC1 (32), whereas type

2 fimbrial assembly involves sortase SrtC2 (22). An Actinomyces
mutant lacking srtC2 fails to coaggregate with oral streptococci,
adhere to RBCs, and form biofilms (22).

SrtC1 and SrtC2 are membrane-bound transpeptidase en-
zymes (16) that belong to class C sortases (5, 7) or fimbria-specific
sortases (13, 20). The first sortase enzyme was discovered in Staph-
ylococcus aureus, termed SrtA (18), which is the prototype of class
A sortases. Classification of sortases was based solely on their pri-
mary sequence and phylogenetic analysis (5, 7). What distin-
guishes class C sortases from those of class A is the presence of a
carboxy-terminal hydrophobic domain after the sortase signature
motif TLXTC (7). Sortases of both classes have an amino-terminal
transmembrane (TM) helix that harbors a signal peptide sequence
(5, 7). In S. aureus, it is thought that the N-terminal signal peptide
of SrtA is not cleaved during protein translocation and thus serves
as a membrane anchor (17, 18). Our previous studies of C. diph-
theriae pilin-specific sortase SrtA (a class C sortase) revealed that
the C-terminal hydrophobic domain of SrtA is essential for the
enzyme to be inserted into the membrane, hence its polymeriza-
tion activity (9). Consistently, work in Enterococcus faecalis dem-
onstrated that the requirement of the C-terminal domain of pilin-
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specific sortase SrtC in efficient pilus polymerization (10). More
recently, it was shown in Streptococcus agalactiae that both the N-
and C-terminal TM regions of pilin-specific sortase SrtC1 are re-
quired for the enzyme activity (6). A key remaining question is
whether the N-terminal TM of pilin-specific sortases is cleaved,
thus liberating the enzyme N terminus from membrane associa-
tion.

We present here a structure-function analysis of the fimbria-
specific sortase (class C sortase) SrtC2 of A. oris. Our mutational
analysis reveals the importance of the signal peptide sequence and
its cleavage in the proper enzyme localization at the membrane
and fimbrial polymerization activity. We show further that the
C-terminal region, which contains a TM helix and a cytoplasmic
domain, is indispensable for the enzyme membrane localization
and pilus polymerization. Furthermore, the conserved catalytic
residues Cys246 and His184 are essential to the enzymatic activity of
SrtC2. Importantly, we show that mutations that disrupt the N-
and C-terminal regions of SrtC2 result in the elimination of Acti-
nomyces biofilms and bacterial coaggregation with streptococci.
Together, these findings provide a better understanding of the
structural features that distinguish the two families of sortases

involved in pilus biogenesis critical for pathogenesis of Gram-
positive bacteria.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids
used in this study are listed in Table 1. Actinomyces bacteria were grown in
heart infusion broth (HIB) or on heart infusion agar (HIA) plates. Esch-
erichia coli strains were grown in Luria-Bertani broth (LB). When needed,
kanamycin was added at a concentration of 50 �g ml�1. Rabbit-raised
polyclonal antibodies against recombinant fimbrial proteins were ob-
tained previously (22). Reagents were purchased from Sigma unless indi-
cated otherwise.

Plasmid construction. SrtC2 truncations and site-directed mutagen-
esis of recombinant plasmids were based on previous protocols (21, 32), as
follows. (i) For SrtC2-truncated mutants, primers (Table 2) were designed
to selectively amplify the plasmid pUC-SrtC2 (Table 1), which was ob-
tained by cloning the srtC2 fragment from pSrtC2 (20) into pUC19 at SalI
and HindIII sites. (ii) For site-direct mutagenesis of SrtC2, the mutation
sites were incorporated into the 5= end of synthesized primers. Plasmid
DNA of pUC-SrtC2 was used as a template for PCR amplification with Pfu
DNA polymerase using appropriate primer sets (Table 2). The PCR prod-
ucts were purified by gel extraction and phosphorylated to facilitate reli-

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

A. oris strains
MG1 Type strain, expressing type 1 and 2 fimbriae 20
AR1 �srtC2; an isogenic derivative of MG1 20
AR2 AR1 containing pSrtC2 22
WU10 AR1 containing pSrtC2VV This study
MR1 AR1 containing pSrtC2TT This study
MR2 AR1 containing pSrtC2-L45P This study
MR2 AR1 containing pSrtC2�sp This study
WU11 AR1 containing pSrtC2�3 This study
WU12 AR1 containing pSrtC2�5 This study
WU13 AR1 containing pSrtC2�59 This study
WU14 AR1 containing pSrtC2�110 This study
WU15 AR1 containing pSrtC2-H184A This study
WU16 AR1 containing pSrtC2-C246A This study

Plasmids
pSrtC2 pJRD215 derivative expressing wild-type SrtC2 from MG1 20
pH 6-SrtA pMCSG7 derivative expressing SrtA (residues 52 to 253) for antibody production This study
pUC-SrtC2 The srtC2 fragment from pSrtC2, cut by SalI/HindIII and cloned into pUC19 This study
pSrtC2�VV pJRD215 derivative expressing SrtC2 that carries mutations of SALVTS to VV

VVVV at positions 36 to 41
This study

pSrtC2�TT pJRD215 derivative expressing SrtC2 that carries mutations of SIMALVGM to
TTTTTTTT at positions 41 to 48

This study

pSrtC2�SP pJRD215 derivative expressing SrtC2 lacking the first 44 residues This study
pSrtC2�TM pJRD215 derivative expressing SrtC2 lacking the residues from 285–302

(transmembrane region)
This study

pSrtC2�5 pJRD215 derivative expressing SrtC2 lacking the last 5 residues This study
pSrtC2�59 pJRD215 derivative expressing SrtC2 lacking the last 59 residues This study
pSrtC2�110 pJRD215 derivative expressing SrtC2 lacking the last 59 residues This study
pSrtC2-L45P pJRD215 derivative expressing SrtC2 with L45P mutation This study
pSrtC2-E104A pJRD215 derivative expressing SrtC2 with E104A mutation This study
pSrtC2-N106A pJRD215 derivative expressing SrtC2 with N106A mutation This study
pSrtC2- H184A pJRD215 derivative expressing SrtC2 with H184A mutation This study
pSrtC2- C246A pJRD215 derivative expressing SrtC2 with C246A mutation This study
pSrtC1 pJRD215 derivative expressing wild-type SrtC1 from MG1 32
pSrtC1-D129A pJRD215 derivative expressing SrtC1 with D129A mutation This study
pSrtC1-W131A pJRD215 derivative expressing SrtC1 with W131A mutation This study
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gation of the amplicon into circular plasmids, which were then trans-
formed into E. coli DH5�. Mutant plasmids were verified by DNA
sequencing, and srtC2 fragments carrying desired mutations were released
by SalI and HindIII and subcloned into pJRD215 pretreated with the same
enzymes. For site-directed mutagenesis of SrtC1, plasmid DNA of pSrtC1
was used as a template for PCR amplification with Pfu DNA polymerase
using appropriate primer sets (Table 2). The PCR product was treated
with DpnI and cloned into E. coli as previously described (21). The result-
ing plasmids (Table 1) were further confirmed by DNA sequencing and
transformed into A. oris by electroporation.

Cell fractionation and Western blotting. Cell fractionation and
Western blotting were followed by using previously published protocols
(9, 31), with some modifications. Overnight cultures of various Actino-
myces strains were used to inoculate fresh cultures grown to the mid-log
phase (1:50 dilution) at 37°C in HIB. All aliquots with equal numbers of
cells, as measured by optical density at 600 nm (OD600), were fractionated
into medium and cell pellets by centrifugation. Cell pellets were sus-
pended in SMM buffer (0.5 M sucrose, 10 mM MgCl2, and 10 mM mal-
eate, pH 6.8) and treated with mutanolysin for 4 h at 37°C. After muta-
nolysin treatment, cell wall fractions and protoplasts were obtained by
centrifugation. The protoplasts (pellets) were frozen on dry ice for 15 min
and resuspended in 0.5 ml of cold buffer H (20 mM HEPES, pH 8.0, 200
nM NaCl, 1 mM dithiothreitol, and protease inhibitor cocktail III). Then,
5 �l 0.1 M MgCl2, 5 �l 0.1 M CaCl2, 2 �l DNase I (BioLab), and 2 �l RNase
20 mg/ml (Sigma) were added, and the mixture was incubated on ice for 1
h. Ultracentrifugation of the resulting lysates was performed at 100,000 �
g at 4°C to separate membrane and cytoplasmic fractions. Cell wall and
membrane fractions were also collected from cells grown on HIB plates. In
this case, cells were scraped from plates and washed in SMM buffer. Cell
pellets of equal bacterial numbers were suspended in the same buffer and
treated with mutanolysin as described above. All fractions were subjected
to trichloroacetic acid precipitation and acetone wash. Samples were then

boiled in sample buffer containing sodium dodecyl sulfate (SDS), sepa-
rated by 4 to 12% Tris-glycine gradient gels, subjected to immunoblotting
with rabbit antisera (1:2,000 for �-SrtA, 1:1,333 for �-SrtC2, 1:10,000 for
�-FimA, and 1:1,333 for �-FimB), followed by anti-rabbit HRP-linked
IgG antibody, and detected by chemiluminescence.

In vitro biofilm formation. Biofilm assays were performed as previ-
ously described, with some modifications (21). Briefly, Actinomyces
strains were grown overnight in HIB at 37°C with shaking before being
diluted 1:100 in HIB containing 1% sucrose, and 1.5-ml aliquots were
dispensed into 24-well polystyrene plates (Corning, NY), followed by in-
cubation at 37°C with 5% CO2 for 48 h. The wells were gently washed
three times with 1 ml sterile phosphate-buffered saline (PBS) and air dried
for 30 min. Biofilms were stained with 0.5% crystal violet for 30 min,
washed extensively to remove any unbound dye, air dried, and photo-
graphed by a FluorChem Q Imager (Alpha Innotech).

Bacterial coaggregation. Coaggregation assays were performed with
various strains of Actinomyces and Streptococcus oralis as previously de-
scribed (21). Briefly, stationary-phase cultures of bacterial strains were
grown in a previously described complex medium (22) with 0.2% glucose,
harvested by centrifugation, washed in Tris-buffered saline (TBS; pH 7.5)
containing 0.1 mM CaCl2, and suspended to an equal cell density of ap-
proximately 2 � 109 ml�1 based upon OD600 values. For coaggregation,
0.25-ml aliquots of Actinomyces and streptococcal cell suspensions were
mixed in 24-well plates for a few minutes on a rotator shaker and photo-
graphed by a FluorChem Q Imager.

Immunoelectron microscopy (IEM). Actinomyces cells were grown
on HIA plates, suspended in 0.1 M NaCl, washed with PBS, and resus-
pended in PBS. Immunogold labeling was followed as previously de-
scribed (21). Briefly, a drop of bacterial suspension in PBS was placed on
carbon-coated nickel grids, washed three times with PBS containing 2%
bovine serum albumin (BSA), and blocked for 1 h in PBS with 0.1%
gelatin. Fimbriae were stained with primary antibodies diluted in PBS
(1:100 for �-FimA and 1:50 for �-FimB) with 2% BSA for 1 h, followed by
washing four times with PBS containing 2% BSA. Samples were then
treated with 12 nm gold goat anti-rabbit IgG (Jackson ImmunoResearch)
diluted 1:20 in PBS with 2% BSA for 1 h. The samples were washed five
times with water before being stained with 1% uranyl acetate and viewed
in a JEOL JEM-1400 electron microscope.

RESULTS
Importance of the predicted signal sequence and the N-terminal
transmembrane-spanning domain of sortase SrtC2 in type 2
fimbrial assembly. A bioinformatics analysis of the primary se-
quence of SrtC2 of A. oris MG1 using the TMHMM server (12)
suggested that SrtC2 contains two putative TM helices, one at the
amino terminus and another located between the catalytic do-
main and the positively charged carboxy-terminal tail (Fig. 1A).
Sequence analysis by SignalP 3.0 (2) further predicted that the
N-terminal TM helix harbors a putative signal peptide with a
cleavage site between residues 37 and 38 (Fig. 1A, VSALV). To
probe the function of this predicted signal peptide by site-directed
mutagenesis, we utilized an expression plasmid and produced an
SrtC2 mutant in which the residues at 36 to 38 and 40 to 41 were all
replaced by valine (Fig. 1A, VV). We then tested the effect of the
mutation on SrtC2 expression and function by introducing this
expression plasmid into an A. oris strain that lacks srtC2. For anal-
ysis of SrtC2 and type 2 fimbrial production, cultures of MG1
strain and its isogenic derivatives were subjected to cell fraction-
ation as previously described (22), whereby equivalent amounts of
early log-phase cells were fractionated into culture medium, cell
wall, membrane, and cytoplasmic fractions. The resultant protein
samples were then boiled in SDS-containing sample buffer and
subjected to SDS-PAGE and Western blotting using antisera spe-

TABLE 2 Primers used in this study

Primer Sequencea

LIC-SrtA-5 TACTTCCAATCCAATGCAATTGACGCCAACGCCAGC
LIC-SrtA-3 TTATCCACTTCCAATGTTAGGTCGTTGAGCACGGACT
SrtC2�VV-F GTCGTCATCATGGCGCTGGTGGGCATG
SrtC2�VV-R GACCACGACGACGACCGACAGGCGCAGGCGCGGGG
SrtC2�sp-F CTGGTCACCTCCATCATGGCGCTG
SrtC2�sp-R CATGGGGCCTCGTACGCTTCCA
SrtC2�TT-F ACCACGACCACGACCGGGCTGCTGACCTATCCGACG
SrtC2�TT-R GGTGGTGGTGGTGACCAGGGCGGAGACCGA
SrtC2-L45P-F CCGGTGGGCATGGGGGTGGTG
SrtC2-L45P-R CGCCATGATGGAGGTGGAGAC
SrtC2�TM-F CGCTCGGGCTACGCGGCGGCGA
SrtC2�TM-R GGGGAAGTGGGGAACGTCGGG
SrtC2�5-F (SalI) GGCGGTCAGCCTACGTCCTGGTTGAGACC
SrtC2�5-R

(HindIII)
GGCGAAGCTTCTACCCACTGGTCCCCGCGCTCGG

SrtC2�59-R
(HindIII)

GGCGAAGCTTCTAGTCGGTGAACCACCGTTGGGGGCT

SrtC2�110-R
(HindIII)

GGCGAAGCTTCTACCACAGGTACAGCCCGACGAC

SrtC2-E104A-F GCGGCCAACAACCACGTCCCCACC
SrtC2-E104A-R CAGGACCGCCCCGGCCGAGAG
SrtC2-N106A-F GCCAACCACGTCCCCACCGGTGCCG
SrtC2-N106A-F GGCCTCCAGGACCGCCCCGGCCG
SrtC2-H184A-F GCC CGCGGCCTGGCCGAGGCC
SrtC2-H184A-R CCCCGTGATGACCGAGCGGGTC
SrtC2-C246A-F GCCACGCCCCTGGGCATCAACACC
SrtC2-C246A-R GGTCACCAGGGTGAGCAGGTC
SrtC1-D129A-F GAGAGCGCGCCGATCCTCGCCCCCTGGCTCGAGTCGCAG
SrtC1-D129A-F CAGGTTGTTGTTGTAGGTCTCGGCGGAGGCGCGCTCCTT
SrtC1-W131A-F GCGCCGATCCTCGACCCCGCCCTCGAGTCGCAGCGCCCC
SrtC1-W131A-R GCTCTCCAGGTTGTTGTTGTAGGTCTCGGCGGAGGCGCG

a Restriction sites in the primers are underlined.
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cific for SrtC2 (�-SrtC2), SrtA (�-SrtA), or FimA (�-FimA) (see
Materials and Methods).

As shown in Fig. 1B, SrtC2 (predicted mass of 45 kDa) of wild-
type MG1 cells migrated around the 41 and 55 kDa markers as
detected in the membrane fractions; the Western blot data also
revealed some degradation products. In the isogenic srtC2-deleted
strain, however, the major SrtC2-reactive bands were eliminated
as expected, and the introduction of the plasmid expressing wild-

type SrtC2 into this mutant strain restored these SrtC2-reactive
bands (Fig. 1B). As for SrtC2 function in type 2 fimbrial assembly,
the cell wall fraction of the srtC2-deleted strain showed no FimA
polymers, while that of the MG1 parent showed an abundant
amount of these polymers (Fig. 1C, first 2 lanes). Finally, the wild-
type SrtC2-expression plasmid restored FimA polymerization in
the �srtC2 mutant (Fig. 1C, third lane from left), in agreement
with results we reported previously (20). Surprisingly, the plasmid
expressing SrtC2 with mutations of the putative signal peptide
also resulted in fimbrial polymerization in the �srtC2 strain, sim-
ilar to that of the mutant expressing WT SrtC2 (Fig. 1C, compare
lane pC2 with lane VV), as the expression of SrtC2 was compara-
ble to that of the wild-type complemented strain (Fig. 1C, lane
VV). We interpret this result to indicate that the signal peptide is
not cleaved between Ala37 and Leu38, as predicted by the bioinfor-
matics analysis.

We therefore turned to another potential cleavage site between
Ala44 and Leu45 (Fig. 1A), based on the annotation of A. oris MG1
SrtC2 (A. oris MG1, ANA_0025 [http://www.oralgen.lanl.gov]). If
this prediction is correct, mutations that change the �1 residue to
proline would prevent the signal peptide from getting processed
(1, 26). Consequently, we generated recombinant plasmids ex-
pressing an SrtC2 mutant that had residues 41 to 48 all replaced by
threonine (Fig. 1B, lane TT), an SrtC2 mutant with Leu45 changed
to proline (Fig. 1B, lane L45P), and another SrtC2 mutant lacking
the first 44 amino acids (Fig. 1, lane �SP). All recombinant plas-
mids were introduced into the �srtC2 mutant, and SrtC2 expres-
sion and polymerization of type 2 fimbriae were analyzed as de-
scribed above. Significantly, while membrane expression of SrtC2
was detected in the threonine and proline mutants, albeit at a
reduced level (Fig. 1B, lanes TT and L45P, respectively), FimA
polymerization was not observed in these mutants (Fig. 1C, lanes
TT and L45P). As expected, when the first 44 amino acids of SrtC2
were deleted, SrtC2 expression was absent (Fig. 1B, last lane), con-
comitant with the loss of FimA polymerization (Fig. 1C, last lane).
Note that the SrtC2 signal was not observed in the culture me-
dium, cell wall, and cytoplasmic fractions of all SrtC2 mutants
(data not shown). The results indicate that the first 44 residues of
SrtC2 contain a signal peptide, which is potentially cleaved be-
tween residues Ala44 and Leu45 (see Discussion).

C-terminal TM domain and cytoplasmic tail are essential for
SrtC2-mediated fimbrial assembly. If the N-terminal TM do-
main is cleaved off by processing of the signal sequence, then the
membrane insertion of the mature SrtC2 protein might involve
the second predicted TM domain of the protein. To determine
whether this C-terminal transmembrane helix is required for
SrtC2 function, we generated a series of C-terminally truncated
mutant SrtC2 proteins expressed from a recombinant plasmid
(Fig. 2A) and tested their abilities to complement the �srtC2 mu-
tant by performing cell fractionation studies similar to those de-
scribed above. Strikingly, SrtC2 was not detected in the membrane
fraction of mutants that lack the C-terminal TM domain (Fig. 2B,
lane �TM) or the last 110 amino acids immediately downstream
of this TM (Fig. 2B, lane �110); consistent with loss of SrtC2, no
FimA and FimB polymers were detected in these mutants (Fig. 2C
and D, lanes �TM and �110). By comparison, deletion of either
the basic patch or 59 residues of the SrtC2 carboxy terminus re-
duced membrane association of SrtC2 proteins (Fig. 2B, lanes �5
and �59, respectively), but these mutations did not affect the

FIG 1 Requirements for fimbrial polymerization of the SrtC2 N-terminal
signal peptide sequence. Predicted membrane topology of the type 2 fimbria-
specific sortase SrtC2 is shown in panel A, with the N terminus possessing a
signal peptide sequence. The filled arrowhead specifies a cleavage site. Thre-
onin (TT) and valine (VV) substitutions of this cleavage site are indicated.
Catalytic residues H184 and C246 are located upstream of the C-terminal
transmembrane helix. (B and C) Cell wall and membrane fractions were har-
vested from Actinomyces cells of the wild-type MG-1 strain and its isogenic
derivative strains. Equivalent protein samples were separated on 4 to 12%
Tris-glycine gradient gel and detected by immunoblotting with antibodies
against SrtC2 and SrtA (�-SrtC2 and �-SrtA; membrane fractions) (B) or
FimA (�-FimA; cell wall fractions) (C). The positions of high-molecular-mass
polymers (FimAP) and monomers (FimAM) and molecular mass markers are
indicated.

Wu et al.

2534 jb.asm.org Journal of Bacteriology

http://jb.asm.org


overall polymerization of FimA and FimB fimbrillins (Fig. 2C and
D, lanes �5 and �59).

We next extended the studies described above by immunoelec-
tron microscopy (IEM) to determine how surface assembly of the
type 2 fimbriae and/or fimbrillins is affected by the mutations
described above affecting SrtC2 processing. Using a previously
developed protocol (22), we labeled A. oris cells of various strains
with specific antisera �-FimA and �-FimB, followed by staining
with 12 nm gold particles conjugated with IgG, and cells were
viewed by an electron microscope. With cells expressing wild-type
SrtC2, FimA and FimB signals were observed abundantly along
the fimbrial structures as well as on the bacterial surface (Fig. 3A
and B). Consistent with the role of SrtC2 in fimbrial polymeriza-
tion (22), no fimbrial structures labeled with �-FimA and �-FimB
were observed in the �srtC2 mutant, whereas surface display of
non-polymeric FimA and FimB proteins was not abrogated (Fig.
3C and D). In agreement with the Western blot analysis described
above, deletion of the TM domain or the last 110 residues of SrtC2
abrogated fimbrial assembly (Fig. 3E to H), while deletion of the
last 5 or 59 residues of SrtC2 did not (Fig. 3I to L). Altogether, the
data indicate that the TM domain and part of the cytoplasmic tail
are critical for SrtC2 membrane localization and function.

Characterization of the catalytic center of SrtC2: Cys246 and
His184 are essential for SrtC2 activity. Sortase acts by cleaving a
LPXTG-containing substrate between threonine and glycine,

thereby forming an acyl-enzyme intermediate with the substrate
via a thioester bond generated by the reactive cysteine residue of
sortase and the threonine residue of the substrate (29). Alanine
substitution of Cys184 or His120 of staphylococcal SrtA completely
abrogates the enzymatic activity (30). To determine whether the
corresponding residues Cys246 and His184 are essential for A. oris
SrtC2 activity, we expressed in the �srtC2 mutant recombinant
SrtC2 with indicated alanine substitution mutations and analyzed
these mutants by using Western blots. Importantly, mutations of
the conserved Cys246 and His184 did not alter the expression and
localization of SrtC2 in the cytoplasmic membrane compared to
that of the wild-type enzymes (Fig. 4B; compare last MG1 and pC2
lanes with the last two lanes), indicating the unaltered export,
processing, folding, membrane insertion, and stability of the mu-
tant proteins. Yet, mutations of the conserved Cys246 and His184

abolished fimbrial polymerization (Fig. 4B, last two lanes) as well
as surface assembly of type 2 fimbriae (data not shown). Hence,
the conserved Cys246 and His184 are the catalytic residues of pilin-
specific sortase SrtC2.

Dispensability of the catalytic site lid domain in SrtC2 activ-
ity. A distinguishing feature found in class C sortases is the pres-
ence of a flexible lid covering the catalytic site that was first de-
scribed in Streptococcus pneumoniae pilin-specific sortase SrtC1
(14). This unique feature is also present in the fimbria-specific
sortase SrtC1 in A. oris (23). Similar to S. pneumoniae SrtC1, this

FIG 2 Requirements for membrane localization of the C-terminal transmembrane domain of SrtC2. (A) Various C-terminal truncations of SrtC2 were
generated. Plasmids expressing wild-type SrtC2 (pC2) and mutants were transformed into an Actinomyces sp. strain lacking srtC2. (B to D) Protein samples from
cell wall and membrane fractions of Actinomyces sp. cells were obtained as described in the legend to Fig. 1 and analyzed by Western blotting with �-SrtC2 and
�-SrtA (membrane fractions) (B), �-FimA (cell wall fractions) (C), and �-FimB (cell wall fractions) (D). The positions of high-molecular-mass polymers (P) and
monomers (M) and molecular mass markers are indicated.
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flexible lid contains the conserved lid anchor motif DPW (Fig. 5A,
D129 and W131). Intriguingly, the flexible lid has been shown to
be required for pilus polymerization activity of streptococcal
SrtC1 in an E. coli system (15). However, in S. agalactiae, alanine
substitution of the aspartate and tryptophan residues in the lid
anchor motif of pilin-specific sortase SrtC1 does not affect pilus
polymerization (6). Thus, the functional significance of the lid
domain in class C sortase activity remains unresolved. Using the
I-TASSER analysis that is based on the sequence-to-structure-to-
function paradigm (25, 34), the 3-dimentional structure of A. oris
SrtC2 was predicted with a confidence (C) score of 0.93 and a
structural similarity TM score of 0.84 � 0.08 (Fig. 5C). Interest-
ingly, although SrtC2 does not contain the conserved DPW motif,
the modeled SrtC2 structure appears to have a lid region with
Glu104 and Asn106 as part of the lid anchor residues (Fig. 5C).

To further probe the potential function of the lid, we generated
recombinant plasmids expressing A. oris SrtC1 with an alanine
substitution at the canonical anchor residues D129 and W131,
and these recombinant plasmids were introduced into the A. oris
�srtC1 mutant. Polymerization of the type 1 fimbriae was ana-
lyzed by using Western blots with �-FimP as described above. As
was reported for S. agalactiae SrtC1, no significant defect in fim-
brial polymerization was detected in strains expressing SrtC1 with
D129A or W131A mutations compared to the wild-type SrtC1-
expressing strain (Fig. 5B).

To address whether lid function may vary among members of
the class C sortases, we went on to analyze fimbrial polymerization
of A. oris strains expressing SrtC2 with an alanine substitution at
E104 or N106. Compared to the strain expressing wild-type SrtC2
(Fig. 5D, lane SrtC2), no apparent defect in fimbrial polymeriza-

tion was observed in strains expressing SrtC2 with E104A or
N106A mutations (Fig. 5C, last two lanes). With the high confi-
dence levels of the predicted SrtC2 structure, altogether the results
support the notion that the lid of A. oris fimbria-specific sortases is
dispensable for fimbrial polymerization, like the lid of S. agalactiae
pilin-specific sortase SrtC1 (6).

Phenotypic correlation of SrtC2 structural determinants in
Actinomyces coaggregation with Streptococcus oralis and bio-
film formation. Our previous work established that the fimbrial
shaft FimA of type 2 fimbriae is the major fimbrial adhesin that is
required for Actinomyces coaggregation with S. oralis and forma-
tion of Actinomyces biofilm (22). As shown above and elsewhere
(22), polymerization of FimA on the bacterial surface requires
functional sortase SrtC2. To determine whether improper local-
ization of the enzyme affects biological functions of type 2 fim-
briae, we subjected the above-described SrtC2 mutants to coag-
gregation and biofilm formation assays as reported previously
(22).

For coaggregation assays, equal numbers of Actinomyces and
streptococcal cells were mixed together in microtiter plates, and
coaggregation was evaluated by photography. In agreement with
previous studies (22), Actinomyces cells lacking srtC2 failed to co-
aggregate with S. oralis strain 34, unlike cells expressing SrtC2 (Fig.
6A, first two lanes). As expected, coaggregation with S. oralis was
not observed in Actinomyces cells which expressed mutant SrtC2
lacking the carboxy-terminal TM domain or the cytoplasmic tail
(Fig. 6A, lanes �TM and �110). No apparent defect in coaggrega-
tion was detected in Actinomyces cells expressing SrtC2 mutants
that lack the last 5 or 59 residues, consistent with the biochemical
evidence for normal sortase activity (Fig. 6A, lanes �5 and �59).

FIG 3 Requirements of the SrtC2 C-terminal transmembrane domain for surface assembly of type 2 fimbriae. Bacterial cells were immobilized on nickel grids,
stained with �-FimA (A, C, E, G, I, and K) or �-FimB (B, D, F, H, J, and L) and goat anti-rabbit IgG conjugated to 12-nm (for anti-FimA) or 18-nm (for
anti-FimB) gold particles. Samples were viewed by transmission electron microscopy after being stained with 1% uranyl acetate. Bars, 0.2 �m.
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Finally, we subjected the mutants described above to biofilm
assays, whereby Actinomyces cells were grown in the presence of
sucrose for 48 h at 37°C with 5% CO2. Biofilm production was
quantified by optical density at 450 nm after biofilms were stained
with crystal violet. Consistent with the results described above, no
biofilms were observed in strains lacking srtC2 or expressing SrtC2
with truncation of the TM domain or the cytoplasmic tail, whereas
abundant biofilms were produced in cells expressing wild-type
SrtC2 or SrtC2 missing the last 5 or 59 residues (Fig. 6B). Of note,
neither coaggregation with S. oralis nor biofilm formation was
detected with A. oris cells expressing nonfunctional enzymes, i.e.,
C246A or H184A mutants, or signal peptide defective enzymes,
i.e., TT, L54P, or �SP mutants (data not shown).

DISCUSSION

Assembly of covalently linked pilus polymers in Gram-positive
bacteria on their cell wall peptidoglycan is achieved by sequential
activities of two transpeptidase enzymes named sortases. A pilin-
specific sortase or class C sortase catalyzes the covalent linkage
between pilin subunits, which are ultimately anchored to the bac-

terial peptidoglycan also by a covalent linkage. The latter step is
typically catalyzed by the housekeeping sortase or class A sortase.
In the current work, we have characterized A. oris SrtC2, the fim-
bria-specific sortase (class C sortase) that is required for the type 2
fimbrial polymerization.

FIG 4 Role of catalytic residues C246 and H184 in SrtC2-mediated FimA
polymerization. Membrane (A) and cell wall (B) fractions were collected from
wild-type MG-1 and its isogenic derivative strains carrying a deletion of srtC2
or the derivative-expressing SrtC2 mutants. Equivalent protein samples were
separated on a 4 to 12% Tris-glycine gradient gel and detected by immuno-
blotting with �-SrtC2 and �-SrtA (A) and �-FimA (B). The positions of FimA
monomers (FimAM), FimA high-molecular-weight polymers (FimAP), and
molecular mass markers are indicated.

FIG 5 Analysis of a flexible lid in Actinomyces sp. fimbria-specific sortases. (A)
A lid (blue) with anchor residues D129 and W131 covering catalytic residues
H204, C266, and R275 is shown in the three-dimensional (3D) crystal struc-
ture of Actinomyces sp. fimbria-specific sortase SrtC1. Shown in panel C is a 3D
structure of Actinomyces fimbria-specific sortase SrtC2, as modeled after the
SrtC2 structure. (B and D) Western blotting for fimbrial polymerization of
Actinomyces sp. cells expressing wild-type SrtC1 and its lid mutants (B) or
wild-type SrtC2 and its lid mutants (D) was carried out as described in the
legend to Fig. 1.

FIG 6 Role of the SrtC2 transmembrane domain in coaggregation of Actino-
myces species with oral streptococci and biofilm formation. (A) Stationary-
phase cultures of the �srtC2 strain and its derivatives expressing wild-type
SrtC2 or various mutants were examined for coaggregation with oral strepto-
cocci (S. oralis strain 34). (B) The same set of bacterial strains described in
panel A was analyzed for biofilm formation, and the generated biofilms were
stained with crystal violet.
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Sortase is a membrane-bound transpeptidase enzyme, the ac-
tivity of which depends on the proper localization of the mature
protein in the membrane. A. oris SrtC2 is predicted to possess two
TM helices, which are typical of class C sortases (5, 7). We pre-
sented here mutational studies that suggest that the N-terminal
TM helix of SrtC2, which contains a signal peptide sequence, is
processed by the general secretion machinery (Sec) for the protein
precursor to be translocated across the cytoplasmic membrane.
Our genetic evidence supports the bioinformatics prediction that
the first 44 residues of SrtC2 constitute a TM helix and a signal
peptide sequence with a potential cleavage site between Ala44 and
Leu45 (Fig. 1). Conventionally, Leu45 represents the first residue
of the mature SrtC2 at the �1 position. In E. coli, the signal peptide
of the M13 procoat protein with Leu at the �1 position is cleav-
able, whereas that of the precursor with proline at the same posi-
tion is not (26). Similarly, a maltose-binding protein precursor
with proline at �1 is not processed (1). Consistent with the notion
that A. oris SrtC2 is cleaved at its N-terminal signal peptide se-
quence between Ala44 and Leu45 for proper processing, although
mutant SrtC2 with a proline substitution at Leu45 was detected in
the membrane, albeit at a reduced level, fimbrial polymerization
in the mutant cell was abrogated (Fig. 1). Furthermore, the SrtC2
mutant lacking the first 44 residues displays the same fimbrial
polymerization defect (Fig. 1).

The proposed cleavage of the signal peptide sequence of SrtC2
would liberate the N terminus of the mature enzyme from the
amino-terminal membrane anchor, unlike the situation estab-
lished for the S. aureus class A sortase SrtA, in which case the signal
peptide is not cleaved and the N-terminal TM domain serves as
the essential membrane anchor (17, 18). Processing of the signal
sequence in a class C sortase requires that they contain a distinct
domain for membrane association. Indeed, the A. oris SrtC2 con-
tains a C-terminal TM helix that may function as the membrane
anchor. If so, this TM helix should be essential for the proper
localization of the enzyme in the membrane. Our genetic data
established that this is the case: an SrtC2 mutant that lacks this
C-terminal TM domain was not detected in the membrane frac-
tion (Fig. 2). It is interesting that an SrtC2 mutant lacking the
TM-proximal cytosolic domain displays the same defect, whereas
mutants missing TM distal parts of the cytosolic domain, includ-
ing a basic patch, behave like the wild-type enzyme (Fig. 2). Per-
haps the essential cytosolic domain helps to retain the mature
protein within the cytoplasmic membrane. Alternatively, it may
interact with cytosolic factors that control and coordinate pilus
assembly. Further biochemical and genetic studies will be needed
to illuminate the function of the cytosolic domain of a class C
sortase.

Apart from having the C-terminal membrane anchor and a
cytoplasmic tail, SrtC2 potentially possesses a flexible lid over the
catalytic pocket (Fig. 5), which is a typical feature found in class C
sortases, such as A. oris SrtC1 and S. agalactiae SrtC1 (6, 23). While
mutations of the lid anchor residues of S. pneumoniae SrtC1 ab-
rogated pilus polymerization (15), similar mutations in S. agalac-
tiae SrtC1 (6) and A. oris fimbria-specific sortases SrtC1 and SrtC2
do not affect pilus polymerization (Fig. 5). It is noteworthy that
although S. pneumoniae SrtC1 mutants were expressed and eval-
uated for their roles in pilus polymerization in E. coli (15), they
have not been reexamined in S. pneumoniae. Thus, it is possible
that the observed defect of these mutations in the polymerization
activity of S. pneumoniae SrtC1 might be due to the instability of

the mutant S. pneumoniae SrtC1 enzymes in the heterologous E.
coli system. What might then be the role of this flexible lid in pilus
assembly? It has been speculated that the lid may have a regulatory
role in pilus assembly by restraining access of LPXTG-containing
substrates until other ligands or regulatory factors displace them
(6). This remains a challenging but important problem to be in-
vestigated.

While the lid anchor residues are dispensable for the activity of
A. oris sortases, the catalytic residues C246 and H184 of SrtC2 were
shown here to be essential for the enzymatic activity, hence the
assembly of type 2 fimbriae (Fig. 5). Consequently, the ability of A.
oris cells to form a biofilm and to coaggregate with S. oralis was
abrogated with mutations of the two residues (data not shown).
Importantly, three-dimensional structural studies of sortases of
different classes reveal a common fold, with the catalytic cysteine
and histidine residues forming a catalytic pocket (27). This has
become a signature of sortase families (6, 16, 27), and our finding
here validates their essential role. The key puzzle that remains
unsolved is how substrate specificity is determined, given that all
sortase enzymes display a similar catalytic core. Our previous
studies hinted that the substrate specificity is partly endowed by
the exact sequence of the LPXTG motif (3). Based on this study
and available evidence, it is tempting to speculate that accessory
elements such as the lid region may contribute to substrate spec-
ificity by gating sortase substrates for pilus polymerization and cell
wall anchoring of the resulting pilus polymers. Future work
should address this basic and fascinating aspect of sortase-medi-
ated pilus biogenesis in Gram-positive bacteria.
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