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Assembly of pili on the gram-positive bacterial cell wall involves
2 conserved transpeptidase enzymes named sortases: One for
polymerization of pilin subunits and another for anchoring pili to
peptidoglycan. How this machine controls pilus length and
whether pilus length is critical for cell-to-cell interactions remain
unknown. We report here in Actinomyces oris, a key colonizer in
the development of oral biofilms, that genetic disruption of its
housekeeping sortase SrtA generates exceedingly long pili, cata-
lyzed by its pilus-specific sortase SrtC2 that possesses both pilus
polymerization and cell wall anchoring functions. Remarkably, the
srtA-deficient mutant fails to mediate interspecies interactions, or
coaggregation, even though the coaggregation factor CafA is pre-
sent at the pilus tip. Increasing ectopic expression of srtA in the
mutant progressively shortens pilus length and restores coaggre-
gation accordingly, while elevated levels of shaft pilins and
SrtC2 produce long pili and block coaggregation by SrtA* bacteria.
With structural studies, we uncovered 2 key structural elements in
SrtA that partake in recognition of pilin substrates and regulate
pilus length by inducing the capture and transfer of pilus polymers
to the cell wall. Evidently, coaggregation requires proper position-
ing of the tip adhesin CafA via modulation of pilus length by the
housekeeping sortase SrtA.

pilus length | coaggregation | sortase | gram-positive bacteria |
pilus assembly

ili or fimbriae are multicomponent protein polymers produced
by both gram-negative and gram-positive bacteria that extend
beyond the bacterial cell envelope and take part in many impor-
tant processes, including DNA transport, motility, polymicrobial
interactions or coaggregation, biofilm formation, and bacterial
adherence to host tissues or abiotic surfaces (1, 2). Pili vary in
length, ranging from a few hundred nanometers to several mi-
crometers; for example, long pili of more than 4 pm are produced
by many nonpathogenic and pathogenic Neisseria, while short pili,
175 to 210 nm in length, were only observed in nonpathogenic
Neisseria (3). Porphyromonas gingivalis, however, assembles both
long and short fimbriae critical for bacterial coaggregation and
colonization (4). How various pilus lengths influence cell-to-cell
interactions is not well understood, although it has been suggested
that long pili might promote long-distance contacts, while short
pili and cell wall-linked pilins enable intimate associations (5).
Unique to gram-positive bacteria are covalently linked pili,
which also vary in length (6, 7) and are anchored to bacterial
peptidoglycan by a conserved transpeptidase enzyme termed
sortase (5, 8). A large number of gram-positive bacteria, in-
cluding Actinomyces spp., Corynebacterium diphtheriae, Bacillus
cereus, Enterococcus faecalis, and many streptococcal species (7,
9-15), employ a specialized sortase enzyme, called pilus-specific
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sortase or class C sortase, to polymerize individual pilin subunits
into proteinaceous fibers; cell wall anchoring of these polymers is
subsequently catalyzed by class A or class E sortases (16-20).
The classification of sortases (A to F) is based on the sortase
recognition motif located in the C-terminal cell wall sorting
signal of substrate proteins, clustering of substrate and sortase
genes, structural configurations of sortase enzymes, and their
presumed functions (21, 22). Class A sortases, like the archetypal
sortase A of Staphylococcus aureus, recognize an LPXTG motif
of the C-terminal cell wall sorting signal in the substrate proteins
(23), whereas class E sortases, such as SrtF of C. diphtheriae and
SrtE1 of Streptomyces coelicolor, prefer an LAXTG motif (16, 24,
25). In addition to recognizing the LPXTG motif present in most
pilins, class C sortases recognize the reactive lysine residue
within the pilin motif of major pilus subunit proteins (26),
thereby cross-linking individual pilins via the threonine-lysine
isopeptide bond (27). It is noteworthy that most gram-positive
bacteria also encode a large number of surface proteins that are
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substrates of class A and E sortases (21, 28), suggesting that
there is a hierarchy of substrate specificity. It remains unclear
how these sortase enzymes partake in pilus assembly while per-
forming a housekeeping function (i.e., cell wall anchoring of all
other surface proteins), especially for class E sortases, with the
majority of substrate proteins possessing an LAFTG motif like
sortase A of Actinomyces oris (29).

A. oris produces 2 distinct types of pili or fimbriae. Type 1
fimbriae are composed of the shaft pilin FimP and the tip
adhesin FimQ, which mediates bacterial adherence to the sali-
vary proline-rich proteins (PRPs) that coat the tooth surface (30,
31). Type 2 fimbriae are made of the shaft pilin FimA and the tip
pilin FimB (9, 32). FimA also forms a distinct pilus structure with
another tip pilin named CafA, genetically unlinked to the fim-
brial gene cluster; CafA is essential for polymicrobial interac-
tions, termed coaggregation, as A. oris cafA mutant cells are
unable to interact with Streptococcus oralis (29). While all Fim
pilins contain a C-terminal LPXTG motif, the shaft pilins FimA
and FimP also possess a pilin motif (9, 29). Polymerization of
individual pilins into a covalently linked structure requires a
pilus-specific sortase: That is, SrtC1 and SrtC2 for type 1 and
type 2 fimbriae, respectively (9, 30). In A. oris, it has been sug-
gested that the housekeeping sortase SrtA, predicted to be a
class E sortase (21), is involved in cell wall anchoring of pilus
polymers (33). Surprisingly, in A. oris srtA is an essential gene,
unlike any other sortase genes studied to date (34). A forward
genetic screen by Tn5 transposon mutagenesis led to the dis-
covery that the loss of bacterial viability in the absence of the
housekeeping sortase is linked to the cell wall-anchored glyco-
protein GspA, which accumulates within and crowds the cyto-
plasmic membrane when srt4 is genetically disrupted, thereby
leading to cell envelope stress and ultimately cell death (34).
Curiously, all srt4 suppressor mutants isolated so far, including
gspA, produce unusually long pili and are defective in in-
terspecies interactions (34). This has led us to hypothesize that
the housekeeping sortase SrtA is involved in modulating pilus
length, and in turn, bacterial coaggregation.

Here, we report the molecular, structural, and physiological
characterizations of the housekeeping sortase SrtA of 4. oris. We
demonstrate that the spatial positioning of the pilus tip adhesin
CafA at an optimum distance away from the cell surface is
critical for bacterial coaggregation and that SrtA plays an es-
sential role in governing the optimal pilus length that dictates
CafA spatial positioning. Our structural genetic studies identi-
fied 2 conserved structural elements of SrtA, the Y131 residue
and the GVN motif, mutations of which, respectively, decrease
and increase the pilus length and affect coaggregation posi-
tively and negatively. Molecular characterizations support the
idea that these elements are required for the hierarchal rec-
ognition of SrtA substrates, hence controlling pilus polymeri-
zation and cell wall anchoring catalyzed by sortase enzymes.
Given that sortase-mediated pilus assembly is conserved in
gram-positive bacteria, our studies provide a paradigm of how a
sortase machine mechanistically assemble adhesive pili with
optimal length that is critical for cell-to-cell adherence.

Results

Genetic Disruption of the A. oris Housekeeping Sortase Generates
Extensively Long Fimbriae on the Bacterial Surface That Fail to
Mediate Polymicrobial Interactions. As mentioned above, all ge-
netic suppressors of lethality of the A. oris AsrtA mutant, irre-
spective of the nature of the TnS-inactivated suppressor gene,
produce unusually long fimbriae (34), suggesting that the house-
keeping sortase plays a vital role in controlling pilus length. To test
this, we began our studies using the double-mutant AgspA/AsrA,
in which the viability of Asrt4 was regained by the removal of the
glycoprotein GspA, whose toxic accumulation in the cytoplasmic
membrane in the absence of SrtA would otherwise trigger cell
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envelope stress and subsequently cell death (34). To characterize
the fimbriae produced, A. oris mutant cells were first examined
by electron microscopy with negative staining. As expected, the
gspA mutant with intact SrtA assembled fimbriae with average
length comparable to that of the parental strain MG1, whereas
the AgspA/AsrtA double mutant produced abnormally long fim-
briae (Fig. 1 A-C). Complementation by constitutive expression
of srtA from a plasmid in this double mutant restored fimbrial
length to the wild-type level (Fig. 1D).

As mentioned, 4. oris MG1 assembles 2 antigenically distinct
pili known as type 1 and type 2 fimbriae (9, 30, 32). To determine
if both fimbrial types are affected by srt4 deletion, we labeled
cells separately with antibodies specific for the pilus shaft of type
1 (a-FimP) and type 2 fimbriae (a-FimA), followed by staining
with IgG-conjugated gold particles and analyzed by electron
microscopy (IEM). The pilus phenotypes revealed by immuno-
gold labeling in the AgspA and AgspA/AsrtA mutant strains, as
well as the complemented AgspA/AsrtA/pSrtA strain, affirmed
the negative staining results (Fig. 1 E-I). Together, these results
strengthen the notion that SrtA is a critical determinant of the
proper assembly of both fimbriae with typical lengths observed in
the wild-type cells.

The type 2 fimbriae are essential for A. oris coaggregation with
other oral bacteria, a process crucial for oral biofilm develop-
ment (29). Therefore, we asked if atypically long fimbriae that
the srtA-deficient cells produced are still able to mediate bacte-
rial coaggregation normally. We monitored coaggregation using
an established assay (35), mixing cells of various A. oris strains
with S. oralis (S034) in equal numbers in microtiter plates and
incubating for a brief period before visual inspection, imaging,
and quantification. As reported in our previous work, coag-
gregation was abrogated by deletion of either fimA that makes
up the pilus shaft or caf4, a noncanonical tip adhesin of type
2 fimbriae (29) (SI Appendix, Fig. S14; compare MG1 with
AcafA and AfimA). The mutant cells devoid of gspA were able to
aggregate with S. oralis at levels comparable to wild-type
MGT1 cells (SI Appendix, Fig. S14, strain AgspA), demonstrat-
ing that GspA plays no role in coaggregation. Strikingly, no
coaggregation was observed in the AgspA/AsrtA mutant, while
constitutive expression of srz4 in this mutant rescued the coag-
gregation defect (SI Appendix, Fig. S14, last 2 strains). The same
set of strains was then analyzed for their ability to form FimA-
dependent biofilms following methods we previously described
(32). In sharp contrast to the coaggregation defect of the AsrtA
mutant, no significant defects in biofilm formation were appar-
ent in strains lacking gsp4 alone or both gspA and srtA, as
compared to the MG1 and AcafA strains (SI Appendix, Fig. S1B).
Thus, the housekeeping sortase is dispensable for formation of
Actinomyces monospecies biofilms.

A Critical Positional Role of the Pilus Tip in Interspecies Interactions.
As presented above, cells displaying abnormally long FimA
fimbriae in the absence of SrtA form biofilms, but they somehow
fail to mediate interspecies interactions. Because CafA is the
major coaggregation factor associated with the FimA-containing
fimbriae (29), the failure of the AgspA/AsrtA mutant to coag-
gregate with S. oralis might be attributed to the lack of CafA on
the pilus tip and the bacterial surface. Alternatively, it is con-
ceivable that excessive extension of pilus effectively misplaces
the tip adhesive CafA away from the cell envelope that hinders a
productive cell-to-cell interaction. To distinguish these scenarios,
we first analyzed surface assembly of CafA by IEM. The data
showed that while the tip-localized CafA was abundantly dis-
played in the parental MG1 strain, it was absent in the Acaf4
mutant, as expected; moreover, in the fimA mutant that lacked
pili, CafA was still observed on the bacterial surface (SI Ap-
pendix, Fig. S1 C-E). Similar tip localization and abundance
of CafA was seen in the AgspA strain (SI Appendix, Fig. S1F).

Chang et al.
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Notably, in the AgspA/AsrtA mutant, most gold particle-labeled
CafA at the pilus tips appeared to be positioned much farther
away from the cell surface (SI Appendix, Fig. S1G). Constitutive
expression of SrtA from a plasmid in this strain reduced this
aberrant positioning of CafA (SI Appendix, Fig. S1H). Therefore,
the coaggregation defect in the absence of SrtA is not due to the
lack or reduction of CafA at pilus tips. Rather, it might be due to
the abnormal location of CafA.

To firmly establish this point, we quantified the relative
abundance of surface CafA by whole-cell ELISA, as previously
reported (36). Compared to the MG1 strain, the AfimA mutant
displayed 3-fold reduction in net CafA signal (SI Appendix, Fig.
S11, first and third columns). Deletion of gspA caused a slight
decrease in surface CafA (SI Appendix, Fig. S11, column AgspA),
but this mutant strain was still able to aggregate with S. oralis (SI
Appendix, Fig. S14). Strikingly, the AgspA/AsrtA mutant and its
complemented strain displayed similar levels of surface CafA as
compared to that of MG1 (SI Appendix, Fig. S11, last 2 columns),
yet the former was coaggregation-negative and the latter
coaggregation-positive (SI Appendix, Fig. S14). To explore if
overexpression of CafA in the AgspA/AsrtA double mutant res-
cues its coaggregation defect, we introduced into this strain a
multicopy plasmid-expressing CafA under the control of a con-
stitutive promoter (pCafA) (29), and coaggregation was quanti-
tatively determined as described before (37). Compared to the
MGT strain, which coaggregation efficiency was normalized to 1,
overexpression of CafA could not rescue the coaggregation de-
fect of the AgspA/AsrtA mutant (SI Appendix, Fig. S2).

Next, to estimate the relative change in the distance of CafA
from the cell surface, cells from the MG1 and AgspA/AsrtA
strains were subjected to IEM using a-CafA antibodies and IgG-
conjugated gold particles (SI Appendix, Fig. S1C). Representa-
tive IEM images were then analyzed by drawing circumferential
outlines of CafA-labeled gold particles and determining the
linear distance between the outlines and the cell envelope at
various locations were determined by ImageJ (https://image;j.
nih.gov/ij/). Indeed, as shown in SI Appendix, Fig. S3 A-C, the
average distance of CafA from the cell envelope increased more
than 6-fold in the AgspA/AsrtA mutant (1.55 + 0.15 pm) as
compared to that of the MG1 strain (0.25 + 0.04 pm). Because
the IEM procedure involves multiple steps that could artificially
alter fimbrial length, we independently determined the type
2 fimbrial length by cryoelectron tomography (cryo-ET), using
strains lacking the type 1-specific sortase SrtCl (AsrtC1) and
hence devoid of the type 1 fimbriae. In this procedure, A. oris
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Fig. 1. srtA-deficient cells assemble exceedingly
long pili. (A-D) Cells of A. oris strains were immobi-
lized on carbon-coated nickel grids and directly
stained with 1% uranyl acetate prior viewing by an
electron microscope. For immunogold labeling (E-L),
immobilized cells on grids were stained with anti-
bodies against FimP (type 1 fimbriae) (E-H) or FimA
(type 2 fimbriae) (/-L), followed by 12-nm colloidal

a-FimA gold particles conjugated with IgG. (Scale bars, 0.5 pm.)

cells on grids were plunge-frozen into liquid ethane to preserve
their native state. A series of tilt images of type 2 fimbriae were
collected, and reconstruction of tilt series into tomogram and
modeling were performed by the IMOD software package (38)
(Materials and Methods). In agreement with the IEM results, the
SrtA” strain (AgspA/AsrtA/AsrtCl1) produced extended fimbriae
averaging up to 1.85 pm that are 3 times longer than those in the
SrtA™ strain (AsrtCI) (SI Appendix, Fig. S3D) (compare 1.85 +
0.53 pm to 0.58 + 0.88 pm).

Taken together, these results demonstrate that in the absence
of SrtA, sufficient amounts of CafA* pili, which are 3 times
longer, are assembled and surface anchored in A4. oris. This leads
us to posit that the coaggregation defect caused by the absence of
SrtA is due to the extended distance of the coaggregation me-
diator CafA from the cell surface.

Pilus-Specific Sortase SrtC2 Catalyzes Pilus Polymerization and Cell
Wall Anchoring of Pilus Polymers. The findings above appear to
be incongruent with previous studies that substantiate the role of
the housekeeping sortase in cell wall anchoring of pili in many
gram-positive bacteria, including C. diphtheriae, B. cereus, E.
faecalis, and Streptococcus agalactiae; in these organisms, de-
letion of the housekeeping sortase gene results in pilus shedding
into the culture medium (10, 16, 18-20, 39). The unexpected
presence of long fimbriae in the A. oris srtA-deficient cell surface
rather than the culture medium suggests that the pilus-specific
sortase enzymes SrtC1l and SrtC2 in A. oris might perform both
functions of pilus assembly: Pilus polymerization and cell wall
anchoring of pilus polymers. To test this hypothesis, we gener-
ated triple deletion mutants devoid of gspA, srtA, and srtC1
(AgspA/AsrtA/AsrtCl) or gspA, srtA, and srtC2 (AgspA/AsrtA/
AsrtC2). The generated mutants were analyzed by using a pilus
polymerization assay as describe previously (40), in which cell
cultures were subjected to cell fractionation, and the culture
medium (S) and cell wall (W) fractions were immunoblotted with
antibodies specific against type 1 and type 2 fimbrial shaft (i.e.,
a-FimP and o-FimA, respectively). Results show that deletion of
srtA in the AgspA strain did not cause any apparent defects of
FimA and FimP assembly (Fig. 2 A and B, first 4 lanes). Deletion
of sitCI in the AgspA/AsrtA mutant strain abrogated polymeri-
zation of FimP (Fig. 24, next 2 lanes), confirming the role of
SrtCl1 in pilus polymerization (30). Intriguingly, in the AgspA/
AsrtA/AsrtC2 triple mutant, in which SrtC1 is present, FimP pilus
polymers were abundantly produced but mostly released into the
culture medium (Fig. 24, last 2 lanes). Independently, an analysis
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Fig. 2. Pilus-specific sortase SrtC2 possesses pilus polymerization and cell wall anchoring functions. (A and B) Culture medium (S) and cell wall (W) fractions of
wild-type MG1, AgspA/AsrtA, AgspA/AsrtA/AsrtC1, and AgspA/AsrtA/AsrtC2 strains were analyzed by immunoblotting with a-FimP (A) or a-FimA (B). (C-J) The

same set of strains were subjected to immunogold labeling, as described in

of pilus assembly by IEM showed no detectable fimbriae in the
AgspA/AsntA/AsntC1 triple-mutant cell envelope, while detached
fimbriae were found scattered around the AgspA/AsrtA/AsrC2
mutant cells (Fig. 2 C-F).

When the same set of samples used in Fig. 24 was immuno-
blotted with a-FimA, no significant defects in type 2 fimbrial
assembly were observed in strains AgspA/AsrtA and AgspA/AsrtA/
AsrtC1 when compared to the MG1 strain (Fig. 2B, first 6 lanes),
while no type 2 pilus polymers were observed in the AgspA/AsrtA/
AsrtC2 mutant (Fig. 2B, last 2 lanes). IEM analysis with a-FimA
that revealed extensively long FimA fimbriae in strains AgspA/
AsrtA and AgspA/AsrtA/AsrtC1, but not in the AgspA/AsrtA/
AsrtC2 mutant (Fig. 2 G-J). Collectively, these results confirm
that SrtC1 and SrtC2 are specifically required for the polymeri-
zation of their cognate pilins. Most importantly, our results re-
veal that 1 of the 2 pilus pilus-specific sortases, SrtC2, is capable
of anchoring both types of extended pilus polymers to the bac-
terial cell wall when the housekeeping sortase SrtA is absent.

The Housekeeping Sortase SrtA Determines the Optimal Pilus Length
Required for Bacterial Coaggregation. The aberrant extension of
CafA-containing pili in the Asrt4 mutant and the striking coag-
gregation defect of this mutant reported above suggest that the
relative distance of CafA from the bacterial surface is crucial for
cell-to-cell interactions. To probe this further, we sought to
control pilus length by expressing fimA under the control of an
inducible promoter (pterR-R*-FimA) (34). Inducers were added
to exponentially grown cultures and sampled at several time in-
tervals for Western blotting, IEM, and coaggregation assays. As
previously reported, the MG1 strain produced pilus polymers
containing FimA and CafA retained in the cell wall fractions of
exponential and overnight cell cultures (SI Appendix, Fig. S44).
In the AfimA mutant background, which lacks FimA and CafA
polymers, induction of FimA for 3 h and overnight produced
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Fig. 1, with a-FimP (C-F) or a-FimA (G-J). (Scale bars, 0.5 pm.)

increasing FimA polymers as evident by the presence of the high
molecular weight species above the 250-kDa marker especially in
the overnight samples (SI Appendix, Fig. S4 A, Left). Immuno-
blotting of these same samples with a-CafA led to the same
conclusion (SI Appendix, Fig. S4 A, Right). Independent analysis
by IEM showed that induction of FimA also resulted in extension
of FimA fimbriac and the increased distance of the CafA-tip
from the cell envelope (SI Appendix, Fig. S4B); note that un-
labeled fimbriae seen these samples are from type 1 fimbriae.
Functionally, the induction of CafA-associated fimbriae resulted
in increased in bacterial coaggregation, although it was not at the
same level as seen with the wild-type cells, even when samples
were grown overnight upon induction (SI Appendix, Fig. S4C).
This partial concordance could be due to a variety of reasons,
including a competition between SrtA and SrtC2 for FimA. To
overcome this potential limitation and to obtain cells with long
pili formed in the presence of SrtA, we engineered a vector that
constitutively expressed both FimA and SrtC2. This plasmid
expressed both FimA and SrtC2 as determined by Western
blotting with antibodies against each protein in different cellular
fractions. Compared to the wild-type and AsrtC2 strains without
the recombinant plasmid, the levels of FimA and SrtC2 proteins
increased considerably when the strains harbored the fimA-srtC2
plasmid (SI Appendix, Fig. S5 A and B). Significantly, the plasmid
led to the production of long pili (SI Appendix, Fig. S5C), com-
parable to those seen in the absence of SrtA, and also caused a
pronounced defect in coaggregation (SI Appendix, Fig. S5D),
akin to that observed with the SrtA-depleted strain. Clearly,
elongated pili deter Actinomyces from undergoing interspecies
interactions that normally take place in the oral cavity.

The preceding results invoke the hypothesis that a key function
of the housekeeping sortase SrtA in A. oris is to control and gen-
erate a pilus length optimally suited for interspecies interactions.
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To examine whether SrtA directly regulates pilus length, we cloned
the srtA gene under the control of the same inducible promoter as
described above (pferR-R*-SrtA). We then analyzed exponential
cultures of the AgspA/AsrtA mutant containing this plasmid in-
duced for various time points for SrtA expression, pilus assembly,
and bacterial coaggregation. For SrtA expression, membrane
fractions were isolated and immunoblotted with antibodies against
SrtA (a-SrtA) or a control membrane protein, MdbA (a-MdbA).
Fig. 34 shows that while no SrtA signal was detected in the AgspA/
AsrtA mutant, SrtA expression was steady in the MG1 strain during
the first hour of culture. Addition of inducers resulted in pro-
gressively increased expression of SrtA (Fig. 34). To visualize pili
and CafA positioning, the AgspA/AsrtA/ptetR-R*-SrtA strain cul-
ture was sampled at times 0, 60, and 120 min after induction and
examined by IEM with a-FimA and o-CafA. As expected, in-
duction of SrtA in the AgspA/AsrtA mutant resulted in shortening
of pilus length, hence CafA’s relative distance from the cell enve-
lope (Fig. 3B). We next analyzed the same set of cell cultures for
bacterial coaggregation. Compared to the MG1 parent, induction
of snt4 in the AgspA/AsrtA strain over time steadily enhanced
coaggregation, unlike the AfimA and AgspA/AsrtA mutants used as
controls (Fig. 3C). Taken together, we conclude that the poly-
microbial interactions in A. oris mediated by the coaggregation
factor CafA require a proper presentation of this adhesin at the
pilus tip of type 2 fimbriae, whose optimal length is controlled by
the protein level of the housekeeping sortase SrtA.

Structure Determination Reveals That the Housekeeping Sortase SrtA
of A. oris Is a Class E Sortase. To understand how SrtA functions as
a regulator of pilus length, we determined the high-resolution
X-ray crystal structure of its extracellular catalytic domain encom-
passing residues 78 to 257, which shares primary sequence homol-
ogy to known sortase catalytic domains, but lacks the N-terminal
transmembrane-anchoring segment. Crystals of the SrtA extracel-
lular catalytic domain were obtained in space group P2, diffracting
up to 1.7-A resolution. They contain 4 essentially identical mole-
cules in the asymmetric unit. The A. oris SrtA structure adopts a
conserved “sortase” fold (41-43), composed of an 8-stranded
pB-barrel that is flanked by 5 o-helices (Fig. 44 and SI Appendix,
Fig. S64). Located at the top of the B-barrel, the SrtA active site
structure is well conserved and formed by HI148, C216, and
R229 residues (Fig. 44). While structurally similar to other mem-
bers of the sortase superfamily, the SrtA core structure differs
slightly as it contains a 4-residue insertion at the beginning of strand
f2 that disrupts the B-sheet (S Appendix, Fig. S6B). The insertion is
formed by residues G106-V107-Thr108-Asn109 and causes the
chain to protrude (SI Appendix, Fig. S6 A and B), a feature absent in
the closest structural homologs of SrtA that have a smooth transi-
tion from their p1-p2 loops into the B2 strand. This unique pro-
tuberance in A. oris SrtA is positioned distal to the active site and its
functional importance, if any, is not known.

Based on its primary sequence, SrtA is a member of the class E
subfamily of sortases that predominate in Actinobacteria (21).
At present, only 2 class E sortase structures have been de-
termined, the A. oris SrtA structure reported here and the re-
cently reported structure of the SrtE1 enzyme from S. coelicolor
(PDB ID code SCUW) (24). An analysis of the SrtA structure
using DALLI (44) reveals that it is most closely related to SrtE1;
they have a z-score of 22.5 and their backbone coordinates can
be superimposed with an rmsd of 1.6 A (Fig. 4B). As compared
to other members of the sortase superfamily, the structures of
the class E SrtA and SrtE1 enzymes harbor distinct $3/p4 and 6/
B7 loops that are positioned closer to one another. It is note-
worthy that both enzymes contain a tyrosine residue located
in the B3/p4 loop: That is, Y131 in A. oris, which in S. coelicolor
has been implicated in the recognition of the LAETG motif (24).
Notably, in both enzymes their p6/p7 loops have a 21-amino acid
insertion that immediately follows the 3;( helix positioned ad-
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Fig. 3. Intracellular levels of SrtA affect pilus length and bacterial coag-
gregation. (A) MG1, AgspA/AsrtA, and this mutant expressing srtA under the
control of an inducible promoter and a riboswitch element (ptetR-R*-SrtA)
were used in this experiment. Next, 100 ng/mL anhydrotetracycline (AHT)
and 1 mM theophylline were added to each bacterial culture, and at various
time points of induction, aliquots of bacterial cultures were removed, nor-
malized to equivalent cell density, and subjected to mutanolysin treatment
to generate protoplasts. Protein samples from protoplasts were analyzed by
SDS/PAGE and immunoblotted with specific antibodies against SrtA and
MdbA; the latter is a membrane protein used as a control. (B) Culture ali-
quots of the AgspA/AsrtA mutant carrrying ptetR-R*-SrtA at indicated time
points were subjected to IEM using a-FimA and a-CafA, followed by goat
anti-rabbit IgG conjugated to 12- and 18-nm gold particles, respectively.
(Scale bars, 0.5 pm.) (C) Aliquots of indicated cultures (annotated in letters)
at various time points were subjected to a quantitative coaggregation assay
that measures coaggregation efficiency of each strain relative to MG1. The
results are representative of 3 independent experiments performed in trip-
licate. Note that the AfimA and AgspA/AsrtA mutants were unable to me-
diate bacterial coaggregation.

jacent to the active site cysteine. This long insertion is similar in
length to that observed in class B sortases, but atypically is de-
void of secondary structure, whereas class B sortases contain an
additional a-helix. The unique class E loop insertion is evident
when the A. oris SrtA structure is compared to that of the sortase
SrtA enzyme from Streptococcus pyogenes (45) (PDB ID code
3FN5) (Fig. 4C). This class A enzyme exhibits a high degree of
structural similarity to 4. oris SrtA (z-score 19.1 and backbone
rmsd of 2.1 for 161 corresponding residues), but it lacks the p6/
B7 loop insertion. Furthermore, the 4. oris SrtA does not have a
lid motif first observed in the class C sortase enzymes (8), such as
Streptococcus pneumoniae SrtCl1 (46) and A. oris SrtC1 (PDB ID
code 2XWG) (47) (Fig. 4D).
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Fig. 4. Determination of SrtA structures. (A) The crystal structure of an SrtA molecule consisted of residues 71 to 257 was determined to 1.7-A resolution by
X-ray crystallization. The catalytic residues H148, C216, and R229 are highlighted. (B-D) The A. oris SrtA structure is compared to the structure of S. coelicolor
SrtE1 (PDB ID code 5CUW), S. pyogenes SrtA (PDB ID code 3FN5), and A. oris SrtC1 (PDB ID code 2XWG). The lid region of A. oris SrtC1, absent in A. oris SrtA, is
highlighted in red. (E) The asymmetric unit of SrtA crystal packaging the C-terminal GVN tripeptide from monomer A is seen in the active site of monomer A.
(F) Shown is electrostatic potential surface for monomer A (blue is positive charge; red is negative). The C terminus of monomer B is shown as green. Red,
orange, and beige represent substrates in structures 1T2W, 2KID, and 2RUI, respectively.

A remarkable feature in the A4. oris SrtA crystal packaging is
that in the asymmetric unit SrtA molecules are positioned such
that residues in the p5/p6 loop and C-terminal extension of 1
molecule pack against residues within the p7/p8 loop and sorting
signal binding of an adjacent protein, respectively (Fig. 4 £ and F
and SI Appendix, Fig. S6C). These contacts bury 770 A% of sol-
vent surface area and are primarily formed by hydrophilic resi-
dues. Interprotein contacts originating from the C-terminal
extension are intriguing, as they partially occlude the cell wall
sorting-signal binding site. The C-terminal extension, 16 amino
acids in length, follows strand (8, and approaches the adjacent
enzyme near its catalytically essential Arg229 residue (SI Ap-
pendix, Fig. S6C), projecting its C-terminal Gly255-Val256-
Asn257 (GVN) residues in between helix H2 and the p6/
B7 loop. Interestingly, the GVN tripeptide is positioned in a
similar manner as an ANA tripeptide found in the active site
pocket of the structure of the S. coelicolor sortase SrtE1 (24).
The ANA peptide presumably corresponds to Alal168-Alal70 in
the unstructured N-terminal linker of SrtE1 that precedes the
catalytic domain, and its binding to the active site has been
proposed to emulate that of the sorting signal substrate (24).
Based on modeling studies and experimentally determined
structures of sortase-substrate complexes, this region on the
enzyme is believed to form a recognition subsite for the leucine
and alanine residues within LAXTG sorting signal. Intriguingly,
the valine residue within the C-terminal GVN sequence is
packed against helix H4 located in the f6/f7 loop, such that it
occupies the predicted subsite for the leucyl side chain within the
sorting signal (Fig. 4E and SI Appendix, Fig. S6C). Extrapolating
this structural feature to SrtA on the cell surface, it seems
plausible that interprotein interactions mediated by C-terminal
residues within the enzymes could alter activity by modulating
substrate binding.

Two Conserved Structural Elements of A. oris SrtA Modulate Pilus

Length and Bacterial Coaggregation. To assess the role of the
GVN tripeptide and Y131 in SrtA functionality, we generated
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recombinant plasmids that express SrtA mutants with Y131A
substitution, deletion of GVN (AGVN), replacement of GVN
by alanine (3A), or combination of both mutations (Y131A/
AGVN). For functional studies here, we chose to test the indi-
vidual plasmids in an srt4 suppressor mutant, Alcp/AsrtA, which
was selected to disable the glycosylation step of GspA and hence
prevent its toxicity (34, 48). An analysis of membrane fractions of
the transformed strains by immunoblotting established that none
of the mutations affected SrtA expression and instability (Fig.
5A). Next, the IEM analysis using antibodies against both types
of fimbriae showed that the suppressor strain Alcp/AsrtA produced
long polymers of both pilus types, with CafA signal detected far-
ther away from the cell surface as compared to the MGl strain
(Fig. 5B; panel sets MG1 and Alcp/AsrtA, top to bottom). Ectopic
expression of srtA4 in the double mutant returned the pilus length
to the level similar to the MG1 parent (Fig. 5B, panel set Alcp/
AsrtA/pSrtA). In contrast, the SrtA-Y131A mutant assembled
fimbriae with shorter length as compared to the MG1 and SrtA
complementing strains (Fig. 5B, panel set Alcp/AsrtA/Y131A),
while each of the sitA mutants, AGVN, 3A, and Y131A/AGVN,
produced long fimbriae as observed in the case of the suppressor
strain Alcp/AsrtA (Fig. 5SB; compare the second panel set to the
last 3 panel sets). Strikingly, the Y131A mutant exhibited a minor
coaggregation defect (small clumps of cells) as compared to the
MGT1 and the complemented Alcp/AsrtA/pSrtA strains (Fig. 5C,
first 3 circles), whereas the AGVN, 3A, and Y131A/AGVN mu-
tants were all unable to coaggregate with S. oralis (Fig. 5C, last
3 circles).

The differential pilus length and coaggregation phenotypes
described in Fig. 5 above raised the possibility that mutations of
Y131 and the loop might shift the activity of SrtA toward non-
pilin substrates, particularly the highly expressed cell wall-
anchored GspA protein (34). To examine this potential compe-
tition, we characterized the SrtA mutants in the strain lacking
both s7tA4 and gspA (AgspA/AsrtA) for their proficiency in pilus
assembly and bacterial coaggregation. Strikingly, while cells of
the AgspA/AsrtA mutant expressing SrtA with Y131A mutation
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Fig. 5. Pilus shortening and elongation are modulated by SrtA structural elements. (A) Protoplast fractions of the MG1, Alcp/AsrtA, and this mutant
expressing wild-type SrtA or its variants were subjected to immunoblotting with o-SrtA and a-MdbA. The same set of A. oris strains in A were analyzed for
pilus assembly by IEM using a-FimP, a-FimA, and a-CafA (B) and coaggregation with S. oralis So34 (C). (Scale bars, 0.5 pm.)

still produced short FimA fimbriae and exhibited a coaggregation
defect, the strain AgspA/AsrtA expressing mutant SrtA with GVN
loop deletion assembled FimA fimbriae in lengths comparable
to that produced by the AgspA/AsrtA/pSrtA and displayed a
coaggregation-positive phenotype (S Appendix, Fig. S7), in sharp
contrast with the phenotype of this same sortase mutant expressed
in the Alcp/AsrtA background (Fig. 5). Evidently, a pilus length-
determining attribute is inherent and encoded genetically in the
structure of the A. oris housekeeping sortase that acts in concert
with the vital function of the enzyme in anchoring numerous other
surface proteins to the cell wall.

Discussion

The concept of the importance of spatial positioning of bacterial
adhesins displayed at a pilus tip that promotes long-distance
attachment has been proposed for some time in gram-positive
bacteria (5, 49). In this work, we provide experimental evidence
that coaggregation between oral biofilm bacteria mediated by the
pilus tip adhesin CafA in A. oris requires an optimal pilus length.
Furthermore, we demonstrate that the housekeeping sortase
SrtA acts to control the length of both pilus types produced by
this bacterium. This revelation resulted from a somewhat un-
expected but striking observation that A. oris mutant strains
devoid of srtA assemble uncharacteristically long pili on the cell
surface that fail to mediate bacterial coaggregation (Fig. 1 and SI
Appendix, Fig. S1) (34). Our systematic analysis of this phe-
nomenon showed that the coaggregation defect was not due to a
defect in the major coaggregation factor CafA since the srt4
deletion mutant (AgspA/AsrtA) and its complemented derivative
(AgspA/AsrtA/pSrtA) expressed the same level of surface CafA
(81 Appendix, Fig. S1). We then established that an optimal pilus
length is critical for bacterial coaggregation by providing 2 im-
portant pieces of contrasting evidence. First, inducible expres-
sion of SrtA in the AgspA/AsrtA mutant shortened the length of
aberrantly long pili produced in the absence of SrtA and restored
positive coaggregation (Fig. 3). Second, by varying the expression
of the major pilus shaft FimA in various strain background, we
were able to manipulate the length of the pilus and demonstrate
that coaggregation efficiency varied depending on whether the
pili were short, long, or of an optimally suited length that is
produced by the wild-type. (SI Appendix, Figs. S4 and S5).

Chang et al.

The findings above, however, pose 2 related conundrums:
How pilus polymers are anchored to the cell wall without the
housekeeping sortase SrtA, whose known function is to join the
pilus to bacterial peptidoglycan, and how SrtA alters pilus po-
lymerization, which is known to be dependent on the pilus-
specific sortase SrtC2 (9). It is noteworthy that in many gram-
positive bacteria, the housekeeping sortase enzymes are required
to carry out the cell wall-anchoring step (10, 16, 18-20), although
some pilus-specific sortase enzymes, such as those in C. diphtheriae,
can perform this function, albeit at a lower efficiency (16). Our
results (Fig. 2) revealed that SrtC2, the type 2 pilus-specific
sortase, is capable of anchoring both type 1 and 2 pilus poly-
mers to the cell wall quite efficiently. It follows that in the
absence of SrtA, SrtC2 continues to polymerize FimA pilins in
an uninterrupted fashion, leading to aberrant extension of pilus
polymers, until most FimA pilins are consumed. With few
FimA available for polymerization, cell wall anchoring of pili by
SrtC2 is favored. In contrast, in the presence of SrtA, SrtC2 and
SrtA enzymes compete for the same substrate FimA, while
SrtA also binds to and attaches many other surface proteins to
the cell wall. Indeed, increased expression of SrtA shifts the
reaction stoichiometry toward cell wall anchoring of pilus
polymers, resulting in shortened pili (Fig. 3).

An interesting question is how SrtA recognizes different sub-
strates and carries out the balanced enzymatic reactions that
result in cell wall anchoring of surface proteins and pilus poly-
mers with optimal length for bacterial coaggregation. Our crys-
tallization studies revealed that SrtA is a class E sortase, whose
substrates are predicted to contain a LAXTG motif (21, 24);
SrtA harbors 2 conserved features characteristic of this class of
enzymes: Y131 and the GVN motif (Fig. 4). Previous studies
revealed that the A. oris genome encodes 18 surface proteins, the
majority of which, including GspA, have the LAXTG motif.
Based on the results in Fig. 5 and SI Appendix, Fig. S6, which
showed that the A. oris strain carrying the Y131A mutation as-
sembles pili that are shorter than the parental strain, we propose
that this residue plays a critical regulatory role in the recognition
of the LAXTG motif. The Y131A mutation shifts the SrtA re-
activity toward the LPXTG motif, which is present in all the pilus
proteins. As a result, pilus polymerization is aborted by SrtA-
mediated cell wall anchoring of the resulting polymers, leading
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to the shortened pili. When the GVN motif of SrtA is mutated,
however, long pili are generated when GspA is present (i.e., in
the Alcp/AsrtA strain). We surmise that the GVN mutations
augment the reactivity of SrtA toward GspA, a highly expressed
glycoprotein that accumulates in the membrane in toxic levels
when srtA4 is deleted (34). This increased affinity for LAXTG-
containing substrates makes SrtA less available for cell wall an-
choring of pilus polymers, thus permitting SrtC2 to continue to
polymerize FimA pilins and form extremely long pili (Fig. 6).
This scenario lends support from the fact that when the same
GVN mutant was tested in the AgspA/AsrtA mutant, normal-
length pili were produced and efficient coaggregation was ob-
served (SI Appendix, Fig. S7).

In conclusion, we have uncovered 2 key structural elements
within the housekeeping sortase SrtA of A. oris that govern its
specificity toward the 2 types of protein substrates that this en-
zyme links to the bacterial cell wall. The identified elements
coordinate the balanced stoichiometry of pilus polymerization
and cell wall anchoring of pilus polymers, leading to an optimal
spatial positioning of the coaggregation factor CafA that is es-
sential for polymicrobial interactions involving A. oris. Many
aspects of the molecular basis of cell-to-cell interactions and
interspecies communications still remain elusive. Because pili
are pivotal in these processes and the overall mechanism of cell
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Fig. 6.
modulated by activities of pilus-specific sortase and the housekeeping sortase.
See Discussion for details; A131 is highlighted in yellow.

(A-C) A model of pilus polymerization and cell wall anchoring
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wall anchoring of pili is conserved, the paradigm presented here
provides a footprint for the studies of pilus assembly in gram-
positive bacteria in general.

Materials and Methods

Bacterial Strains, Plasmids, Media, and Cell Culture. Bacterial strains and
plasmids used in this study are recorded in S/ Appendix, Tables S1 and S2. S/
Appendix, SI Materials and Methods also contains pertinent information
regarding genetics, biochemical assays, protein purification, and structural
determination. Actinomyces strains were grown in heart infusion broth or
on heart infusion agar plates at 37 °C and 5% CO,. Streptococci were grown
in brain heart infusion supplemented with 1% glucose in an anaerobic
chamber. Escherichia coli DH5a, used for molecular cloning experiments, was
grown in Luria-Broth (LB) at 37 °C. When required, antibiotics (kanamycin or
streptomycin) were added into medium at a final concentration of 50 pg mL™".
For the tetracycline/riboswitch inducible system, anhydrotetracycline and
theophylline were added to culture at 100 ng mL™" and 1 mM, respectively.
Reagents were purchased from Sigma unless indicated otherwise.

Electron Microscopy. Negative staining and immunogold labeling (IEM) of A.
oris cells were performed according to a previously published protocol (50).
Briefly, for negative staining a drop of bacterial suspension in PBS was
placed onto carbon-coated nickel grids and stained with 1% uranyl acetate.
Samples were examined using a JEOL JEM1400 electron microscope. For
immunogold-labeling of pili, bacterial cells on grids were first stained with
specific antibodies against A. oris pilins (i.e., a-FimA, a-FimP, and a-CafA
[1:100 dilution]), followed by staining with IgG-conjugated gold particles
and 1% uranyl acetate. Antibody specificity was previously determined in
prior studies (9, 29, 30, 32).

Estimation of Pilus Length by IEM and Cryo-ET. Pilus length in A. oris was es-
timated by IEM as follows. After the IEM procedure of MG1 and AgspA/
AsrtA strains, electron micrographs of cells labeled with anti-CafA antibodies
were taken. A circumferential outline of CafA-labeled gold particles was
drawn. The linear distances between the outline and the cell envelope at
various locations were determined by Imagel (https:/imagej.nih.gov/ij/). For
each cell, 20 measurements were collected and 10 cells were used for each
strain.

For cryo-ET analysis, bacterial pellets were suspended in PBS and mixed
with 10-nm gold particles (ratio of 1:10 vol/vol). Cell suspensions (5 pL) were
applied onto a glow-discharged Quantifoil grid for 1 min. The grid was
blotted with filter papers and plunge-frozen into liquid ethane using a
gravity-driven plunger apparatus. The resulting frozen-hydrated specimens
were imaged at —170 °C using a Polara G2 electron microscope (FEI Com-
pany) equipped with a field-emission gun and a Direct Detection Camera
(Gatan K2 Summit). SerialEM (51) was used to collect low-dose, single-axis
tilt series with a dose fractionation mode at 15-um defocus. For the wild-type
MG1, the microscope was operated at 300 kV with a magnification of
9,400x. The effective pixel size was 8.4 A after 2 x 2 binning. A cumulative
electron dose of ~100 e/A 2 was distributed over 35 images covering an
angular range from —51° to +51° with an angular increment of 3°. For the
AgspA/AsrtA mutant, the magnification of 4,700x was used for visualizing
long pili with the effective pixel size of 16.5 A after 2 x 2 binning. Images
were collected at higher defocus (~20 um). The total electron dose was
~100 e7/A 2, distributed over 52 images and covering an angular range of
—51° to +51°, with an angular increment of 2°.

The tomographic data were analyzed as previously described (52, 53).
Briefly, the MotionCorr package was used for drift correction of dose-
fractionated data (54). The tomographic tilt series were aligned and recon-
structed by IMOD (38). For the length estimation of pili, IMOD was employed
to manually depict point by point along pili. All coordinates of collected
points were used to estimate pilus length. In total, 10 pili in wild-type cells
from 5 tomograms and 10 pili in mutant cells from 4 tomograms were
analyzed, respectively.

All statistical analysis was performed using GraphPad Prism 5.0 as pre-
viously reported, with significant differences determined using the unpaired
t test with Welch’s correction and a nonparametric, 2-tailed value for P
of <0.05, <0.01, or 0.001 considered significant (55).

SrtA Structure Determination. Experimental details regarding protein purifi-
cation and crystallization of SrtA, as well as data collection, structure de-
termination, and refinement, are described in S/ Appendix, SI Materials
and Methods.
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Atomic coordinates and structure factors were deposited into the Protein
Data Bank with ID code 5UTT.
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