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ABSTRACT: Pili are surface-linked virulence factors that play key roles in infection establishment in a variety of
pathogenic species. In Gram-positive pathogens, pilus formation requires the action of sortases, dedicated
transpeptidases that covalently associate pilus building blocks. In Streptococcus pneumoniae, a major human
pathogen, all genes required for pilus formation are harbored in a single pathogenicity islet which encodes
three structural proteins (RrgA, RrgB, RrgC) and three sortases (SrtC-1, SrtC-2, SrtC-3). RrgB forms the
backbone of the streptococcal pilus, to whichminor pilins RrgA andRrgC are covalently associated. SrtC-1 is
the main sortase involved in polymerization of the RrgB fiber and displays a lid which encapsulates the active
site, a feature present in all pilus-related sortases. In this work, we show that catalysis by SrtC-1 proceeds
through a catalytic triad constituted of His, Arg, and Cys and that lid instability affects protein fold and
catalysis. In addition, we show by thermal shift analysis that lid flexibility can be stabilized by the addition of
substrate-like peptides, a feature shared by other periplasmic transpeptidases. We also report the character-
ization of a trapped acyl-enzyme intermediate formed between SrtC-1 and RrgB. The presence of
lid-encapsulated sortases in the pilus biogenesis systems in many Gram-positive pathogens points to a
common mechanism of substrate recognition and catalysis that should be taken into consideration in the
development of sortase inhibitors.

Pili are extracellular flexible fibers that are directly associated
to the bacterial cell wall and play key roles in initiation of
bacterial infection. These important virulence factors are essen-
tial for adhesion to target host cells, motility, and DNA
transformation and have been shown to considerably enhance
bacterial ability to attach to host tissue and initiate coloniza-
tion (1, 2). In contrast to pili located on the surface of Gram-
negative bacteria, which are formed by the noncovalent associa-
tion of subunits (3, 4), Gram-positive pili have been shown to be
formed by covalently associated building blocks. Pathogens such
as Corynebacterium diphtheriae, Streptococcus pyogenes, and
Streptococcus pneumoniae carry all of the genes required for
generation of the entire pilus-forming machinery within a single
pathogenicity islet (5-8). Thirty percent of pathogenic strains of
S. pneumoniae, the causative agent of pneumonia, septicemia,
and meningitis, carry the rlrA pathogenicity region, which codes
for a transcriptional regulator (RlrA), three structural proteins
(RrgA,RrgB, andRrgC), and three sortases (SrtC-1, SrtC-2, and
SrtC-3). Electron microscopy and genetic studies of infectious
pneumococcal strains have shown the pilus backbone fiber to be
formed byRrgB subunits, while RrgA andRrgC areminor pilins
that are directly associated to the polymerizedRrgB fiber (5, 8, 9).
Both RrgA and RrgC play important roles in infectivity
and target cell recognition (9, 10), while SrtC-1, SrtC-2, and
SrtC-3 catalyze the intramolecular association of Rrg
molecules (11-14).

Sortases are cysteine transpeptidases that participate in a
variety of processes, including surface attachment of virulence
factors, sporulation, and iron acquisition (15, 16). SrtA and SrtB
from Staphylococcus aureus represent the best-studied sortases to
date. These enzymes recognize an LPXTG-like motif within the
sequence of secreted virulence factors, catalyze the nucleophilic
attack of the Thr-Gly bond, and finally associate the target
proteins carrying the LPXT- sequence directly to the peptidogly-
can stem peptide (17-19). The structures of SrtA and SrtB reveal
a β-barrel fold displaying a triad of catalytic residues (Cys, His,
Arg) on exposed extremities of three adjacent strands (20, 21); the
identification of Cys as the catalytic residue responsible for
nucleophilic attack was shown not only by mutagenesis studies,
inwhich introduction of anAla at this site abolishes catalysis, but
also by crystallization of covalent complexes between sortases
and ligands which are covalently associated to the Cys
residue (22-24). In addition, the structure of SrtA in complex
with an LPXTG-like peptidyl-sulfhydryl compound reveals a
covalent interaction between the peptide and the catalytic
Cys (25). Notably, while mutagenesis of His or Arg side chains
dramatically affects catalytic efficiency in SrtA, the precise
role played by these residues is still a matter of controversy
(18, 26-28).

Within the pneumococal pilus system, RrgA, RrgB, and RrgC
all carry LPXTG-like motifs on their C-termini, suggesting that
these regions are targeted by sortases (5, 29, 30). Although the
equal number of structural and sortase-encoding genes in pneu-
mococci originally implied that each sortase could be exclusively
dedicated to one Rrg molecule (5), recent work has shown that
pilus sortases have interchangeable specificities to a certain
extent (11, 31). Nevertheless, SrtC-1 was shown to be the main
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sortase involved in polymerization of the RrgB fiber (31) while
the other two sortases also recognize the coadjuvant adhesin
molecules (5, 11, 12). The recent structures of the three pilus-
related sortases (SrtC-1, SrtC-2 SrtC-3 from S. pneumoniae)
revealed that these enzymes, like their nonpilus-associated coun-
terparts, also fold into β-barrels and carry Cys, His, and Arg side
chains within the active site cleft (14, 31). Cys193 was shown to
be essential for RrgB fiber formation by SrtC-1; the wild-type
enzyme could generate elongated RrgB fibers in vitro, while
a Cys193Ala mutant showed no activity (31). Additionally,
a noteworthy feature of the pilus-related sortases involves the
presence of a lid that not only blocks active site access but also
carries two key residues, which are invariably an Asp and
a hydrophobic amino acid, that make interactions within the
catalytic cleft itself, serving as “anchors”. Although sequences
corresponding to lid regions can be identified in all pilus-related
sortases characterized to date (31), the function of this feature, as
well as the roles played by the two other residues in catalysis, has
remained obscure.

In this work, we investigate the functions of both the lid and
catalytic triad regions in the pilus fiber-formation activity of
SrtC-1. We employ thermal shift assay (TSA)1 techniques to
show that the lid region of SrtC-1 plays roles both in stabilizing
the enzyme and in allowing substrate access to the active site. In
addition, we show that amino acids His131 and Arg202 are
essential for RrgB fiber formation and that Arg202, in particular,
also plays a structural stabilization role through interaction with
lid anchors. Lastly, we describe the “trapping” of a covalent
complex between RrgB and SrtC-1, which can be observed by
SDS-PAGE and LC-MS/MS spectrometry analysis. The abso-
lute requirement for sortases in the pilus-formation processes of
all Gram-positive pathogens, coupled to the presence of lid
regions with similar anchor residues in these enzymes, suggests
that these data will contribute to the understanding of the pilus-
formation mechanism in a variety of infectious organisms.

MATERIALS AND METHODS

Generation of Mutants SrtC-1 H131D, SrtC-1 R202E,
SrtC-1 D58G/W60G, and SrtC-1 C193A/D58G/W60G.
The expression plasmid pLIMSrtC-1 encoding wild-type His6-
SrtC-1 (or His6-SrtC-1 C193A) served as a template for the
introduction of single amino acid substitutions by PCR using the
QuickChange II site-directed mutagenesis kit (Stratagene). All
mutant constructs were subsequently sequenced; the results
showed that only expected mutations were introduced during
PCR.
Expression and Purification of Recombinant Proteins.

Protein expression in Escherichia coli BL21(DE3)-RIL was
similar in all cases and was induced in Terrific broth with
1 mM IPTG at 37 �C for 3 h. Cells were harvested by
centrifugation and lysed by sonication in buffer A (50 mM
Tris-HCl, pH 8.0, 0.2 M NaCl, 20 mM imidazole). Supernatants
were cleared by centrifugation and applied to a HisTrap column
(GE Healthcare), preequilibrated in buffer A. Proteins were
eluted with a imidazole gradient and were subsequently cleaved
by Tev protease overnight at 4 �C. Recombinant proteins were
then submitted to further purification on a gel filtration column
in 50mMHEPES, pH7.0, and 0.15MNaCl. Allmutant proteins
were verified by mass spectrometry analysis.

In Vitro RrgB Fiber Formation. Recombinant purified
RrgB was incubated with SrtC-1, SrtC-1 H131D, or SrtC-1
R202E at a 1:4 (w/w) ratio in a total volume of 15 μL and
subsequently incubated overnight at 37 �C. Each aliquot was
mixed with XT sample buffer and XT reducing agent (Bio-Rad),
boiled for 10 min, and loaded onto 4-12%Criterion XT precast
gels (Bio-Rad). Gels were subsequently electrotransferred into
Trans-Blot transfer medium (Bio-Rad). Membranes were
blocked with 5% nonfat milk in PBS with 0.3% Tween (PBS-T)
for 1 h at room temperature. Membranes were left in primary
antiserum (anti-RrgB or anti-SrtC-1 polyclonal mouse antibo-
dies diluted to 1:5000) during 1.5 h at room temperature. After
three successive 10 min washes in PBS-T, the membranes were
incubated with secondary anti-mouse HRP-conjugate antibodies
(Sigma, diluted 1:10000) overnight at 4 �C. Detection of HRP
activity was performed directly on the membranes with SIGMA-
FAST DAB tablets (Sigma).
Lid Replacement Mutagenesis. The construction of a

mutant form of SrtC-1 carrying the lid region of SrtC-2
(residues 52-78), as well of SrtC-2 carrying the lid region of
SrtC-1 (residues 43-69), was performed by using the restriction-
free cloning technique, based on two PCR steps. In the first PCR
step the desired lid was amplified using two primers (50-55 bases
long), with a 25-28 base overlap within the desired point
of insertion and 26-29 bases complementary to the vector.
A second PCR was subsequently performed using as a template
the vector of interest and as a primer the purified product of the
first PCR step. At the end of the reactions the methylated
parental plasmids were digested with DpnI for 3 h at 37 �C. All
PCR reactions were performed using 1 unit of Pfu DNA
polymerase (Fermentas) in a 50 μL reaction. The final products
were used to transform E. coli NEB5R-competent cells, and the
lid substitutions were verified by DNA sequencing.
Fluorescence-Based Protein Thermal Stability Assays.

Assays were conducted in an IQ5 96-well format real-time PCR
instrument (Bio-Rad) in the presence of a Sypro Orange
(Molecular Probes) probe. The total volume was 25 μL. Samples
were heat-denatured from 20 to 100 �C at a rate of 1 �C per
minute for SrtC-1 H131D and SrtC-1 R202E mutants and from
20 to 80 �Cat a rate of 0.5 �Cperminute for SrtC-1D58G/W60G
and SrtC-1 C193A/D58G/W60G mutants. At each step, excita-
tion was performed at 470 nm, while emission of Sypro Orange
fluorescence was monitored at 570 nm. Plotting of the fluore-
scence vs temperature curves, followed by the calculation of the
first derivative at each point, allowed the identification of each
inflection point; the minima were referred to as the melting
temperatures (Tm). The SrtC-1 C193A/D58G/W60G variant was
employed for experiments with the IPQTGandYPRTGpeptides
(PSLGmbH), in order to avoid the potential catalytic reaction of
the substrates with the active site Cys193. Prior to experimenta-
tion with peptides, SrtC-1 C193A/D58G/W60G and SrtC-1
D58G/W60G variants were shown to display identical purifica-
tion profiles and TSA Tm values (not shown). Peptides were
added to the experiment in a final molar ratio of 1:10 and 1:20
(protein:peptide). Each result is representative of three indepen-
dent experiments.
Crystallization, Data Collection, and Structure Solu-

tion. SrtC-1 H131D crystals crystals were obtained in hanging
drops in 0.1MTris, pH 8.5, 0.2MMgCl2 hexahydrate, and 30%
PEG4000 at room temperature and were cryoprotected by
gradual incubation in increasing amounts of glycerol to a final
concentration of 20%. Diffraction data were collected at the

1Abbreviations: TSA, thermal shift assay; LC-MS, liquid chroma-
tography/mass spectrometry.
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European Synchrotron Radiation Facility (ESRF) beamline
ID29 (Grenoble, France). Diffraction images were indexed and
scaled with XDS (32). The structure was solved by molecular
replacement using the program PHASER (33) employing the
structure of wild-type SrtC-1 as a search model. Model building
and refinement steps were performed with Coot and REFMAC
5.4 (34, 35). Data collection and structural refinement statistics
are shown in Table 1. Figures were generated with PyMOL
(http://www.pymol.org).
Mass Spectrometry Analysis. The band identified in Figure

4A with a star was excised from the gel and subsequently washed
with 50mMacetonitrile/ammonium bicarbonate, 50/50 (v/v), for
30 min before dehydratation with acetonitrile. Subsequently, the
sample was treated with 7% H2O2. After drying was complete,
the band was rehydrated in 15 μL of digestion buffer (50 mM
ammonium bicarbonate, pH 8.1) containing 150 ng of trypsin
and incubated at 4 �C for 15 min. Digestion buffer (30 μL) was
then added, and the digestion reaction was carried out at 37 �C
overnight. Peptides were extracted from the gel by diffusion for
15 min with agitation, followed by three sequential 5 min
sonication steps in 50% acetonitrile, 5% formic acid, and
100% acetonitrile. Digestion and extraction solutions were
pooled and dried under vacuum. Peptide mixtures were redis-
solved in 25 μL of water/acetonitrile 95/5 (v/v) containing 0.2%
trifluoroacetic acid prior toLC-MS/MSanalysis.All experiments
were performed in a 96-well system coordinated by an EVO15
(Tecan) robot (EdyP, Grenoble).

RESULTS

RrgB Fiber Formation Requires a Catalytic Triad. SrtC-1
is the main sortase involved in formation of the RrgB pilus fiber,
and mutation of its catalytic cysteine (Cys193) into Ala abolishes
fiber-forming activity (11, 31). The high-resolution structure of
SrtC-1 from infectious pneumococcal strain TIGR4 revealed

that, in addition to Cys193, the catalytic site also harbors His131
and Arg202; although the functions of the two latter residues
were unknown, their three-dimensional arrangement is compar-
able to what is observed in active sites of nonpilus-related
sortases, which also carry Cys, His, and Arg residues (20, 23,
25, 31). In order to explore the functions ofHis131 andArg202 in
SrtC-1’s fiber-forming activity, we mutated these residues into
Asp andGlu, respectively, and searched for the capacity of SrtC-1

Table 1

SrtC-1 H131D

Data Collection

X-ray source ID29

detector ADSC Q315

space group P212121
unit cell parameters (Å) a = 68.4, b = 70.5, c = 87.3

wavelength (Å) 0.98088

resolution (Å) 3.9-1.3 (1.4-1.3)

no. of unique reflections 99255 (14789)

completeness (%) 95.3 (88.9)

mosaicity (deg) 0.16

Rsym 5.4 (36.4)

I/σ(I) 17.0 (4.2)

Refinement

resolution (Å) 19.8-1.3

Rwork (%) 15.7

Rfree (%) 19.5

no. of protein atoms 3286

no. of solvent atoms 670

no. of glycerol molecules 3

rms deviation, bond lengths (Å) 0.01

rms deviation, bond angles (deg) 1.41

mean B-factor (Å2) 14.9

Ramachandran favored (%) 98.7

FIGURE 1: The active site of SrtC-1 contains a catalytic triad.
(A) Western blot developed with RrgB antiserum. Lanes: (1) mono-
meric RrgB; (2) RrgB þ SrtC-1; (3) RrgB þ SrtC-1 H131D;
(4) RrgB þ SrtC-1 R202E. Molecular mass standards (in kDa) are
indicated on the left. (B)Active site ofwild-type SrtC-1 and (C) active
site of SrtC-1H131D.The active site residues are shown as sticks, and
the lid region is colored green.
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H131D and SrtC-1 R202E variants to generate a pattern of high
molecular mass bands on SDS-PAGE upon incubation with
RrgB at 37 �C (as described in ref 31). The Western blot on
Figure 1A, which was developed with anti-RrgB antibodies,
confirms thatwild-type SrtC-1 is able to catalyze the formation of
a pattern of high molecular mass RrgB bands (which correspond
to the pilus backbone fibers as shownbymicroscopy byManzano
and co-workers (31); lane 2). In contrast, neither SrtC-1 H131D
(lane 3) nor SrtC-1 R202E (lane 4) was able to catalyze fiber
formation. These results suggest that, as in the case of nonpilus-
related sortases, SrtC-1 employs a catalytic triad composed of
Cys193, His131, and Arg202 for RrgB fiber generation.

In order to address the issue of active site stability within SrtC-1
mutant structures, we submitted both proteins to crystallization
trials. SrtC-1 R202E crystals were of poor quality and diffracted
X-rays only to low resolution (8 Å). However, SrtC-1 H131D
crystals diffracted X-rays to high resolution (1.3 Å) at the ESRF
synchrotron in Grenoble, and we were able to solve its structure
by employing wild-type SrtC-1 (PDB code 2WIJ) as a search
model in a molecular replacement experiment (see Materials and
Methods). Data collection and refinement statistics are shown in
Table 1. SrtC-1H131D displays a highly similar fold to wild-type
SrtC-1 (rms deviation of 0.2 Å over 196CR atoms), revealing that
the mutation in the catalytic cleft does not affect the general fold
of the protein. Analysis of the SrtC-1 H131D active site
(Figure 1C, where lid residues are shown in green) reveals only
slight differences from thewild-type SrtC-1molecule (Figure 1B).
The side chain ofCys193 is present in two conformations, as is the
case for wild-type SrtC-1 (only one is shown for clarity). In
addition, the side chain of the mutant residue, Asp131, stabilizes
the Nε group of Trp60, a lid anchor residue, through a close
hydrogen bond (2.7 Å); in the wild-type structure, His131 does
not make any interactions within the active site and is located
5.3 Å away from the nucleophilic cysteine. Thus, although the
mutation ofHis131 intoAsp does not affect the overall fold of the

protein, Asp131 is not able to replace the catalytic function of
His131, suggesting that the positive charge on His131 is crucial
for SrtC-1’s fiber-forming activity.

We further investigated the stability of wild-type and mutant
SrtC-1 forms through thermal shift assays. Proteins were gradu-
ally heated in an IQ5 real time PCR apparatus, and thermal
unfolding curves were monitored through the detection of
changes in fluorescence of a Sypro Orange probe. For data
analysis, the melting temperature (Tm) for each sample was
determined as the minimum peak in the first derivative plot of
the melting curve representing the raw fluorescence data. Results
are shown in Figure 2A. This analysis reveals that the Tm values
for both wild-type SrtC-1 and SrtC-1 H131D are in the range of
46 �C, while that of the SrtC-1 R202E mutant is of 39 �C. This
suggests that mutation of Arg202 engenders structural destabi-
lization of SrtC-1, which could explain the lack of success in
obtaining well-diffracting crystals of this mutant. It is of note
that, in the active site of the wild-type SrtC-1molecule, lid anchor
residue Asp58 interacts directly with both NH2 and Nε atoms of
Arg202 (Figure 1B). The results with the SrtC-1 R202E mutant
thus suggest that, at least in the absence of substrate, the
Asp58-Arg202 interaction is essential for lid and overall protein
stability. Thus, the lack of fiber-forming activity of SrtC-1R202E
could be linked not only to the absence of the Arg side chain for
catalytic function (discussed below) but also to a decrease in
structural stability.
The Sortase Lid Is Key for Activity and Stability. In all

pilus-related sortases sequenced to date, lid anchor residues
invariably include an Asp at a position which is homologous to
that occupied by Asp58 in SrtC-1 and a large hydrophobic side
chain (Trp, Tyr, or Phe) at the site occupied by Trp60
(Figure 2B). The structure of SrtC-1 shows that lid anchor
residues not only interact directly with active site residues, as
seen above, but the lid itself blocks an elongated cleft which could
be the LPXTG substrate binding site (31). This hypothesis was

FIGURE 2: Thermal stability of active site SrtC-1 variants. (A) Thermal unfolding of SrtC-1 and two active site mutants was followed in the
presence of the Sypro Orange fluorescent probe (left). The minimum of the first derivative of the thermal denaturation curve determines the
inflection point, which corresponds to the melting temperature (Tm, right). (B) Sequence alignment of the lid regions of sortases involved in pilus
formation in different Gram-positive pathogens (six first lines) and association of virulence factors to the peptidoglycan (two last lines). Those
involved in pilus biosynthesis harbor the Asp-Pro-Hydmotif, in which the Asp and the hydrophobic residue serve as anchors within the catalytic
cleft.
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put forth through comparison of the structures of SrtC-1/SrtC-3
and staphylococcal SrtA, which binds an LPXTG peptidic
substrate in a comparable cleft that harbors the active site
residues on one end (24, 31), and has also been suggested by
the recent structure of SrtA in complex with a covalent substrate
analogue (25). This could imply that one of the functions of the
lid is to regulate substrate access into the cleft. In order to
investigate this potential function of the lid, we constructed a
SrtC-1 double mutant in which lid anchor residues Asp58 and
Trp60 were mutated into glycines. Initially, we tested the ability
of SrtC-1 D58G/W60G to generate a RrgB high molecular mass
ladder on SDS-PAGE. As shown in the Western blot on
Figure 3A, in which the same amount of sample mixture was
loaded in all lanes, SrtC-1 D58G/W60G (lane 2) can recognize
RrgB and generate an initial set of bands, but polymerization is
less efficient than for wild-type SrtC-1 (lane 3).

To explore the effects of the two anchor side chains on the
stability of SrtC-1, we performed thermal shift assay (TSA)
experiments on SrtC-1 D58G/W60G. The results, shown in
Figure 3B, indicate that SrtC-1 D58G/W60G displays a Tm

which is 8 �C lower than that of the wild-type enzyme (38 versus
46 �C). Thus, the side chains of lid anchor residues Asp58 and
Trp60 are required for SrtC-1 stability. It is of note that the SrtC-1
R202E mutant is also considerably less stable than wild-type
SrtC-1 (Figure 2). This indicates that the Arg202-Asp58 inter-
action plays an important role in SrtC-1 stabilization and
suggests that mutants that cannot generate this interaction have
a lid region that tends to be in an “open” or flexible state. If so,
thesemutant forms could potentially be stabilized by the addition
of substrate into the active site region.

In order to test this possibility, we employed the TSA
technology to test if SrtC-1 D58G/W60G could be stabilized
by a peptide corresponding to the RrgB LPXTG-like sequence
(IPQTG). Addition of increasing amounts of peptide were
accompanied by an increase in the Tm of the mutant protein
(Figure 3B), suggesting that the five-residue substrate peptide can
penetrate the active site of the “open lid” SrtC-1 form and
stabilize its structure. These data thus strongly point to a double
role for the lid region in pilus-related sortases: (1) covering of the
active site in the absence of substrate and ensuring protein
stability; (2) maintenance of Arg202 optimally pointed toward
the active site cysteine (through the Asp58-Arg202 interaction),
enabling it to efficiently participate in catalysis. The presence
of a Phe and Asp residues as anchor points in the lid region of
SrtC-3 (31), also expressed in the rlrAoperon, suggests that lids in
pilus-related sortases could play similar roles.

Recently, F€alker and co-workers (11) showed that SrtC-1
(named SrtB in their report), in addition to acting as a pilus
polymerase, could also recognize minor pilins.We thus set out to
verify this point by incubating SrtC-1 D58G/W60Gwith increas-
ing amounts of YPRTG, the LPXTG-like peptide from RrgA, a
minor pilin, and performing analysis through TSA, as described
for the IPQTG peptide. Results show that, much as in the case of
IPQTG, SrtC-1 D58G/W60G can also recognize and be stabi-
lized by increasing amounts of YPRTG (Figure 3C). The Tm is
thus shifted from38 �C (mutant enzymewith no peptide) to 43 �C
(highest amount of peptide), indicating that the peptide from a
minor pilin is as successful as IPQTG in rendering SrtC-1 D58G/
W60Gmore stable. Thus, the presence of proline, threonine, and
glycine within the LPXTG-like sequence plays a key role in
recognition of the motif within the sortase active site. Interest-
ingly, Suree and co-workers (25) have recently proposed that the

lid anchor residues in pilus-related sortases (Asp58 and Trp60 in
SrtC-1) couldmimic the PX portion of the peptidemotif and thus
occlude the LPXTG binding site. Our results are in agreement
with this proposition, since the mutant that lacks both anchor
residues can recognize/be stabilized by two slightly different
LPXTG-like sequences. These data also suggest that pilus-related
sortases do not show strict specificity for one specific LPXTG-
like sequence, as proposed before (11, 31).

Preferences for the individual Rrg substrates could potentially
be dictated by other factors. In vivo, the relative abundance of
unpolymerized pilins in the immediate environment of the pilus-
forming machinery could play an important role. In addition,
considering the structure of the sortase itself, the region of the
cleft which recognizes the donor substrate (25) as well as the
section of the lid region that faces the outside of themolecule (and
not the active site) (31) could also be important for Rrg selection.
In order to explore this latter point, we generated mutant forms
of SrtC-1 and SrtC-2 in which the respective lid regions (31) were
exchanged. Both mutant proteins (SrtC-1 (lidC-2) and SrtC-2
(lidC-1)) were tested for RrgB-polymerizing capabilities
(Figure 3A, lanes 4 and 5) as well as structural stability by
TSA. In both cases, the capacity to form RrgB fibers was
abolished, although SrtC-1 (lidC-2) still displayed a very minor
activity toward the RrgB substrate as seen by the presence of a
minor band below the 100 kDa marker in Figure 3A (lane 4).
Interestingly, TSA analyses of the two mutant proteins revealed
results that were difficult to reproduce, indicating inherent
protein instability (and are thus not shown). In addition to the
lid sequences being quite distinct, SrtC-1 carries a Trp residue at
position 60, while SrtC-2 carries a Phe at the analogous position;
it is conceivable that the exchange of these two key anchor
residues could provide an important destabilization factor in
both cases. Thus, this indicates that the lid region not only
provides structural stability to the sortase itself but also provides
an interaction platform for recognition and selection of the Rrg
substrate.
Formation in Vitro of a Covalent Complex between

SrtC-1 and RrgB. Upon incubation of SrtC-1 and RrgB and
analysis on SDS-PAGE, in addition to the RrgB ladder
identified with anti-RrgB antibodies (Figure 1, lane 2), develop-
ment of the gel with an antibody raised against SrtC-1 revealed
three bands (Figure 4A, lane 2). The most prominent one
represents the sortase monomer, while an intermediary band,
identifiable in both the presence or absence of RrgB, represents a
minor form of a sortase dimer. The other additional band
migrates above the 85 kDa marker and is indicated with star in
Figure 4A; interestingly, a band migrating at approximately the
same point can also be identified in a gel developed with anti-
RrgB serum (Figure 1 and ref 31), indicating that it could
represent a complex between RrgB and SrtC-1. In order to
investigate the nature of this band, we submitted the entire mix to
mass spectrometry, and the results are shown in Figure 4B. In
addition to the expectedmasses of SrtC-1 andRrgB,we identified
a form whose molecular mass (approximately 88.3 kDa) could
correspond to that of a covalent complex between SrtC-1 and
RrgB. In order to confirm this finding, we cleaved the band from
the gel, trypsinized the sample, and performed liquid chroma-
tography coupled to tandem mass spectrometry (LC-MS/MS).
The peptides that correspond to this experiment are shown in
Figure 4C, and all correspond to either RrgB or SrtC-1, indicat-
ing that this additional band corresponds to a covalent complex
between RrgB and SrtC-1. Notably, the same band could be



10554 Biochemistry, Vol. 48, No. 44, 2009 Manzano et al.

identified in experiments performed with SrtC-1 D58G/W60G,
which was shown (Figure 3A) to display some RrgB-polymeriz-
ing capabilities, but no evidence of the complex could be detected
with mutants SrtC-1 C193A, SrtC-1 H131D, or SrtC-1 R202E
(data not shown). These results indicate that the RrgB polymer-
ization reaction proceeds through an acyl-complex intermediate
whose formation is dependent on an intact catalytic triad and
which can be trapped in vitro.

DISCUSSION

Pilus biosynthesis in Gram-positive bacteria requires the
action of dedicated sortases in order to guarantee the covalent
association of its building blocks (36). The pilus biosynthesis rlrA
pathogenicity islet of S. pneumoniae encodes three sortase
enzymes (SrtC-1, SrtC-2, SrtC-3) that do not display strict
substrate specificities toward Rrg molecules, although SrtC-1
has been shown to be the key protein in formation of the RrgB

fiber backbone (11, 31). In this work, we have shown that, as is
the case for nonpilus-related sortases, a triad composed of Cys,
Arg, andHis residues is essential for the catalytic activity of SrtC-1.
Although the side chain of His131 is located more than 5 Å away
from the nucleophilic Cys193 and its mutation into Asp does
not affect protein stability, this modification completely blocks
SrtC-1’s fiber formation ability. Interestingly, mutation of
Arg202 intoGlu, in addition to generating a catalytically inactive
SrtC-1, also affects enzyme stability, most probably due to the
loss of two hydrogen bonds with an anchor lid residue (Asp58;
see below).

We were also able to identify a “trapped” RrgB-SrtC-1
covalent intermediate in the reaction catalyzed by wild-type
SrtC-1 by Western blotting and LC-MS/MS. Since sortase
activity involves the formation of a covalent bond between the
catalytic Cys and the Thr in the LPXTGmotif of the substrate, it
is conceivable that the intermediate identified here represents a

FIGURE 3: Activity and thermal stability studies of SrtC-1 carrying mutations in the lid anchor residues. (A) Western blot developed with
antiserumagainstRrgB shows thatSrtC-1D58G/W60GpolymerizesRrgB less efficiently.Lanes: (1)monomericRrgB; (2)RrgBþ SrtC-1D58G/
W60G; (3) RrgBþwild-type SrtC-1; (4) RrgBþ SrtC-1 (lidC-2); (5) RrgBþ SrtC-2 (lidC-1). The values on the left correspond tomolecularmass
marker sizes in kDa.The bands that run below the 100 kDamarker in lanes 2 and 4 correspond to an initial complex betweenRrgB and the SrtC-1
mutants which cannot be efficiently polymerized. (B) Thermal unfolding studies of SrtC-1C193A/D58G/W60G in the presence of IPQTG,which
corresponds to RrgB’s LPXTG-like motif. The incubation of SrtC-1 C193A/D58G/W60G with the IPQTG peptide at two increasing protein:
peptide molar ratios (1:10 and 1:20) suggests a stabilization of the mutant by the peptide. (C) Thermal unfolding studies of SrtC-1C193A/D58G/
W60G in the presence of YPRTG, which corresponds to RrgA’s LPXTG-like motif. In both (B) and (C), the right panels represent the first
derivative of the denaturation curves shown on the left.
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form inwhich SrtC-1 andRrgB are covalently associated through
Cys193 (SrtC-1) and Thr631 (RrgB). Notably, it is most likely
that identification of the covalent form was only possible
because, although the RrgB fiber can be formed in vitro, the
SrtC-1 RrgB polymerization reaction under these conditions is
slow and/or inefficient, allowing the intermediate to be identified.
The covalent intermediate was also identified in experiments in
which the SrtC-1 D58G/W60Gmutant was incubated withRrgB
(Figure 3A, lane 2); this indicates that mutation of the lid anchor
residues does not block either substrate recognition or acyl-
enzyme formation but affects reaction processivity. It is con-
ceivable that, in the SrtC-1 D58G/W60G mutant, the flexible lid
continues to provide pilin access to the active site, but polymer-
ization is compromised due to enzyme instability. Notably, no
bands for the covalent intermediate could be identified in SrtC-1
mutants inwhich theHis131 orArg202 side chains weremutated.
The absence of fiber-formation activity and the inability of Arg
and His active site mutants to form the acyl-enzyme complex
suggest that both residues participate in a catalytic step prior to
acyl-enzyme formation. In SrtA, the catalytic His residue has
been hypothesized as being responsible for the protonation of the
substrate leaving group, while the Arg side chain could stabilize
the negative charge accumulation in the transition state (22, 26, 37)
or participates in positioning of the substrate by direct interaction
with backbone residues (25). Thus, acyl-enzyme trapping can be
enhanced by mutation of either of the two auxiliary members
of the catalytic triad, His or Arg. It is also of note that recently

Guttilla and co-workers were able to trap pilus polymerization
acyl-enzyme intermediates on the surface of C. diphtheriae
mutants (38), revealing that the formation of a covalent complex
in the pilus biogenesis process of Gram-positive species is also
identifiable directly on the bacterial surface.

Sortases involved in pilus formation in a variety of bacterial
species carry lid regions with two anchor residues (Figure 2B). In
SrtC-1, these key residues (Asp58 and Trp60) anchor the lid in a
seemingly closed conformation. Since, in the structure of SrtC-3,
Trp60 is replaced by a Phe (31), it seems likely that the
hydrophobic nature of this residue plays a role in lid closure.
Asp58, however (which is invariably an Asp in all sequences of
pilus-related sortases known to date; examples in Figure 2B),
plays a key role in stabilizing Arg202 (thus, a member of the
catalytic triad) through two hydrogen bonds, with the side chain
facing the Cys nucleophile directly. Absence of the two lid anchor
side chains not only starkly diminishes SrtC-1’s capacity to
polymerize RrgB fibers but also causes protein destabilization.
This behavior is also observed in SrtC-1 and SrtC-2mutant forms
in which the respective lid regions were switched. Interestingly,
protein stability can be partly recovered through the addition of
the LPXTG-like peptides, which have been suggested to lodge
within the elongated cleft upon lid opening. These results support
the proposition that lid movement is required prior to/concomi-
tant with substrate accommodation within the binding site (31).
The observation that large amounts of the LPXTG-like peptides
cannot totally recover SrtC-1 stability suggests that other features

FIGURE 4: SrtC-1 andRrgB form a covalent complex. (A)Western blot developedwith SrtC-1 antiserum. Lanes: (1) monomeric SrtC-1; (2) RrgBþ
SrtC-1. Monomeric SrtC-1 migrates as a band with an approximate molecular mass of 23 kDa; a small amount of dimeric SrtC-1, which
migrates above its theoreticalmass of 47.4 kDa, is also visible. TheRrgB/SrtC-1 covalent complex is indicatedwith a star. (B)MALDI results of
themix between SrtC-1 andRrgB,which identifies not only the single proteins but also amass of approximately 88 kDa,which corresponds to a
covalent complex. On occasion, the SrtC-1 dimer could also be identified, yielding a mass value of 47573 Da. (C) LC-MS/MS results for the
band indicated with a star in (A). The lanes correspond to the following: observed, mass to charge ratio (m/z) of peptide; Mr (expt),
experimental molecular mass (Da) of peptide; Mr (calc), calculed molecular mass (Da) of peptide; Delta, mass difference (Da) between Mr

(expt) andMr (calc); First, identification of the first amino acid of the peptide in the full-length protein; Last, identification of the last amino
acid of the peptide on the full-length protein; Sequence, sequence of the identified peptide.
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of the full-length RrgB substrate also play a role in SrtC-1
recognition and stabilization.

The presence of a flexible lid that covers the active site in pilus-
related sortases, studied here, is also detected in other transpep-
tidases. Suree and co-workers (25) have identified that the access
of substrate to the active site of SrtA from S. aureus, an enzyme
involved in the covalent association of virulence factors to the
peptidoglycan, is also regulated by a flexible loop. Although this
region corresponds to a loop which is in a different position from
the lid described in this work for sortases involved in pilus
formation (Figure 2B), it points to the possibility that sortases
control access of substrate to their active site through the move-
ment of surrounding flexible regions. Interestingly, another
class of well-studied transpeptidases, penicilin-binding proteins
(PBPs), also carry a malleable region in close proximity to
the active site (located between β3 and β4 (39-45)). The
transpeptidase domains of PBPs catalyze the cross-linking of
stem peptides of the peptidoglycan, thus recognizing peptidic
substrates within the cleft, much like sortases; in addition, they
are the targets for β-lactam antibiotics, whose structure mimics
the last two residues of the stem peptide (46). Thus, it is of interest
that, in the crystal structure of PBP1b from S. pneumoniae, the
β3/β4 loop maintains the active site in “closed” conformation in
the absence of ligand largely through its obstruction by a polar
residue (Asn656) (41). Notably, opening of the cleft can only be
achieved in vitro through incubation with substrate or a pseudo-
substrate which structurally mimics the pentapeptide. This
incubation, which causes an “opening” movement of the loop,
allows trapping of an acyl-enzyme intermediate as well as
complex formation with different β-lactam and γ-lactam anti-
biotics, suggesting that substrate/pseudosubstrate recognition
and lid opening are related events (47, 48). Thus, due to the
similarity in substrate recognition patterns and catalytic func-
tionality, a commonmechanism of regulation of active site access
could be proposed for both sortase and PBP transpeptidases. In
the absence of substrate (stem peptides for PBPs, LPXTG-like
peptides for sortases) the catalytic cleft is maintained in closed
conformation through specific interactions generated by lid
residues (Figure 5). However, once substrate becomes available

(i.e., when peptidoglycan biosynthesis is required during different
moments of the cell cycle (PBPs) or when virulence factor
subunits must be attached to partner molecules (sortases)), the
lid is opened, potentially through direct interaction with sub-
strates. These observations lend support to the idea that con-
formational changes induced by ligand binding should be taken
into consideration in transpeptidase-targeted drug design efforts.
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