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Amide bonds assemble pili on the surface of bacilli
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Pilin precursors are the building blocks of pili on the surface of
Gram-positive bacteria; however, the assembly mechanisms of
these adhesive fibers are unknown. Here, we describe the chemical
bonds that assemble BcpA pilin subunits on the surface of Bacillus
cereus. Sortase D cleaves BcpA precursor between the threonine (T)
and the glycine (G) residues of its LPXTG sorting signal and
catalyzes formation of an amide bond between threonine (T) of the
sorting signal and lysine (K) in the YPKN motif of another BcpA
subunit. Three CNA B domains of BcpA generate intramolecular
amide bonds, and one of these contributes also to pilus formation.
Conservation of catalysts and structural elements in pilin precur-
sors in Gram-positive bacteria suggests a universal mechanism of
fiber assembly.
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B acteria elaborate adhesive pili that promote their attachment
and invasion of tissues (1-5). Host immunization with pilin
subunits can elicit antibodies that protect against bacterial
infections, suggesting that pilins may be suitable vaccines to
prevent pneumonia and neonatal meningitis (2, 6, 7). Pili are
immobilized in the cell-wall envelope of Gram-positive bacteria
(8). Sortases cleave the sorting signal of surface proteins and
pilin proteins to form amide bonds between their C-terminal
carboxyl group and the amino group of peptidoglycan cross-
bridges in the cell wall (9, 10). Assembly of pili in Corynebacte-
rium diphtheriae and other Gram-positive bacteria also requires
sortase genes and the LPXTG sorting signal and YPKN motif of
a major pilin protein (8, 11). Minor pilin proteins harbor sorting
signals but lack the YPKN pilin motif (8).

Bacillus cereus forms pili, 1- to 5-um-long fibers, on its cell
surface, and the genes for pilus assembly reside in the bcpA-
srtD-bepB operon (12). BepA, the major pilin, is distributed
throughout the pilus fiber, whereas the minor pilin, BepB, is
positioned at its tip (12). Sortase D (srzD) is required for the
formation of pili, which depends also on the YPKN motif and
LPXTG sorting signal of BcpA (12). BepB is dispensable for the
formation of BcpA pili (12). Previous work proposed that sortase
may cleave the sorting signal of the pilin precursor to form a
bond with another pilin subunit, perhaps involving the YPKN
motif (8, 13). In agreement with this, substitution of lysine,
carrying a side chain e-amino group, with alanine in the YPKN
motif of BcpA, abolishes pilus formation in B. cereus (12).
Sortase A, the transpeptidase that immobilizes surface proteins
in the cell wall envelope (9, 14), is required for deposition of
BcepA pili in the bacterial envelope but is otherwise dispensable
for fiber formation (12).

X-ray crystallography revealed the 3D structure of recombi-
nant pilin precursors from Streptococcus pyogenes and Strepto-
coccus agalactiae (15, 16). The Ig-like fold of CNA B domains
(17) in pilin precursors harbor amide bonds between lysine and
asparagine, generated by a catalytic mechanism that involves a
conserved glutamic acid residue with hydrogen bonding to amide
C = O and NH groups (15). However, CNA B domains form
intramolecular amide (isopeptide) bonds that cannot link mul-
tiple pilin subunits. A possible contribution of CNA B domain-

www.pnas.org/cgi/doi/10.1073/pnas.0803565105

mediated amide bond formation toward pilus formation is not
yet known.

Results

Assembly of Engineered BcpA Pili. Bacillus anthracis, a member of
the B. cereus group, was transformed with pJB39, a plasmid that
encodes bepA-srtD under control of the IPTG inducible Py
promoter (12) (Fig. 14). Formation of BcpA pili was revealed by
electron microscopy and ImmunoGold labeling with BcpA an-
tibodies on the surface of bacilli harboring pJB39 but not the
control plasmid pLMS5 (Fig. 1B). Assembled pilus fibers are
high-molecular-weight macromolecules (BcpAumw) that resist
extraction with hot SDS and can be detected by immunoblotting
with BepA-specific antibodies (Fig. 1B). Alanine substitution of
Lys'®? (pJB57), but not of Asn!®® (pJB112), abolished pilus
formation, documenting the requirement of Lys!®? within the
YPKN motif for pilus assembly (Fig. 1 B and C). Expression of
bepA-srtD in sortase A (srtA) mutant strains triggers the release
of assembled pili into the extracellular medium (12) (Fig. 1C). To
purify pili, a Met-Hise peptide was inserted near the YPKN motif
of BepA. This insertion did not affect pilus assembly (Fig. 14,
pJB103).

Purification and Analysis of BcpA Pili. After signal peptide and
sorting signal removal, the mature form of the BcpA variant
encoded by pJB103 encompasses four methionine residues.
Cyanogen bromide (CNBr), a chemical that cleaves after me-
thionine, was predicted to cut BcpA into five fragments (M,
7,680.61, 5,954.60, 2,751.02, 38,848.22, and 428.53). The Hiss
affinity tag resides in the third fragment and allows convenient
purification by affinity chromatography on Ni-NTA Sepharose.
B. anthracis srtA (pJB103) was grown on agar, suspended in
water, and centrifuged to separate pili from the bacterial sedi-
ment. CNBr cleavage products of BcpA pili were purified by
Ni-NTA chromatography (Fig. 1D) and RP-HPLC (Fig. 24).
Three predominant compounds with increasing molecular mass,
designated A (m/z 10,835.45) (Fig. 2B), B (m/z 16,796.52), and
C (>60 kDa) were identified by MALDI-MS (Fig. 24 Inset). All
three CNBr cleavage products reacted with BepA antibodies and
bound to His-probe (Fig. 24, Inset). Nevertheless, their molec-
ular mass could not be explained by CNBr cleavage of BcpA
alone and must be accounted for by chemical bonds that form
during assembly of pilus fibers.

Edman degradation of compound A released three amino acid
residues per cycle [Fig. 2B, identified residues printed in bold;
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Fig. 1. Purification of BcpA pili. (A) Graphic representation of pLM5 and plasmid derivatives with bcpA-srtD under control of the IPTG inducible Py, promoter.
pJB39 expresses wild-type bcpA-srtD. Plasmid pJB103 contains the MHg peptide (yellow) 10 residues upstream from the YPKN motif. pJB57 carries an alanine
substitution of the pilin motif lysine to alanine (bcpAmrs k1624-srtD). pJB112 contains a substitution of the asparagine (N) residue of YPKN to alanine. Dashed
shading indicates the signal peptide. The YPKN motif is printed in blue, the sorting signal (LPVTG, hydrophobic region, and positively charged tail) and the amide
linkage between lysine 162 within the YPKN pilin motif and threonine 522 in red. bcpA encodes three CNA B domains (gray) with conserved lysine (K), glutamic
acid (E), and asparagine (N) residues. (B) B. anthracis srtA::ermC cultures were centrifuged and supernatant analyzed by immunoblotting with BcpA antisera
(a-BcpA). Electrophoretic mobilities of marker (115 kDa), BcpA precursor (BcpAp), and BepA fibers (BcpAnmw) are indicated. (C) Bacilli or culture medium were
analyzed by ImmunoGold labeling with «-BcpA serum and viewed by transmission electron microscopy. (Scale bars, 1 um.) (D) Graphic representation of inter-
and intramolecular amide bonds in MHg tagged BcpA pili. Each major pilin protein monomer contains three intramolecular amide bonds (black) and three CNA
B domains (gray); intermolecular amide linkages between pilin subunits are drawn in red. Pili were digested with cyanogen bromide (CNBr) and MHg tagged
YPKN peptides purified on NI-NTA, separated by SDS/PAGE and stained with Coomassie. Four 500-ul eluate aliquots were collected (E1-4).

supporting information (SI) Table S1]. The structure of com-
pound A is explained as three linear CNBr cleavage products
linked by two amide bonds (Table S2). The N-terminal CNBr
fragment, Asp?>-Met%, is linked to the third CNBr fragment,
6His-Gly'>%-Met!%. The C-terminal (fifth) fragment, Leu’!-
Thr3?2, is tethered to the third fragment, indicating that during
pilus assembly the LPXTG sorting signal is indeed cleaved
between the threonine and glycine residues. Electrospray ion-
ization Fourier transform mass spectrometry (ESI-FTMS) iden-
tified two species for compound A, M, 10,824.59 and M,
10,841.59; the latter is thought to contain homoseryl instead of
homoserine lactone, which is acquired during CNBr cleavage at
Met residues (Fig. 2B). A structural model for compound A
(predicted average mass 10,825.16 M,) is displayed in Fig. 2B.
The carboxyl group of Thr?? (LPXT) is tethered to the side-
chain e-amino group of Lys!®? (YPKN). A second amide bond,
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positioned between Asn'®3 (YPKN) and Lys*’, joins the first and
third CNBr fragments. Compound A (10,824.59 M,) was frag-
mented by collision-activated dissociation (CAD) and electron
capture dissociation (ECD) and analyzed by ESI-FTMS/MS.
Fragment ion spectra were in agreement with the proposed
structure (data not shown). Mass spectrometry of compound B
revealed that the methionine residues bordering the second
fragment had not been cleaved by CNBr, generating essentially
the same structure and amide bonds as compound A. Compound
C appears also to be generated by incomplete cleavage and
includes the fourth BcpA fragment (38,848.22 M,) (data not
shown). In summary, affinity chromatography and mass spec-
trometry of YPKN motif peptides released by CNBr cleavage
from BepA pili revealed two amide bonds, an intermolecular link
between the C-terminal threonine and the lysine of the YPKN
motif (Lys'®2-Thr>?2), which is derived by sortase D cleavage at
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Fig. 2. Inter- and intramolecular amide bonds in BcpA pili. (A) RP-HPLC of CNBr cleaved and Ni-NTA purified BcpA pili. Compounds A-C were analyzed by
SDS/PAGE (Coomassie), by immunoblotting with «-BcpA and by binding to His-HRP. (B) The molecular mass of compound A was determined by ESI-FTMS. Insets
display the deduced structure of compound A and the Mr values calculated by XtractAll for Qual Browser. Intra- (Asn'63-Lys37, black), intermolecular amide
(Lys'62-Thr522, red), YPKN motif (blue) and LPXTG sorting signal (red) are indicated. M* denotes homoserine lactone residues. Residues in bold were identified
by Edman degradation. (C) Compound A was incubated with trypsin and analyzed by SDS/PAGE (Coomassie). Compound A1, a tryptic peptide of compound A,
was purified by Ni-NTA affinity chromatography, separated by RP-HPLC (arrowhead) and mass measured by MALDI-MS. (D) CAD fragmentation spectra (m/z)
of the parention 1,153.59%*. Fragment ions are labeled,’ refers to fragment ions that arose from fragmentation of the GTLTIHKYEQEK branch of the peptide,
" refers to fragment ions that arose from the LPVT branch of the peptide. Unmarked fragment ions were derived from fragmentation of the HHHGAVLNYD-
VHLYPKNEIM*. M* denotes a homoseryl residue.

the LPXTG sorting signal (see below), and the intramolecular
bond Lys*’-Asn'® in the first CNA B domain of BepA.

its N-terminal methionine) is 56,697.47, whereas the measured
average mass is 56,648.60 (Fig. 3B). The observed difference is
explained as the loss of one ammonium ion (17 Da) for each of
the three CNA B domains of BcpA. In agreement with this
model, substitution of catalytic glutamic acid residues, Glu?* or
Glu*’?, with alanine-generated mass differences equivalent to
two ammonium ions with respect to the calculated mass, whereas
substitution of Glu?** and Glu*’? produced a mass difference of
one ammonium ion (16.85) (Table S3). Purified BcpAmiss
displayed resistance to trypsin cleavage, and this could be
diminished by alanine substitutions at the catalytic glutamic acid
residues (Fig. 34). B. anthracis was transformed with plasmids
pIB12 (bepA-srtD-bepB), pIJB107 (bepAEg4724-srtD-bepB), pJB108
(bepAE2234-srtD-bepB), pIB109 (bcpAnisza-srtD-bepB), or
pJB123 (bcpAE223A E472A-srtD-bch) and pilus formation exam-
ined by electron microscopy and immunoblotting (Fig. 3 C and
D). Although alanine substitution of Glu*’? alone did not affect
pilus assembly, substitutions at Glu??® or Glu?*® and Glu*7?
abolished fiber formation (Fig. 3C). Alanine substitution at
Asn'3 the YPKN motif residue tethered via amide to Lys?’, also
had no effect on pilus assembly (Fig. 3D). To ascertain that
introduction of Ala'®3 abrogated amide bond formation, pili
were cleaved with CNBr, purified by Ni-NTA, and analyzed by
RP-HPLC, which revealed four compounds. The mass of the
smallest compound A* was determined asm/z 3,117.76 (Fig. 3E).
The structure of compound A* was characterized by Edman
degradation and CAD fragmentation, revealing two linear pep-
tides with one intermolecular amide bond (Lys'®2-Thr32?), but
without an intramolecular peptide bond (Fig. 3F, Table S4).

Inter- and Intramolecular Amide Bonds of BcpA. To reveal the amide
bonds in compound A by mass spectrometry, YPKN motif
peptides were treated with trypsin and purified by Ni-NTA
affinity chromatography followed by RP-HPLC. MALDI- and
ESI-MS revealed one major compound A1, m/z 4,609.27 and m/z
4609.34, respectively (Fig. 2C and Fig. S1), Edman degradation
of which released three residues per cycle (Fig. 2D; identified
residues printed in bold; Table S1). Fragment ion spectra of m/z
4,609.34 were generated in four different modes that together
revealed the complete structure of compound Al (Fig. 2D, Fig.
S1, and Table S2). The Lys'%2-Thr>?? intermolecular amide bond
was revealed with the byg and a;5-NHj3 ions fragment ions (Table
S2), and the intramolecular amide linkage was revealed with the
y4 ion (Table S2).

Intramolecular Amide Bonds Contribute to Pilus Assembly. Many
surface proteins of Gram-positive bacteria, including pilin pre-
cursors, harbor CNA B domains with conserved lysine and
asparagine residues (17). The conserved glutamic acid in CNA
B domains is thought to promote ammonium elimination and
Lys-Asn amide bond formation (15). We examined a possible
contribution of intramolecular amide bonds toward pilus assem-
bly. BepAmis-s (residues 26-522 fused to the C-terminal His tag
in pET24b) was purified from Escherichia coli and subjected to
Edman degradation and RP-HPLC and ESI-FTMS (Fig. 34 and
B, Table S3). The calculated average mass of BcpApis.¢ (Without
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Fig. 3.

Contribution of intramolecular amide bonds toward pilus assembly. (A) Recombinant BcpAwis-s (PJB7), BCpAwis-6 £472a (PIJB97), BCPAwis-6 £223a (pJB9I8), and

BcpAHis-6 £472a £223a (PJB105) were purified from E. coli by Ni-NTA chromatography. Purified proteins were digested with trypsin and analyzed by SDS/PAGE and
Coomassie staining. (B) Mass spectra (m/z) for BcpAnis.s were determined by ESI-FTMS with isotopic resolution. Inset displays the peak at 1,574.48. (C) Graphic
representation of intra- and intermolecular amide bonds in MHg tagged BcpA pili and their plasmid encoded variants. Pilus formation was measured by
immunoblotting with a-BcpA. (D) Bacilli were analyzed by ImmunoGold labeling with a-BcpA serum and viewed by transmission electron microscopy. Bars
indicate 1 um. (E) Pili derived from B. anthracis srtA::ermC were digested with CNBr, Ni-NTA affinity-purified and eluate analyzed by RP-HPLC. The monoisotopic
ion mass spectra of compound A* was determined by MALDI-MS in reflectron mode. (F) MALDI-MS/MS with CAD of compound A1. Fragment ion types are
indicated: "’ refers to daughter ions that arose from the LPVT. Other fragment ions were derived from fragmentation of the HHHHHHGAVLNYDVHLYPKAEIM*
branch of the peptide. M* denotes a homoserine lactone residue. Residues determined by Edman degradation are printed in bold. (G) Sequence alignment of

the YPKN motif in major pilin proteins of Gram-positive bacteria.

Sortase A and D Cleave the LPXTG Sorting Signal of BcpA. We sought
to identify the enzyme that cleaves LPXTG sorting signals and
forms the amide bond (Lys'®2-Thr3??) between pilin subunits.
Plasmid pJB69 harbors a translational fusion between bcpA and
gst, encoding GST tethered to the C-terminal end of the LPXTG
sorting signal (Fig. 44). B. anthracis (pJB69) formed pili on the
bacterial surface, whereas B. anthracis (pJB86), a plasmid variant
lacking sortase D (sr¢D), did not (Fig. 4 B and C). Bacilli lacking
srtA and srtD accumulated BepA-GST precursor but no cleavage
products (Fig. 4B). Thus, both sortases cleave BecpA-GST sub-
strate; however, only one of the two transpeptidases, SrtD,
polymerizes pili. BcpA-GST and its cleavage products were
purified by affinity chromatography on glutathione Sepharose
and analyzed by Coomassie-stained SDS/PAGE or immunoblot-
ting with antibodies against BcpA or GST (Fig. 4 D and E). In
the absence of srt4 and srtD, bacilli accumulated BepA-GST
pilin precursor with uncleaved LPXTG sorting signal (calculated
M, 85,094.57) (Fig. 4 D and E). In cells expressing srt4 and/or
srtD, BepA-GST cleavage products were purified (Fig. 4D).
Sortase A or D generated cleavage products were recognized by

10218 | www.pnas.org/cgi/doi/10.1073/pnas.0803565105

GST but not by BepA antisera (Fig. 4E). Cleavage products (M)
were subjected to Edman degradation (Fig. 4D). For both SrtA-
and SrtD-derived BepA-Gst products, the cleavage site was the
glycine of the LPVTG sorting signal, because all subsequent
residues agreed with the predicted downstream sequence (Fig.
4D and Table S1).

Discussion

Assembly of pili in the envelope of B. anthracis requires two
sortases, SrtA and SrtD (12). Mutations in sr¢D, either deletion
of the ORF or alanine substitution of the active site (Cys??7),
abrogate pilus assembly (12). Mutations in srt4 prevent proper
deposition of pili in the envelope, because mutant bacilli release
elongated pilus fibers into the extracellular medium (12). In S.
aureus, sortase A cleaves LPXTG motif sorting signals and forms
an amide bond between the C-terminal threonine and the amino
group within lipid II (18, 19), i.e., the precursor of peptidoglycan
synthesis (20). Using a similar mechanism, B. anthracis sortase A
is thought to link pili to peptidoglycan cross-bridges in the
cell-wall envelope (12, 21). This model is corroborated by studies

Budzik et al.
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products were subjected to immunoblotting with specific antisera (a«-GST or a-BcpA).

in C. diphtheriae and S. agalactiae, where srtA mutants cause
similar phenotypes (22, 23). We show that SrtA and SrtD cleave
pilin precursor at the same site, the LPXTG sorting signal;
however, only SrtD promotes pilus assembly. Thus, SrtA cleav-
age of pilin precursor that is already attached to assembled BcpA
fibers terminates pilus assembly by removal of the sorting signal.

BcepA cleavage by SrtD leads to the assembly of pili, fibrous
structures formed by intermolecular amide bonds between the
C-terminal threonine of cleaved sorting signals (Thr>??) and the
conserved lysine residue of the YPKN motif (Lys!?). The acyl
enzyme of SrtD can, therefore, be viewed as an assembly
platform for the capture of polymerized pili via thioester linked
intermediates with the C-terminal threonine of the last pilin
subunit. The e-amino group of Lys'®? in BepA pilin precursor
completes the transpeptidation reaction; however, the product
again serves as a catalytic substrate when SrtD cleaves its
LPXTG sorting signal. BcpB, the tip protein of BepA pili, also
harbors a sorting signal (IPNTG) and is substrate for SrtD and
SrtA cleavage (12). Because BcepB lacks the YPKN motif,
BepB-SrtD intermediates can only be resolved by the BcpA
nucleophile (Lys'®?), thereby positioning BepB at the tip of
polymerizing BepA fibers. Kang et al. (15) reported an amide
bond between the C-terminal threonine (Thr3!!) and lysine 161
(Lys'®") of Spy0128. Unlike other major pilin proteins of Gram-
positive bacteria, most Group A streptococcal pilins do not
harbor the YPKN motif (3, 24). The contribution of Lys!®! or any
other lysine residue toward streptococcal pilus assembly remains
unknown (15).

BepA harbors three CNA B domains with intramolecular
amide bonds. These bonds likely stabilize the Ig-fold of CNA B
domains (15) and provide resistance to protease, as is charac-
teristic for pili of Gram-positive bacteria (3, 25). Nevertheless,
only the second amide bond of BcpA is required for pilus
assembly, whereas the bond between Lys*7-Asn!®3 immediately
adjacent to the YPKN motif nucleophile, is dispensable. The
asparagine of the YPKN motif is not absolutely conserved in
pilin proteins, and intramolecular amide bonds at this site may
be generally dispensable for pilus assembly (Fig. 3G). We
surmise that, apart from incorporating peptidase resistance,
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intramolecular amide bonds may be important for precursor
folding and presentation of the YPKN nucleophile to SrtD
intermediates. Conservation of sortase catalysts and pilin pro-
teins with the YPKN motif, the LPXTG sorting signal, and the
CNA B domains suggests that the mechanism of pilus assembly
is universal in Gram-positive bacteria (26). These insights may
aid in the design of pilus-derived vaccines to prevent diseases
caused by Gram-positive bacteria (27).

Materials and Methods

Bacterial Strains. Coding sequences of the bcpA-srtD-bcpB operon were PCR
amplified and cloned into pLM5 (28), to generate IPTG-inducible expression
via the Pspac promoter in B. anthracis. Oligonucleotides were used to create
single amino acid substitutions in bcpA by site-directed mutagenesis (Table
S5). pJB7 (BcpA-Hisg in pET24-b) (12) was used as template to derive substitu-
tion mutations via Quick-Change mutagenesis.

Pilus Assembly. B. anthracis Sterne or an isogenic A(srtA) mutant harboring
plasmids were grown overnight at 30°C on LB agar with kanamycin and IPTG.
Cells were suspended in 100 mM NaCl and analyzed immunoelectron microscopy
with a-BcpA antisera and 10-nm gold anti-rabbit IgG conjugate (12). For immu-
noblotting, supernatant aliquots or mutanolysin-digested bacillus extracts were
precipitated with TCA, separated by SDS/PAGE, electrotransferred to the PVDF
membrane, and antibody binding was revealed by chemiluminescence. For BcpA-
GST analysis, bacilli were digested with PlyL. Sonicated protoplast extracts were
subjected to glutathione Sepharose chromatography and eluates analyzed by
SDS/PAGE, immunoblotting, ESI-MS/MS, or Edman degradation.

Analysis of Purified Pili. Bacilli were grown on LB agar, suspended in water, and
centrifuged and pili in the supernatant were digested with CNBr (29). Reac-
tions were dried, solubilized and peptides chromatographed on Ni-NTA
Sepharose. Eluate was subjected to RP-HPLC (Cg) and peptides analyzed by
SDS/PAGE, mass spectrometry, Edman degradation, and trypsin cleavage.

Mass Spectrometry. Peptides were cospotted with matrix (a-cyano-4-
hydroxycinnamic acid) and subjected to MALDI-MS on a TOF instrument in
linear and reflectron modes. For ESI-FTMS, compounds were individually
loaded into nanospray emitters, desorbed by spray voltage between 1.2 and
1.4 kV, and analyzed in a hybrid linear ion-trap/FTICR mass spectrometer.
Fragmentation experiments included CAD, ECD, aiECD, and IRMPD.

Bacterial Strains, Pilus Purification and Mass Spectrometry. Detailed methods
are described in S/ Text.
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