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Cell Wall Anchor Structure of BcpA Pili in Bacillus anthracis™

Received for publication, September 2, 2008 Published, JBC Papers in Press, October 21,2008, DOI 10.1074/jbc.M806796200

Jonathan M. Budzik', So-Young Oh, and Olaf Schneewind”

From the Department of Microbiology, University of Chicago, Chicago, lllinois 60637

Assembly of pili in Gram-positive bacteria and their attach-
ment to the cell wall envelope are mediated by sortases. In Bacil-
lus cereus and its close relative Bacillus anthracis, the major
pilin protein BcpA is cleaved between the threonine and the
glycine of its C-terminal LPXTG motif sorting signal by the
pilin-specific sortase D. The resulting acyl enzyme intermediate
is relieved by the nucleophilic attack of the side-chain amino
group of lysine within the YPKN motif of another BcpA subunit.
Cell wall anchoring of assembled BcpA pili requires sortase A,
which also cleaves the LPXTG sorting signal of BcpA between its
threonine and glycine residues. We show here that sortases A
and D require only the C-terminal sorting signal of BcpA for
substrate cleavage. Unlike sortase D, which accepts the YPKN
motif as a nucleophile, sortase A forms an amide bond between
the BcpA C-terminal carboxyl group of threonine and the side-
chain amino group of diaminopimelic acid within the cell wall
peptidoglycan of bacilli. These results represent the first dem-
onstration of a cell wall anchor structure for pili, which are
deposited by sortase A into the envelope of many different
microbes.

Many Gram-positive bacteria use pili, protein fibers that
project from microbial surfaces, to adhere to and invade host
tissues or form biofilms (1). Gram-positive pili are assembled
from pilin subunits that are synthesized as precursors with
N-terminal signal peptides and C-terminal sorting signals in
the bacterial cytoplasm (P1) (2). The signal peptide is cleaved
and precursors translocated through the bacterial mem-
brane by the Sec machinery, thereby generating the P2 pre-
cursor (3, 4). Assembly of pili involves the polymerization of
the major pilin protein, a reaction that is catalyzed by pilin-
specific sortase (2, 5), designated sortase D in pathogenic
Bacillus sp. (6). Pilin-specific sortases perform a transpepti-
dation reaction, whereby the C-terminal LPXTG motif sort-
ing signal of the major pilin protein, BcpA in bacilli, is
cleaved between the threonine and the glycine residue (4).
Intermediary product of this reaction is a thioester-linked
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acyl-enzyme between the active site cysteine residue of sor-
tase and the carboxyl group of threonine (7, 8). Nucleophilic
attack of the e-amino group of lysine within the YPKN pilin
motif of another BcpA subunit resolves the sortase D inter-
mediate and generates the amide bond between the C-ter-
minal carboxyl group of threonine and the side-chain amino
group of lysine of adjacent BcpA subunits (4). Conservation
of pilin-specific sortase, the YPKN motif, and C-terminal
sorting signal in the major subunit of pilin proteins suggests
that pilus assembly occurs by a universal mechanism in
Gram-positive bacteria (2).

Pili are anchored to the cell wall envelope of Gram-positive
bacteria by a mechanism that requires sortase A (6, 9—11). Sor-
tase A is otherwise known to cut the C-terminal LPXTG sorting
signal of surface proteins and immobilize anchored products in
the cell wall envelope of Gram-positive bacteria (12, 13). In
Staphylococcus aureus, sortase A acyl enzyme intermediates
are resolved by the nucleophilic attack of lipid II (14, 15), the
biosynthetic precursor of peptidoglycan biosynthesis or, more
specifically, the amino group of its cross-bridge, pentaglycine in
S. aureus (16, 17). In contrast to surface proteins, which are
directly incorporated by sortase A into peptidoglycan (18 -20),
the mechanisms that provide for the deposition of pili in the cell
wall envelope are still unknown. Unlike surface proteins, pili
must first be assembled by pilin-specific sortase and then be
deposited in the envelope (21). The latter requires the afore-
mentioned signal peptide, YPKN pilin motif, and sorting signal,
however, the requirements for substrate recognition of the
major pilin by sortase A are still unknown. Further, the
anchored product of the sortase A-mediated reaction, presum-
ably pilin protein linked to cell wall, has not been characterized.
Both of these questions are addressed in this report.

EXPERIMENTAL PROCEDURES

Bacterial Plasmids and Strains—PCR with primer pairs P2
(encompassing an Xbal site) and P101 (Nhel) amplified bcpA
between residues 26 and 515 (Table 1). Primers P102 (Nhel)
and P103 (Kpnl) amplified a fragment of bcpA beginning at
residue 516 with the MH, tag and sr¢D. Primer pairs P2/P101
and P102/103 generated PCR products that were digested
with Xbal/Nhel and Nhel/Kpnl and ligated into pLM5
digested with Xbal/KpnlI to create pJB40. pJB39 (6) encodes
wild-type bcpA-srtD under control of the IPTG?-inducible

3 The abbreviations used are: IPTG, isopropyl 1-thio-B-p-galactopyranoside;
Ni-NTA, nickel-nitrilotriacetic acid; RP-HPLC, reverse-phase high-perform-
ance liquid chromatography; MALDI-MS, matrix-assisted laser desorption
ionization-mass spectrometry; GST, glutathione S-transferase; SS, sorting
signal; HRP, horseradish peroxidase; m-Dap, meso-diaminopimelic acid;
CAD, collision-activated dissociation.
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TABLE 1
Primers used in this study

BcpA Pili Anchor Structure

Non-capitalized letters indicate the sequence of the restriction site inserted. Underlined nucleotides encode for the MH, tag. Bolded residues denote nucleotide changes

introduced.
Primer Restriction site Nucleic acid sequence (5'-3")
2 Xbal AAAtctagaGCACACTATTGCTTTTAAGAAGG
17 Pstl GTTAAATTAACGATAGAACtgcagAAAAGTGGATGGATTCTTC
18 Pstl GAAGAATCCATCCACTTTTctgcagTTCTATCGTTAATTTAAC
19 Pstl ActcgagATCTTTTGAAGGGTGATGAATATATG
20 Pstl AAACtgcagTTTAATACTGTTCCCATCAAATAC
88 I(pnI AAAggtaccAATACCTCCCAAAACAAGATTTC
89 KpnI AAAggtaccATCCTATTGTTATGTGTGTTTCTA
101 Nhel AAAgCtagcACTTTTATTATTTTCTATCGTTAATTTA
102 Nhel AAAgctagcatgcatcaccatcaccatcacGGATGGATTCTTCCGGTAACG
103 Kpnl AAAggtaccTTATCTTTGAATTTCCGGTCCC
173 None TTATACAACTTTAATTACGGCTACGCCTTATGGAATAAAC
174 None GTTTATTCCATAAGGCGTAGCCGTAATTAAAGTTGTATAA

P,,.. promoter. To generate pJB173 and pJB169, plasmids
lacking srtD, pJB39 and pJB40 were amplified with Pfu DNA
polymerase and P88/P89. Amplified plasmids were first
incubated for 3 h with Dpnl to digest methylated parental
plasmid DNA and were then digested with KpnI for 2 h.
Digested plasmid DNA was ligated and transformed into
Escherichia coli DH5a (22).

pJB12 (6) encodes bcpA-srtD-bepB under control of the
IPTG-inducible P ,, promoter. pJBl (23) was used for
expression of an untagged version of PlyL amidase (24).
pJB69 encodes bcpA-gst-srtD driven by the P, .. promoter
(4) and was used as a template to generate pSY8. pSY8
encodes for the cell wall sorting signal of bepA fused to isdX1
at is N terminus and gst at its C terminus. To swap the bcpA
coding region preceding its cell wall sorting signal with isd X1
in pJB69, a Pstl site was generated 15 nucleotides upstream
of the DNA sequence encoding for the LPVTG cell wall sort-
ing signal with quick change mutagenesis and primers P17/
18, as described previously (6). The resulting plasmid, pJB69-
Pstl, was digested with Xbal, blunt-ended, and digested with
Pstl. The purified plasmid fragment was ligated with PstI-
digested isdX1 Pfu PCR product. Plasmid variants lacking
srtD or containing srtD with active site cysteine 207 to ala-
nine substitution were generated by quick change. Primers
P173/174 generated pSY13 (isdX1gg-gst-srtDc,4). Primers
P88/89 generated pSY14 (isdX14,-GST).

Fractionation of Bacillus Cultures—B. anthracis strain
Sterne F32 or its isogenic variant AHG263 (srtA:ermC) (20)
harboring pLM5 or plasmids encoding for B. cereus pilus genes
were grown overnight at 30 °C on LB agar plates containing
kanamycin and IPTG. Bacilli were suspended in 100 mm NaCl,
vortexed briefly, and centrifuged for 2 min at 6000 X g. Cells
were washed two more times in 0.1 M NaCl. The sediment was
analyzed by immunoelectron microscopy with a-BcpA antisera
and 10 nm gold anti-rabbit IgG conjugate as previously
reported with additional wash steps between secondary anti-
body labeling and fixation with glutaraldehyde (6). For immu-
noblotting experiments, cells were extracted for 10 min by boil-
ing with 500 ul of 6 M urea, 1% SDS, 50 mm Tris-HCI, pH 9.5,
releasing the cytoplasm and membrane fractions (25). Bacterial
samples were washed in water, extracted with 5% trichloroace-
tic acid, and peptidoglycan-digested with mutanolysin (6). Sor-
tase A was detected by immunoblotting of extracts of bacilli
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that had been concentrated by precipitation with 8% trichloro-
acetic acid.

Purification of Cell Wall-anchored Pilin—B. anthracis
strain Sterne F32 harboring pJB169 was grown for 20 h at
30 °C in 6 liters of LB broth containing 10 ng/ml kanamycin
and 1 mm IPTG. For mutanolysin treatment, cells were
washed with 100 ml of double distilled water (ddH,O) and
extracted by boiling with 100 ml of 6 M urea, 1% SDS, 50 mm
Tris-HCI, pH 9.5. Murein sacculi were washed in ddH,O,
extracted by boiling in 5% trichloroacetic acid, washed in 50
mM Tris-HCI (pH 6.3)-1.5 mm MgCl,, and peptidoglycan-
digested with 20,000 units of mutanolysin (23). For PlyL
digestion, sedimented bacilli were washed once in 100 ml of
50 mm Tris-HCI (pH 7.5) and suspended in 50 ml of the same
buffer supplemented with 5 mm phenylmethanesulfonyl flu-
oride (26). Cell walls were broken in a bead beater instru-
ment (Biospec Products Inc.) by 10 pulses of 1 min, followed
by 5 min of incubation on ice. The crude lysate was decanted
to remove the glass beads and centrifuged at 33,000 X g for
15 min to sediment cell wall sacculi and membranes. Sedi-
ment was treated with 1% Triton X-100, 100 mm phosphate
(pH 7.5), and 1 mm phenylmethanesulfonyl fluoride, and
peptidoglycan was then treated with PlyL as described pre-
viously (23). Following cell wall digestion, insoluble material
was removed by centrifugation at 33,000 X g. The pH of the
samples was adjusted to 7.5 with 2 M sodium phosphate diba-
sic, and BcpA, ;6 Was purified by Ni-NTA affinity chroma-
tography (26).

Purification of Pilin Anchor Peptides—Purified BcpA, ;116 Was
methanol-chloroform-precipitated and cleaved with CNBr
(26). Anchor peptides were purified by a second round of Ni-
NTA affinity chromatography under denaturing conditions
and separated by reverse-phase high-performance liquid chro-
matography (RP-HPLC) with uv detection using a C;5 column
with a linear gradient from 1% to 99% acetonitrile (CH;CN) in
0.1% formic acid in 100 min, as previously reported for BcpA
pilin peptides (4).

MALDI-MS—Aliquots of RP-HPLC fractions (0.5 ul) were
co-spotted with matrix (0.5 ul of a-cyano-4-hydroxycinnamic
acid) prepared at 10 mg/ml in CH;CN-water-trifluoroacetic
acid (30:40:0.1), 4 mm (NH,),HPO,. Matrix-assisted laser de-
sorption ionization-mass spectrometry (MALDI-MS) spectra
were obtained in a reflectron time-of-flight instrument (ABI
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Biosystems MALDI 4700) in reflectron mode. Spectra were
acquired using external calibration with bovine insulin. Theo-
retical parent ion and fragmentation ion monoisotopic m/z val-
ues were produced with ProteinProspector version 4.27.2 MS-
Product web-based program (University of California-San
Francisco, prospector.ucsf.edu).

Edman Degradation—RP-HPLC samples of anchor peptides
were dried under vacuum and submitted for Edman sequencing
at the University of Illinois at Urbana-Champaign Biotechnol-
ogy Center Protein Sciences Facility.

RESULTS

Substrate Properties Control the Fate of Pilin Precursors—
Previous work demonstrated that sortase A and sortase D
both cleave the major pilin protein precursor BcpA, but left
unresolved the substrate requirements of these enzymes. To
address this, we used pJB69, encoding bcpA-gst srtD, and
transformed this plasmid into B. anthracis Sterne (express-
ing sortase A) or its isogenic srtA variant (Fig. 1A4). Process-
ing of BcpA-GST was monitored by separating whole bacte-
rial extracts on SDS-PAGE followed by immunoblotting
with antibodies specific for GST (Fig. 1B). Bacilli expressing
both enzymes (A and D) or only sortase D both cut BcpA-
GST precursor between the threonine and the glycine of
its LPVTG sorting signal and generated GST cleavage prod-
ucts (Fig. 1B). Bacilli lacking sortase A and D cannot cleave
this hybrid substrate (4). In the presence of sortase D, BcpA
is polymerized into pili, whereas sortase A is thought to
immobilize pili in the cell wall envelope (4). Pilus assembly
requires the YPKN pilin motif and CNA B domain of BcpA
(4). It is not known, however, whether these elements are
also required for substrate recognition, defined here as sor-
tase cleavage of the pilin sorting signal (SS). To test this, we
generated plasmid pSY8, encoding isdX1-gst srtD. Under
physiological conditions, bacilli secrete IsdX1 via its N-ter-
minal signal peptide into the extracellular medium, where
the soluble protein binds hemoglobin and scavenges heme
with its NEAT domain (27). Fusion of IsdX1 to the sorting
signal of BcpA (SS) and GST generated a hybrid that was
cleaved by bacilli expressing both sortase D and sortase A, or
only one of these enzymes, but not by bacilli that lacked
sortase A and D (Fig. 1, A and B). To verify that the active
site cysteine of sortase D is involved in substrate cleavage,
we generated an alanine substitution mutant (Dcygoa)-
Although sortase D,,,, was expressed at the same level as
the wild-type enzyme, the mutant was unable to cleave
IsdX14-GST substrate (Fig. 1, B and C). Of note, expression
of sortase D, in wild-type bacilli appeared to reduce the
ability of sortase A to cleave IsdX144-GST, suggesting that
the mutant sortase may interact with the substrate in a man-
ner that interferes with its recognition by the other sortase
(Fig. 1, B and C). As a control, expression of sortase D,y
did not affect the abundance of sortase A in bacilli (Fig. 1B).
Sortase A, but not sortase D, cleavage of [sdX145-GST led to
the deposition of IsdX1 in the cell wall envelope of bacilli
(Fig. 1C). Together these findings support a model, whereby
sortase A acyl intermediates can only be resolved by the
nucleophilic attack of lipid II, whereas sortase D intermedi-
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ates must be resolved by the nucleophilic attack of BcpA
unless hydrolysis at the active site thioester precipitates
release of product into the extracellular medium (21).
Finally, the pilin sorting signal alone is sufficient for sortase
A cleavage of BcpA at the LPVTG motif and, following com-
pletion of the transpeptidation reaction, for transfer of the
cleaved product into the cell wall envelope.

Purification of Anchored Pilin from the Cell Wall Envelope
of Bacilli—B. anthracis was transformed with pJB12, a plas-
mid that encodes bcpA-srtD-bepB under control of the
IPTG-inducible P, promoter (6) (Fig. 24). In the presence
of sortase A and D, BcpA was assembled into cell wall-an-
chored pili as demonstrated by immunogold-electron
microscopy (Fig. 2C). Pilus formation was also confirmed by
immunoblotting of covalently cross-linked high molecular
weight polymers in the stack of SDS-PAGE that had been
released from murein sacculi by treatment with mutanolysin
(Fig. 2B). In the absence of sortase D (pJB173), sortase A
deposited BepA into the cell wall envelope (Fig. 2B). Sortase
A did not form pili from BcpA and instead caused the near
uniform distribution of anchored product in the cell wall
envelope of bacilli (Fig. 2C). In the absence of both sortase A
and sortase D, BcpA was not found in the envelope of bacilli,
similar to a B. anthracis control harboring the empty vector
plasmid pLM5 (Fig. 2C). To analyze the cell wall anchor
structure of BcpA, we engineered BcpA 414, with an insertion
of methionyl-six histidyl (MHg) upstream of the LPVTG
motif sorting signal of BcpA (Fig. 2A4). Cell wall-anchored
BcpA iy Was detected in mutanolysin extracts of B. anthra-
cis (pJB169) by immunoblot with antibodies specific for
BcpA (a-BepA) or staining with His-HRP (Fig. 2B). Electron
microscopy and immunogold labeling with BcpA-specific
antibodies revealed gold particle deposition on the surface of
bacilli expressing BcpA, 16 (pJB169), but not for B. anthra-
cis harboring the empty vector (pLM5) control (Fig. 2C). In
the absence of srtA, BcpA- and BepAp46-specific gold con-
jugate deposits were not detected in the envelope of bacilli
(Fig. 2C). As BcpA, 4146 is anchored to the cell wall of bacilli in
a manner similar to BcpA, we employed this reporter to
examine the anchoring of pilin protein to the peptidoglycan.

BcpA, 16 Was solubilized from purified cell wall of B. anthra-
cis (p]B169) with two different murein hydrolases and released
protein was subjected to affinity chromatography on Ni-NTA.
PlyL amidase cleaves the amide bond between MurNAc and
L-Ala (24) (Fig. 3A). In agreement with the C-terminal cell wall
anchor structures proposed in Fig. 3A, PlyL-solubilized
BcpA, 116 migrated as a spectrum of fragments on Coomassie-
stained SDS-PAGE (49 -79 kDa), as ~19% of wall peptides in B.
anthracis peptidoglycan are cross-linked (28)(Fig. 3B). Purified
peptidoglycan of B. anthracis was also digested with mutanoly-
sin, a muramidase that cleaves the repeating disaccharides

pJB173 and pJB169 expressed bcpA. pJB169 contained the MH, peptide three
residues upstream from the LPVTG sorting signal. B, B. anthracis cell wall
extracts were digested with mutanolysin. BcpA anchoring was examined by
immunoblotting with a-BcpA and by binding to His-HRP in cells harboring
pJB12, pJB169, and pJB173. C, bacilli were analyzed by immunogold labeling
with a-BcpA antisera and viewed by transmission electron microscopy at a
magnification of 35,000 X (scale bars, 200 nm).
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MurNAc-GlcNAc or MurNAc-GlcNH, (Fig. 34) (29, 30). Mur-
amidase treatment released protein that also migrated as a
spectrum fragments on SDS-PAGE (49 —79 kDa), albeit that the
mobility of these species differed from those of PlyL-solubilized
BepA, 146 (Fig. 3B).

Cell Wall Anchor Structure of PlyL-solubilized BcpA ,p—
PlyL-solubilized and Ni-NTA-purified BcpA,gs was
cleaved at methionyl residues with CNBr. C-terminal pep-
tides harboring the six-histidyl tag and cell wall anchor
structure were purified by a second round of affinity purifi-
cation on Ni-NTA. Peptides were separated by RP-HPLC
with a C,4 column. PlyL-released anchor peptides eluted at
35% CH,;CN-0.1% formic acid and were analyzed by
MALDI-MS and Edman degradation (Fig. 3C and Table 2,
and see Table 5). The predominant ions in this spectrum
could be explained as BcpA ;6 C-terminal anchor peptides
linked to the side-chain amino group of diaminopimelic acid
of wall peptides (Table 2). meso-Diaminopimelic acid
(m-Dap) is a diamino acid at position 3 of the Bacillus cell
wall pentapeptide precursor (L-Ala-p-iGln-m-Dap-p-Ala-p-
Ala), and its side-chain amino group is involved in pepti-
doglycan cross-linking by forming an amide bond with p-Ala
at position four of neighboring wall peptides [L-Ala-D-iGIn-
(L-Ala-p-iGln-m-Dap-p-Ala-)m-Dap-p-Ala-p-Ala] (28). The
predicted m/z of the anchor peptide [L-Ala-D-iGln-
(HEGGWILPVT-)m-Dap] is 1978.99. Isoforms containing
tryptophan oxidation products hydroxytryptophan or
N-formylkynurenine are expected at a mass of 1994.98 and
2010.98, respectively (Table 2) (31). Formylated, diformylated,
and carbamylated anchor peptide species were detected at m1/z
2021.9,2022.8,2037.9, 2038.88, 2050.89, and 2053.89 (Table 2).
Formylation and carbamylation of a-NH, groups in cell wall
anchor peptides are known to occur following CNBr cleavage
(70% formic acid) and purification under denaturing conditions
in urea buffer. The predominant ion at #1/z 1994.89 was frag-
mented by collision-activated dissociation (CAD) (Fig. 3D).
Table 3 summarizes the observed fragment ions and their
structural interpretation, which is in agreement with the pep-
tide structure L-Ala-p-iGln-(H{GWILPVT-)m-Dap harboring
the tryptophan oxidation product hydroxytryptophan (Table 3
and Fig. 3D). The second most abundant ion at #1/z 2065.93 was
explained as L-Ala-p-iGIn-(HGWILPVT-)m-Dap-p-Ala, a
C-terminal anchor peptide containing D-Ala at position 4 of the
cell wall pentapeptide precursor (calculated m/z 2066.02)

mutanolysin or PlyL amidase. C, MALDI-MS spectrum of BcpA,,46 anchor pep-
tides released from B. anthracis peptidoglycan. Purified cell wall was treated
with an E. coli extract containing PlyL amidase, and cell wall extracts were
subjected to Ni-NTA affinity chromatography. Purified BcpAy,, Was cleaved
with CNBr, and anchor peptides were purified by a second round of Ni-NTA
affinity chromatography. Purified anchor peptides were separated by
RP-HPLC. Inset displays the mass spectrum (m/z) from 499 to 7021 Da of RP-
HPLC fraction 45 (35% acetonitrile-0.1% formic acid) determined by MALDI-
MS. Parent ions 1994.89 m/z (colored blue) and 2437.15 m/z (colored green)
were subjected to tandem mass spectrometry. D, CAD fragmentation spec-
trum (m/z) of parent ion 1994.89 m/z and the structural assignment of the
anchor peptide. Residues in bold were identified by Edman degradation.
E, CAD fragmentation spectrum (m/z) of parention 2437.15 m/zand the struc-
ture assignment of the anchor peptide. Arrows denote names assigned to
fragment ions produced during fragmentation. Residues in bold were identi-
fied by Edman degradation.
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TABLE 2
Summary of ions observed in the mass spectrum of PlyL-released BcpAy,,¢ anchor peptides
m/z
Aiic-obs” Proposed structure Modification”
Observed Calculated

1979.88 1978.99 —0.89 [1-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap] none
1994.89 1994.98 0.09 [L-Ala-p-iGln-(HHHHHHGWILPVT-)m-Dap] HTRP
2010.90 2010.98 0.08 [L-Ala-p-iGln-(HHHHHHGWILPVT-)m-Dap] NEK
2021.90 2022.00 0.10 [L-Ala-D-iGIn-(HHHHHHGWILPVT-)m-Dap | NH,-C(0)-
2022.80 2022.98 0.18 [L-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap] HTRP; HC(O)-
2037.90 2037.99 0.09 [L-Ala-p-iGln-(HHHHHHGWILPVT-)m-Dap] HTRP; NH,-C(O)-
2038.88 2038.97 0.09 [L-Ala-D-iGIn-(HHHHHHGWILPVT-)m-Dap NEK; HC(O)-
2050.89 2050.99 0.10 [L-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap] HTRP; 2 X HC(O)-
2053.89 2053.99 0.10 [L-Ala-p-iGln-(HHHHHHGWILPVT-)m-Dap] NFK; NH,-C(O)-
2065.93 2066.02 0.09 [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-D-Ala] HTRP
2081.92 2082.02 0.10 [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-D-Ala] NEFK
2093.92 2094.02 0.10 [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-D-Ala] HTRP; HC(O)-
2108.93 2109.03 0.10 [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-D-Ala] HTRP; NH,-C(O)-
2122.93 2122.03 0.10 [L-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap-p-Ala] HTRP; 2 X HC(O)-
2124.95 2125.02 0.07 [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-D-Ala] NFK; NH,-C(O)-
2437.08 2437.20 0.12 L-Ala-p-iGln-[L-Ala-D-iGIn(HHHHHHGWIPLVT-)m-Dap-p-Ala]m-Dap HTRP
2465.09 2465.20 0.11 L-Ala-D-iGln-[L-Ala-p-iGIn(HHHHHHGWIPLVT-)-Dap-D-Ala]m-Dap HTRP; HC(O)-
2480.08 2480.21 0.13 L-Ala-p-iGln-[L-Ala-D-iGIn(HHHHHHGWIPLVT-)m-Dap-p-Ala]m-Dap HTRP; NH,-C(O)-
2493.07 2493.21 0.14 L-Ala-p-iGln-[L-Ala-D-iGIn(HHHHHHGWIPLVT-)m-Dap-D-Ala]m-Dap HTRP; 2 X HC(O)-

“ The difference between the calculated and observed ion masses.

 Modification of aNH, groups: formylation, HC(O)-, carbamylation, NH,-C(O)-; modification of tryptophan: hydroxytryptophan (HTRP), N-formylkynurenine (NFK).

TABLE 3

Summary of ions produced during MS/MS of the PlyL-released m/z 1994.89 parent ion

m/z

a b c
Observed Calculated A uic-obs Ion type Proposed structure
70.07 70.13 0.07 Immonium P
110.07 110.15 0.08 Immonium H
247.13 247.24 0.11 a, HH
260.10 260.19 0.08 i GW
275.13 275.21 0.09 b, HH
332.15 332.23 0.08 i HHG
397.16 397.27 0.11 i HGW
412.18 412.27 0.09 b, HHH
510.25 510.32 0.08 i HGWI
521.25 521.31 0.06 a, HHHH
534.22 534.29 0.07 i HHGW
549.24 549.36 0.12 b, HHHH
623.33 623.39 0.06 i HGWIL
658.31 658.40 0.09 ag HHHHH
686.30 686.37 0.07 b, HHHHH
687.33 688.42 1.09 Yo L-Ala-p-iGIn-(PVT-)m-Dap
760.39 760.45 0.06 i HHGWIL
795.37 795.47 0.11 ag HHHHHH
823.36 823.44 0.08 by HHHHHH
880.38 880.49 0.11 b, HHHHHHG
1034.51 1034.68 0.17 i HHHHGWIL
1054.46 1054.59 0.13 ag HHHHHHGW
1082.46 1082.61 0.15 by HHHHHHGW
1167.55 1167.78 0.23 ay HHHHHHGWI
1171.57 1171.80 0.23 i HHHHHGWILP
1195.54 1195.71 0.17 b, HHHHHHGWI
1280.63 1280.79 0.16 a5, HHHHHHGWIL
1308.62 1308.82 0.19 by, HHHHHHGWIL
1446.71 1446.95 0.24 Y12 L-Ala-p-iGIn-(HHGWILPVT-)m-Dap
1504.75 1505.06 0.32 by, HHHHHHGWILPV
1583.77 1584.10 0.33 Yis L-Ala-D-iGIn-(HHHGWILPVT-)m-Dap
1703.80 1704.17 0.36 Y14-NH, L-Ala-p-iGIn-(HHHHGWILPVT-)m-Dap
1720.83 1721.16 0.33 Via L-Ala-D-iGIn-(HHHHGWILPVT-)m-Dap
1795.85 1795.27 —0.58 b,,+H,O HHHHHHGWILPVT-m-Dap

“ The difference between the monoisotopic calculated and observed m/z of fragment ions.

? i denotes internal ions.
€W is modified as hydroxytryptophan (HTRP).

(Table 2 and Fig. 3D). The structure of ion 2065.93 m1/z was also
confirmed by tandem mass spectrometry (data not shown).
Ion signals indicating cross-linking between anchor pep-
tides and neighboring cell wall peptides were detected (Table
2 and Fig. 3C). Several species at m/z 2437.08, 2465.09,
2480.08, and 2493.07 m/z could be explained as the trypto-
phan-oxidized C-terminal BcpA, s peptide anchored to
cell wall tetrapeptide that was in turn cross-linked to dia-
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minopimelic acid within another wall tripeptide: L-Ala-D-
iGIn-[r-Ala-D-iGIn-(HGWILPVT-)m-Dap-p-Ala]m-Dap and its
formylated, carbamylated, and diformylated forms (Table 2).
To test this prediction, the ion at m/z 2437.08 was subjected
to tandem mass spectrometry with CAD, which confirmed
its predicted structure (calculated m/z 2437.20) (Table 4 and
Fig. 3E). PlyL-released BcpA, ;6 anchor peptides were sub-
jected to Edman degradation, which released two amino acid
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TABLE 4

Summary of ions produced during MS/MS of the PlyL-released m/z 2437.2 parent ion

m/z

a b c
Observed Calculated A uic-obs Ion type Proposed structure
70.07 70.14 0.07 Immonium P
110.07 110.15 0.08 Immonium H
195.09 195.21 0.12 i HG
201.09 202.20 1.11 Y, -NH; L-Ala-D-iGln
247.13 247.23 0.10 a, HH
260.10 260.23 0.13 i QW
275.13 275.23 0.10 b, HH
373.21 373.29 0.08 i VT-m-Dap
384.19 384.25 0.06 i D-iGln-(T-)m-Dap
397.16 397.26 0.10 i HGW
412.18 412.28 0.10 b, HHH
510.25 510.37 0.13 i HGWI
521.25 521.38 0.13 a, HHHH
534.22 534.34 0.12 i HHGW
549.24 549.32 0.08 b, HHHH
651.35 651.52 0.17 i-H,O L-Ala-p-iGIn-(PVT-)m-Dap
658.31 658.41 0.10 ag HHHHH
671.28 671.33 0.05 i HHHGW
686.30 686.38 0.08 by HHHHH
760.39 760.44 0.06 i HHGWIL
795.37 795.49 0.13 a, HHHHHH
797.42 797.36 —0.06 i-H,O L-Ala-D-iGIn-(VT-)m-Dap-D-Ala
823.36 823.43 0.07 bg HHHHHH
853.48 853.42 —0.06 i L-Ala-D-iGIn-(LPVT-)m-Dap-p-Ala
880.38 880.50 0.11 b, HHHHHHG
897.41 897.46 0.05 c, HHHHHHG
898.50 898.45 —0.06 i (WILPVT-)m-Dap
1034.51 1034.62 0.12 i HHHHGWIL
1054.46 1054.83 0.37 ag HHHHHHGW
1082.46 1082.65 0.19 by HHHHHHGW
1167.55 1167.73 0.18 a, HHHHHHGWI
1168.64 1169.08 0.45 i L-Ala-p-iGIn-(WILPVT-)m-Dap-D-Ala
1194.62 1194.56 —0.06 i HHHGWILPVT
1195.54 1195.63 0.09 b, HHHHHHGWI
1280.63 1280.83 0.20 a, HHHHHHGWIL
1308.62 1308.76 0.13 b, HHHHHHGWIL
1504.75 1504.99 0.24 b, HHHHHHGWILPV
1751.91 1752.16 0.25 Yis L-Ala-p-iGIn-[L-Ala-D-iGIn-(HGWILPVT-)m-Dap-D-Ala]m-Dap
1888.97 1889.25 0.28 Vie L-Ala-D-iGln-[L-Ala-D-iGln-(HHGWILPVT-)m-Dap-p-Alalm-Dap
1976.97 1977.23 0.26 b, [L-Ala-D-iGIn-(HHHHHHGWILPVT-)m-Dap-p-Ala]
2026.03 2026.42 0.40 Yis L-Ala-D-iGln-[L-Ala-p-iGIn-(HHHGWILPVT-)m-Dap-p-Ala]m-Dap
2163.08 2163.44 0.36 Yis L-Ala-p-iGln-[L-Ala-D-iGln-(HHHHGWILPVT-)m-Dap-D-Ala]m-Dap
2237.12 2237.71 0.58 Cy [L-Ala-p-iGln-(HHHHHHGWILPVT-)m-Dap-p-Ala]m-Dap
2238.11 2238.53 0.43 b, + H,O [L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap-p-Ala]m-Dap

“ The difference between the monoisotopic calculated and observed masses of fragment ions.
? i denotes internal ions. Fig. 3C indicates the proposed site of fragmentation in ions labeled with subscripts 1’ and 2.

€W is modified as hydroxytryptophan (HTRP).

TABLE 5
Edman degradation of PlyL-released anchor peptides
A slash (/) indicates that no amino acid could be assigned in this cycle.

Cycle Amino acid

pM
H (32.73), A (61.62)
H (23.96)
H (27.18)
H (24.46)
H (22.56)
H (21.86)
G (4.49)
/
1(2.94)
10 L (2.29)
11 P (1.49)
12 /

O 0NN UL WN -

residues in the first cycle, histidine and alanine (Table 5).
These data corroborate mass spectrometry results, revealing
anchor peptides with branched structure and two N-termi-
nal residues accessible to phenylthiohydantoin-mediated
cleavage. The first is generated by CNBr cleavage at the
methionyl immediately upstream of the MH, tag, whereas

36682 JOURNAL OF BIOLOGICAL CHEMISTRY

the other is generated by PlyL cleavage of the amide bond
between N-acetylmuramic acid and the r-Ala of wall pep-
tides. Subsequent cycles of Edman sequencing identified
amino acids HHHHHG/ILP, which confirmed the predicted
structure of the PlyL-released anchor peptides (Table 5). No

amino acid could be assigned following cycle eight, which is
likely caused by degradation of tryptophan during the
Edman cycle (Table 5). Taken together, these results dem-
onstrate that the C-terminal threonine of sortase A-cleaved
BcpA, e is amide-linked to the side-chain amino group of
diaminopimelic acid within wall peptides, some of which are
cross-linked with neighboring wall peptides.

Cell Wall Anchor Structure of Muramidase-solubilized
BepA ,s—1solated bacterial cell wall was cleaved with
mutanolysin at the B(1-4)-glycosidic bond of MurNAc-Glc-
NAc or MurNAc-GlcNH, (Fig. 3A4). Following affinity puri-
fication by Ni-NTA, BcpA, ;¢ was cleaved with CNBr and
amino sugars of C-terminal anchor peptides were reduced
with sodium borohydride (32). Glycopeptides were sub-
jected to RP-HPLC with a C,4 column, and anchor peptides

“BSEME\
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FIGURE 4. Structure of mutanolysin-released BcpA,,,,s anchor peptides.
A, MALDI-MS spectrum of BcpAy,46 anchor peptides released from B. anthra-
cis peptidoglycan. Purified cell wall was treated with mutanolysin, and cell
wall extracts were subjected to Ni-NTA affinity chromatography. Purified
BcpAwne Was cleaved with CNBr, and anchor peptides were purified by a
second round of Ni-NTA affinity chromatography. Purified anchor peptides
were separated by RP-HPLC. Inset displays the mass spectrum (m/z) from 499
to 6019 Da of RP-HPLC fraction 45 (35% acetonitrile-0.1% formic acid) deter-
mined by MALDI-MS. The parent ion 2432.99 m/z (colored blue) was sub-
jected to tandem mass spectrometry. B, CAD fragmentation spectrum (m/z)
of parent ion 2432.99 m/z and the structural assignment of the anchor pep-
tide. Residues in bold were identified by Edman degradation.

were found to elute at 35% CH;CN-0.1% formic acid.
MALDI-MS revealed two clusters of peaks (Fig. 4A4). The
predominant ion in the first cluster, m/z 2432.99, was
explained as oxidized C-terminal anchor peptide linked to
murein disaccharide tripeptide: GIcNH,-(31-4)-MurNAc-
[L-Ala-p-iGIn-(HHHHHHGWILPVT-)m-Dap], a structure
that was confirmed with CAD fragmentation (calculated m/z
2433.17) (Table 6 and Fig. 4B). Other ions in the first cluster
were explained as the oxidation product of the tryptophan
residue to N-formylkynurenine, formylation, or carbamyla-
tion of m/z 2433.17 (m/z 2499.02, 2460.98, 2476.99, and
2489.04) (Table 7 and Fig. 44). Additional ion signals were
explained as the anchor peptides cross-linked to murein dis-
accharide tetrapeptide GlcNH,-(B1-4)-MurNAc-[1-Ala-D-
iGIn-(HHHHHHGWILPVT-)m-Dap-p-Ala] with trypto-
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BcpA Pili Anchor Structure

phan oxidation and/or modification at the a-NH, amino
group (Table 7 and Fig. 44).

The second set of ion signals indicated cross-linking between
anchor peptides and neighboring cell wall tripeptide (m/z
3314.40, 3341.38, and 3355.33) in oxidized, formylated, or car-
bamylated anchor peptide species (Table 7 and Fig. 4A).
Anchor peptides were analyzed with twelve cycles of Edman
degradation, which yielded the sequence HHHHHHG/ILPV
(Table 8). Of note, only one amino acid was released during the
first cycle (histidine), as the wall peptides of the anchor struc-
ture are engaged in an amide bond with N-acetylmuramic acid.
In agreement with previous work on the structure of sortase
C-anchored proteins of B. anthracis (23), anchor peptides
linked to cell wall peptides with higher degrees of cross-linking
could not be detected.

DISCUSSION

Sortases assemble proteins in the envelope of Gram-posi-
tive bacteria and, on the basis of biochemical criteria, four
classes of enzymes can be distinguished (33). Sortase A cuts
surface protein precursors at their LPXTG sorting signal and
accepts lipid IT as a nucleophile, thereby incorporating pro-
teins into the peptidoglycan synthesis pathway (15, 34, 35).
Sortase B recognizes surface protein precursors with distinct
sorting signals (NPQTN motif in S. aureus) and employs
cross-linked cell wall as a nucleophile (26, 36). The product
of this reaction is the deposition of NEAT domain proteins
in the cell wall envelope to enable heme-iron transport (37).
Sortase C cleaves the LPNTA motif sorting signal of proteins
in spore-forming bacteria and promotes protein deposition
at cross-bridges of mother cell and spore peptidoglycan (23,
38 —40). Finally, pilin-specific sortases, sortase D in patho-
genic bacilli, polymerize major pilin proteins and assemble
pili of Corynebacterium diphtheriae, Bacillus cereus, and
many other Gram-positive bacteria (2, 6, 41—45). Pilin-spe-
cific sortases recognize the side-chain amino group of lysine
within the YPKN motif as nucleophile for their transpepti-
dation reaction (2, 4, 6).

Although pilin-specific sortase D is clearly responsible for
polymerization of the major pilin protein BcpA, a search for
additional factors that may be required for the assembly of pili
in bacilli identified sortase A, but not sortase B or sortase C (6).
Similar results were obtained for Streptococcus agalactiae and
Corynebacterium diphtheriae (9, 10). Of note, the B. anthracis
sortase A mutant causes release of elongated pili into the extra-
cellular medium (6), and sortase A cleaves the major pilin pro-
tein between the threonine and the glycine of the LPXTG motif,
i.e. precisely at the same position as sortase D (4). Based on
these observations, a model was derived whereby pilus assem-
bly is terminated when sortase A cuts BcpA and accepts its
nucleophile, lipid II. As BcpA can still be joined to the pilus via
its YPKN motif, incorporation of lipid II at the C-terminal end
would cause pili to be immobilized in the cell wall envelope.
Thus, deposition of pili into the envelope may occur by a mech-
anism where sortase A competes with sortase D for its sub-
strates (BcpA) (21). This model was tested here by analyzing the
substrate requirements of BcpA for cleavage by sortase A or
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TABLE 6

Summary of fragment ions produced during MS/MS of the mutanolysin-released m/z 2432.99 parent ion

m/z

a b c
Observed Calculated A uic-obs Ion type Proposed structure
110.07 110.15 0.08 Immonium
195.09 195.17 0.09 i HG
247.13 247.22 0.09 a, HH
260.10 260.23 0.13 i GW
275.13 275.24 0.12 b, HH
332.15 332.21 0.06 i HHG
373.17 373.35 0.18 i L-Ala-p-iGln-m-Dap
384.19 384.28 0.09 i-H,0 D-iGln-(T-)m-Dap
395.30 395.19 —0.11 i-28 HHH
397.16 397.28 0.12 i HGW
412.18 412.32 0.14 b, HHH
483.26 483.34 0.08 i-H,O D-iGIn-(VT-)m-Dap
506.33 506.37 0.04 i-H,O ILPVT
521.25 521.34 0.09 a, HHHH
549.24 549.36 0.12 b, HHHH
623.33 623.49 0.16 i HGWIL
658.31 658.39 0.08 ag HHHHH
686.30 686.44 0.14 by HHHHH
784.36 784.42 0.06 i HHHHGW
795.37 795.48 0.11 ag HHHHHH
823.36 823.45 0.09 be HHHHHH
880.38 880.49 0.11 b, HHHHHHG
897.41 897.59 0.18 c, HHHHHHG
1034.51 1034.64 0.13 i HHHHGWIL
1054.46 1054.56 0.10 ag HHHHHHGW
1082.46 1082.61 0.15 by HHHHHHGW
1167.55 1167.73 0.19 ay HHHHHHGWI
1171.57 117191 0.35 i HHHHHGWIL
1195.54 1195.69 0.15 b, HHHHHHGWI
1280.63 1280.96 0.33 a;, HHHHHHGWIL
1308.62 1308.83 0.21 by HHHHHHGWIL
1477.73 1477.03 —-0.71 i-NH, HHHGWILPVT-m-Dap-p-iGln
1504.75 1504.92 0.18 by, HHHHHHGWILPV
1587.78 1587.03 -0.75 b,5-H,0 HHHHHHGWILPVT
1747.87 1748.23 0.36 Y12 GlcNH,-(B1-4)-MurNAc-[L-Ala-D-iGIln-(HGWILPVT-)m-Dap)
1794.90 1795.24 0.33 Cia HHHHHHGWILPVT-m-Dap
1860.92 1861.25 0.34 a,5-NH; D-iGIn-(HHHHHHGWILPVT-)m-Dap
1884.93 1885.38 0.45 Vi3 GleNH,-(B1-4)-MurNAc-[L-Ala-p-iGIln-(HHGWILPVT-)m-Dap)
1922.96 1923.33 0.37 Cis D-iGln-(HHHHHHGWILPVT-)m-Dap
2021.99 2022.43 0.43 y‘j GlcNH,-(B1-4)-MurNAc-[1-Ala-p-iGln-(HHHGWILPVT-)m-Dap)
2066.63 2067.41 0.78 - lactoyl-[L-Ala-D-iGIn-(HHHHHHGWILPVT-)m-Dap]
2159.05 2159.41 0.36 Yis GlcNH,-(B1-4)-MurNAc-[L-Ala-p-iGln-(HHHHGWILPVT-)m-Dap)
2271.78 2272.80 1.02 -¢ MurNAc-[1-Ala-p-iGIn-(HHHGWILPVT-)m-Dap)

“ The difference between the calculated and observed masses of fragment ions.
*i denotes internal ions.
€W is modified as HTRP.

@ The y-type ion originating from cleavage of the ether bond between glucosamine and the lactoyl group of N-acetylmuramitol.
¢ The y-type ion originating from cleavage of the 8-1,4-O-glycosidic bond between glucosamine and N-acetylmuramitol.

sortase D and by determining the anchor structure of the pilin
protein.

In agreement with the model of competition for the same
substrate, sortase A and sortase D displayed similar require-
ments for substrate recognition and cleavage, i.e. the C-termi-
nal LPVTG motif sorting signal of BcpA. Although both
enzymes cleave IsdX14s-GST substrate, only sortase A can
deposit IsdX1 into the cell wall envelope, corroborating the
notion that sortases display nucleophile specificity and thereby
control the fate of their substrates. The sortase A-anchored
pilin protein was linked to the peptidoglycan cross-bridge, dia-
minopimelic acid, which is part of wall peptides of B. anthracis.
These data are in agreement with the model whereby lipid II
functions as the nucleophile of sortase A-pilin intermediates,
causing biosynthetic incorporation of pili into the cell wall
envelope (21). These results also represent the first demonstra-
tion of the cell wall anchor structure of pili in Gram-positive
bacteria.

Some pili are assembled from two pilin subunits. For
example in bacilli, the tip protein, BcpB, is tethered to the

36684 JOURNAL OF BIOLOGICAL CHEMISTRY

BcpA,, polymer, whose C-terminal end is immobilized in the
cell wall envelope (6, 46). Assembly requires two enzymes
that cut BcpA and BepB (sortase D) or presumably only BcpA
(sortase A). Attack of specific nucleophiles, i.e. the YPKN
motif of BcpA (sortase D) and lipid II (sortase A), establish
assembly order in a manner so that BcpB can only be depos-
ited at the pilus tip and BcpA polymer length is determined
by the abundance of pilin substrate and enzyme and by the
affinity of substrate for sortases A and D. Most pili in Gram-
positive bacteria, however, are assembled from three precur-
sors, one major pilin protein with YPKN motif, and two
minor pilins (3). One of the minor pilin proteins appears
deposited at the pilus tip (2), whereas in S. agalactiae and C.
diphtheriae deletion of the structural gene for the second
minor pilin protein causes release of fibers into the extracel-
lular medium (11, 47), similar to mutations in sortase A (9).
If so, sortase A may recognize the minor pilin protein, but
not the major subunit, whereas the nucleophile within the
minor subunit must compete with the YPKN motif of the
major subunit and attack intermediates between pilin-spe-
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HTRP
HTRP; HC(O)-

HTRP; NH,-C(O)-

-MurNAc-[1-Ala-D-iGln-m-Dap-}p-Ala]

)
)

GlcNH,-(B1-4)MurNAc-[1-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap-{GlcNH,-(81-4)-MurNAc-[L-Ala-D-iGln-m-Dap-}p-Ala]

“ The difference between the monoisotopic calculated and observed ion masses.
» Modification of aNH, groups: formylation, HC(O)-; carbamylation, NH,-C(

GIcNH,-(B1-4)MurNAc-[1-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap-{GlcNH,-(81-4)-MurNAc-[1-Ala-D-iGln-m-Dap-}p-Ala]
0)-; modification of tryptophan: hydroxytryptophan (HTRP), N-formylkynurenine (NFK).

GlcNH,-(B1-4)MurNAc-[L-Ala-D-iGln-(HHHHHHGWILPVT-)m-Dap-{GlcNH,-(81-4

—0.82
0.19
1.25

3313.57

3341.57
3356.58

3314.40

3341.38
3355.33

ACEEVEN

BcpA Pili Anchor Structure

TABLE 8
Edman degradation of mutanolysin-released anchor peptides
A slash (/) indicates that no amino acid could be assigned in this cycle.

Cycle Amino acid

pm
H (7.84)
H (7.15)
H (7.12)
H (7.23)
H (7.37)
H (6.00)
G (3.43)
/
1(3.22)
10 L (2.39)
11 P (1.36)
12 V (1.57)

O 00NN UL W=

cific sortase and the major pilin protein (21, 47). We suspect
that the cell wall anchor structures of pili that are assembled
from three subunits resemble that of B. anthracis pili. Nev-
ertheless, experimental proof for substrate cleavage sites and
nucleophiles is needed to verify the aforementioned models
for pili that are derived from three subunits. Of note,
Lemieux et al. (48) report that S. pneumoniae does not
require sortase A to deposit pili made from three subunits in
the cell wall envelope, suggesting that another, thus far uni-
dentified sortase, may be able to fulfill the role of sortase A in
pneumococci.
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