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ABSTRACT. Many surface proteins of Gram-positive bacteria are anchored to the cell wall by a mechanism
requiring a COOH-terminal sorting signal with a conserved LPXTG motifStaphylococcus aureus
surface proteins are cleaved between the threonine and the glycine of the LPXTG motif. The carboxyl of
threonine is subsequently amide linked to the amino group of the pentaglycine cell wall crossbridge.
Here we investigated the anchor structure of surface proteihsstaria monocytogeneé\ methionine

and six histidines (Mls) were inserted upstream of the LPXTG maotif of internalin A (InlA), a cell-wall-
anchored surface protein bf monocytogenedhe engineered protein InIA-MiHCws was found anchored

in the bacterial cell wall. After peptidoglycan digestion with phage endolysin, InlA:@ks was purified

by affinity chromatography. COOH-terminal peptides of InlA-iBws were obtained by cyanogen
bromide cleavage followed by purification on a nickeitriloacetic acid column. Analysis of COOH-
terminal peptides with Edman degradation and mass spectrometry revealed an amide linkage between the
threonine of the cleaved LPXTG motif and the amino group ofrthdiaminopimelic acid crossbridge
within the listerial peptidoglycan. These results reveal that the cell wall anchoring of surface proteins in
Gram-positive bacteria such & aureusandL. monocytogenesccurs by a universal mechanism.

Gram-positive bacteria display proteins on their surface precursor may subsequently be incorporated into the cell wall
as a means to interact with host tissues and to establishvia the transglycosylation and transpeptidation reactjb8p
human infectiong1). Studies on staphylococcal protein A The addition of strong nucleophiles such as hydroxylamine
revealed that the anchoring of surface protein to the cell wall causes the release of surface protein hydroxamate from
requires a Nkterminal leader (signal) peptide and a 35 staphylococci, suggesting that polypeptides which have been
residue COOH-terminal sorting signé2—4). The sorting cleaved at the LPXTG motif form an acyl enzyme intermedi-
signal includes a conserved LPXTG motif followed by a ate with sortas€14). During cell wall anchoring, the acyl
hydrophobic domain and a tail of mostly positively charged enzyme intermediate between surface protein and sortase is
residues(3). After synthesis in the bacterial cytoplasm, thought to be resolved by the nucleophilic attack of the free
surface protein precursors are translocated across the memamino of the peptidoglycan crossbridge.
brane and the Niiterminal leader peptide is removed by  An LPXTG motif has been found within sorting signals
leader peptidasg5). The COOH-terminal sorting signal  of more than 100 surface proteif. Amino groups of cell
functions first to retain the polypeptide from the secretory wall crossbridges are also a conserved feature of bacterial
pathway(2, 3). Retention is followed by cleavage between peptidoglycang15), suggesting that the cell wall sorting
the threonine and the glycine of the LPXTG md#) and mechanism oB. aureusnay be universal in Gram-positive
then by amide linkage of the carboxyl of threonine to the bacteria. This hypothesis is supported by the conservation

pentaglycine crossbridge of the staphylococcal cell (gat of the sortase gene in Gram-positive bactéfi@) and by
9). This cell wall sorting reaction is catalyzed by a small the observation that heterologous sorting signals can anchor
membrane protein named sortd4e). surface proteins when expressedinaureus (3)Neverthe-

Antibiotic inhibition of peptidoglycan precursor (lipid Il)  |ess, the universality of the sorting reaction has never been
incorporation into cell wall also inhibits surface protein rigorously tested. Here we examined cell wall anchoring of
anchoring(11), suggesting that the membrane-tethered lipid surface proteins ihisteria monocytogenean organism that
Il may serve as the peptidoglycan substrate of the sortingwas chosen because its peptidoglycan crossbriue@pm)*
reaction(12, 13) Surface protein linked to peptidoglycan s chemically distinct and much shorter than the pentaglycine
crossbridge of staphylococ(i5—17). By using a combina-
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tion of molecular biology and mass spectrometry, we now
demonstrate that surface proteinsLofmonocytogeneare
cleaved between the threonine and the glycine of the LPXTG
motif. The carboxyl of threonine is amide-linked to the amino
of m-Dpm, thereby revealing the universality of the cell wall
sorting mechanism.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmidsio express the hybrid
protein InlA-MHs-Cws, the coding sequence for the InlA
sorting signal harboring the engineered methioninistidine
affinity tag was PCR-amplified from the chromosomal DNA
of L. monocytogeneEGD with the primers InlA2 (AAG-
GATCCACATCTAGCTCTTTACACTA) and InlA4 (AAG-
GTACCATGCATCACCATCACCATCACGAAGCTTCA-
CTCCCTACAACT). The PCR product was digested with
Kpnl and BanHI and cloned into the corresponding sites of
pOS2 to generate pGD13. DNA specifying InlA promoter
and upstream sequences were amplified with primers InlA6
(AAGGTACCGGAGTGACATGCTTTTTAACAA) and
INIA7(AAGGTACCATTATAAGGGTCATAAGCGTTCA),
digested withKpnl, and then cloned into the corresponding
site of pGD13 to generate pGD21.The Mkhag of InlA-
MHs-Cws replaces the amino acids SK at position 726 of
mature internalin.

Transformation of L. monocytogené&3vernight cultures
of L. monocytogenestrain EGD were diluted 1:20 into 300
mL of BHI containing 0.5 M sucrose and incubated at 37
°C with shaking until O3y 0.4. Penicillin G was added to
a final concentration of 12.%g/mL and cultures were
incubated fo 2 h (ODsoo approximately 0.8). Cells were
harvested by centrifugation at 4, washed with 0.5 M
sucrose, and suspended in 520 of 0.5 M sucrose.
Penicillin protoplasts were stored a80 °C in aliquots of
100 uL. For transformation, 5iL. competent cells were
thawed at £C, mixed with 1ug of dialyzed plasmid DNA,
and electroporated in a 0.2 cm cuvette at 2D@esistance,
25uF capacitance, and 2 kV. Cells were immediately diluted
with 1 mL of BHI containing 0.5 M sucrose, allowed to
incubate at 37C for 1 h, and plated on BHI-agar plates
containing 5ug/mL erythromycin. Colonies appeared after
4—5 days. Plasmids were purified frolisteria using the
Qiagen miniprep kit according to the manufacturer’s recom-
mendations.

Protein Topology Assays. L. monocytogel#3D and
EGD(pGD21) were grown overnight in BHI without or with
5 ug/mL erythromycin, diluted 1:20 into the same medium
and grown until Oy 0.6—0.7. One milliliter of culture was
centrifuged at 15009for 5 min, and cells were washed and
suspended in 1 mL of minimal medium(2). Proteins were
pulse-labeled by the addition of 3fCi of [3°S]methionine
for 1 min and all further incorporation of radioactive amino
acid was quenched by adding 30 of chase solution
(containing per milliliter 200 mg of casamino acids, 20 mg
of methionine, 20 mg of cysteine, 4 mg of chloramphenicol,
and 20uL of mercaptoethanol).

To determine the solubility of surface proteins in hot SDS,
two 0.5 mL aliquots of pulse-labelddsteria culture were
precipitated with 5% ice-cold trichloroacetic acid and the
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was digested with 100 units of endolysin at 32 for 30

min (monitored as a descrease in absorption ag/g)Dlhe
digested sample was again precipitated with trichloroacetic
acid. Both endolysin-digested and undigested samples were
suspended in 5aL of 4% SDS and 0.5 M Tris-HCI, pH
8.0, and boiled in a heated water bath for 10 min. Samples
were centrifuged at 150@0or 5 min and 45uL of soluble
supernatant was subjected to immunoprecipitation.

For cell fractionation, 1 mL aliquots of pulse-labeled
Listeria culture were incubated for 20 min after the addition
of chase solution. Cells were sedimented by centrifugation
at 1500@ for 5 min and the supernatant, representing the
extracellular medium, was precipitated with 5% ice-cold
trichloroacetic acid. Cells were suspended in 1 mL of SMM
buffer (50 mM Tris-HCI, 100 mM NaCl, 500 mM sucrose,
and 10 mM MgC}, pH 8.0) and peptidoglycan was digested
with 100 units of endolysin for 10 min at 37C. After
centrifugation at 150afor 5 min, the supernatant containing
the digested cell wall compartment was separated from the
protoplast sediment and precipitated with trichloroacetic acid.
Protoplasts were suspended in 1 mL of 50 mM Tris-HCI
and 150 mM NaCl, pH 7.5, and lysed by repeated freeze/
thawing in a dry ice-ethanol bath, and membranes were
sedimented by centrifugation at 100@0for 30 min. The
supernatant containinigisteria cytosol was separated from
the membrane pellet, which was suspended in 1 mL of 50
mM Tris-HCI and 150 mM NacCl, pH 7.5. All samples were
precipitated with 5% ice-cold trichloroacetic acid, washed
in acetone, and dried. Pellets were suspended inl56f
4% SDS and 0.5 M Tris-HCI, pH 8.0, boiled in a heated
water bath for 10 min, and centrifuged to remove insoluble
material.

For immunoprecipitation, 4aL of pulse-labeled sample
was added to 1 mL of RIPA buffer (50 mM Tris-HCI, 150
mM NacCl, 1% Triton X-100, 0.5% deoxycholate, and 0.1%
SDS, pH 8.0) containing 1:1000 diluted rabbit antiserum and
incubated with shaking at room temperature for 1 h. Protein
A—Sepharose, 50L of a 50% slurry of beads preswollen
in 50 mM Tris-HCI, 150 mM NacCl, and 10 mM EDTA, pH
7.5, was added and immune complexes were collected by
shaking at room temperaturerfb h followed by centrifuga-
tion at 400@ for 2 min and five washes with RIPA buffer.
The beads were suspended in /20 of sample buffer and
boiled for 10 min to release immunoprecipitated species,
which were then separated on SBBAGE and analyzed
by Phosphorimager.

Purification of InlA-MH;-Cws. L. monocytogendsGD-
(pGD21) and EGD were grown in BHI with or without 5
ug/mL erythromycin at 37°C to ODsp 1.0. Cells were
sedimented by centrifugation at 8@Ptbr 30 min, washed
with 500 mL of ice-cold water, and suspended in 100 mL
of water. Bacterial carbohydrates were extracted by the
addition of 100 mL of an ethanelacetone (1:1) mixture and
incubation for 30 min on ice. The cells were washed with
300 mL of ice-cold water, suspended in 30 mL of SMM
buffer, and digested with 1500 units of endolysin for-12
14 h at 37°C. Endolysin-released surface proteins were
separated from the protoplasts by centrifugation at §000
for 30 min. Supernatant containing endolysin-released InlA-
MHe-Cws surface protein was purified by affinity chroma-

sediment was washed in acetone and dried. One sample watography on Ni-NTA—Sepharose (Qiagen). A column with

suspended in 0.5 M Tris-HCI, pH 8.0, and the peptidoglycan

1.2 mL of bed volume was washed with 15 mL of
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equilibration buffer (EB; 50 mM Tris-HCI and 150 mM
NaCl, pH 7.5), loaded with 30 mL of cell wall extract,
washed first with 30 mL of EB and then with 30 mL of
wash buffer (WB; 50 mM Tris-HCI, 150 mM NacCl, 10%
glycerol, and 10 mM imidazole, pH 7.5). Bound protein was
eluted with 5 mL of elution buffer (ELB; 0.5 M imidazole,
50 mM Tris-HCI, 150 mM NaCl, and 10% glycerol, pH 7.5)
and 1 mL fractions were collected.

Purification of InlA-MHs-Cws from Isolated Cell Walls.
L. monocytogeneBEGD(pGD21) was growmi 6 L of BHI
containing erythromycin at 37C to ODso 1.0. Cells were
sedimented at 80@Xor 30 min, washed with 500 mL of 50
mM Tris-HCI buffer, pH 7.5, and suspended in 50 mL of
the same buffer supplemented withuM pepstatin and 1
mM PMSF.Listeriawere broken in a Bead-Beater instrument
(Biospec Products, Bartlesville, OK) with 15 pulses of 40 s
each follwed by 5 min of incubation on ic8)( The lysate
was cleared from glass beads by centrifugation at G660
5 min. The cell lysate was removed with the supernatant
and murein sacculi were sedimented by centrifugation at
2000@ for 20 min. Cell walls were suspended in 50 mL of
wash buffer (100 mM potassium phosphate, pH 7.5, 1%
Triton X-100, 1uM pepstatin, and 1 mM PMSF), stirred
for about 45 min at 4°C to dissolve contaminating
membranes, and centrifuged at 409@& 30 min. Cell walls
were washed three times with 100 mM sodium phosphate
buffer, pH 8.0, suspended in 100 mM Tris-HCl and 150 mM
NaCl, pH 8.0, and incubated at 3€ for 16 h with 1500
units of endolysin. Unigested cell walls were removed by
centrifugation at 5009 and the supernatant was loaded on
a 1.2 mL Ni-NTA—Sepharose column as described above.

Purification of EndolysinBacteriophage endolysin was
expressed irkE. coli and affinity-purified via an appended
affinity tag as described by Loessner et @l8). Briefly,
Escherichia coliJM109(pHLP118) was growmi2 L of
Luria broth at 37°C to ODs00 0.7, induced with 1 mM IPTG,
and grown to Olgy 1.0. Cells were harvested at 6@pfor
15 min, washed, and suspended in 30 mL of buffer F (50
mM Tris-HCI, pH 7.5, 20% sucrose, 500 mM NacCl, and 5
mM imidazole).E. coli cells were broken by two passages
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Ficure 1: Structure of InlA-MH-Cws surface protein and of the
cell wall of L. monocytogeneg¢A) Structure of recombinant surface
protein (InlJA-MHs-Cws) harboring an Nkterminal signal (leader)
peptide with leader peptidase cleavage site as well as a COOH-
terminal cell wall sorting signal consisting of an LPXTG maotif,
followed by a hydrophobic domain (shaded box) and positively
charged tail (boxed-). Upstream of the LPXTG motif, a methion-
ine followed by a six histidine tag was inserted that allowed
purification of the recombinant InlA-MkCws on Ni-NTA and
cleavage at methionine with cyanogen bromide (CNBr). (B)
Structure of the listerial peptidoglycan illustrating the cleavage sites
of phage endolysin (open arrow6). The abbreviations GN
(GlcNac) and MN (MurNac) were used for the amino sugars within
the glycan chains.
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FiGure 2: Anchoring of InJA-MHs-Cws to the cell wall ofL.
monocytogenegA) To measure protein linkage to the cell wall,
the peptidoglycan of pulse-labeled listeria was either digested with
endolysin () or left untreated ) and trichloroacetic acid-
precipitated samples were extracted by boiling in SDSmnono-
cytogenesvild-type strain EGD expresses internalin (InlA), whereas

through a French pressure cell at 14 000 psi. The lysate wasstrain EGD(pGD21) expresses InlA and InlA-Mi@ws. Total

centrifuged three times at 1509Cor 15 min and the
supernatant was loaded onto a 2.5-mL—NiTA column
preequilibrated with 30 mL of EB, washed with 30 mL of
WB, and finally eluted with 10 mL of ELB. The enzyme
was assayed for activity with heat-killdidteria cells as a
crude peptidoglycan substrate. One unit of activity is defined
as the amount of endolysin necessary to decrease thg, OD
by 0.01/min in 50 mM Tris-HCI, pH 8.0, at 25C in a
volume of 1 mL with heat-killed, washdd monocytogenes
EGD as substrate.

Cyanogen Bromide Cleage of InlA-MH-Cws. Affinity-
purified InIA-MHe-Cws was precipitated with methanrol
chloroform and dissolved in 150L of 70% formic acid.
CNBr was added to saturation and the reaction mixture was

sample and immunoprecipitated surface protei#in|A and a-Act)
were analyzed by SDSPAGE and Phosphorimager, revealing that
cell-wall-anchored InlA and InlA-Mi-Cws were largely insoluble

in hot SDS unless the peptidoglycan had first been digested with
endolysin. In contrast, the membrane-anchored surface protein ActA
was extractable with hot SDS without the need for prior endolysin
treatment(24, 25) (B) Pulse-labeled.. monocytogene&GD-
(pGD21) cultures were fractionated into culture medium (MD), cell
wall (CW), membrane (M), and cytosolic (C) compartments.
Surface proteins were immunoprecipitated and analyzed by-SDS
PAGE and Phosphorimager. InlA and InlA-Mi€ws are anchored

to the cell wall compartment, whereas ActA is located in the
membrane.

buffer A and loaded with the CNBr-cleaved peptides. The
column was washed successively with 10 mL of buffer A,

incubated for 36 h at room temperature. Cleaved peptides10 mL of buffer B (8 M urea, 0.1 M NafPO,, and 0.01 M

were dried under vacuum, suspended twice in A00of

Tris-HCI, pH 8.0), and 10 mL of buffer C (same as buffer

water, dried to remove excess CNBr, and suspended in 1B, but pH 6.3). The anchor peptides were finally eluted with

mL of buffer A (6 M guanidine hydrochloride, 0.1 M NaH
PO, and 0.01 M Tris-HCI, pH 8.0). A 1.2 mL column of
Ni—NTA—Sepharose was preequilibrated with 10 mL of

a mixture of 2 mL of buffer E (same as buffer B but pH 4.5
and 1 mL of 0.5 M acetic acid. The eluate was desalted on
a 2-mL C18 cartridg€?7).
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Ficure 3: Purification of InlA-MHs-Cws from endolysin digested ,"a_’
listeria or from isolated listerial cell wall§A) Coomassie-stained 3
SDS-12% PAGE of affinity-purified (Ni-NTA) InlA-MH -Cws: b3
load (L) and flowthrough (F) as well as five 1 mL eluate fractions 0
(1—5). L. monocytogeneBGD(pGD21) was digested with endol- m/z
ysin and protoplasts were sedimented by centrifugation. The cell 00
wall lysate in the supernatant was subjected to affinity chroma- C

tography (whole cells). In another experiment, the murein sacculi
of strain EGD(pGD21) were isolated and digested with endolysin
prior to affinity chromatography (cell walls). (B) Immunoblotting
analysis of load (L) and eluate (E) fractions afterINITA affinity
purification of endolysin-digesteld monocytogeneSGD or EGD-
(pGD21) usingo-InlA and hexahistidine probe (6-His, Pierce).
InlA-MH ¢-Cws, but not wild-type InlA, was bound and purified
on Ni—NTA—Sepharose.

Relative Intensity (%) _
3754

[

0
rpHPLC of Anchor PeptidesC18 cartridge-desalted pep- m/z
tides were dried and dissolved in 20 of 0.1% TFA, Ficure 4. Characterization of endolysin-solubilized COOH-

; ; terminal anchor peptides of InlA-Mi-Cws. (A) rpHPLC of CNBr-
filtered, and then subjected to rpHPLC on C18 column (2 cleaved and affinity-purified InlA-Mi-Cws peptides. Endolysin-

x 250 mm Betasil, Keystone SCi_emiﬁc?)' Separa_tion Was solubilized InIA-MH-Cws was purified by affinity chromatography
carried out at room temperature with a linear gradient from and cleaved with CNBr, and the COOH-terminal anchor peptides
5% CHCN (in H,O, 0.1% TFA) to 100% CECN (0.1% were isolated by affinity chromatography on-\NNTA. The sample

TFA) in 95 min at a flow rate of 0.2 mL/min. The elution was desalted over a C18 Cartridge and Subjected to rpHPLC (B)

. . . MALDI-MS of the eluted fraction at 25% C¥CN. Numbers
of anchor peptides was monitored at 214 nm, and fr‘f:mt'onsindicate them/z values of the identified ions. See Table 2 for a

were collected at 1 mL/min. Collected fractions were dried complete listing of the observed ions, proposed structures and

under vacuum and suspended in{CN—water—formic acid calculated masses. (C) MALDI-MS of the eluted fraction at 28%
(50:50:0.1) for mass spectrometry analysis. CHCN. Numbers indicate thevz values of the identified ions.

. See Table 3 for a complete listing of the observed ions, proposed
MALDI-MS. MALDI-MS spectra were obtained on a structures, and calculated masses.

reflectron time-of-flight instrument (PerSeptive Biosystems _ _ .
Voyager RP) in the linear mod@). Samples (0.5L) were surface proteins that may be linked to peptidoglycan, we

cospotted with 0.&L of matrix [o-cyano-4-hydroxycinnamic  followed a previously established strate@y. Internalin A

acid, 10 mg/mL in CHCN—waterTFA (70:30:0.1)]. All is a cell wall-anchored surface proteinlafmonocytogenes
samples were externally calibrated to a standard of bovinethat harbors an Niterminal leader peptide and a COOH-
insulin. terminal sorting sigha|19—21). Internalin A was modified

by inserting a methionine and six-histidine tag (Bjkthree

. . - - - . N amino acids upstream of the COOH-terminal sorting signal
dissolved in 4QquL of water—CH;CN—formic acid (50:50: to generate InlA-Mi#-Cws (Figure 1). The open reading

0.1). A Perkin-Elmer Sciex API Ill triple-quadrupole mass . ; .
- ; _frame specifying InIA-MH-Cws was cloned into a. coli—
spectrometer was tuned and calibrated as previously de Listeria shuttle plasmid to generate pGD21, which was

scribed (7). Samples were introduced into the ionization : .
source by flow injection. ESI-MS and MS/MS spectra were transformed intd.. monocytogenestrain EGD €2). InlA-
MHe-Cws was expressed from the internalimlA) promoter

obtained by degraded mass resolution to improve sensitivity 23

of detection. Step sizes of 0.3 and 1.0 Da were used for the( C) Il wall sorti FINIA-MH-C dint

recording of MS and MS/MS spectra, respectively. Under el wall sorting of IniA- N WS was measured in two
ways. First, listeria were grown in minimal medium and

these conditions, the isotopes of the PPG/NHingly ) o .
charged ion ain/z 906 were ngt resolved from one an%ther. pulse-labeled with*fS]methionine. Twenty minutes after the
addition of the chase, the culture was divided into two

ESI-MS of Anchor Peptide®ried muropeptides were

RESULTS aliquots, each of which was precipitated with trichloroacetic
acid. One sample was directly boiled in SDS, whereas the
Expression and Cell Wall Anchoring of InlA-MKws. other was first treated with phage endolysin to digest the

To purify and characterize COOH-terminal peptides of bacterial cell wall and then boiled in SDS (Figure 2). Wild-



Anchor Structure of LmonocytogeneSurface Proteins Biochemistry, Vol. 39, No. 13, 2008729

Table 1: Edman Degradation of COOH-Terminal Anchor Peptides  Table 3: Structures of Anchor Peptides Identified in rpHPLC

of InJA-MH ¢-Cws Fraction 33
cycle  residue  conér(pM) cycle residue conér(pM) observed calculated
b
1 His (Ala) 194 (64 8 Ala 78 mz m'z Aobs-calé proposed structufie
2 His 291 9 Ser 20 2939.4 2940.2 -0.8 Ya-(A)-Ala
3 His 280 10 Leu 41 3182.0 3183.4 —-1.4 Ys-(A)-Ala-m-Dpm-Ala
4 His 331 11 Pro 3] 3310.8 3311.6 -0.8 Ya-(A)Y 3X-(A)-Ala
5 His 293 12 Thr 18 3386.0 3382.6 +3.4 Yas-(A)-Ala
6 His 272 13 Thr 35 3684.0 3683.0 -1.0 YaX-(A)
7 Glu 58 3754.3 3754.1 -0.2 Ys-(A)

a Aliquots of rpHPLC-purified anchor peptides were analyzed by a Affinity chromatography- and rpHPLC- (fraction 33, 28% &TN)
MALDI-MS and Edman degradation. The picomolar concentration of purified anchor peptides were analyzed by MALDI-MS. Tiné& of
observed phenylthiohydantoin-coupled amino acid peaks per Edmanobserved ions is compared with th#z of proposed anchor peptide
cycle is reported® During cycle 1, the sample yielded two phenylhy-  structures® Calculations are for singly protonated speciesfiVH]*.
dantoin-coupled amino acids (histidine and alanifi@his sequenator ¢ The difference between the observed and calculated molecular mass
run did not permit detection of phenylthiohydantoin-proline. is in agreement with the expected error rate (0.1%) for this type of
measurementl A = H,N—HBEASLPTT; X = p-iGIn-m-Dpm-p-Ala.

Y = L-Ala-D-iGIn-m-Dpm-D-Ala.

Table 2: Structures of Anchor Peptides Identified in rpHPLC

Fraction 30 100

observed calculated A 0
m'z mwz° Aobs—calc¢ proposed structufe g o

1841.1 1841.9 -0.8 D-iGIn-m-Dpm-(A) 2

1911.7 1913.0 -1.3 D-iGIn-m-Dpm-(A)-D-Ala 2

2083.2 2085.2 -2.0 X-(A)-m-Dpm £ .

2212.3 2213.3 -1.0 X-(A)-m-Dpm-(0-iGIn) e |zze 8

2283.4 2284.4 -1.0 X-(A)-X 2|7 2
23545 2355.5 -1.0 X-(A)-Y/IY-(A)-X 3 @8l oF
2583.0 2584.8 -1.8 X-(A)-X-m-Dpm-0-iGln x l % %ﬂ
2866.0 2869.1 -3.1 Y-(A)-Y-Y otk

a Affinity chromatography- and rpHPLC- (fraction 30, 25% &EN)
purified anchor peptides were analyzed by MALDI-MS. Tin& of
observed ions is compared with th&z of proposed anchor peptide
structuresP Calculations are for singly protonated species{VH]*. B NH,

(Figure 2A). Transformation of strain EGD with the high-
copy-number plasmid pGD21 caused a7fold increase

in the amount of radiolabeled internalin, suggesting that InlA- FIGURE 5t Structure of the 1841 Da COOH-terminal InlA-NH
Cws anchor peptide from endolysin digestedmonocytogenes

MHG'CWS (enCOded_ by pGD21) was expresseq at quh A) MS/MS analysis of the doubly charged parent iom#t 921.5.
higher levels than wild-type InlA. Less than 20% internalin  (B) CID-generated daughter ions were compared with the structural
of strain EGD(pGD21) was directly soluble in hot SDS, model. See Table 4 for a complete listing of the observed ions,

suggesting that both InlA and InIA-MHCws were anchored ~ Proposed structures, and calculated masses.
to the bacterial cell wall (Figure 2A). As a control, more . ) ) .
than 80% of the membrane-anchored surface protein ActA achieved by using two dfferent experimental schemes. First,
was soluble in hot SDS even without endolysin digestion of listeria were digested with phage endolysin in a buffer that
the bacterial cell wal(24, 25) osmotically stabilized the resulting protoplasts. Protoplasts
As a second measure for the cell wall anchoring of InlA were sedimented by centrifugation and the supernatant,
and InlA-MHs-Cws, the location of internalin was examined containing digested cell wall, was subjected to affinity
in pulse-labeled EGD(pGD21) cultures that were fractionated chromatography on NiNTA (whole cells). Coomassie-
into the medium, cell wall, cytoplasm, and membrane Stained SDSPAGE of load (L), flowthrough (F), and eluate
compartments (Figure 2B). Internalin (InlA and InlA-MH  fractions revealed purification of InlA-M&HCws (Figure 3A).
Cws) was located in the cell wall compartment, whereas In the second approach, listeria were disrupted by mechanical
ActA fractionated with the membranes. Together these dataforce using glass beads in a bead-beater instrument. Glass
confirmed previous observations that internalin is anchored beads were removed by slow-speed centrifugation. The
to the cell wall compartment of. monocytogenes (21)  murein sacculi were sedimented from the lysate by high-
Furthermore, insertion of the MHag upstream of the INlA  speed centrifugation, and contaminating membranes were
sorting signal does not appear to interfere with the cell wall extracted with Triton X-100. Murein sacculi were treated
anchoring of InlA-MH;-Cws. with endolysin and the cell wall digest was subjected to
Purification of InlA-MHs-Cws from Listerial Protoplasts  affinity chromatography (cell walls). Coomassie-stained
and Isolated Cell WallgPurification of InJA-MHg-Cws was SDS-PAGE revealed purification of InIA-MECws from

¢ The difference between the observed and calculated molecular mass He, o13A - HoN O
is in agreement with the expected error rate (0.1%) for this type of E GH-CiNH
measurement A = HoN-HEASLPTT; X = p-iGIn-m-Dpm-Ala; A CHp
Y = L-Ala-0-iGIn-m-Dpm-0-Ala. S 1iz2aen Chz
L |ersca) [2600=C
1o [P Tazoreny Rltoren NH G 8572
type InlA of strain EGD was insoluble in hot SDS unless T_[iNH-CH-CINH-CH-(CHp)3-CH-C-OH
the listerial peptidoglycan was digested with endolysin HO-cH |  COOH
712(+2) CHy %
i

762(+2)
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Table 4: Summary of CID Daughter lons Produced during MS/MS of the Endolysin-Released Anchor PeptiohéeziBd1 and Their

Proposed Structural Assignments (Figure 4)

observedn/z charge state calculatedz Aobs-calc¢ proposed structure ion type
110.9 +1 110.1 +0.8 H a
138.5 +1 138.1 +0.4 H o]
70.1 +2 69.6 +0.5 H b
247.7 +1 247.3 +0.4 HH a
258.8 +1 257.3 +1.5 HH(=H20) b,
275.3 +1 275.3 0.0 HH b
138.5 +2 138.1 +0.4 HH o)
413.0 +1 412.4 +0.6 HHH 0
394.4 +1 394.4 0.0 HHH £ H,0) bs
549.8 +1 549.6 +0.2 HHHH o
282.5 +2 282.8 -0.3 HHHH (o
275.3 +2 275.3 0.0 HHHH b
686.6 +1 686.7 -0.1 HHHHH b
823.7 +1 823.8 -0.1 HHHHHH b
413.0 +2 412.4 +0.6 HHHHHH o}
926.3 +1 925.0 +1.3 HE &
953.0 +1 953.0 0.0 HE by
489.8 +2 489.5 +0.3 HEA (—H0) &
1024.1 +1 1024.0 +0.1 HEA bg
513.5 +2 512.5 +1.0 HEA bg
1092.2 +1 1093.1 —-0.9 HEAS (—H0) 0
11111 +1 1111.1 0.0 BEAS o}
555.8 +2 556.1 -0.3 HEAS o}
1195.1 +1 1196.3 -1.2 HEASL ao
1223.6 +1 1224.3 -0.7 HEASL bio
1205.3 +1 1206.3 -1.0 HEASL (—H20) bio
612.5 +2 612.6 -0.1 HEASL bio
599.9 +2 598.6 +1.3 HEASL ao
440.9 +2 441.5 —0.6 HHHEASLP a1, Y
659.3 +2 661.2 -1.9 HEASLP b1
713.0 +2 711.8 +1.2 HEASLPT ho
761.0 +2 762.3 -1.3 HEASLPTT/A® bis
857.0 +2 857.4 -0.4 m-Dpm-(A) yr
902.9 +2 904.4 -15 D-iGIn-m-Dpm-(A)(—NHa, —H;0)
912.5 +2 913.0 -0.5 D-iGIn-m-Dpm-(A)(—NH>)
128.6 +2 129.1 -0.5 D-iGlIn by
173.3 +1 173.2 +0.1 m-Dpm (—H0) Vi, Y1
191.6 +1 191.2 +0.4 m-Dpm Vi, Y1
301.7 +1 301.3 +0.4 m-Dpm-(-iGIn) (—H20) Vi
318.8 +1 319.3 -0.5 m-Dpm-(D-iGln) V1
420.8 +1 420.4 +0.4 T-m-Dpm-(p-iGIn) Y2
521.6 +1 521.5 +0.1 T—T-m-Dpm-(-iGlIn) Y3
618.2 +1 618.6 —-0.4 P-T-T-m-Dpm-(-iGIn) Ya
921.5 +2 921.5 0.0 D-iGIn-m-Dpm-(A) parent ion

2 See Figure 4A for relative intensity of daughter ioh€alculations are based on average masses) fwotonated species the formulariéz

= (M + n)/n. ¢ The differences between the observed and calculated

masses of daughtéNiomenclature refers to NHand COOH-terminal

cleavage fragments according to Roepstorff and FohlB&hand Biemann(36, 37) Using the same nomenclature, the prime-labeled cleavage
fragments are predicted to arise from the secong-téninus of the branched anchor structifrd. = HEEASLPTT.

the endolysin-digested cell walls (Figure 3A). This result
further corroborated the previous observation that InlIAgMH
Cws is anchored to the cell wall compartmé&at.).

InIA-MH 5-Cws, but not wild-type InlA, contained thesH
affinity tag for Ni—=NTA. Load and eluate fractions of affinity
chromatography samples obtained from strains EGD(InlA)
and EGD(pGD21) (InlA and InlA-ME-Cws) were subjected
to immunoblotting witha-InlA and o-H6 (Figure 3B).a-H6
detected InIA-MH-Cws in both the load and eluate fractions
of EGD(pGD21). Noo-H6 signal was observed in the

tography eluate was analyzed by rpHPLC on C18 column,
which revealed one major and several minor peaks of
absorption at 214 nm (Figure 4A). The major absorption peak
at 25% CHCN (30 min) was analyzed by Edman degrada-
tion, which generated the peptide sequence N
EASLPTT (Table 1). Cycle 14 and 15 (following the last
threonine) did not yield a phenylthiohydantoin modified
amino acid, indicating that the threonine of the LPXTG motif
was not linked to the remainder of the sorting signa¢-(H
EASLPTTDSDNA..). During cycle 1, 194 pmol of phen-

sample of strain EGD. Immunoblotting of the same samples ylthiohydantoin-histidine and 62 pmol of phenylthiohydan-

with o-InlA revealed the presence of InlA in the load but

toin-alanine were eluted off the sequencer column, suggesting

not in the eluate of the strain EGD samples, indicating that that approximately 28% of the COOH-terminal anchor

our purification scheme selectively purified InlA-MFCws
but not wild-type InlA.

COOH-Terminal Anchor Peptides of InlA-M¥Cws.Puri-
fied InlA-MH s-Cws was cleaved at methionine residues with
CNBr. Cleavage fragments were subjected to affinity chro-
matography on N NTA, thereby purifying COOH-terminal
anchor peptides carrying theskg. The affinity chroma-

peptides may represent branched peptides with twe-NH
termini available for Edman degradation (Table 1). The major
absorption peak at 25% GHN was analyzed by MALDI-

MS and signals atvz 1841, 1912, 2083, 2212, 2283, 2354,
2583, and 2866 were observed (Figure 4B). These measure-
ments cannot be explained as COOH-terminal peptide{NH
HeEASLPTT-COOH, calculated molecular mass 1523.6 Da)



Anchor Structure of LmonocytogeneSurface Proteins

A 1

(=3
o
]
276
1107

395

247 osg

110
173

1093 1008

11961206
1224

373

o Relative Intensity (%)

m/z
B
NH
Hg
E
§ ) Y )
s
L
P
T|§ cooH Gl HC @ COOH @ Q
T_|-C-NH-CH-(CHy)3-CH-C{NH-C-CiNH-CH-(CHy)3-CH-NHIC-(CH)-CH-C{NHy
848 NH ) COOH 9794 1035410434
0=C
(H2C)p
HoN-CH
904 0=C | 1035 1@1@
NHy
913 ‘4 948 1043/ 109941107/

Ficure 6: Structure of the 2212 Da COOH-terminal InlA-NMH
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MS/MS analysis of the doubly charged parent iom&t1107. (B)
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indeed be accomplished (Table 2). The predominant signal
of m/z 2212 was explained as singly cross-linked murein
tethered to surface protein-[GIn-m-Dpm-(NH-HEASLPTT-
)-D-Ala-m-Dpm-(0-iGIn)]. The second most abundant signals
were interpreted as surface protein linked to murein monomer
[mVz 1841; p-iGIn-m-Dpm-(NH,-HsEASLPTT-)D-Ala] or
cross-linked dimer Yz 2283; p-iGIn-m-Dpm-(NH;-He-
EASLPTT-)d-Ala-m-Dpm-(0-iGIn)-p-Ala]. Some anchor
peptides were linked to non-cross-linked peptidoglycan
presumably generated from either tripeptideéz1841, NH-
HeEASLPTT-m-Dpm-(iGIn)] or tetrapeptide wall fragments
[M/z 1912, NH-HeEASLPTT-m-Dpm-(iGln)-o-Ala)]. How-
ever, the majority of peptides were attached to 2, 3, and 4
peptidoglycan subunits that were cut at either ith&la or
thep-iGIn moieties. The presence ofAla in peptidoglycan
linked to anchor peptides explained the appearancefdé
during the first Edman degradation cycle. As phage endolysin
is not known to cleave at this si{@8, 26) we think it is
likely that these wall peptide fragments may be generated
by endogenoubl-acetylmuramoyl--Ala-amidase activity of

L. monocytogeneBGD (27).

Fraction 33 (28% CECN) of the rpHPLC chromatogram,
encompassing the second largest peak of absorption at 214
nm, was also analyzed by MALDI-MS (Figure 4C), which
revealed signals atvz 2939, 3182, 3311, 3386, 3684, and
3754. These signals were explained as surface protein

CID-generated daughter ions were compared with the structural tethered to then-Dpm of multiply cross-linked peptidoglycan

model. See Table 5 for a complete listing of the observed ions,
proposed structures, and calculated masses.

alone but must be accounted for by linked listerial cell wall
subunits.

Phage endolysin cuts the amide bond betwedéita and
D-iGIn in the listerial cell wall (Figure 1B). If the COOH-
terminal threonine of surface protein were linked to the
m-Dpm side chain (crossbridge) of the listerial cell wall,
compounds observed by MALDI-MS may be explained as
branched peptides with linked cell wall fragments. This could

NH, NH, NH,

(Table 3). Thus, although the rpHPLC chromatogram failed
to fully resolve COOH-terminal anchor peptides with small
mass differences, separation of other anchor species with
larger mass increments was achieved.

Structure of Anchor Peptides of 1841 and 2212 Da.
determine the nature of the linkage between surface proteins
and the cell wall of listeria, we subjected the sample of
fraction 30 to ESI-MS. The compound of 1841 Da, generat-
ing the doubly charged parent ion witwz 921.5, was
analyzed in an MS/MS experiment (Figure 5). The spectrum

NH,
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L-Ala L-Ala
o DGy
D) D
| sy
GN-MN-PP- -Ala
s @ ORI {01010 N A ¥ it N
T .IF_’ $ ° D—;Gln L L-,lAIa L-Ala
il P
T, o T T-C-Nr-m Dpm To DBEn bEn Cell Wall
D-lAla T-C-NH- m-[l)pm m-Dpm
D-Ala D-Ala D-Ala
L 1§ { / { / L ¢ | Membrane
!
v
UDP-MN GN-MN-PP- P
L-Ala L-Ala
bloin D-Gin Cytoplasm
NH2-m-Dpm NHz—mIme
; I

D-Ala

D-lAIa
D-Ala

D-Ala

Ficure 7: Model for the sorting of surface proteins to the cell walLoimonocytogenesodified after Ton-That et a(7). Peptidoglycan

precursor molecules are synthesized in the bacterial cytoplasm and translocated across the membrane. Surface proteins are first cleaved (1)
between the threonine (T) and the glycine (G) of the LPXTG motif and subsequently linked to the peptidoglycan precursor molecule (2).
The proposed intermediate of surface protein linked to peptidoglycan precursor may then be incorporated into the cell wall by transglycosylase
(3) and transpeptidation reactions (4). Carboxypeptidase (5) may cleawelaep-Ala of some cell wall pentapeptides to yield un-cross-

linked tetrapeptides.
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Table 5: Summary of CID Daughter lons Produced during MS/MS of the Endolysin-Released Anchor Peptiohéz\@212 and Their
Proposed Structural Assignments (Figure 5)

observedn/z charge state calculated2® Aobs— cal¢ proposed structure ion type
110.3 +1 110.1 +0.2 H a
138.5 +1 138.1 +0.4 H b
69.5 +2 69.6 -0.1 H b
247.4 +1 247.3 +0.1 HH a
258.2 +1 257.3 +0.9 HH (—H20) b,
275.6 +1 275.3 +0.3 HH o)
138.5 +2 138.1 +0.4 HH o)
413.0 +1 412.4 +0.6 HHH 0
395.0 +1 394.4 +0.6 HHH (—H.0) bs
549.5 +1 549.6 —-0.1 HHHH o}
275.6 +2 275.3 +0.3 HHHH o
282.8 +2 282.8 0.0 HHHH [
657.8 +1 658.7 -0.9 HHHHH &
687.2 +1 686.7 +0.5 HHHHH by
823.7 +1 823.8 -0.1 HHHHHH o}
413.0 +2 412.4 +0.6 HHHHHH o}
952.1 +1 953.0 -0.9 HeE by
1023.9 +1 1024.1 —-0.2 HEA bsg
1092.5 +1 1093.1 —0.6 HEAS (—H.0) 09
1112.0 +1 11111 +0.9 HEAS by
1195.7 +1 1196.3 —0.6 HEAS ao
600.2 +2 598.6 +1.6 HEASL ao
1223.9 +1 1224.7 -0.8 HEASL bio
613.4 +2 612.6 +0.8 HEASL bio
1205.9 +1 1206.3 —-0.4 HEASL (—H20) bio
440.6 +2 441.5 -0.9 HHHEASLP ay, y13°
661.7 +2 661.2 +0.5 HEASLP b1
697.7 +2 697.8 -0.1 HEASLPT a-
713.3 +2 711.8 +1.5 HEASLPT ho
761.6 +2 762.3 -0.7 HEASLPTT b3
847.7 +2 847.9 -0.2 A-m-Dpmf D14, y1'' ©
843.5 +1 843.9 -0.4 PTTm-Dpm-(-iGIn)-D-Ala-m-Dpm (—H;0) Ve, Y1'ly1" ©
860.9 +1 861.9 -1.0 PTTm-Dpm-(-iGIn)-D-Ala-m-Dpm Yo, Ya'ly1'" ©
912.4 +2 912.5 -0.1 D-iGIn-m-Dpm-(A) b4
904.4 +2 904.0 -0.1 D-iGIn-m-Dpm-(A) (—NH) b14
947.5 +2 948.0 -0.5 D-iGIn-m-Dpm-(A)-D-Ala bis
978.2 +2 979.0 -0.8 m-Dpm-(A)-d-Ala-m-Dpm v,y e
1033.1 +2 1034.6 -15 m-Dpm-(A)-d-Ala-m-Dpm-(D-iGIn) (—NHy) yi'ly:' ©
1042.2 +2 1043.1 -0.9 m-Dpm-(A)-d-Ala-m-Dpm-(D-iGIn) yi'ly:' ©
1092.5 +2 1090.2 +2.3 D-iGIn-m-Dpm-(A)-D-Ala-m-Dpm-([-iGIn)(—2NH,)
1097.9 +2 1098.7 -0.8 D-iGIn-m-Dpm-(A)-D-Ala-m-Dpm-(-iGIn) (—NHy)
128.6 +2 129.1 -0.5 D-iGIn by'/b," ©
173.3 +1 173.2 +0.1 m-Dpm (—H,0) Y1, Y1 €
191.6 +1 191.2 +0.4 m-Dpm Vi, Y1 ©
302.6 +1 301.3 +1.3 m-Dpm-(@-iGIn) (—H-0) \1
318.8 +1 319.3 -0.5 m-Dpm-(D-iGIn) Y1
373.1 +1 372.4 +0.7 p-Ala-m-Dpm-(-iGlIn) (—H,0) Vs
1106.6 +2 1107.1 —-0.5 D-iGIn-m-Dpm-(A)-D-Ala-m-Dpm-(-iGIn) parent ion

aSee Figure 5A for relative intensity of daughter ioh€alculations are based on average masses; for n protonated species the fomfzla is
= (M + n)/n. ¢ Differences between the observed and calculated masses of daughtérNonsenclature refers to NiHand COOH-terminal
cleavage fragments according to Roepstorff and Fohl(B&hand Biemann(36, 37) Using the same nomenclature, the prime-labeled cleavage
fragments are predicted to arise from the second-téminus of the branched anchor structEragments thought to arise by two cleavagas.
= HeEASLPTT.

of daughter ion fragments generated by CID is listed in Table linkage between the COOH-terminal threonine of surface
4. The presence of the ions withiz 761 (+2) and 857 {2) protein and the’-amino group ofmn-Dpm within cross-linked
revealed the linkage between the carboxyl of threonine and peptidoglycan.

they-amino group om-Dpm. The fact that this bond cannot

be hydrolyzed by Edman degradation further corroboratesDISCUSSION
the notion that the side-chajramino group ofm-Dpm must Gram-positive bacteria display a variety of proteins on the
be involved in surface protein anchoring. We also investi- cell surface that are thought to play important roles during
gated the structure of the anchor peptide tethered to mureinthe pathogenesis of human infectiofis, 28, 29) For
dimer (2212 Da) (Figure 6). MS/MS analysis of the doubly example, internalin A, and perhaps other members of.the
charged parent ion atvz 1107 generated a spectrum of monocytogenesiternalin family, cause bacterial invasion
daughter ion fragments, which are listed in Table 5. Daughterinto certain human epithelial cells by binding to the E-
ions withm/z847.7 (+2) and 978.2+¢2) revealed the linkage  cadherin receptor on the surface of host céli8, 30, 31)
between the carboxyl of threonine and th&mino group Receptor recognition appears to be a key event during the
of mDpm as well as the amide bond betweri\la and pathogenesis of listeria infections as the spectrum of potential
m-Dpm of the two cross-linked peptidoglycan subunits. Thus, hosts is limited by the species-specific interaction between
data obtained with MALDI-MS, MS/MS, and Edman E-cadherin and internalin £82). Thus, methods that interfere
degradation experiments are consistent with the amidewith surface protein display and receptor interaction may
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be used as an antiinfective therapy to either prevent or cure

human infections with Gram-positive bacteria.

Many Gram-positive surface proteins are thought to be

covalently linked to the bacterial cell wall by a mechanism
requiring a COOH-terminal sorting signal with a conserved
LPXTG motif (1). While the nature of the linkage between
surface proteins and the cell wall &. aureushas been

known for some time, the generality of these findings has

thus far not been establishéd). By examining the cell wall
anchor structure of internalin A in listeria, we show here
that the COOH-terminal threonine of surface protein is linked
to the m-Dpm of cell wall peptides (Figure 7). Thus, the
sorting signal of internalin, similar to that of staphylococcal

protein A, is cleaved between the threonine and the glycine

of the LPXTG motif. Furthermore, the amide linkage
between the carboxyl of threonine and thr@amino group
of mDpm reveals that internalin is also tethered to the

peptidoglycan crossbridge. These results strongly suggest that ;3
the amide bond exchange mechanism of the sorting hypoth-

esis is universal in Gram-positive bactgi@. The generality

of the sorting hypothesis is also supported by the fact that
the sortase gene is conserved in sequence and has been found
in the genomes of all Gram-positive bacteria that have been

sequenced to daf&0). Hence, compounds that interfere with

surface protein anchoring in staphylococci may also prevent

anchoring of listerial internalin A or any other Gram-positive
surface protein.
While the LPXTG motif and the free amino of pepti-

doglycan crossbridges are conserved in Gram-positive bac-

teria (1), the overall chemical structure of crossbridges is
not (33). In staphylococci, the crossbridge is composed of

Biochemistry, Vol. 39, No. 13, 200733
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