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Surface proteins of Gram-positive bacteria play important roles
during the pathogenesis of human infections and require sortase
for anchoring to the cell-wall envelope. Sortase cleaves surface
proteins at the LPXTG motif and catalyzes the formation of an
amide bond between the carboxyl group of threonine (T) and the
amino group of cell-wall crossbridges. The NMR structure of
sortase reveals a unique B-barrel structure, in which the active-site
sulfhydryl of cysteine-184 is poised for ionization by histidine-120,
presumably enabling the resultant thiolate to attack the LPXTG
peptide. Calcium binding near the active site stimulates catalysis,
possibly by altering the conformation of a surface loop that
recognizes newly translocated polypeptides. The structure sug-
gests a mechanistic relationship to the papain/cathepsin proteases
and should facilitate the design of new antiinfective agents.

S urface proteins of Gram-positive pathogens promote bacterial
adhesion to specific organ tissues, resistance to phagocytic
killing, or invasion of host cells (1). These mechanisms allow
invading bacteria to establish an infection and to escape the host’s
immune surveillance. Many surface proteins of Gram-positive
bacteria are anchored to the cell wall by a mechanism requiring a
C-terminal sorting signal with a conserved LPXTG motif, a hydro-
phobic domain, and a tail of mostly positively charged residues (2,
3). During cell-wall anchoring, surface proteins of Staphylococcus
aureus are cleaved between the threonine and the glycine of the
LPXTG motif (4). The carboxyl group of threonine is amide-linked
to the amino group of the pentaglycine crossbridges, thereby
anchoring the C-terminal end of surface proteins to the staphylo-
coccal cell-wall peptidoglycan (5, 6). It seems that lipid II [unde-
caprenyl pyrophosphate-MurNAc(-L-Ala-D-iGln-L-Lys(NHo-
Glys)-D-Ala-D-Ala)-B1-4-GlcNAc)], a membrane-anchored
precursor of cell-wall synthesis (7, 8), serves as a substrate for
surface protein anchoring (9). Surface proteins tethered to lipid II
may subsequently be incorporated into the peptidoglycan by means
of the transglycosylation and transpeptidation reactions of bacterial
cell-wall synthesis (10).

S. aureus srtA mutants are defective in the anchoring of surface
proteins and accumulate precursor molecules with uncleaved C-
terminal sorting signals (11). srt4 encodes sortase, a 206-residue
polypeptide with an N-terminal membrane anchor (11). Knockout
mutations in srt4 abolish the ability of mutant staphylococci to
anchor several different surface proteins to the cell wall (12). As
compared with wild-type staphylococci, srt4 mutants display de-
fects in virulence, suggesting that cell-wall anchoring and the display
of surface proteins are essential for the pathogenesis of S. aureus
infections (12). Purified sortase cleaves LPXTG peptides at the
peptide bond between the threonine and glycine (13). In the
presence of NH,-Glys, a substitute for the peptidoglycan substrate
lipid II, sortase catalyzes an amide-bond exchange reaction to
generate LPXT-Glys (14). Together, these data suggest that sortase
catalyzes the anchoring of surface proteins to the cell-wall pepti-
doglycan of S. aureus (15).

Penicillin-binding proteins (PBPs), another group of bacterial
transpeptidases, cleave cell-wall peptides at the amide bond of
D-Ala-D-Ala (16, 17). The carboxyl group of the cleaved peptide
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is ester-linked to the hydroxyl group of the active-site serine
residue (18, 19). The carboxylpeptidase and B-lactamase mem-
bers of the PBP family resolve the acyl-enzyme by the nucleo-
philic attack of water, followed by the release of cleaved sub-
strate (20). PBP transpeptidases bind cell-wall crossbridges,
NH,-Glys in S. aureus (21, 22), and the nucleophilic attack of
their amino group at the acyl-enzyme ester regenerates the
active site, thereby linking the carboxyl group of D-Ala within
wall peptides to the amino group of the crossbridge (10, 23).
Penicillin and other B-lactam antibiotics act as a molecular
mimic of D-Ala-D-Ala (24). The bulky structure of cleaved
penicillinoic acid occupies the active site and prevents water and
other nucleophiles from regenerating PBP acyl-enzymes (20).
The three-dimensional structure of several PBPs and B-lacta-
mases (with and without inhibitors) have been solved, revealing
a similar overall fold (25-27).

It seems that sortase uses the sulfhydryl of cysteine-184 (C184)
as an active-site nucleophile to cleave the peptide bond between
threonine and glycine in LPXTG peptides. (/) Mutational exchange
of C184 with alanine abolishes sortase activity in vivo and in vitro
(14). (i) Treatment of wild-type sortase with hydroxylamine re-
solves the acyl-enzyme intermediate and releases surface protein
with a C-terminal threonine hydroxamate (13). (iii) Methyl meth-
anethiosulfonates, reagents that form a disulfide with the sulthy-
dryl, prevent LPXTG cleavage by sortase (9), but activity can be
restored by addition of DTT, a reductant that regenerates the
active-site sulfhydryl (13). At present, nothing is known about
the mechanism of catalysis beyond this cursory description, because
the primary sequence of sortase is unrelated to any protein of
known structure. To understand the sortase-catalyzed transpepti-
dation reaction in molecular detail, we have delineated the polypep-
tide domain within sortase that mediates catalysis and determined
its three-dimensional solution structure with NMR spectroscopy.

Experimental Procedures

Purification of SrtAanse. Two primers (5'-AAACATATG-
CAAGCTAAACCTCAAA-TTCC-3") and (5'-AAGGATCCT-
TATTTGACTTCTGTAGCTACAA-3") were used to amplify by
PCR ansrtA sequence from the chromosome of S. aureus OS2. The
DNA fragment was digested with Ndel and BamHI, inserted into
pET9a (Novagen), cut with Ndel and BamHI to generate pHTT25,
transformed into Escherichia coli BL21(DE3), and selected on
Luria agar with kanamycin (50 ug/ml). SrtAanse for NMR studies
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Table 1. Structural statistics

NMR spectroscopy data (SA) SAgEsT

rms deviations from NOE interproton distance restraints, A*

All (1,852) 0.036 + 0.002 0.039
Protein interresidue sequential (i — j| = 1) (539) 0.037 = 0.004 0.045
Protein interresidue short range (1 < |i — j = 5) (287) 0.047 + 0.006 0.043
Protein interresidue long range (|i — j| > 5) (627) 0.037 = 0.002 0.040
Protein intraresidue (399) 0.028 + 0.009 0.021

rms deviations from hydrogen bonding restraints, At (82) 0.028 + 0.005 0.039

rms deviations of the dihedral angle restraints, deg* (195) 0.255 + 0.085 0.312

rms deviations of the 3Jyy coupling constants, Hz (58) 0.524 + 0.038 0.573

Deviations from idealized covalent geometry
Bonds, A 0.004 = 0.0001 0.003
Angles, deg 0.450 = 0.012 0.452
Impropers, deg 0.401 = 0.023 0.389

Measures of structure quality
PROCHECK-NMR (ref. 58)

Most ravored regions, % 66.4
Additionally allowed regions, % 31.2
Generously allowed regions, % 2.3
Disallowed regions, % 0.0

Coordinate precision, As
Protein backbone 0.55 = 0.11
All protein heavy atoms 1.12 £ 0.16

The notation of the NMR structures is as follows: (SA) are the final 25 simulated annealing structures; SAggst
is the lowest energy structure within the ensemble. The number of terms for each restraint is given in parentheses.
*None of the structures exhibited distance violations greater than 0.5 A, dihedral angle violations greater than

5°, or 3Jyn, coupling constant violations greater than 2 Hz.
Two distance restraints were employed for each hydrogen bond. Hydrogen bond restraints were added at the
very end of the refinement process based an analysis of the structures and amide solvent exchange data.
*195 protein dihedral angle restraints (21 x1 angles, 1 x2 angle, 67 i, 106 ¢).
5The coordinate precision is defined as the average atomic rms deviation of the 25 individual SA structures and
their mean coordinates. The values refer to residues K62 to V161 and K175 to V205.

was produced from 8 liters of minimal media culture grown at 37°C
and incubated with 1 mM IPTG (isopropyl B-D-thiogalactoside)
when the optical density at 600 nm reached 0.7. The cells were then
harvested, suspended in 100 mM Tris-HCI (pH 7.2)/5 mM EDTA/
2.5 mM DTT/5 mM benzamidine and lysed in a pressure cell. The
lysate was centrifuged and the supernatant was applied to a
DEAE-Sepharose Fast Flow XK-50 column (Amersham Pharma-
cia), and eluted with a salt concentration gradient of 0 to 1 M NaCl
in 100 mM Tris-HCI, pH 7.2/5 mM EDTA/2.5 mM DTT. Pooled
fractions were dialyzed against low-salt buffer, applied to an
SP-Sepharose Fast Flow XK-50 column (Amersham Pharmacia),
and eluted with a gradient of 0 to 1 M NaCl in 100 mM Tris-HCI,
pH 7.2/5 mM EDTA/2.5 mM DTT. SrtAanso-containing fractions
were then purified further by using a Sephacryl S-100 column
(Amersham Pharmacia) equilibrated with 50 mM TrissHCl, pH
6.2/100 mM NaCl/0.01% NaN3/20 mM CaCl,/3 mM DTT. For
structural studies, isotopic labeling with "N or N and 3C was
accomplished by growing cells in minimal medium containing
ISNH4CI or ['3Cs]glucose as the sole nitrogen and carbon sources.
Unlabeled purified protein was subjected to electrospray ioniza-
tion-MS; an average mass of 16,595.12 Da was observed. This
measurement is consistent with the predicted average mass of
16,59598 for Sl‘tAANst).

LPXTG Peptide Cleavage. Dabcyl-LPETG-Edans {d-LPETG-¢;
Dabcyl is 4-{[4-(dimethylamino)phenyl]azo}benzoic acid and
Edans is 5-[(2-aminoethyl)amino]naphthalene-1-sulfonic acid}
was dissolved in 20% DMSO and added at a final concentration
of 1-6 uM. Peptide cleavage was monitored as an increase of
fluorescence with a FluoroMax-2 spectrometer (Instruments
SA, Edison, NJ). The peptide was incubated in the presence or
absence of 2 mM NH,-Gly; and 5 uM SrtAan or SrtAansg in
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Fig. 1. Truncated sortase enzymes, SrtAay and SrtAanse, cleave LPXTG pep-
tides and are activated by calcium ions. (A) Primary structure of wild-type
sortase (SrtA), SrtAan (1) and SrtAanse (2) and the position of the conserved
leucine (L97), histidine (H120), and cysteine (C184) residues. The N-terminal
membrane anchor of S. aureus SrtA is indicated as a black box. (B) Coomassie
blue-stained SDS/PAGE displays the migration of purified SrtA,y (lane 1) and
SrtAanse (lane 2). (C) SrtAanse and SrtAay were incubated with d-LPETG-e
peptide, and cleavage was measured as an increase in fluorescence. Addition
of 2 mM Ca2* or Mn2* ions to the reaction buffer stimulated enzyme activity
8-fold, whereas K* had no effect on cleavage. (— marks control.)
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were separated by RP-HPLC on Cqg columns (see Exper-
imental Procedures). Products that eluted at 14 min (1%
acetonitrile) were analyzed by electrospray ionization-
MS, revealing the sequence G-e. (B) The fluorescent
product (475 nm) generated during the absence of NH,-
Glyseluted at61 min (76% acetonitrile) and is composed
of d-LPET. (C) Fluorescent product generated in the
presence of NH,-Glys eluted at 58 min (59% acetonitrile)
with the structure d-LPET-Glys. (D) SrtAanse catalyzes the
transpeptidation reaction in the presence of 5 mM NH,-
Glys (trace 1) at a faster rate than hydrolysis of the
substrate peptide d-LPETG-e in the absence of the pep-
tidoglycan substrate (trace 3). Transpeptidation is inhib-
ited by 5 mM MTSET, a methyl methanethiosulfonate
reagent (5). As a control, we measured the rate of
transpeptidation when SrtA,y (trace 2) or no enzyme

40 60 0
Retention Time (min)

buffer R (150 mM NaCl/5 mM CaCl,/50 mM Tris-HCI, pH 7.5)
in a volume of 520 ul. The increase in fluorescence intensity was
recorded as a function of time using excitation at 350 nm and
recording the emission maximum at 495 nm.

Characterization of Cleaved Products. A reaction mixture consisting
of 10 uM fluorescent peptides and 15 uM recombinant enzymes
in 520 ul of buffer R was incubated in either the presence or the
absence of 2 mM NH,-Glys at 37°C for 16 h. The reaction was
quenched by filtration through Centricon-10 filters (Millipore).
The filtrate was subjected to RP-HPLC purification on Cig
columns (2 X 250 mm, C;s Hypersil, Keystone Scientific, Belle-
fonte, PA). Separation was carried out with a gradient from 1%
to 41% CH3CN (0.1% trifluoroacetic acid) in 41 min and from
41% to 100% for 10 min at a flow rate of 0.3 ml/min. Elution
of peptides was monitored at 206 and 475 nm and fractions were
collected every minute, dried under vacuum, and stored at 4°C
for electrospray ionization-MS analysis, as described (6, 28).

NMR Spectroscopy and Structure Determination. All NMR experi-
ments were performed at 306 K on Bruker DRX 500- and 600-MHz
spectrometers. Spectra of the calcium-bound form of SrtAanse were
obtained by using either SN or PN/13C-labeled protein (2.5 mM
SrtAanse protein/50 mM TrissHC, pH 6.7/100 mM NaCl/0.01%
NaN3/20 mM CaCl,/3 mM DTT/7% ?H,0). Near-complete as-
signment of the 'H, 13C, and "N resonances was achieved by the
application of multidimensional heteronuclear NMR experiments
(29). All spectra were processed by using NMRPIPE (30) and
analyzed by using the program NMRVIEW (31). Distance restraints
were determined through analysis of three- and four-dimensional
I5N- and *C-edited nuclear Overhauser effect (NOE) spectroscopy
(NOESY) experiments (mixing times, 80-100 ms). NOE restraints
were grouped into four distance ranges: 1.8-2.7 A (1.8-29 A for
distances involving >N-bound protons), 1.8-3.3 A (1.8-35 A for
distances involving '>N-bound protons), 1.8-5.0 A, and 1.8-6.0 A.

6058 | www.pnas.org/cgi/doi/10.1073/pnas.101064198
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(trace 4) was added. Reaction mixtures contained 5 uM
500  (-LPETG-e and 10 uM SrtAsy or SrtAsnsg in 520 ul of
buffer R at 37°C.

The upper distance limits of restraints involving methyl protons
were increased by adding 0.5 A. Distances involving methyl protons,
aromatic ring protons, and nonstereospecifically assigned methyl-
ene protons were represented as a (37°)~ 6 sum. 3/yne couplings
were measured quantitatively by using an HNHA experiment (32),
and ¢ and ¢ torsional angles were obtained with the program TALOS
(33). Stereospecific assignments were determined by analyzing
NOE and quantitative scalar coupling data. A total of 2,105
experimental restraints were used to calculate the solution structure
(1,852 distance restraints, 21 x1 angles, 1 x2 angle, 67 i, 106 ¢, and
58 3Jun« restraints) (Table 1). Structures were calculated by using
distance geometry and simulated annealing protocols (34) with the
program X-PLOR V. 3.843 (35). At the final stages of refinement, 41
hydrogen bonds were introduced between slowly exchanging amide
protons and acceptor groups identified unambiguously from the
ensemble of conformers. Near-complete backbone resonance as-
signments of calcium-free SrtAansy were obtained by using HNCO,
HNCA (36), HNCACB (37), CBCACONH (38) and CC(CO)NH
(39) NMR experiments recorded on N/3C SrtAanso after com-
plete calcium removal.

Results and Discussion

Conservation of the Catalytically Active Domain of Sortase. We have
used the amino acid sequence of S. aureus sortase (SrtA) for BLAST
searches and identified sortase homologs in the unfinished genome
sequences of Gram-positive bacteria (the sequences are shown in
Fig. 6, which is published as supplemental data on the PNAS web
site, www.pnas.org). Sortase enzymes can be divided into two
classes. Class A enzymes, including S. aureus SrtA, harbor an
N-terminal segment of hydrophobic amino acids that functions as
both a signal peptide for secretion and a stop-transfer signal for
membrane anchoring (12). Class B enzymes contain an N-terminal
signal peptide as well as a C-terminal segment of hydrophobic
amino acids that could serve as a membrane anchor. Thus, whereas
class A sortases adopt a type II membrane topology (N terminus

llangovan et al.



Fig. 3.  SrtAanse adopts a unique three-dimensional B-barrel structure. (a)
Wall-eyed stereoview of the ensemble of 25 SrtAansg conformers. Residues
K62 to V161 and K175 to V205 (amino acid numbering is for full-length
sortase) are well ordered in solution (black). The structurally disordered loop
(K162-G174) connecting strands g5 and 86 is colored red. (b) Amino acids
within the active site are well defined by the NMR data. The panel shows the
ensemble of conformers rotated by 45° degrees with the active-site side chains
colored gold (A92, P94, L97, A118, H120, 1182, C184, W194). The B5-86 loop is
represented by a red dashed line. (c) Ribbon drawing of the structure of
SrtAanse. B-strands and helices are colored blue and green, respectively.
Beginning at the N terminus, the B1 strand (G74-178) is followed by a short
hairpin and lies antiparallel to strand B2 (183-Y88). The 82 and B3 strands
(V101-A104) are positioned in parallel and are tethered by a 319 helix (P94-
L97) which crosses over the surface of the enzyme to form the lateral wall of
the active site. Strands 83 and B4 (Q113-G119) lie antiparallel with respect to
one another and are followed by a long loop and a second «-helix, which
assume a circuitous path to position strand g5 (5140-V146) for antiparallel
alignment with strand B1. Strand 36 (E149-K155) is then connected by a short
hairpin turn for antiparallel pairing, followed by a long loop structure to
connect it to strand B7 (K177-T183), which is aligned parallel to p4. The
active-site sulfhydryl, C184, is positioned at the end of 87, which also includes
LITC184, the signature sequence of sortase enzymes. The structure is com-
pleted by a loop (D185-W194), which connects strands 87 and 38 (E195-F200)
for antiparallel pairing. Analysis with the program DALI reveals no structural
homologs (no structures with Z scores >2.1).

llangovan et al.

inside, C terminus outside the cytoplasm), class B enzymes are
thought to represent type I membrane proteins (N terminus
outside, C terminus inside). Signal peptide, membrane anchor, and
a short linker domain of sortase enzymes (S. aureus SrtA residues
26-59) display no amino acid conservation. In contrast, the core
(SrtA residues 60-206) is present in all sortase homologs examined,
suggesting that this domain may comprise the catalytically active
domain (supplemental Fig. 6).

Sortase Activity Is Stimulated by Calcium lons. To test whether the
conserved domain of sortase is catalytically active, two enzymes
were purified. SrtAan is a soluble enzyme lacking the N-terminal
signal peptide of S. aureus SrtA (residues 2-29) (13), whereas
SrtAansy is truncated further and contains only the presumed
catalytic core of sortase (residues 60-206; Fig. 1). Enzymes were
incubated with d-LPETG-e¢, a substrate peptide bearing the
LPXTG motif tethered to a fluorophore (denoted by e) and
fluorescence quencher (denoted by d) (13). Substrate cleavage was
monitored as an increase in fluorescence at 495 nm, the emission
wavelength of the Edans fluorophore (e) (40). SrtAan and SrtAxnso
displayed similar enzyme activities, indicating that removal of
nonconserved residues had no effect on cleavage of the polypeptide
substrate (Fig. 1C). Both SrtAan and SrtAanse activities were
stimulated 8-fold by the addition of calcium ions to the reaction
buffer (Fig. 1C). The concentration of calcium (Ca?") required for
the increase in sortase activity is about 2 mM. Mn?* and Mg?* can
substitute in part for Ca?*, whereas the addition of several other
divalent (Fe?*, Zn?>*, Cd?>*, and Co?") or monovalent (K*) cations
failed to stimulate peptide cleavage. The role of calcium ions in
activating sortase in vivo remains to be elucidated. S. aureus
encounters extracellular calcium concentrations of 1.5 mM or
higher upon entry into human tissues. It is conceivable that sortase
activity and the rate of surface protein anchoring to the bacterial
envelope are increased during infection.

In the absence of a peptidoglycan substrate, i.e., the pentaglycine
crossbridge of S. aureus muropeptides, SrtAan hydrolyzes the
peptide bond between threonine and glycine of the LPXTG motif
(14). When NH,-Glys; is added as a substitute for peptidoglycan,
sortase catalyzes a transpeptidation reaction and forms an amide
bond between the carboxyl group of threonine and the amino group
of NH»-Glys (14). To test whether SrtAanso is capable of catalyzing
both of these reactions, we separated enzyme substrates and
products by RP-HPLC and identified peptides by electrospray
ionization-MS (Fig. 2). When incubated in the presence or absence
of NH»-Glys, SrtAansy cleaved d-LPETG-e and generated the G-¢
product, indicating that the peptide bond between threonine and
glycine had been faithfully cut (Fig. 24). In the absence of pepti-
doglycan substrate, SrtAansy hydrolyzed d-LPETG-e at the correct
peptide bond, as revealed by the appearance of the d-LPET product
(Fig. 2B). In the presence of NH,-Glys, SrtAanso generated only
d-LPET-Glyz but not d-LPET (Fig. 2C). Thus, the removal of
nonconserved N-terminal sequences does not alter the catalytic
properties of sortase.

The Structure of Sortase. Having localized the catalytic domain of
sortase to SrtAanse, we determined its three-dimensional structure
with NMR spectroscopy (41, 42) to gain insights into the mecha-
nism of transpeptidation. A total of 25 conformers representing the
structure of SrtAanse were calculated from 2,105 experimental
restraints (complete statistics are presented in Table 1). Sortase
possesses a heretofore unseen eight-stranded B-barrel fold that
includes two short helices and several loops (Fig. 3). The structure
is precisely defined by the NMR data, with the exception of a loop
that connects strands 86 and 7. Several residues within this loop
exhibit resonance line broadening and are either mobile or directly
involved in calcium binding (described below). Strands 37 and 88
of sortase form the floor of a hydrophobic depression, with walls
constructed by amino acids located in loops connecting strands
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Fig. 4. The active site of SrtAansg and its calcium-binding site. (A) Expanded view of the active site. As for the papain/cathepsin family, N98, H120, and C184
may form a catalytic triad that mediates the transpeptidation reaction and are positioned within a large hydrophobic pocket suitable for sorting signal binding.
(B) Representative histogram of the C,-carbon chemical shift differences between the calcium-free and -bound forms of sortase plotted as a function of residue
number. These data and observed chemical shift changesin the amide nitrogen and proton atoms were used to determine the calcium-binding surface of sortase.
The largest chemical shift changes occur in amino acids V168, L169, and N114; they are 2.1 (C,), 7.3 (N), and 1.3 (HN) ppm, respectively. We estimate that calcium
binds to sortase with a Kq of ~10~4to 1073 M. The secondary structure of sortase is indicated. The absence of a bar indicates that the chemical shift of the a-carbon
is unassigned in either the calcium-bound or calcium-free form. (C) Ribbon drawing of sortase showing the putative calcium-binding site and calcium-sensitive
active-site loop. Three acidic side chains (E105, E108, D112) are poised to bind calcium as judged by localized, large-amplitude calcium-dependent changes in
their chemical shifts and in surrounding amino acids. Several amino acids distal to the calcium-binding site exhibit broadening of their backbone atoms only in
the presence of calcium (indicated by magenta spheres). These amino acids experience micro- to millisecond fluctuations in their magnetic environments, which
presumably result either from calcium-dependent movements of the loop connecting strands 86 and 87 or from the binding of a second cation. The active-site
side chains of H120, C184, and W194 are shown for reference. (D) Electrostatic surface of the SrtAxnso active site shown in a similar orientation as in C (acidic and
basic surfaces are colored red and blue, respectively.) An active-site groove can readily accommodate a polypeptide substrate denoted by a white line. The
hypothetical positioning of the sorting signal is derived by analogy with the papain/cathepsin protease family.

B3-B4, B2-B3, B6—B7, and B7-B8 (Fig. 3c). We propose that the
LPXTG motif within sorting signals of secreted proteins is cleaved
by the sulthydryl group of C184 located within this pocket. Con-
sistent with this hypothesis is the strict conservation of H120 and
C184 within the putative active site, the detrimental effects of a
C184A mutation (14), and the observation that methyl methane-
thiosulfonate (43), a compound preferentially reactive with thiolate
ions (44), abolishes sortase activity (9).

Active Site of Sortase. The first chemical step in sortase-mediated

protein attachment is the formation of a thioacyl intermediate
with the concomitant cleavage of the TG peptide bond within the

6060 | www.pnas.org/cgi/doi/10.1073/pnas.101064198

sorting sequence. Although structurally unrelated, our results
indicate that this step is mechanistically related to the proteolytic
reactions of the papain/cathepsin protein family. The active sites
of these proteases contain three conserved residues, C25, H159,
and N175 (45-47); before substrate binding, C25 is held in an
active configuration through a thiolate—imidazolium ion inter-
action with H159 (48). Analogously, C184 of sortase may be
activated by the imidazole ring of H120, which in all probability
facilitates thiolate formation and subsequent nucleophilic attack
on the carbonyl carbon at the scissile peptide bond. In the
structure of sortase solved in the absence of substrate, the side
chains of C184 and H120 do not interact, with C184 projecting

llangovan et al.



away from H120 into the hydrophobic pocket (Fig. 44). It would
thus seem that during catalysis, substrate binding initiates a
subtle conformational rearrangement in these side chains (for
example, rotation of the x1 and x2 angles of C184 and H120,
respectively), enabling sulfhydryl proton extraction and subse-
quent nucleophilic attack. Substrate-induced activation of sor-
tase may be advantageous, preventing spurious proteolysis re-
actions without the need for more elaborate inactivation
mechanisms, such as prosegment occlusion of the active site as
observed in the zymogen structures of papain and cathepsin. In
the cysteine proteases, a hydrogen bond between the side-chain
oxygen of N175 and the Ne, of H159 has been proposed to
stabilize the active site (49). Analogously, N98 in sortase may
stabilize the positioning of H120, because in sortase the chemical
shift positions of the imidazole nitrogens of H120 indicate that
it is fully protonated, and 48% of the conformers in the ensemble
contain a hydrogen bond between the Ne; proton of H120 to the
side-chain oxygen of N98. This interaction would not seem to be
essential, because N98 is poorly conserved in the sortase family,
and N175 in the cysteine proteases can be replaced by glutamine
or alanine without complete loss of enzymatic activity (49).

Sortase presumably examines newly translocated polypeptides,
searching for a LPXTG motif. Once the recognition sequence is
found, the polypeptide is transferred to the cell wall (3). The sagittal
dimensions of the active site can readily accommodate the sorting
signal, forming a groove constructed by several hydrophobic side
chains (A92, 1.94, A118, 1182, L169; Fig. 44). By analogy to the
papain/cathepsin proteins, we expect the N-terminal end of a
bound peptide to lie near the beginning of strand S8, traversing over
the active site, and exiting at the saddle formed by H120. After
covalent linkage through a thioacyl bond to the threonine carbonyl
group, the incoming amine of the cell-wall crossbridge may then be
deprotonated by H120 for attack on the covalent intermediate. This
hypothesis is consistent with the mechanism of the papain/
cathepsin proteins, where the active-site histidine may function to
protonate the leaving amine or act as a general base during the
deacylation reaction (50).

Calcium Binds Near the Active Site of Sortase. To gain insights into
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compared the NMR spectra of sortase in the presence and absence
of calcium, reasoning that large amplitude changes would occur in
amino acids proximal to an ion-binding site. The largest calcium-
dependent chemical shift changes are localized to the backbone
atoms of amino acids within the 83-p4 and B6—B7 loops (Fig. 4B).
Inspection of the electrostatic surface potential of these amino acids
indicates that they form a continuous acidic surface near the active
site (Fig. 4 C and D). A structurally well ordered calcium-binding
site seems to be formed by the side chains of E105, E108, and E112
within the 83—34 loop and possibly by E171 from the B6—37 loop
(Fig. 4C). A second interaction surface is formed by several amino
acids in the B6—B7 loop, which experience milli- to microsecond
calcium-dependent modulations in their magnetic environments, as
judged by their resonance line broadening only in the presence of
calcium (represented as magenta spheres in Fig. 4C). These amino
acids either form a second weaker ion-binding site or participate in
slow-motion conformational dynamics as a result of ion binding. It
should be emphasized that the NMR technique does not directly
reveal the positions of calcium ions within the structure of sortase
and that more quantitative methods are required to determine both
the dissociation constants and stoichiometry of binding. However,
our results clearly indicate that calcium binding significantly per-
turbs the wall of the groove leading to the active site, implying that
cations activate sortase by facilitating substrate binding. The elu-
cidation of additional structures with and without calcium, and the
LPETG peptide and crossbridge substrates, will complement the
results presented here and enable the development of compounds
that inhibit cell-wall anchoring of surface proteins in Gram-positive
bacteria. These compounds may act as antiinfectives that should be
useful for the treatment or the prevention of human infections
caused by Gram-positive bacteria. Such strategies are urgently
needed because many infectious microbes have developed resis-
tance to currently used antibiotics (51).
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