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The Structure of Sortase B, a Cysteine
Transpeptidase that Tethers Surface Protein
to the Staphylococcus aureus Cell Wall

tated could not display their surface proteins properly
and therefore were defective in the pathogenesis of ani-
mal infections (Bierne et al., 2002; Bolken et al., 2001;
Mazmanian et al., 2000, 2002). As more and more patho-
gens become resistant to antibiotics, inhibition of sur-
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face proteins on the cell wall may offer a novel strategyBirmingham, Alabama 35294
against the Gram-positive bacterial infections (Cossart2 Committee on Microbiology
and Jonquieres, 2000).University of Chicago

In most cases, Gram-positive bacterial genomes en-Chicago, Illinois 60637
code more than one sortase gene (Pallen et al., 2001),
and it has been suggested that different sortases func-
tion to anchor different classes of surface proteins (Ton-Summary
That et al., 2001). Staphylococcus aureus harbors two
sortases, sortase A (SrtA) and sortase B (SrtB), whichMany surface proteins of Gram-positive bacteria,
exhibit about 45% primary sequence homology (Figurewhich play important roles during the pathogenesis of
1A). The newly identified SrtB anchors IsdC, a polypep-human infections, are anchored to the cell wall enve-
tide involved in heme-iron transport (Mazmanian et al.,lope by a mechanism requiring sortases. Sortase B, a
2002, 2003). Ion acquisition from the living environmentcysteine transpeptidase from Staphylococcus aureus,
is critical for bacterial survival and pathogenesis. Whilecleaves the C-terminal sorting signal of IsdC at the
SrtA anchors surface proteins involved in adherenceNPQTN motif and tethers the polypeptide to the pen-
and immune evasion, SrtB seems to be dedicated totaglycine cell wall cross-bridge. During catalysis, the
the essential process of iron acquisition during bacterialactive site cysteine of sortase and the cleaved sub-
infection. SrtB cleaves the protein precursor moleculestrate form an acyl intermediate, which is then re-
at the NPQTN motif, and it shows no cross-activity withsolved by the amino group of pentaglycine cross-brid-
SrtA (Mazmanian et al., 2002). The structural basis for theges. We report here the crystal structures of SrtB�N30 substrate specificity of the two Staphylococcus aureusin complex with two active site inhibitors, MTSET and
sortases remains to be elucidated.

E64, and with the cell wall substrate analog triplegly-
Because of a single conserved cysteine residue that

cine. These structures reveal, for the first time, the was implicated in their transpeptidation reaction in vitro
active site disposition and the unique Cys-Arg catalytic (Ton-That et al., 2002), sortases were thought to be cys-
machinery of the cysteine transpeptidase, and they teine transpeptidases. Such transpeptidation was abro-
also provide useful information for the future design gated by the addition of MTSET (2-(Trimethylammon-
of anti-infective agents against sortases. ium)-ethyl-methanethiosulfonate), a cysteine protease

inhibitor (Akabas et al., 1992), confirming the role of the
Introduction conserved single cysteine as the active nucleophile. In

the case of SrtB, the enzyme first breaks the peptide
The cell wall envelope of Gram-positive bacteria can bond between T and N of the NPQTN sorting motif to
be viewed as a surface organelle, containing anchored form a tetrahedral acyl intermediate. The amino group
proteins that promote adherence to host tissues and of pentaglycine cross-bridges tethered to the lipid II
enable bacterial escape from the innate immune re- peptidoglycan precursor molecules is thought to func-
sponse (Navarre and Schneewind, 1999). Those surface tion as a nucleophile, resolving the acyl intermediate
proteins are first synthesized in the bacterial cytoplasm, and generating an amide bond between the surface
then transported across the cytoplasm membrane, and protein and lipid II, with subsequent incorporation of
finally covalently linked to the peptidoglycan of the cell this intermediate into the cell wall envelope (Perry et
wall. Sortases, a class of membrane-anchored enzymes, al., 2002). This process could well be analogous to the
are responsible for the anchoring of the surface proteins reaction catalyzed by serine DD-transpeptidases or
to the cell wall (Mazmanian et al., 2001; Novick, 2000). penicillin binding proteins (PBPs) (Grandchamps et al.,
In Staphylococcus aureus, sortase A (SrtA) recognizes 1995; Rhazi et al., 2003). But the exact catalytic mecha-
and cleaves the surface protein precursor molecules nisms of sortases, including the identity of catalytic resi-
at the LPXTG motif. Among the LPXTG motif-bearing dues added to the nucleophilic cysteine and of the struc-
proteins already identified are many bacterial adhesion tural correlates responsible for substrate binding and
proteins, which are also called MSCRAMMs (microbial its specificity, are not known.
surface component-recognizing adhesive matrix mole- Although extensive biochemical studies of SrtA have
cules) such as Spa, FnbA, FnbB, ClfA, ClfB, Cna, SdrC, been performed in vivo and in vitro (Perry et al., 2002;
SdrD, SdrE, and Pls. Bacteria which fail to display Ton-That et al., 2000), structural characterization of this
MSCRAMMs lose their virulence (Foster and Hook, 1998; transpeptidase has been limited to NMR spectroscopy,
Patti et al., 1994). Not surprisingly then, bacterial strains and the location and disposition of its active site have
in which the sortase gene had been inactivated or mu- remained a matter of speculation (Ilangovan et al., 2001).

The active site’s catalytic function was attributed to sin-
gle cysteine and histidine residues, known to be con-*Correspondence: narayana@uab.edu
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Figure 1. Overall Structure of S. aureus SrtB�N30

(A) The primary sequence alignment of SrtA and SrtB utilizing the crystal structure of SrtB�N30. The secondary structure elements of SrtB�N30

are represented as arrows for � strands and cylinders for helices. The residue numbers show the starts and ends of SrtA�N59 and SrtB�N30,
respectively.
(B) Ribbon representation of SrtB�N30, in which individual � strands (green) and � helices (blue and cyan) are labeled. Putative catalytic Cys
and His residues are shown as ball-and-stick models.
(C) Superimposition of SrtB�N30 and one of the SrtA�N59 NMR models. The NMR SrtA�N59 backbone ribbons are shown in red, and SrtB�N30 is in
other colors. The N-terminal two-helix bundle and helices H4 and H5 observed in the SrtB�N30 crystal structure were not observed in SrtA�N59

NMR structure.

served in all the sortases of all Gram-positive bacteria, In this report we present the crystal structures of SrtB
in complex with two inhibitors and one substrate andand presumably positioned in its near vicinity. The NMR

structures of SrtA�N59 suggested that the conserved reveal that the catalytic triad in sortases is distinct from
that of classical cysteine proteases. Even though theCys184 and His120 residues, along with Asn98, dis-

played a spatial arrangement almost identical to that transpeptidation reactions catalyzed by Staph aureus
SrtA and SrtB enzymes are similar, they recognize al-observed for the catalytic triad in the cysteine protease

papain (Ilangovan et al., 2001). Thus, Cys184, His120, most identical yet subtly different anchoring motif in
substrates. In addition to presenting the novel foldingand Asn98 were assumed to form a putative catalytic

triad for SrtA (Ton-That et al., 2002). However, the thiol of these enzymes, the crystal structures reported here,
for the first time, reveal the unique Cys-Arg catalyticgroup of Cys184 was observed to point away from the

imidazole group of His120, and the distance between dyad involved in the transpeptidation reaction and pro-
vide a clear picture of the catalytic machinery of thisthem was too large to form a typical thiolate-imidazolium

ion pair without necessitating substantial main chain enzyme and of its class.
conformational changes. Moreover, the imidazole ring
of His120, as a member of a hydrophobic cluster and Results and Discussion
having limited interactions with Cys184, is unlikely to
have direct interactions with the peptide substrates as Crystallization and Structure Determination

Although sortases are membrane-anchored proteins,a general acid/base during the catalysis. Hence, con-
fined by the SrtA�N59 NMR structure to the concept that recombinant SrtB, known as SrtB�N30, created by delet-

ing the N-terminal transmembrane segment, remainssortases utilize the Cys-His-Asn catalytic triad seen in
classic cysteine protease, one could not define the ac- fully functional (Mazmanian et al., 2002). MTSET, com-

monly used for probing active and accessible thioltive site of SrtA and the catalytic mechanism for sor-
tases. groups in proteins, is an effective inhibitor for both SrtA
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Table 1. Crystallographic Statistics

Data Collection

Data Set Wavelength (Å) Resolution (Å) Total Unique Completeness �I/� (I)� Rm
a (%)

C2221 (E64) 0.9791 2.7 309,446 10,290 99.4% 12.3 5.9
C2221 (MTSET) 1.5418 2.5 164,067 6,905 96.8% 7.1 11.1
C2 (MTSET) 1.5418 1.7 408,147 20,145 97.4% 19.8 5.2

Phasing Statistics

Se Sites FOM (Before/After DM)

C2221 (E64) 5 0.34/0.78

Refinement Statistics Rmsd

Water Rb (%) Rfree
c (%) Bonds (Å) Angle (o) Bave (Å2)

C2221 (E64) 25 22.5 27.5 0.0086 1.236 29.8
C2221 (MTSET) 27 19.1 27.4 0.0063 1.147 35.8
C2 (MTSET) 291 18.3 22.8 0.0047 1.110 20.2

a Rm � �||IO| 	 |IAve||/�|IAve|, where IO is the individual measurement of a reflection and IAve is the average intensity for symmetry-related reflections.
b R � �|FObs 	 FCal|/�FObs.
c Rfree � �test(|FObs| 	 |FCal|)2/�test|FObs|2, where �test are 10% reflections being randomly selected as a test set.

and SrtB with binding constants in the 20 
M range of the �-barrel forms a concave region, and the critical
cysteine residue, Cys223, is located at the tip of the �7(Mazmanian et al., 2002; Ton-That et al., 2000). SrtB�N30

treated with MTSET was crystallized in two space strand directed toward the concave pocket.
groups, C2221 and C2. When incubated with E64 ([n-
(l-3-trans-carboxyoxirane-2-carbonyl)-l-leucyl]-amido SrtB�N30 Complexed with MTSET
(4-guanido)butane), an inhibitor that reacts with nucleo- The 2-(trimethylammonium) ethyl thiol group of MTSET
philic cysteine residue in cysteine proteases, SrtB�N30 is linked to the thiol group of Cys223 via a covalent
was crystallized in the C2221 space group. A C2221 bond, suggesting that the nucleophilic thiol of Cys233
SrtB�N30-MTSET complex crystal was soaked with a tri- is readily accessible in the resting state (Figure 2A). This
ple glycine (Gly3) peptide. Molecular replacement trials finding provides the first structural evidence that SrtB
using SrtA�N59 NMR structures (1IJA) as the searching functions as a cysteine protease. In classic cysteine
model failed. To determine their initial structure using proteases, the catalytic cysteine residue is usually found
the single anomalous scattering technique, we grew at the N-terminal end of a helix bordering the substrate
C2221 crystals of SrtB�N30 complexed with MTSET in which binding cleft (Grzonka et al., 2001; Turk et al., 1997,
the methionine residues were substituted with Seleno- 1998). Characteristically, the Cys223 of SrtB�N30 is lo-
methionine. Subsequently, other SrtB�N30 complex crys- cated at the C-terminal end of a � strand, a situation
tal structures were determined by molecular replace- similar to that observed in interleukin-1� converting en-
ment methods. The crystallographic data collection and zyme (ICE), an unconventional cysteine protease in
model refinement statistics are presented in Table 1. monocytes (Wilson et al., 1994). However, ICE is an �/�

protein with a modified Rossman fold and its catalytic
Cys/His residues are present at the easily accessible �Overall Structure of SrtB�N30
sheet tip, whereas SrtB�N30 and SrtA�N59 have Cys/HisThe structures of SrtB�N30 in the two different space
residues anchored on the concave side of a � sheet,groups are essentially identical, except for small varia-
suggesting that sortases represent an unconventionaltions in the connecting loop regions. The overall struc-
group of cysteine proteases characterized by a novelture of SrtB�N30 consists of a unique eight-stranded
�-barrel fold.�-barrel core structure, and a two-helix bundle subdo-

main at the N-terminal end (Figure 1B). The topology of
the �-barrel is identical to that observed in SrtA�N59 NMR SrtB�N30 Complexed with E64

The active site of SrtB�N30 can be further defined by thestructures, and there structures superimpose with an
rms deviation of 1.25 Å for 84 C� atoms (Figure 1C). crystal structure of the SrtB �N30-E64 complex (Figure

2B). With the presence of clear electron density in theHowever, the SrtB�N30 crystal structure differs from
SrtA�N59 NMR structures by the insertion of a four-turn active site, E64 exhibits two possible conformations for

its terminal guanidino group. The E64 C2 (numbering� helix and one-turn 310 helix between the �6 and �7
strands, and a two-turn 310 helix and one-turn � helix according to the caricain-E64 structure [1MEG] [Kater-

elos et al., 1996]) atom is covalently linked to Cys223between the �4 and �5 strands (Figure 1D). The N-ter-
minal of SrtB�N30 forms two well-defined � helices. The S�. However, its carboxyl group (C1OO)	 is in hydrogen-

bonding distance to the guanidinium group of Arg233,H1 helix is directly linked to the transmembrane segment
of SrtB and the H2 helix is packed against the main which might function as a stabilizing agent for SrtB�N30,

just as an “oxyanion hole” and a catalytic histidine resi-body of the enzyme. The two helices may help to project
the enzyme into extracellular space. The external side due did for the E64 carboxyl group in the papain-E64
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Figure 2. The Active Site Disposition of SrtB�N30

Complexed with Two Inhibitors

(A) The MTSET molecule (upper panel) is
shown in two colors, with its cyan part linked
to SrtB�N30. In the lower panel, MTSET (purple
bonds) is covalently linked to Cys223 S� and
it can be seen that Cys223 S� is pointing away
from the His130 imidazole ring.
(B) Stereo view of E64-bound active site of
SrtB�N30. The E-64 molecule representation
is shown in the upper panel. In the lower
panel, the S� of Cys223 is covalently linked
to the C2 atom of E64, and the guanidino
group of E64 has two conformations, which
are represented in two colors, purple and
cyan.
(C) Spatial disposition of the papain, stapho-
pain, and Srtb�N30 catalytic residues and the
respective active site-bound inhibitor E64
molecules. The stereo view of SrtB�N30-E64 is
superimposed on the papain-E64 and sta-
phopain-E64 complexes by aligning the
SrtB�N30 Cys223-His130-Asp225 residues
with the catalytic Cys/His/Asn triad residues
of papain and staphopain inhibitor complex
crystal structures. In all three, the E64 inhibi-
tor is covalently linked to the respective Cys
residue S� atom. Atoms are colored ac-
cording to their type (carbons in green, oxy-
gens in red, nitrogens in blue, and sulfurs in
yellow). The bonds for the side chain residues
and the respective inhibitor molecules are
colored identically: gold bonds for SrtB�N30,
red for papain, and blue for staphopain. The
thin lines in the background represent the
backbone of SrtB�N30. For comparison, we
have also superimposed the SrtA�N59 Cys183
and His120 residues (gray bonds) with the
corresponding C223 and His130 residues of
SrtB�N30.
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Figure 3. Sequence Alignment around Active
Sites of Sortases from Different Gram-Posi-
tive Bacteria

The active Cys and Arg are conserved across
all species, and though gap length between
the Cys and Arg may vary, the relative dispo-
sition of Cys and Arg remains constant. The
alignment was run by ClustalW 1.82 of EMBL-
EMI (Thompson et al., 1994).

(1PPP) and staphopain-E64 (1CV8) crystal structures in cysteine proteases the nucleophilic character of the
active site cysteine residue is not assured by the simple(Hofmann et al., 1993; Varughese et al., 1989; Yamamoto

et al., 1991). Assuming that the SrtB�N30-E64 complex presence of the Cys	-His� ion pair, but requires the
surrounding charged or polar clusters that potentiateresembles the acyl-enzyme intermediate and that a gen-

eral acid/base is needed for the acylation and deacyla- the catalytic competence of the Cys (Pinitglang et al.,
1994, 1996). It is interesting to note that the side chainstion of substrates during catalysis (Harrison et al., 1997;

Matsumoto et al., 1999), the observed distance of 7.0 Å of Glu224 and Asn180 are in hydrogen-bonding distance
to the guanidinium group of Arg233 and so each couldbetween the side chain of His130 and the covalently

bound E64 C2 atom makes it impossible for the His130 conceivably form a catalytic triad with Cys223-Arg233.
However, neither Glu224 nor Asn180 is conservedto participate in the cleavage of the NPQTN peptide

substrate. For the purposes of comparison, we superim- among sortases.
posed Cys223, His130, and Asn97 of the SrtB�N30 crystal
structure on the catalytic triad residues of papain and SrtB�N30 Complexed with Gly3 Peptide

After the peptide cleavage/acylation step, sortases usestaphopain, along with the respective covalently bound
E64 molecules (Figure 2B). Although its Cys-His-Asn a second substrate, Gly5, one of the cross-bridges of

peptidoglycan, as a nucleophile to resolve the acyl-triad residues are in a similar spatial disposition to those
of papain and staphopain, the SrtB�N30-E64 complex dis- enzyme intermediate. The transpeptidation reaction is

dominant if Gly5 or Gly3 is present (Ton-That et al., 2000).plays the covalently bound inhibitor directed away from
the His130 residue, suggesting that SrtB may employ a This peptide transfer is similar to that seen in the cataly-

sis by DD-transpeptidase of the peptide cross-linkingcatalytic apparatus other than the traditional Cys-His-
Asn/Asp triad of cysteine proteases. reaction involved in bacterial cell wall peptidoglycan

assembly (Fonze et al., 1999; Grandchamps et al., 1995;The nearest ionizable side chain to Cys223, other than
the imidazolium group of His130, is the guanidino group Rhazi et al., 2003). When incubated with the nucleophile

Gly3, SrtA catalyzes exclusively the transpeptidation re-of Arg233 (5.1 Å to Cys233 S� and 3.1 Å to E64 C2). It
is conceivable that the guanidino group is free to move action with a Km of 16.48 
M and a Kcat of 2.27  105

(1/s), and the incorporation of Gly3 is the rate-limitingcloser to Cys223 S� or to the incoming substrate without
disrupting the overall architecture of the active site. step in the reaction (Ton-That et al., 2000). Anticipating

a well-defined binding site for the second substrate Gly3Other ionizable groups in proximity to Cys223 are Tyr128
(7.6 Å), His93 (9.2 Å), and Arg115 (11.5 Å). Interestingly, close to the sortase catalytic apparatus, we soaked Gly3

peptide into the SrtB�N30-MTSET crystals. Clear electronArg233 is conserved in all sortases of Gram-positive
bacteria (Figure 3), and similar spatial arrangements for density for Gly3 was seen in 2Fo-Fc and Fo-Fc (Figure

4A) maps far from His130, and the N-terminal aminoCys-Arg have been observed in the SrtA�N59 NMR struc-
tures. Since the loop joining the Cys-Arg pair could vary group of Gly3 was observed to be about 5.2 Å to the

guanidinium group of Arg233, about 3.5 Å to the S atomin length and shape, we can reasonably assume that
the Cys-Arg configuration is common among sortases. of the covalently linked MTSET and about 4.5 Å to the

S� of Cys223 (Figure 4B). Gly3 is held in position by aAlthough the His130 residue in SrtB�N30 is unlikely to
participate directly in the catalytic process, it could play backbone hydrogen bond between the substrate and a

residue in the loop region between Cys223 and Arg233.an important role in maintaining the electrostatic envi-
ronment of the active site. It has been suggested that During deacylation, a general base is needed to de-
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Figure 4. (Gly)3-Bound SrtB�N30 and a Molecular Model of SrtB�N30-NPQT Complex

(A) Stereo view of the difference electron density (plotted at 2.5�) in a (Fo-Fc) map to 3.0 Å resolution utilizing the calculated phases without
the contribution of (Gly)3.
(B) Stereo view of the peptide substrate (Gly)3-bound SrtB�N30 active site. The inhibitor MTSET is covalently linked to Cys223. (Gly)3 (black
bonds) is partially held in position by the loop joining the �7 and �8 strands, and its N-terminal NH2 group is in proximity to the guanidinium
group of Arg233 and Cys223 thiolate.
(C) Surface representation of SrtB�N30 with (Gly)3, E64, and MTSET bound in the active site.
(D) Ball-and-stick representation of the modeled NPQT-enzyme intermediate. The carbonyl carbon of Thr is covalently linked to S� of C223,
and the carbonyl oxygen is pointing toward the guanidinium group of Arg233. The rest of the peptide, in extended conformation, is stabilized
by two backbone hydrogen bonds and hydrophobic interactions of the Pro residue in the NPQT motif.

protonate the N-terminal amino group of Gly3 or Gly5, 4D). The side chain of Thr can fit into a pocket formed
by the side chains of Tyr128, Phe111, Leu96, andand the guanidinium group of Arg233 is suitably poised

for this role. Interestingly, the position of Gly3 overlaps Arg233. With the Thr residue position fixed, we have built
an extended conformation for the remaining peptide,with the guanidinium group of E64 in one of the two

conformations seen for this inhibitor and with a con- where the side chain of Gln points into the solvent. A
peptide accepting two hydrogen bonds to its backboneserved water molecule observed in all of the inhibitor

complex crystal structures of SrtB�N30. anchors the proline residue in a hydrophobic pocket
formed by the Phe114, Ile182, and Tyr181 residues of
the enzyme. This model may help us to understand theMolecular Modeling of SrtB�N30

with NPQTN Peptide substrate binding mode for sortase B; however, the crys-
tal structures of SrtA�N59-LPXTG and SrtB�N30-NPQTNWe suggest that the catalytic active site of SrtB�N30 is

located on a � sheet with the catalytic residues anchored will be needed to explain the ability of S. aureus sortases
to distinguish between closely related sorting signalonto the respective � strands and that it has walls consti-

tuted of three loops (Figures 4B and 4C). The large loop motifs.
(residue 175–185) linking the �7 and �8 strands seems
flexible and can readily undergo conformational changes Conclusion

Crystal structure of SrtB of S. aureus complexed withto accommodate polypeptide substrate. Using the car-
boxylate group of covalently linked E64 stabilized by two inhibitors and one peptide substrate clearly re-

vealed the active site disposition of cysteine transpepti-the guanidinium group of Arg233 as a guide, we have
modeled the substrate NPQT peptide, covalently linked dases, which is unlike that of any other proteases/trans-

peptidases known till now. The active site residues areto Cys223 residue, by pointing the acylated Thr carbonyl
toward the Arg233 side chain of the N1 atom (Figure anchored to the neighboring rigid � strands, and in the
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Brunger, A., Adams, P., Clore, M., Gros, P., Nilges, M., and Read,on the predicted structural homology and primary se-
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tural motifs responsible for the peptide cleavage and
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Cossart, P., and Jonquieres, R. (2000). Sortase, a universal targetCrystallization and Data Collection
for therapeutic agents against Gram-positive bacteria? Proc. Natl.The method for expression and purification of recombinant SrtB�N30
Acad. Sci. USA 97, 5013–5015.protein has been previously described (Mazmanian et al., 2002). The
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(Otwinowski and Minor, 1997). Hofmann, B., Schomburg, D., and Hecht, H.J. (1993). Crystal struc-
ture of a thiol proteinase from Staphylococcus aureus V-8 in the

Phasing Method and Refinement E-64 inhibitor complex. Acta Crystallogr. A Suppl. 49, 102.
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E64 complex. Five selenium sites were found using the CNS program proteins to the cell wall of Staphylococcus aureus. Proc. Natl. Acad.
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