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Many bacterial pathogens present adhesins at the tips of long
macromolecular filaments known as pili that are often impor-
tant virulence determinants. Very little is known about how pili
presented by Gram-positive pathogens mediate host cell bind-
ing. The crystal structure of a pilus adhesin from the important
human pathogen Streptococcus pyogenes reveals an internal
thioester bond formed between the side chains of a cysteine and
a glutamine residue. The presence of the thioester was verified
using UV-visible spectroscopy and mass spectrometry. This
unusual bond has only previously been observed in thioester
domains of complement and complement-like proteins where it
is used to form covalent attachment to target molecules. The
structure also reveals two intramolecular isopeptide bonds, one
of these formed through a Lys/Asp residue pair, which are stra-
tegically positioned to confer protein stability. Removal of the
internal thioester by allele-replacement mutagenesis in S. pyo-
genes severely compromises bacterial adhesion to model host
cells. Although current paradigms of bacterial/host cell interac-
tion envisage strong non-covalent interactions, the present
study suggests cell adhesion could also involve covalent bonds.

Adhesion to a host cell surface is often a key step in establish-
ing a successful infection. Many specific adhesins are projected
outwards from bacterial surfaces by extended polymeric pro-
tein filaments known as pili. These structures have received
considerable attention due to their roles in enabling host colo-
nization and potential as vaccine candidates (1-6). In Gram-
positive bacteria, pili are assembled through intermolecular
covalent linkages, formed by the action of sortases, which rec-
ognize specific sequence motifs on substrate proteins (7-10).
An emerging paradigm for the structure of Gram-positive pili
includes a minor pilus subunit displayed at the tip followed by a
polymer of repeating subunits (composed of a protein fre-
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quently referred to as the “shaft” or “major” pilus subunit); this
structure is then attached to the bacterial surface, frequently
through a second minor pilus subunit that acts as a cell wall
linker. In addition to intermolecular links between subunits,
major pilus subunits also contain intramolecular isopeptide
bonds (11-14) that confer proteolytic, thermodynamic and
mechanical stability on these proteins (12, 13, 15, 16). Together,
these bonds are thought to provide structural stability to these
thin (1 molecule), extended (100s of molecules) structures and
maintain pilus integrity during the early stages of interaction
with host cells.

Streptococcus pyogenes (Group A Streptococcus) is an impor-
tant human host-specific pathogen that can cause a wide vari-
ety of infections including potentially life-threatening diseases
such as acute rheumatic fever, streptococcal toxic shock syn-
drome, and necrotizing fasciitis (17). Pili presented on the sur-
face of the serotype M1 Group A Streptococcus strain SF370
(GAS)? are required for efficient adhesion to model host cells
and clinically relevant tissues (18 -20, 51). These pili are com-
posed of three distinct protein subunits: Spy0128, the major
shaft subunit; Spy0130, which links the polymerized pilus to the
cell-wall peptidoglycan layer; Spy0125, which has been local-
ized at the tip of the pilus (as has its homologue in serotype M3
Group A Streptococcus strain AM3) (22, 51). Each of these pro-
teins is encoded within a genetic locus, known as the FCT
region, along with a specific sortase enzyme (pilin polymerase,
Spy0129) that catalyzes the intermolecular linkages between
pilus proteins. Recent advances have revealed the high resolu-
tion crystal structures of Spy0128 and a homologue of Spy0130
from Group A Streptococcus strain 90/306S (23); a crystal struc-
ture of the housekeeping sortase from GAS (that links the pilus
to the cell wall) has also been reported (24). High resolution
structural information on Spy0125 would generate a complete
atomic-level description of all the components of a Gram-pos-
itive adhesive pilus.

Spy0125 is the pilus-presented adhesin in GAS, as deletion of
the gene encoding this protein from the pathogen chromosome
or preincubation of bacteria with Spy0125-specific anti-sera
renders the bacteria essentially non-adherent (18, 51). Studies
in other important Gram-positive pathogens, including
Corynebacterium diphtheriae (25) and Streptococcus pneu-
moniae TIGR4 (26, 27), suggest similar roles for component
pilus subunits despite there being considerable divergence in

3 The abbreviations used are: GAS, serotype M1 Group A Streptococcus strain
SF370; CTR, C-terminal region; DTP, 2,2-dithiopyridine.
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amino acid sequence between equivalent subunits across these
pathogens. Very little is known about how Gram-positive pilus
subunits mediate adhesion at the molecular level.

The region of Spy0125 responsible for adhering to host cells
has been localized to a domain comprising residues Asn-286 —
Thr-723 (Spy0125 C-terminal region (CTR) (51)). Deletion of
residues 53- 285 in GAS does not affect the ability of these
bacteria to bind cultured host cells (51), and in some GAS sero-
types this region has been lost from the genome (see supple-
mental Fig. 1), revealing it is dispensable for pilus assembly and
Spy0125 function.

In this study the crystal structure of Spy0125-CTR is pre-
sented in two different crystal forms. The protein is formed
from three domains. Two of these contain intramolecular
isopeptide bonds, with one of these formed through a Lys/Asp
pair resulting in the elimination of a water molecule. The third
domain contains a highly unusual internal thioester bond
formed between the side chains of a Cys and Gln residue; such
thioesters are implicated in covalent linkages to surfaces (28).
Removal of the thioester in GAS by allelic-replacement
mutagenesis severely compromises pathogen binding to host
cells, revealing it has a direct role in the pathogen/host interac-
tion. Host/pathogen interactions that use strong non-covalent
binding are well known; this work suggests a mechanism by
which a bacterial adhesin has evolved to use a covalent bond to
attach to a host cell surface.

EXPERIMENTAL PROCEDURES

Protein Production—The cloning of Spy0125 residues Asn-
286 —Thr-723 (Spy0125-CTR) has been described elsewhere
(51). Spy0125-CTR was overexpressed in Escherichia coli BL21
(DE3) induced at Ay, ~ 0.4—0.6 with 1 mm isopropyl 1-thio-
B-p-galactopyranoside. Cells were grown for a further 4 h
before harvesting by centrifugation. For production of seleno-
methionine-labeled protein, E. coli B834 (DE3) cells were used
with minimal media supplemented with L-selenomethionine.
Cell pellets were resuspended in 50 mm HEPES, 150 mMm NaCl,
10 mm imidazole, pH 7.5, supplemented with 5 mm 4-(2-amino-
ethyl)benzenesulfonyl fluoride and lysed by sonication. Cell
lysate was clarified by centrifugation, and the supernatant was
applied to a Ni** -immobilized metal ion affinity chromatogra-
phy column (GE Healthcare). Proteins were eluted with an
imidazole gradient. Fractions containing Spy0125-CTR were
pooled and concentrated, then injected onto a Hi-Load 16/60
Superdex 200 gel filtration column (GE Healthcare) pre-equil-
ibrated with 20 mm Tris-HCI, 150 mm NaCl, pH 7.5. Fractions
containing purified Spy0125-CTR were pooled and concen-
trated to 10 mg/ml.

Crystallization and Data Collection—Initial crystals of native
Spy0125-CTR were grown at 20 °C in a sitting drop plates setup
using a robotic crystallization system, then optimized in
24-well plate hanging drop experiments. These latter experi-
ments used 2 ul of protein (10 mg/ml) mixed with 2 ul of pre-
cipitant (precipitants used include 38 —40% PEG 4000, 200 mm
sodium acetate, and 100 mMm trisodium citrate, pH 5.6 5.9,
34-36% PEG 5000-MME, 100 mM ammonium sulfate, 100 mm
MES, pH 6.0-6.5). All native crystals obtained were of the
B-form (see below). Selenomethionine-labeled protein crystal-
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lization used the conditions above and routinely gave rise to
B-form crystals. In a small number of experiments, plate-like
crystals of different morphology were obtained (subsequently
named A-form crystals).

Data used to solve the Spy0125-CTR structures were col-
lected on BM14 at the European Synchrotron Radiation Facil-
ity, Grenoble, France from crystals grown using selenomethi-
onine-labeled protein. Three-wavelength MAD experiments
were collected from both A-form and B-form crystals; an addi-
tional redundant data set was also collected on the same A-form
crystal. A dataset from native protein crystals was collected on
station 103 at the Diamond Light Source, Oxford, UK.

Data Processing and Structure Solution, Refinement/Rebuild-
ing, and Validation—All data were processed using iIMOSFLM
(29) and scaled with SCALA (30), as implemented in the CCP4
suite (31). Data collection statistics are given in Table 1. The
AutoSol wizard in PHENIX (Version 1.4-111 (32)) was used to
solve the structures from the MAD data. The native dataset,
collected at Diamond Light Source, was solved by molecular
replacement using PHASER and one chain from the final
B-form model. Final models of all structures were produced
through iterative rounds of refinement using REFMACS5 (33)
and rebuilding with COOT (34). Structure validation used
COOT and MOLPROBITY (35). Ramachandran plot analysis
(using MOLPROBITY) reveals no residues flagged as outliers.
The A-form crystal structure comprises residues Thr-291—
Thr-603 in chain A (with the exception of residues Gly-316 —
Ala-324, which are disordered) and Thr-291—Asn-605 in chain
B (residues Asn-318 —Phe-322 are disordered in this chain). In
the final stages of refinement the thioester and isopeptide links
were generated, and Translation-Libration-Screw restraints
(middle and top domains as separate groups) were used. The
B-form crystal structure from the European Synchrotron Radi-
ation Facility data comprises residues Thr-290 —Pro-719 in
chain A (with the exception of residues Asn-318 —Ser-321 and
Ile-373—Lys-376, which are disordered) and Pro-288 —Val-
720 in chain B (residues Asp-317—Asn-320 and Ile-373—Lys-
376 are disordered in this chain). Translation-Libration-Screw
restraints were used in the final stages of refinement with the
middle, top, and bottom domains forming separate groups (the
top domain of the B-chain was defined by two groups). Non-
crystallographic symmetry restraints (tight on main chain,
medium on side chain) were used throughout. The B-form
crystal structure from the Diamond Light Source data com-
prises residues Thr-290 —Pro-719 in the chain A (with the
exception of residues Val-319 —Ser-321, Ile-373—Lys-376, and
Glu-598 —His-604, which are disordered) and Pro-288 —Pro-
719 in chain B (residues Ile-373—Asp-374 are disordered in this
chain). Translation-Libration-Screw and non-crystallographic
symmetry restraints were used as above. All refinement statis-
tics are given in Table 1. Structural superimpositions were per-
formed with LSQMAN (36), and protein structure figures have
been prepared with PyMOL.

Mass Spectrometry Analyses—For accurate intact mass
determination, a sample of Spy0125-CTR with the His tag
removed was prepared. The molecular mass was determined by
electrospray mass spectrometry using an LTQ-FT mass spec-
trometer (ThermoElectron, Bremen, Germany). Mass spec-
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trum plots and spectral deconvolution were generated using
the QualBrowser program (ThermoElectron). Protein peak
spectra were deconvoluted to determine the average molecular
mass of the protein assuming “averagine” (0.2678% sulfur)
composition.

Identification of intramolecular isopeptide bonds and char-
acterization of the thioester linkage typically involved digestion
of ~5 ug of protein with either trypsin at 30 °C for ~16 h or
Asp-N and Glu-C at 37 °C for ~16 h (for experiments with
small molecule modifiers, ~225 ug of Spy0125-CTR was incu-
bated (2 h at 20 °C) with either 10 mm methylamine, 2 mm
iodoacetamide, or 10 mM methylamine/2 mMm iodoacetamide
and precipitated with cold acetone before tryptic digest).
Digests were stopped by the addition of TFA to a final concen-
tration of 0.5%. Peptides were extracted from urea-containing
samples using Omix® C18 tips (Varian, Walnut Creek, CA) and
re-dissolved in 0.1% TFA. Peptides were analyzed by nano-LC-
MS/MS on an LTQ-Orbitrap™ machine (Thermo Fisher Sci-
entific Inc.,, Waltham, MA) with a nanoAcquity UPLC™
(Waters, Manchester, UK). Tandem mass spectra were
extracted by BioWorks Version 3.3.1 (ThermoElectron). Pep-
tide assignment and protein identification used Mascot (Matrix
Science, London, UK; Version Mascot 2.2, in-house). The
expected masses of isopeptide-containing fragments were cal-
culated using on-line tools. Non-native sequences were
detected by manual analysis of the raw data files using the Qual-
browser of Xcalibur (Thermo). Identification of the isopeptide
bond linking residues Lys-297 and Asp-595 used a tryptic digest
(Table 2). The 2" and 3™ charged versions of this peptide were
detected at the same retention time. An MS/MS spectrum was
selected from each charge state and visually inspected for the
presence of the expected fragment ions (supplemental Table 1
and Fig. 3A). Identification of the isopeptide bond linking resi-
dues Lys-610 and Asn-715 used an Asp-N/Glu-C digest (Table
2). The 3%, 4%, and 5* charged versions of this peptide were
detected at the same retention time. MS/MS spectra of the
3%- and 4™ -charged versions were selected for visual inspec-
tion as described above (supplemental Table 2 and Fig. 3B).
MAXQUANT (37) was used to quantify peptides in mass spectra.

UV-Visible Spectroscopy and Fluorimetry—UV-visible spec-
troscopy was used to monitor solutions containing 0.2 mm 2,2’ -
dithiopyridine (DTP) in 50 mm HEPES, 150 mm NaCl, 6 M urea,
pH 7.5, over time. Upon reaction with free thiols, DTP liberates
2-thiopyridine, which has an intense absorption band at 343
nm. Equivalent results are obtained using buffers without urea,
but the reaction takes many hours to reach completion. Fluo-
rescence spectra were obtained using a PerkinElmer Life Sci-
ences LS55 fluorimeter at 25 °C using 5-nm excitation and
emission slits.

Urea-induced unfolding of wild-type and C426A Spy0125-
CTR was observed as the appearance of a peak at ~365 nm
(consistent with solvent exposure of a tryptophan residue, exci-
tation at 255 nm) in 20 mm K,HPO,, pH 7.2 (protein at 2.5 um),
after incubation in urea solution (010 M) for 15 min. Excita-
tion and emission spectra for both wild-type and C426A variant
Spy0125-CTR proteins were found to be essentially identical
(supplemental Fig. 5A4). The emission spectra of both proteins
was dominated by a peak at 307 nm (likely due to tyrosine
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fluorescence). All unfolding data were normalized to the fluo-
rescence maximum at 307 nm (supplemental Fig. 5C), and the
change in fluorescence at 360 nm was plotted (supplemental
Fig. 5D).

Mutagenesis of the Thioester Linkage, Adhesion Assays, and
Western Blots—The C426A point mutation in Spy0125 was
generated by overlap extension PCR using primers FR1 (5'-
TTACATACTGCAGGTTATGTATAATGGACATCCACAA-
3’, forward) and RV1 (5'-TAGATCTGCATTAAATGCATA-
GACAACCTGTGAAC-3', reverse) for fragment 1 and primers
FR2 (5'-GTTCACAGGTTGTCTATGCATTTAATGCAGA-
TCTA-3’, forward) and RV2 (5'-AAGTTCTCGAGTTTAAA-
TTCGAGGTTTGTTTTATC-3', reverse) for fragment 2;
wild-type genomic DNA was used as the template. The prod-
ucts were mixed, annealed, and reamplified by PCR with prim-
ers FR1 and RV2. In addition to the mutation, the primers intro-
duced a unique Nsil site (ATGCAT, underlined). For
mutagenesis in GAS, the resulting PCR product was cloned
between the Pstl and Xhol sites of the vector pG "host 9. After
transformation into S. pyogenes, the mutant allele was intro-
duced into the chromosome by allele-replacement mutagenesis
(38). Genomic DNA from S. pyogenes colonies was screened to
identify bacteria containing the desired mutant by Nsil cleavage
of PCR-amplified fragments that encompass the Spy0125
sequence. DNA from colonies positive for Nsil cleavage were
then fully verified by sequencing. For production of recombi-
nant C426A Spy0125-CTR protein, the appropriate coding
sequence was amplified from mutagenized GAS genomic DNA
by PCR and cloned into the pOPIN-F expression vector (39).
The protein was expressed and purified as described for the
wild-type protein after verifying the DNA sequence.

For immunoblotting, cell-wall proteins were prepared as
described (51). Samples were run on gradient (4—15% w/v)
SDS-PAGE gels and blotted onto a nitrocellulose membrane.
The membrane was then probed with specific anti-Spy0125
sera followed by a peroxidase conjugated anti-rabbit IgG.
Adhesion assays were performed as described previously (51).
Rhodamine-labeled phalloidin was used to stain HaCaT cells
and visualization of GAS cells used a FITC (fluorescein)-labeled
polyclonal antibody to Group A Streptococcus (Acris Antibod-
ies). Samples were mounted and analyzed by confocal laser
microscopy. For each image used, adhesion was quantified by
determining the fluorescence from a single bacterium then
dividing the total measured fluorescence by this value to give
the total number of bacteria binding. Three independent adhe-
sion experiments with n = 21 repeats (n = 3,n = 12, andn =6
for the three experiments) and n = 51 repeats (n = 12, n = 24
and n = 15 for the three experiments) for the wild-type and
C426A variant strain, respectively. Binding of the Aspy0125
variant strain is essentially zero (18, 51). Within each indepen-
dent experiment average values for bacteria binding and their
S.D. were scaled such that wild-type binding = 100%. Data from
the three experiments were then combined to give the final
analysis. Statistical significance was determined using Student’s
t tests (two-tailed, unequal variance between samples within
each experiment), with p values of 0.013, 1.46 X 10~ %, and
3.35 X 10~ for each experiment respectively (comparing wild-
type to the C426A variant).
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RESULTS
Spy0125-CTR (residues Asn-286 —Thr-723) was cloned and o~ E 8 8
expressed in E. coli. The purified protein has been crystallized o< g R
in two forms (referred to as A-form and B-form), and the struc- 52 YR :;::},_\g = I:f@p
ture was determined to 1.9 and 2.65 A resolution, respectively :E‘:Z ::E SR o ; §§§ g ‘é‘ §§§ -
(a second B-form crystal structure was determined to 2.9 A, Tognan QuSxsg O BaSl S58
Table 1). Each crystal form contains two molecules in the asym- .
metric unit, with the A-form crystal structure spanning resi- f g
dues Thr-291 to Asn-605 and the B-form structures spanning g § g &
residues Pro-288 to Val-720 (full details of model compositions 2 s€3 5’,\\ G; ;;i
are provided under “Experimental Procedures”). g iz ZE 0 g §§§ <
Overall Structure of Spy0125-CTR—Spy0125-CTR adopts a o SR ZE508
three domain structure, described here as middle, top, and bot- "‘57 _
tom (Fig. 1), and is very different to the recently determined _§ § g _
RrgA pilus adhesin from S. pneumoniae TIGR4 (27). The mid- 3 g g 3 &
dle domain comprises residues 291-372 and 590 597, the top £l £33 SAs= § ~
domain comprises residues 390 -583, and the bottom domain 3 = ‘;32? S 2 ; é%% < é
comprises residues 603—719; intervening residues form links g Sesl 2gcs=g 2 .2
between the domains. The middle and bottom domains adopt 5 = =
B-sandwich folds. Searches for similarity to domains of known 2 3 8 = a
structure (40) reveal most significant hits to the N2 domain of . g g < &
GBS52, a minor pilin from Streptococcus agalactiae (41) (root & Sa8 §GQ; ::; éfaaﬁ
mean square deviation (r.m.s.d.) = 1.55 A for 72 equivalent C,, Teoe 3 %Eg & ¢ %%Z‘ 8.
atoms) and the C-terminal domain of Spy0128, the major pilus ea Jgs=g g $E8E 338
subunit in GAS (13) (r.m.s.d. = 1.27 A for 96 equivalent C, = =
atoms) for the middle and bottom domains, respectively. The a 2
structural similarity between the C-terminal (bottom) domains ) g i
of Spy0125 and Spy0128 is likely important for recognition by g £ § gge 8555 _ SN
the pilin polymerase that catalyzes pilus biogenesis in GAS. f f % f f f 2gELT S 8%2’; 9N
Searches with the top domain do not reveal significant similar- Bsscsardgiywg 2 gesg 338
ity to any known protein structure, and this domain appears to s =
represent an indel event within the middle domain (it forms an E 5 8 -
apparent insertion toward the N-terminal end of strand G of <8 g g E’
the GBS52 N2 structure but otherwise does not disrupt the 2 5 958892 Sas3 2
fold). £ BESESK,, 1828 3
The relative orientation and intimate contacts between the 2 Eeabza~38335 3
middle and top domains are conserved in the molecules of the E s =
two Spy0125-CTR crystal forms presented here. An overlay of w |2 5 8 _
residues 295—600 (spanning the top/middle domains) of the S g § R é
two molecules in the B-form crystal reveals a shif:c in the posi- g 5 % 98 § Ssg éa@@ SR
tion of the bottom domain comprising an ~14 A translation 3z = f“\‘B =] f % f 29 83% @ =
and a small rotation (the linker region between the two domains 2" Eeabsar38385 3 o8
(residues 598 — 602) re-orients to enable this translation). It has E s =
not been possible to definitively position a model for the bot- 2 5 8 -
tom domain in the A-form crystal. Residual electron density 2| | g 2 2
and available space in the lattice (supplemental text and Fig. 2A4) g & 98 E 9fs 2@ ﬁf =
suggests this domain is present in the crystal but does not adopt 2 BESBRHL ; Zte &
a fixed position. The structures in both crystal forms, therefore, E sLllialZgaas 2
reveal an inherent flexibility in the linker region between the ] o = w
bottom domain of Spy0125-CTR and the rest of the protein. 7 = gé % @ § f%ﬁ
Additional description of the structures is given in the supple- 3 % 2 @§ g § Eé z ﬁ_§ —%%
mental text and Fig. 2. £ E 2% 2% % 5 £E% E
The Middle and Bottom Domains of Spy0125-CTR Contain % §si g2 iz Eé a3l E —Ez z s
Intramolecular Isopeptide Bonds—Spy0128, SpaA and BcpA, E % %@ %ge\i ‘_g_é < EE 2 gggggg g £5
the major pilus subunits of GAS, C. diphtheriae and Bacillus 5 S S 2% § 2 :E ESSS 2 E 2122833
cereus, respectively, all contain intramolecular isopeptide @ g 27 MESO H ZE|gEasz Sa
bonds (12—14). Such bonds are also revealed in the structure of B %
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FIGURE 1. The structure of Spy0125-CTR and its location in the GAS
pilus. A, shown is a ribbon representation of the middle, top, and bottom
domain colored red, blue, and green, respectively; the termini are also
labeled. Residues composing the thioester bond (Cys-426 and GIn-575)
are shown with their carbon atoms in magenta. Residues composing the
intramolecular isopeptide bonds (Lys-297 and Asp-595 in the middle
domain, Lys-610 and Asn-715 in the bottom domain) are shown with their
carbon atoms in yellow. Regions connecting the domains are shown in
gray. The missing Spy0125-NTR (not expressed in the construct) would be
positioned to the right of the middle domain. B, a structural model of an
intact GAS pilus is shown. Spy0125 is colored as above except the thio-
ester and isopeptide residues are shown in red and gray. Two molecules of
Spy0128 are shown (representing the polymerized pilus, cyan and pink
with intramolecular isopeptide bonds colored as above). Spy0130 is pre-
sented as a gray molecular surface. The location of the intermolecular
isopeptide bonds are shown as solid lines. Yellow and blue ovals represent
cell wall and cell wall precursors, respectively.

Spy0125-CTR; one in the bottom domain between residues
Lys-610 and Asn-715 (Fig. 2A) and a second between residues
Lys-297 and Asp-595 in the middle domain (Fig. 2B). Whereas
intramolecular isopeptide bond formation between Lys and
Asn residues results in the release of an NH; unit, the equiva-
lent bond between the side chains of Lys and Asp eliminates a
water molecule. The presence of both these isopeptide bonds in
Spy0125-CTR has been confirmed using mass spectrometry
(Table 2, supplemental Tables 1 and 2 and Figs. 34 and 3B).
The Top Domain of Spy0125-CTR Contains an Internal Thio-
ester Bond—In addition to the intramolecular isopeptide
bonds, connectivity between the side chains of Cys-426 and
GlIn-575 was also observed in the electron density maps. This
continuous electron density links the S* atom of the Cys to the
C® atom of the GIn (Fig. 2C). The presence of this bond in
Spy0125-CTR was confirmed using mass spectrometry and
UV-visible spectroscopy. The experimentally determined
intact mass of Spy0125-CTR was 49,288.5 Da, which compares
to the theoretical mass of 49,342.0 Da calculated from the
sequence. This 53.5 Da difference can be interpreted as a loss of
three H,O and/or NH; units, 2 of which are accounted for in
formation of the intramolecular isopeptide bonds (1 H,O and 1
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FIGURE 2. Intramolecular isopeptide and thioester bonds in the structure
of Spy0125-CTR. A, shown is the isopeptide bond in the bottom domain
between Lys-610 and Asn-715; Glu-680 is also shown. B, shown is the isopep-
tide bond in the middle domain between Lys-297 and Asp-595; Glu-347 is
also shown. C, shown is the internal thioester link between Cys-426 and GIn-
575; also shown is residue Tyr-516, which forms a hydrogen bond to the sulfur
atom. D, the thioester bond is buried in a cleft on the Spy0125-CTR surface.
The cut-away molecular surface of the protein is shown in wheat (calculated
with a 1.2 A probe) with the top domain ribbon in blue. Panels A-C show the
appropriate final o~-weighted 2 F,, — F_, . (calculated with model phases,
@caic) electron density map contoured at 1.2 o and hydrogen bonding pat-
terns (with distances in A).

NH; unit). The third is consistent with the loss of an NH; unit
from formation of a thioester between Cys-426 and GIn-575.
In contrast to the intramolecular isopeptide bonds, a pep-
tide mass consistent with the presence of an intact thioester
linkage between Cys-426 and Gln-575 is not present in the
LC-MS spectrum of proteolytic digests of Spy0125-CTR
(using trypsin, trypsin/AspN, AspN/GluC, or chymotryp-
sin). Perhaps this is not surprising given the different chem-
istries of these bonds and their relative susceptibility to
nucleophilic attack. Inspection of tryptic digest LC-MS/MS
data for the individual peptides that compose this link
reveals a peptide containing position 575 is routinely observ-
able, but significantly, a Glu side chain was recovered more
frequently at this position than Gln (an increase of ~1 Da in
mass to give a peptide of 2283.15 Da compared with the
expected 2282.17 Da for GIn-575, supplemental Table 3). On
average (>four runs), the Glu-575 peptide is ~7-fold
enriched in the spectrum compared with the Gln-575 pep-
tide (supplemental Fig. 44, quantified using MAXQUANT
(37)). This conversion is consistent with hydrolysis of the
thioester during sample preparation but also with deamida-
tion of the Gln-575 side chain (it should be noted that no
other residue displayed any evidence of deamidation in the
LC-MS/MS data). To confirm the presence of the thioester
in Spy0125-CTR, the protein was incubated with the small
molecule nucleophile methylamine, which would be pre-
dicted to attack the internal thioester (producing methylated
Gln-575 and a free thiol group on Cys-426 (28)) and iodoac-
etamide (which would alkylate Cys-426 in its free thiol
form). As expected, incubation with methylamine produced
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TABLE 2
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Fragments generated by proteolytic digest to identify the isopeptide bonds in Spy0125-CTR and their observed/expected mass/charge ratios

Isopeptide bond Enzyme Peptide 1 Peptide 2* Exllt);(;tsed Observed m/z” (expected m/z)
Da
Lys-297—Asp-595  Trypsin (K)YAIGDYSK ME(D)K 1546.734  774.374°* (774.375)  516.585°" (516.586)
Lys-610—Asn-715 AspN/GluC ~ VIPVTHNLTLR(K)TVTGLAG ~(N)NKEPVVPT = 2968.671  990.565%% (990.565) 743.175"* (743.176)  594.741°* (594.742)
“ Residues in parentheses are part of the isopeptide bond.
® Charge state as indicated.
a previously unobserved tryptic peptide of mass 2296.18 Da, A
consistent with methylation of GIn-575 (supplemental Table 020}
3); no other Gln or Asn residue displayed such a modification HIOmMMA 2opy01zD
under the assay conditions used (and in a C426A variant, no ﬁ
modification was observed, confirming the reactivity of
Spy0125-CTR toward methylamine is dependent on the 0.15
thioester). Incubation with iodoacetamide alone produces a
minimal amount of alkylated peptide containing Cys-426 +Spy0125 +10mM MA
(mass = 1700.78 Da); this presumably represents a small §
quantity of free Cys-426 thiol in the protein, which is also i = j/,—_—_
observed by UV-visible spectroscopy (see below). However, .
no differences in the wild-type peptide-containing position
575 were detected. To observe significant levels of the pep-
0.05

tide-containing Cys-426 required Spy0125-CTR to be either +10mM MA b
reduced and alkylated (with DTT and iodoacetamide) during
denaturation (before tryptic digest) or for the digested pep- J l
tides to be reduced (the free thiol peptide is observed) or o : : . : :
reduced and alkylated (the carbamidomethylated peptide is 200 400 600 800 1000 1200
observed); see supplemental Table 3. Significantly, preincu- o
bation of Spy0125-CTR with methylamine and iodoacet- B 006 c

amide resulted in an ~30-fold increase in the alkylated Cys
peptide in the mass spectrum (supplemental Table 3 and Fig.
4B, quantified with MAXQUANT). Searches of the raw LC-
MS/MS data from non-reduced samples (except the methyl-
amine and iodoacetamide incubation) revealed a mass con-
sistent with a dimer of the Cys-426-containing peptide
linked by a disulfide (mass = 3285.51 Da); this dimer must be
an artifact of sample preparation.

In addition to the LC-MS/MS analysis, UV-visible spectros-
copy shows that Cys-426 is only susceptible to modification by
the thiol-specific reagent DTP in the presence of methylamine
(Fig. 3A). Reaction of DTP with thiols liberates 2-thiopyridine,
which has an intense absorption band at 343 nm. As Spy0125-
CTR only has a single cysteine residue (that is involved in the
thioester linkage), reaction of Spy0125-CTR with DTP should
only be possible when the thioester is broken; for example, by
reaction with methylamine. Furthermore, UV-visible data
allows an estimation of the fraction of cysteine thiols in
Spy0125-CTR that are addressable after the addition of meth-
ylamine. Changes in absorbance spectra were monitored over
time from 270 to 390 nm (Fig. 3B). The addition of protein to
buffer gave an initial A, 4, reading from which a protein concen-
tration of 1.42 uM was calculated (extinction coefficient of
35535 M 'cm ™' at 280 nm (42)). The change in absorbance at
343 nm upon the addition of 10 mm methylamine (Fig. 3C)
reveals 1.14 um 2-thiopyridine is liberated in the reaction (using
an extinction coefficient of 8080 M~ 'cm ™' at 343 nm for 2-thio-
pyridine), and there must, therefore, be an equal amount of
newly exposed thiols. This reveals that ~80% of thiols are only
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FIGURE 3. UV-visible spectroscopy is shown. A, the addition of Spy0125-
CTR after 10 mm methylamine (red line) or 10 mm methylamine (MA) after
protein solution (black line) to 0.2 mm DTP in 50 mm HEPES, 150 mm NaCl, 6
M urea, pH 7.5, results in an increase in absorbance at 343 nm (control,
addition of buffer, is shown as a blue line); spectra were taken every 5 s.
B, absorbance change over time is shown after the addition of 10 mm
methylamine to a solution containing 1.42 um Spy0125-CTR and 0.2 mm
DTP (zeroed against stable buffer + DTP base line). Blue, protein spectrum
before methylamine addition; red, final spectrum taken after >800 s.
Spectra were taken every 45 s. Inset, the same data show only the first and
last spectrum. C, shown is the fit of the increase in absorbance at 343 nm
over time (data from panel B) to a first-order exponential.

0.021

200 400 600 800
Time (s)

Wavelength (nm)

addressable by DTP after exposure to methylamine. The remain-
ing ~20% most likely represents protein in which the thioester
has not formed properly; this is consistent with the small
increase in absorbance at 343 nm upon the addition of protein
to DTP solution in the absence of methylamine.

The Spy0125-CTR C426A Variant Remains Resistant to
Chemical Denaturation—Using intrinsic protein fluorescence
(Spy0125-CTR contains a single tryptophan and 23 tyrosine
residues) as a probe for protein folding reveals that Spy0125-
CTR is very resistant to chemical denaturation; a reversible
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Cys426Ala
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ASpyOisy O—WT Ca26A

FIGURE 4. The C426A variant of Spy0125 is compromised in its ability to
adhere to host cells. A, an immunoblot shows the incorporation of variant
Spy0125 into pili in the cell wall of GAS (using anti-Spy0125 sera). Lane 1,
wild-type bacteria; lane 2, Spy0125 C426A variant; lane 3, Aspy0125; lane 4,
Aspy0128.The equivalent laddering in the wild-type and mutant shows both
strains incorporate Spy0125 into their pili. Lane 4 shows Spy0125 does not
form a high molecular mass ladder in the absence of Spy0128; the band at
~50 kDa likely represents mature Spy0125-CTR retained in the cell wall.
B, GAS (green, visualized with a fluorescent anti-GAS antibody) binding to
HaCaT cells (stained red with rhodamine-labeled phalloidin). Top left, wild-
type bacteria; top right, Spy0125 C426A variant; bottom left, Aspy0125; bottom
right, level of adhesion by the C426A mutant strain (C426A) compared with
wild type. The asterisk indicates significant differences from the wild-type
strain, with p values < 0.013.

folding/unfolding transition is only observed at a urea concen-
tration of ~8 M (supplemental Fig. 5). To observe whether the
thioester significantly contributes to protein stability, this assay
was repeated with the Spy0125-CTR C426A variant protein,
which prevents the thioester forming. This mutated protein is
also highly resistant to chemical denaturation (supplemental
Fig. 5, unfolding transition was observed at a urea concentra-
tion ~6 M). As the single tryptophan residue within the top
domain, the fluorescence emission will be sensitive to the con-
formational state of this domain.

Removal of the Thioester Bond from GAS Pili Severely Com-
promises Adhesion to Host Cells—To test the importance of the
thioester in pilus-mediated adhesion to host cells, a C426A
mutation was introduced into GAS by allelic-replacement
mutagenesis, replacing the native copy in the genome. Cell-wall
fractions prepared from bacterial cultures confirmed that this
variant protein is expressed, secreted, and incorporated into pili
(Fig. 4A). Assays testing the ability of this variant GAS strain to
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adhere to HaCaT cells (a human keratinocyte cell line used as a
model for GAS adhesion) revealed that bacteria presenting the
C426A mutant protein display substantially reduced levels of
binding to host cells (~75% reduction) in comparison to wild
type (Fig. 4B).

DISCUSSION

The role of Gram-positive pili in cell adhesion and the mech-
anisms by which they are assembled has been the focus of
intense research since their initial discovery (10). In M1 Group
A Streptococcus strain SF370, the minor pilus subunit, Spy0125,
is localized to the pilus tip where it acts as an adhesin to me-
diate host/pathogen interactions. Spy0125 is positioned away
from the surface of the bacteria through a polymer of Spy0128
(the major pilus subunit), and this is presumed to promote
receptor binding. The Spy0128 polymer is formed through
intermolecular isopeptide bonds (catalyzed by a sortase)
between the side chain of Lys-161 and the C terminus
of the next Spy0128 molecule (13). This same Lys side chain
forms the covalent link with the C terminus of Spy0125, defin-
ing the tip of the pilus (in this case only the C terminus of
Spy0128 can react with a second Spy0128 molecule (51)). At the
base of the pilus, the C terminus of Spy0128 is covalently linked
to the side chain of Lys-120 in Spy0130 (23). The entire macro-
molecular assembly is then incorporated into the cell wall.

Recently, the role of the intramolecular isopeptide bonds in
imparting resistance to mechanical stress in Spy0128 has been
demonstrated (16). Two intramolecular isopeptide bonds are
present in the Spy0125-CTR structure, which as in all proteins
where they have been identified to date, are strategically posi-
tioned within the B-sandwich folds adjacent to either domain
boundaries or the C-terminal sorting signal (Fig. 1). The
Spy0125-CTR structure reveals an intramolecular isopeptide
bond formed through the side chains of Lys-297 and Asp-595.
To date, all well characterized intramolecular isopeptide bonds
are formed thorough Lys and Asn side chains. A Lys/Asp
intramolecular isopeptide bond has recently been reported in
the structure of another S. pyogenes protein, fibronectin-bind-
ing protein (Fbab-B, PDB: 2X5P), as part of a structural pro-
teomics effort (43).

The Lys-297/Asp-595 isopeptide bond (which adopts a trans
configuration) occupies the same position in the middle
domain of Spy0125 as the Lys/Asn isopeptide bond in the struc-
turally homologous N2 domain of GBS52, suggesting Asn/Asp
residues can be functionally redundant in forming such bonds.
The Lys-610/Asn-715 isopeptide bond in Spy0125-CTR (which
adopts a cis configuration) occupies the same space as that
found in the structurally similar domain of Spy0128. As in other
proteins, a conserved Glu residue and cluster of hydrophobic
residues associate with each isopeptide bond and are presumed
to be important for their formation. In Spy0125, Glu-347 forms
a hydrogen bond to the O moiety of the Lys-297/Asp-595
isopeptide bond, and residues Leu-307, Ala-310, Leu-312, Pro-
351, Tyr-354, Ala-357, and Met-593 form the hydrophobic
cluster. Glu-680 forms a bi-dentate interaction with the O and
NH moieties of the Lys-610/Asn-715 isopeptide bond; residues
Phe-623, Phe-625, Tyr-686, Val-688, and Phe-713 form the
hydrophobic cluster. Presumably these isopeptide bonds also
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impart resistance to mechanical stress in Spy0125, although
this has yet to be tested experimentally.

The most striking feature of the Spy0125-CTR structure
is the presence of an internal thioester bond. To date, internal
thioesters have only been identified in complement compo-
nents C3, C4(28), a,-macroglobulin (44), and complement-like
proteins from the innate immune system of insects (45). These
bonds appear to form spontaneously, with protein folding pro-
viding the structural environment necessary for thioester for-
mation (46). The activity of these proteins is tightly regulated,
but after activation, which results in a conformational change
(47, 48), the thioester becomes exposed and is available to react
with nucleophilic groups via the acyl moiety (for review, see Ref.
28). This results in covalent attachment to adjacent target sur-
faces. For complement proteins, covalent binding to activating
surfaces (including the surface of pathogens) via this route is
critical for their activity in the innate immune response. The
identity of the residue at position 1106 (human C4 numbering)
influences the mechanism of acylation of the glutamyl moiety,
dictating a preference for amino- or hydroxyl-based nucleo-
philes (49). Also, formation of the internal thioester in these
proteins creates a thiolactone ring comprised of four residues in
the sequence Cys-Gly-Glu-Gln (for review, see Ref. 28); this
ring structure supports autolysis of the protein between the Glu
and the Gln under denaturing conditions (28, 50). Cys-426 and
GlIn-575, which form the thioester bond in Spy0125-CTR, are
positioned on adjacent B-strands in the structure and are sep-
arated in sequence (149 residues); therefore, a thiolactone ring
is not formed, and autolysis has not been observed. The thio-
ester bond is located within a shallow cleft on the surface of the
top domain and is partially solvent-exposed (Fig. 3D). The most
prominent features of the cleft walls are contributions from
main-chain carbonyl groups of residues Asn-428, Ala-429, and
Leu-431 and the side chains of Ser-433, Tyr-412, and Tyr-516.
The OH group of Tyr-516 forms a hydrogen bond to the S¥
atom of the thioester (Fig. 2C).

Although at this stage it cannot be completely ruled out, a
role for the highly unusual internal thioester bond in maintain-
ing protein integrity/stability in Spy0125, akin to the intramo-
lecular isopeptide bonds, seems unlikely as it is susceptible to
nucleophilic attack. Also, the thioester is not strategically posi-
tioned close to a domain boundary, which all stabilizing
intramolecular isopeptide bonds identified to date have been.
Furthermore, both wild-type Spy0125-CTR and the C426A
variant are resistant to chemical denaturation, suggesting that
the thioester is not important for the overall stability of the
protein. If the primary role of this bond was structural stabili-
zation, then its removal would be expected to have a more dra-
matic effect on protein folding. A more attractive hypothesis
which has direct parallels with thioester-containing comple-
ment proteins, is that upon host binding the thioester reacts
with a cell surface ligand, covalently linking the pathogen to the
host. Removal of the thioester from Spy0125 in intact pili dis-
played on the surface of GAS (using site-directed mutagenesis
to create a C426A variant in the bacterial genome) has revealed
the importance of this bond; the resulting bacteria are severely
compromised in their ability to adhere to host cells (~75%
reduction). The residual binding observed may derive from the
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same interface used by the wild-type protein to adhere to the
host cell surface, but the absence of the thioester significantly
limits the ability of the bacteria to be retained at this site. This is
important as it suggests Spy0125 uses molecular recognition to
present the thioester to a suitable target, and this may have a
regulatory role (akin to conformational changes in complement
proteins after activation). Although current paradigms of bac-
terial adhesin/host cell receptor binding envisage strong non-
covalent interactions, these results suggest a mechanism by
which a pathogen could use a thioester bond in an adhesin
molecule to covalently attach to a host cell surface. The diver-
gent environment of the thioester site in Spy0125, when com-
pared with complement proteins, suggests this activity has
evolved independently. Spy0125-mediated adhesion may be
one of the first steps in the host/pathogen interaction of GAS
and would localize other virulence factors to the host cell sur-
face, promoting infection.

In this model of host cell interaction, the pathogen is linked
to its target by a covalent polymer comprising a thioester-me-
diated bond (could be either an amide or ester bond; see below)
linking the pilus tip to a host cell receptor and intermolecular
isopeptide (amide) bonds linking (a) Spy0125 to a major pilus
subunit, () the major subunit to itself, and (c) the major subunit
to Spy0130. Finally, the basal subunit anchors the pilus to the
peptidylglycan layer via another amide bond. This entire struc-
ture is also stabilized by intramolecular isopeptide bonds posi-
tioned at domain/molecule boundaries.

A significant challenge now is to identify the receptor(s) on
the host cell to which the Spy0125 adhesin binds and conclu-
sively demonstrate whether a thioester-mediated covalent
bond is formed at this site. From the Spy0125-CTR structure
alone it is not possible to predict the mechanism by which the
thioester bond could interact with host cells; whether it is
directly attacked by an amino-based nucleophile (as occurs in
C4A) or whether an equivalent to His-1106 (as found in C3 and
C4B) exists to promote reactivity toward hydroxyl groups.
Spy0125 has close homologues in a number of S. pyogenes sero-
types (see supplemental Fig. 1), but other serotypes encode pro-
teins that share sequence similarity with the rir pilus adhesin
(RrgA in S. pneumoniae TIGR4). RrgA contains an integrin-1-
like domain with a MIDAS (metal ion-dependent adhesion site)
motif (27), which is known to mediate protein-protein interac-
tions (21). It is interesting that different Gram-positive patho-
gens and indeed different serotypes within a species have
evolved very distinct pilus-presented adhesins that may be
important for defining host tissue/cell range and therefore
impact upon disease.
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