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Autocatalytically generated Thr-GIn ester bond
cross-links stabilize the repetitive Ig-domain
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Gram-positive bacteria are decorated by a variety of proteins that
are anchored to the cell wall and project from it to mediate
colonization, attachment to host cells, and pathogenesis. These
proteins, and protein assemblies, such as pili, are typically long
and thin yet must withstand high levels of mechanical stress and
proteolytic attack. The recent discovery of intramolecular isopep-
tide bond cross-links, formed autocatalytically, in the pili from
Streptococcus pyogenes has highlighted the role that such cross-
links can play in stabilizing such structures. We have investigated
a putative cell-surface adhesin from Clostridium perfringens com-
prising an N-terminal adhesin domain followed by 11 repeat
domains. The crystal structure of a two-domain fragment shows
that each domain has an IgG-like fold and contains an unprece-
dented ester bond joining Thr and GlIn side chains. MS confirms the
presence of these bonds. We show that the bonds form through
an autocatalytic intramolecular reaction catalyzed by an adjacent
His residue in a serine protease-like mechanism. Two buried acidic
residues assist in the reaction. By mutagenesis, we show that loss
of the ester bond reduces the thermal stability drastically and
increases susceptibility to proteolysis. As in pilin domains, the
bonds are placed at a strategic position joining the first and last
strands, even though the Ig fold type differs. Bioinformatic analy-
sis suggests that similar domains and ester bond cross-links are
widespread in Gram-positive bacterial adhesins.

intramolecular ester bond | protein stability

striking feature of globular proteins is that despite the chemical
diversity inherent in the side chains of their constituent amino
acids, chemical reactions between these side chains are very rare.
This may be explained by evolutionary selection, which minimizes
reactions that could prejudice proper protein folding. Thus, the only
common example of a covalent cross-link between protein side chains
is the disulfide bond, which forms only in an appropriate redox en-
vironment when two Cys residues are brought together by protein
folding. Nevertheless, some surprising examples of unexpected cross-
links have been brought to light by protein structure analysis or by the
observation of unusual spectroscopic or biophysical properties.
Examples include the Cys-Tyr bond in galactose oxidase (1), which
provides a radical center; similar bonds in some catalases (2); the
His-Tyr bond in cytochrome C oxidase (3); and the remarkable chro-
mophore of GFP (4). These, and other examples, arise through
intramolecular reactions facilitated by particular local environments.
The recent discovery of isopeptide bonds joining Lys and Asn
side chains in the proteins that make up pili on the Gram-posi-
tive bacterium Streptococcus pyogenes (5), as well as on other
Gram-positive pathogens (6), has highlighted a class of proteins
in which intramolecular cross-links seem to be remarkably prev-
alent. It includes not only Gram-positive pili but a number of other
cell surface adhesins, known as microbial surface components rec-
ognizing adhesive matrix molecules (MSCRAMMs) (7). Examples
of the latter include the collagen-binding A domain and repetitive B
domains from the Staphylococcus aureus collagen-binding surface
protein Cna (8, 9), the fibronectin-binding protein FbaB from
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S. pyogenes (10), and the adhesin SspB from Streptococcus gordonii
(11). In contrast to the Gram-positive pili, which are assembled
from discrete protein subunits (pilins) by sortase enzymes (12),
the MSCRAMMs are typically single polypeptides folded into
many domains. What both pili and MSCRAMMs have in common
is that they are very long and thin but also subject to large
mechanical shear stresses and protease-rich environments.

The pilus components and MSCRAMMs share a common
domain organization: an N-terminal signal sequence followed by
the protein segment that is to be displayed; a sorting motif
(LPXTG or similar) that is processed by a sortase that attaches
the protein to the cell wall or incorporates it into pili; and a
C-terminal hydrophobic transmembrane segment and short,
positively charged tail (13). MSCRAMMSs commonly possess an
N-terminal functional region followed by a repetitive series of
domains that provide a supporting “stalk” that holds the func-
tional domain(s) away from the cell surface (9).

Isopeptide bonds, both Lys-Asn and Lys-Asp, now appear to
be common in the Ig-like domains that make up the shafts, or
stalks, of these structures, providing tensile strength and stability
along the length of the assembly (14). These bonds form spon-
taneously on protein folding; the hydrophobic environment lowers
the pK, of the lysine residue, enabling its nucleophilic attack on
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the Cy of the Asn/Asp, aided by proton transfer via an adjacent
Glu or Asp. The latter also polarizes the C = O bond of the Asn
or Asp side chain, resulting in a partial positive charge on Cy (10,
14). This is essentially a one-turnover autocatalytic reaction de-
pendent on the polarity of the environment and the proximity of
the reacting groups. So far, the bonds are found in just two types
of Ig-like domain, labeled CnaB and CnaA, and appear in
characteristic positions in each (14).

In an effort to find how prevalent intramolecular isopeptide
bonds are in bacterial cell surface proteins, we carried out
a bioinformatic analysis of ~100 sequences for putative cell
wall-anchored proteins (identified by their LPXTG motifs)
from a variety of Gram-positive organisms, seeking potential
MSCRAMMs. Among these was a putative surface-anchored
protein from Clostridium perfringens (GenBank accession no.
EDT23863.1), which we refer to as Cpe0147 in the following
discussion. This protein has an N-terminal domain that resem-
bles, at the sequence level, the thioester-containing adhesin do-
main from S. pyogenes pili (15). This domain is followed by
a series of repetitive domains of ~150 residues each that share
remarkably high sequence similarity, more than 85% identity
between any pair of domains.

Mass spectral analysis of a two-domain fragment showed a loss
of 34 Da from the expected molecular mass, suggesting the
formation of two isopeptide bonds (a loss of 2 x 17 Da), yet no
sequence pattern characteristic of isopeptide bonds could be
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found. Further mass spectrometric and crystallographic studies,
reported here, show that these domains contain unprecedented
ester bonds joining Thr and GlIn side chains, formed by an es-
terification reaction in a solvent-exposed environment. A fo-
cused search of sequence databases further suggests that these
intramolecular ester bonds are a widespread and common fea-
ture of cell surface adhesion proteins in Gram-positive bacteria.

Results

Structure Determination. Cpe(0147 is an ~220 kDa cell wall-
anchored adhesion protein from C. perfringens. Bioinformatic
analysis predicts that it comprises an N-terminal adhesin domain
tethered to the cell wall by a shaft composed of 11 repeating
domains terminating with a C-terminal cell wall-anchoring motif
(LPKTG) (Fig. 14). The 11 repeat domains are predicted to
each have an all B-strand IgG-like fold such as is commonly
found in both Gram-positive pili and other MSCRAMMs (6, 16).
The stalk domain sequences are highly conserved with a mini-
mum pairwise sequence identity of 85%. In an effort to define
the stalk domain boundaries, a construct spanning the first two
predicted repeats was expressed in Escherichia coli and purified.
This construct (C2) encompasses residues 292-625 of Cpe0147;
however, for convenience, we number the start of C2 from res-
idue 1. An additional construct comprising a single putative
domain (residues 8-152 of the C2 construct) was also expressed
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Fig. 1. Structure of Cpe0147. (A) Domain structure
of Cpe0147 with 11 repeat domains (green) and
an adhesin domain (blue). Location and size of C1
and C2 constructs are indicated. (B) Two-domain C2
structure. Strands A and G are linked by an internal
ester bond (yellow sticks) such that an extended
covalent connectivity (indicated in blue) is propa-
gated along the 11 repeat domains from the cell
wall to the adhesin domain. Strand G is interrupted
by a loop (cyan), which is shown in detail in F. Cal-
cium ions are shown as light blue spheres. (C) To-
pology of the repeat domain highlights the 1gG-like
fold, the location of the ester bond (thick black
line), and the loop interrupting strand G. (D) Cal-
cium site in the linker region. The Ca** ion is shown
as a light blue sphere, the coordinated water is
shown as a small red sphere, and metal-ligand
bonds are shown as dashed yellow lines. (F) Second
calcium site (inside repeat domain) shows two co-
ordinated waters. (F) Close-up view of the internal
ester bond between Thr-11 and GIn-141 side chains.
Side chains involved in ester bond formation or
stabilization are labeled. The loop-interrupting strand
G is highlighted in cyan and contains two of the
amino acids critical to ester bond formation.
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and purified in E. coli. For simplicity, the single- and two-domain
constructs are referred to herein as C1 and C2, respectively.

Domain boundaries of C2 were determined by limited pro-
teolysis, revealing a highly stable trypsin-resistant fragment of ~32
kDa (a loss of ~6 kDa). Crystals of proteolyzed selenomethionine
(SeMet)-substituted C2 protein were subsequently grown, and
the structure was solved by single-wavelength anomalous dis-
persion (SAD). The crystal structure has one C2 molecule per
asymmetric unit and was refined at a resolution of 1.90 A (R =
19.1%, Riree = 21.9%). Data collection and refinement statistics
are shown in Table S1.

Stalk Domain Structure. C2 is an elongated molecule that is ~104
A long and ~17 A wide (Fig. 1B). It contains two IgG-like
domains connected by a long linker. The two repeat IgG-like
domains are virtually identical with an rmsd of 0.59 A over 143
aligned Co atoms. The protein forms a f-sandwich consisting
of opposing three- and four-stranded f-sheets, similar to an
IgG constant domain (IgGc). The C2 domain fold differs from
the IgGc fold, however, in that one edge strand (D) is switched
from the first sheet of the B-sandwich to the second; the two
B-sheets have the strand order A-B-E and G-F-C-D (Fig. 1C).
This corresponds to the switched-type Ig fold, as defined by Bork
et al. (17).

The interdomain linker is ~35 A long comprising residues
140-152. The length of the linker implies interdomain flexibility
and may allow large domain motions. The linker is predominantly
stabilized by an extended loop, residues 256-274, that projects
~20 A up from the C-terminal domain between p-strands F and
G. This F-G loop stacks against the linker peptide and makes
primarily hydrophobic interactions. A metal ion is bound at the
end of the extended loop, octahedrally coordinated by Asp-267
(081), Asp-269 (081), Asp-271 (O81), Asn-273 (O), Asp-275
(082), and a water molecule (Fig. 1D). The coordination envi-
ronment and ayerage metal-ligand bond length (2.3 A) are in-
dicative of a Ca®* ion, and althou%h the C2 crystals were grown in
the presence of both 30 mM Mg“" and 30 mM Ca , the metal
ions are modeled as calcium (18) A second Ca®* ion is co-
ordinated by Asp-165 (O81) from p-strand A, Asn-181 (O), Asp-
184 (081), and Gly-185 (O) on a short helix between p-strands A
and B, and two water molecules (Fig. 1E).

Both domains of C2 contain equivalent Ca** binding sites
(Fig. 1B). In the single-domain Cl structure however, which was
crystallized without either Ca** or Mg>*, neither site contains
a bound metal ion (Fig. S1). We conclude that neither site is of
high affinity. Thus, although bound calcium ions appear to be
a common stabilizing feature of both pilin proteins, for example,
both SpaA from Corynebacterium diphtheriae (19) and GBS80
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from Streptococcus agalactiae (20), and multidomain adhesins,
such as S. gordonii SspB (11), the Ca** binding sites in CpeOl47
seem unlikely to play a major role in overall stability. Ca?*
binding may enhance local stability, however, as shown by or-
dering of the F-G loop in C2.

The most striking feature of the C2 structure is the presence of
two clearly defined Thr-Gln covalent bonds, one in each domain,
joining the side chains of Thr-11 and GIn-141 in the first domain
and Thr-160 and GIn-290 in the second domain. In each case, the
Thr residue is located on the first p-strand and the Gln residue is
located on the last p-strand of the domain, reminiscent of the
isopeptide bonds found in Gram-positive pili (5, 14, 21, 22) (Fig.
1F). However, this apparently spontaneous self-catalytic bond
forms in an entirely different environmental context from that of
autocatalytic isopeptide bonds.

Intramolecular Ester Bonds. To aid characterization of the covalent
linkage we observed, and to probe its formation, a single-domain
construct (C1) was produced. The crystal structure of C1 was
solved by molecular replacement with a partial C2 model and
refined at a resolution of 1.1 A (R = 18.2%, Rgee = 21.0%). Data
collection and refinement statistics are shown in Table S1. The
structure of this single-domain protein (Fig. S1) is very similar to
that of the same domain in the C2 protein, with an rmsd over 136
Co positions 0f 0.52 A. The only significant difference is the loss
of the two Ca** ions, although this has little effect on the protein
conformation. As in the C2 structure, there is clearly defined
electron density linking the side chains of Thr-11 and Gln-141
(Fig. 24). A careful analysis of bond geometry and interatomic
contacts in this atomic resolution structure suggests that the
covalent linkage is an ester bond formed between Thr-11 Oyl
and GlIn-141 C8; the side chain amino group of Gln-141 has been
eliminated (Fig. 2B). The ester bond is stabilized by hydrogen
bonding between GIn-141 Oc¢l and a protonated Asp-41 O52.
Asp-41 is itself stabilized by hydrogen bonding with Glu-108,
which is buried in the hydrophobic core of the domain. Both
Asp-41 and Glu-108 appear protonated as judged by the hy-
drogen bonding interactions.

The presence of the ester bonds in both the C1 and C2 protein
constructs was independently confirmed by electrospray ioniza-
tion (ESI) TOF MS. The molecular masses of C1 and C2 were
found to be 16,646 Da and 33,298 Da, respectively, which are 17
Da and 33 Da less than the theoretical masses and consistent
with the elimination of one NH; molecule from each domain
(Table S2). The specific location of the ester bond was confirmed
by proteolytic digestion of the C1 protein and analysis by liquid
chromatography tandem MS (MS/MS). A peptlde was identified
that gave a parent ion with an m/z of 676.9°" containing the

/)@Tm

Fig. 2. Internal ester bond. (A) Electron density map (2Fo-Fc omit map contoured at 1c) shows continuous density unambiguously assigned as an internal ester
bond. (B) Stereo view of side chains involved in ester bond formation and stabilization. The hydrogen atoms on His-133, Asp-41, and Glu-108 are shown as small
black spheres, and hydrogen bonds are shown as dashed white lines (H-bond distances in angstroms). Water molecules are shown as small light gray spheres.
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Fig.3. MS/MS spectrum of the peptide generated after trypsin digest of the
C1 construct. Fragmentation spectra of the peptides containing the ester
bond are shown. A full list of the assigned structures is provided in Table S3.
The observed peaks indicate a stable Thr-11/GIn-141 cross-linked fragment.
amu, atomic mass units.

ester bond joining Thr-11 and GIn-141, in conformity with the
crystal structures (Fig. 3 and Table S3).

Like isopeptide bonds in CnaB folds (14), the ester bonds
provide a covalent cross-link between the first and last p-strands
of each domain, and as with isopeptide bonds, the ester bonds
contribute to the proteolytic stability of the protein. C1 protein
digested with trypsin at 37 °C for 24 h is found to be completely
intact when analyzed by SDS/PAGE. In contrast, mutant pro-
teins in which the bond is eliminated (T11A or Q141A) were
completely digested after 6 h (Fig. S24).

To investigate the requirements for ester bond formation, the
following protein variants were made: T11A, T11S, D41A,
E108A, H133A, D138A, and Q141A. All mutants were suc-
cessfully expressed and purified, although they eluted as broad
peaks on size-exclusion chromatography, suggestive of multiple
species, possibly aggregated. With the exception of D138A, none
of the mutant proteins contained an ester bond, as determined
by MS analysis. The D138A mutation produces a mixed pop-
ulation of cross-linked and non—cross-linked protein; immedi-
ately after purification from E. coli, ~50% of the protein has an
intact ester bond (Fig. S34). Incubation of the D138A protein at
37 °C, however, reduces the proportion with an intact ester bond
to ~40% after 48 h (Fig. S3B), and further to <20% of total
protein after 150 h (Fig. S3C).

The contribution the ester bond makes to the stability of the
C1 construct was examined by CD spectroscopy and differential
scanning fluorimetry (DSF). WT type C1 gave a CD spectrum
typical of a well-folded all-p protein, whereas all mutants gave CD
spectra characteristic of unfolded proteins (Fig. S2B). Melting
curves measured by DSF showed that the WT C1 has a single
unfolding curve with a melting temperature (7,,) of 68 °C, in-
dicating that the protein is well folded and stable (Fig. S2C). In
contrast, the D138A mutant has a much broader unfolding curve,
reflecting the heterogeneous ester bond formation, with the species
lacking an ester bond starting to unfold at 25 °C. All other mutants
display characteristics of unfolded or aggregated protein (23).

Discussion

Proposed Mechanism of Ester Bond Formation. A distinguishing
feature of the C2 fold is the presence of a seven-residue insertion
in the middle of the last p-strand (G) of each domain (Fig. 1F).
Taking the first domain as the example, the insertion of these
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seven residues between His-133 and GlIn-141 forms a loop that
positions His-133 and Asp-138 adjacent to Thr-11 and GIn-141.
In this arrangement, Thr-11, His-133, and Asp-138 form a triad
similar to that seen in serine proteases. We therefore propose
a mechanism for ester bond formation that is similar to that of
the serine protease family (24), in which the hydroxyl oxygen of
Thr-11 acts as a nucleophile in attacking the side chain carbonyl
carbon of GIn-141; in this case, the Gln side chain is analogous to
the peptide substrate of serine proteases (Fig. 4). The reaction
appears to be specific to Thr, because no bond is formed when
Thr-11 is substituted by Ser in the T11S mutant protein. We
assume that steric factors in the state that exists before bond
formation are responsible for this discrimination.

Additional residues promote the reaction, as shown by the fact
that the mutant proteins H133A, D41A, and E108A do not form
the ester bond and D138A forms the bond, but to a reduced
extent. His-133 is positioned adjacent to Thr-11 Oyl, where it is
presumed to act as a catalytic base, accepting the hydrogen from
the Thr-OH group, and thus enhancing the nucleophilic poten-
tial of the Oyl oxygen. Although we only see the catalytic site
structure after bond formation, we propose that His-133 would
also hold the Thr-11 side chain in a suitable geometry for ca-
talysis. Asp-138 hydrogen-bonds to His-133, and we propose that
it plays a dual role in holding His-133 in a catalytically ideal
orientation and in making the nonprotonated His-133 nitrogen
more electronegative for proton abstraction. Asp-138 is clearly

Fig. 4. Proposed mechanism of ester bond formation. The first step is nu-
cleophilic attack of Thr-11 on GIn-141, proton abstraction by His-133, and
bond polarization by the Asp-41/Glu-108 pair. The next step highlights an
oxyanion intermediate that rearranges, abstracts a proton from His-133, and
results in the elimination of NHs. The final state (crystal structure) shows an
internal ester bond stabilized by the Asp-41/Glu-108 pair and highlights the
unusual pK, values of these residues. The ester bond is prevented from hy-
drolysis by the His-133/Asp-138 interaction.

Kwon et al.
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not essential for the reaction, however, because the D138A mutant
is still capable of bond formation, albeit less effectively. On the
other side of the active site, a pair of acidic residues also promotes
catalysis; both Glu-108 and Asp-41 are buried in the protein in-
terior, and hydrogen bonding considerations suggest that both are
protonated. Glu-108 hydrogen-bonds to Asp-41, which, in turn,
hydrogen-bonds to the carbonyl oxygen of the GIn-141 side chain,
increasing the electrophilic potential of the carbonyl carbon.

Nucleophilic attack should produce a tetrahedral intermediate,
an adduct of Thr-11 and GlIn-141 side chains with a high-energy
oxyanion that is stabilized by the “proton shuttle” arrangement
of the Glu-108/Asp-41 pair. The pK, of Asp-41 as calculated by
PROPKA (25) from the crystal structure coordinates has an
unusually high value of 10.7. Although this number may not be
completely reliable, it indicates that at biological pH, the side chain
is exclusively protonated as is required for stabilizing the oxyanion
species; no other chemistry in the active site appears to stabilize the
oxyanion. The tetrahedral intermediate breaks down with the ref-
ormation of the carbonyl oxygen double bond and a concerted
attack by the GIn-141 amino group on the now protonated His-133
residue to abstract a proton; one molecule of ammonia (NHj3) is
eliminated, resulting in the 17-Da or 33-Da loss of mass observed
by MS of the single-domain and double-domain constructs.

The formation of the new bond and the elimination of am-
monia produce the equivalent of the acyl intermediate in serine
proteases. However, unlike the acyl intermediate of a protease,
which is then attacked by water to break the ester bond and
regenerate the catalytic site, the ester bond of the C1 protein, as
previously noted, is stable; it does not react further, and the ester
bond species is essentially trapped. In serine proteases, the his-
tidine equivalent to His-133 mediates the hydrolysis of the ester
bond (24). In our C1 structure, however, the hydrogen bond
between Asp-138 (pK, 3.0 as calculated by PROPKA) and His-
133 sequesters the histidine in a conformation in which it is
unable to interact with the ester bond. The Asp-138/His-133
hydrogen-bonded pair is also in a position where it could block
the entry of a water molecule into an appropriate location for
ester bond hydrolysis.

Site-directed mutagenesis of the catalytic residues (as outlined
above) supports our proposed catalytic mechanism, showing that
in all but one case, ester bond formation is eliminated in mutant
proteins. Mutation of Asp-138 to alanine produces a mixed
population of ester-bonded and nonbonded protein as outlined
above. Does this fit the proposed mechanism? A time-course
analysis of ester bond presence in the D138A protein shows that
over time, the proportion of ester bond-formed species is re-
duced (Fig. S3). Consistent with our hypothesis that the Asp-138/
His-133 pair, in essence, traps the ester bond species, we believe
that elimination of this critical interaction allows water-mediated
hydrolysis to occur, again mirroring the serine proteases. In our
proposed hydrolysis mechanism for the D138A mutant (Fig. S4),
water binds between an unrestricted His-133 and the ester bond
and His-133 functions as a base in abstracting a water proton and
enhancing the nucleophilic attack of the water oxygen on the
GlIn-141 carbonyl carbon. A tetrahedral intermediate results,
with a high-energy oxyanion species that is again stabilized by
hydrogen bonding to the Glu-108/Asp-41 pair. The intermediate
collapses as the threonine oxygen accepts a proton from His-133
and the oxyanion coalesces back into a carbonyl species; the ester
bond has broken, the threonine is regenerated, and we presume
that GIn-141 is converted to Glu-141.

Conservation of Side Chain Ester Bonds in Bacterial Cell Surface
Proteins. A sequence search suggests that ester bonds of this
type are a conserved feature in many cell surface proteins of
Gram-positive bacteria. Despite low overall sequence identities
between C2 and other proteins, all residues that are presumed to
be involved in bond formation appear conserved (Fig. S5).

Kwon et al.

Both the CD and DSF data show that the ester bonds confer
significant stability to the proteins. The WT C1 protein has high
thermal stability, unfolding in a single transition at a T, of 68 °C,
whereas the mutants that lack the ester bond are destabilized to
the point of being unfolded when measured by these techniques.
This contrasts with the case of isopeptide bonds in pilin as de-
scribed by Kang and Baker (22), where the loss of the isopeptide
bond thermally destabilized the protein by ~25 °C but the pro-
tein remained demonstrably folded as measured by DSF. The
proteolytic stabilities of the C1 mutants are similarly compro-
mised. The WT protein remains intact over 24 h, whereas the
mutants that lack ester bonds are almost fully degraded after
a few hours of incubation with trypsin.

Several factors may contribute toward the stability of Cpe0147.
The addition of an intramolecular covalent bond provides in-
herent stability, but the positioning of these cross-links is highly
significant (14). Like the intramolecular isopeptide bonds of
bacterial surface proteins, the ester bonds join the first and last
B-strands of each domain at a point where molecular dynamics
simulations and force distribution analysis suggest the critical point
of stress concentration exists (26). Mutagenesis studies of Ig-like
domains, coupled with atomic force microscopy analysis, come to
similar conclusions (27). In these multidomain proteins, the re-
peated ester (or isopeptide) bonds essentially produce a covalent
connectivity that extends from the cell wall anchor to adhesin along
the axis of the protein and provides the main force-bearing feature
of these cell surface proteins: greatly increased tensile strength.

Bond-Forming Chemistry. Why do some cell surface proteins use
ester bonds rather than isopeptide bonds to provide strength?
We suggest that this relates to the specific environment at the
cross-linking site. For isopeptide bond formation, a hydrophobic
environment is critical in manipulating side chain pK,, whereas
in domains such as those in Cpe0147, the chemistry that forms
the cross-linking ester bond occurs in a relatively solvent-exposed
environment and uses a well-established mechanism similar to that
of serine/threonine proteases, an example of convergent evolution.
We hypothesize that Asp-138 is a key residue that separates the
chemistry of Cpe0147 from that of serine proteases. The Asp-138/
His-133 interaction prevents the hydrolysis of the ester bond after
its formation, in essence trapping an acyl intermediate.

Materials and Methods

Bioinformatics. To investigate how widespread intramolecular isopeptide
bonds are in Gram-positive bacteria, the Jpred server (www.compbio.dundee.
ac.uk/jpred) (28) was searched using major pilin sequences to produce mul-
tiple sequence alignments. Based on sequence alignment and on secondary
and tertiary structure prediction (Jpred/I-TASSER) (28, 29), two sequences
were chosen as potentially containing intramolecular isopeptide bonds, one
of which was Cpe0147.

Gene Synthesis, Protein Expression, and Purification. The C2 construct was
synthesized by GENEART (Life Technologies) from the GenBank sequence
EDT23863.1 (residues 292-625) with codon optimization. The single-domain
C1 construct (residues 8-152 of C2) was PCR-amplified from the C2 gene.
Both constructs were subcloned into pET22b, overexpressed in E. coli as
C-terminal His-tagged proteins, and purified by nickel-affinity chromatog-
raphy followed by size-exclusion chromatography according to Kang et al.
(30). SeMet-substituted C2 was produced according to a protocol from
Sreenath et al. (31) and purified similar to the native protein. Full details of
protein expression and purification are given in SI Materials and Methods.

Crystallization and Structure Determination. Crystallization conditions for
native and SeMet C2 were screened after incubation with trypsin at a 1:20,000
trypsin/protein (wt/wt) ratio at 310 K for 2 h. Cleavage was monitored by SDS/
PAGE. Crystals were grown in sitting drops. The best native C2 crystals were
obtained using a precipitant solution comprising 12.5% (vol/vol) PEG 1000,
12.5% (vol/vol) PEG 3350, 12.5% (vol/vol) 2-Methyl-2,4-pentanediol, 0.03 M
MgCl,, 0.03 M CaCl,, and 0.1 M bicine/Trizma base (pH 8.5). The SeMet C2
crystals were macroseeded from native C2 crystals. The best C1 crystals were
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obtained with 10% (vol/vol) PEG 20,000, 20% (vol/vol) PEG monomethyl
ether 550, 0.02 M amino acids (0.02 M sodium L-glutamate, 0.02 M bt-ala-
nine, 0.02 M glycine, 0.02 M bt-lysine, 0.02 M bL-serine), and 0.1 M 3-mor-
pholinopropane-1-sulfonic acid (MOPS)/HEPES (pH 7.5). All three proteins
were crystallized at 100 mg/mL. Full details of crystallization protocols are
given in S/ Materials and Methods. Crystals were flash-cooled without fur-
ther cryoprotection. X-ray diffraction data were collected at the Australian
Synchrotron (MX1 beamline) to a resolution of 1.9 A for SeMet C2 and to
a resolution of 1.1 A for C1. Data were processed and scaled with X-ray
Detector (XDS) (32) and SCALA (Scala, Inc.) (33) software. The structure of C2
was solved by SAD phasing. Phase determination, density modification, and
model building used PHENIX software (34). Model building was completed
with Crystallographic Object-Oriented Toolkit (Coot) software (35). The
SeMet C2 structure was refined with BUSTER software (36). The C1 structure
was solved by molecular replacement using the C2 structure and refined
using REFMAC software (37). Final validation used MOLPROBITY (38). Data
collection and refinement statistics are shown in Table S1.

MS. SDS/PAGE gel bands containing recombinant protein were excised and
trypsinized. Peptides were analyzed using a Q-STAR XL Hybrid MS/MS system
(Applied Biosystems) and identified using the MASCOT search engine v.2.0.05
(Matrix Science). Unmatched peptides were manually inspected to identify
cross-linked sequences. Accurate protein molecular mass was determined
by ESI TOF MS. Samples were analyzed in the positive ionization mode on
a Q-STAR XL Hybrid MS/MS system. Data were acquired in the m/z range of
500-1,600. Raw data were deconvoluted to give accurate molecular mass
using the Bayesian Protein Reconstruct tool from the Bioanalyst extensions
within Analyst QS 1.1 (Applied Biosystems).
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Mutagenesis. All mutations were made on the C1 construct using 5’-phos-
phorylated primers (Table S4). PCR-amplified products were gel-purified and
then ligated at 18 °C overnight. Mutagenesis was sequence-verified. All
mutants were expressed and purified similar to WT. Bond formation for each
mutant was confirmed by MS. Mutants were subjected to proteolysis as for
the native protein.

DSF. Protein thermal unfolding was monitored by the increase in fluorescence
of SyproOrange (Sigma), using a real-time PCR device (7900HT Fast RT PCR
System; Applied Biosystems). A reaction volume of 50 pL contained 30 M
protein, 5 uL of 25x SyproOrange, and 15 pL of protein storage buffer.
Experiments were performed in triplicate in a 96-well plate with a temper-
ature gradient from 25-95 °C in steps of 1 °C/min. Fluorescence emission at
600 nm was plotted as a function of temperature. T, values were fitted to
the Boltzmann equation using Microsoft Excel (39).

CD. WT and mutant C1 proteins were buffer-exchanged into 5 mM sodium
phosphate buffer (pH 8.0) and 50 mM sodium fluoride to a final concen-
tration of 2.5 uM. CD spectra were recorded on a PiStar-180 (Applied Pho-
tophysics) spectrometer. To obtain overall CD spectra, wavelength scans
between 180 and 320 nM were collected at 20 °C using a 2-nm bandwidth,
1-nm step size, and time per step of 2 s. The data were collected over five
accumulations and averaged.
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