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Staphylococcus aureus can adhere to and invade endothelial cells
by binding to the human protein fibronectin (Fn). FnBPA and
FnBPB, cell wall-attached proteins from S. aureus, have multiple,
intrinsically disordered, high-affinity binding repeats (FnBRs) for
Fn. Here, 30 years after the first report of S. aureus/Fn interactions,
we present four crystal structures that together comprise the
structures of two complete FnBRs, each in complex with four of the
N-terminal modules of Fn. Each ~40-residue FnBR forms antipar-
allel strands along the triple-stranded B-sheets of four sequential
F1 modules (>-5F1) with each FnBR/2-3F1 interface burying a total
surface area of ~4,300 A2 The structures reveal the roles of
residues conserved between S. aureus and Streptococcus pyogenes
FnBRs and show that there are few linker residues between FnBRs.
The ability to form large intermolecular interfaces with relatively
few residues has been proposed to be a feature of disordered
proteins, and S. aureus/Fn interactions provide an unusual illus-
tration of this efficiency.

intrinsic disorder | tandem B-zipper | host-pathogen interaction

Staphylococcus aureus is a dangerous human pathogen that
causes a wide range of debilitating and life-threatening
infections (1). Incidence of S. aureus resistance to antibiotics (2)
makes the understanding of its mechanisms of pathogenesis
imperative. S. aureus/Fn interactions were first reported 30 years
ago, and an S. aureus Fn-binding protein was isolated and
characterized ~20 years ago (3). Our recent work has dissected
the 363-residue C-terminal region of FnBPA into 11 FnBRs (4)
(FnBPA_1-11; Fig. 1 A and B), six of which bind the NTD
(N-terminal domain) of Fn (comprising modules '-3F1) with
dissociation constants in the nanomolar range (5). The C-
terminal region of FnBPB, a second S. aureus Fn-binding
protein, is very similar to FnBPA but lacks one of the shorter
FnBRs (5). In FnBPA, which also binds fibrinogen, the fibrin-
ogen- and Fn-binding regions (Fig. 14) appear to cooperate in
disease progression, with the FnBR region being particularly
associated with persistence of infection (6). FnBPA/Fn interac-
tions both mediate S. aureus invasion of (7) and activate endo-
thelial cells, evoking both the proinflammatory and procoagu-
lant responses typical of infective endocarditis (8). FnBPAs
ability to mediate platelet activation, a key step in thrombus
formation, is also likely to play a role in cardiovascular disease
(9) and FnBPA has been implicated in cardiac device infections
through its ability to mediate S. aureus attachment to implanted
prosthetic materials (10). We previously predicted that in Fn-
BPA each FnBR binds a string of three or four F1 modules in the
NTD of Fn through a longer version of the tandem B-zipper
mechanism that we discovered in Streptococcus dysgalactiae
interactions with 'F12F1 (4).
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Results and Discussion

Crystal Structure of FnBPA-1/2-5F1. Fig. 1C shows two F1 module
pair/peptide structures that together comprise the structure of
the most N-terminal S. aureus FnBR (FnBPA-1) in complex with
25F1 of Fn. The ?F13F1/STATTI and “F1°F1/STAFF1 com-
plexes were solved to resolutions of 2 and 1.8 A, respectively. The
S. aureus peptide binds Fn through four short bacterial motifs
that add an antiparallel strand along strand E of the triple-
stranded B-sheet (strands CDE; Fig. 1C) of the four sequential
F1 modules: a tandem B-zipper. A large surface area (11)
(4,400 Az) is buried in the complex and there is a high-interface
area per bacterial peptide residue (12). The F1 module struc-
tures are very similar for the free and peptide-bound forms. For
example, the RMSD between *F1°F1/STATT1 and *F1°F1 (PDB
ID code 2CG7) for the 43 Ca atoms of 2F1 is 0.67 A.

There are several examples of B-strand addition in protein—
protein interactions (13). However, B-sheet augmentation in a
tandem arrangement, as seen in the bacterial peptide/Fn inter-
actions studied here, is very unusual. Only one other example, a
LIM domain/peptide complex (14), has been reported.

Crystal Structure of FnBPA-5/2-5F1. Fig. 1D shows the crystal struc-
ture of the complexes between 2F13F1/STATT5 and “F1°F1/
STAFFS that together comprise a second complete binding site
between Fn and FnBPA. The *F1°F1/STATTS and *FI°F1/
STAFF5 structures were solved to resolutions of 1.7 and 2 A,
respectively These structures confirm that other Fn- binding
sites in FnBPA also bind through this unusual tandem_B-zipper
mechanism. The total surface area buried is ~4,200 A2,
Although it seems clear, based on the relative Kps of FnBR/
2F1 and peptide/module interactions (4, 15), that the full
FnBPA-1/>~F1 and FnBPA-5/>°F1 interactions can largely be
dissected in this way, we have only approximated the relative
domain orientations of 3F1 and *F1 in the intact complex. In
addition, the FnBRs in the intact bacterial protein are likely to
have less flexible N and C termini, which might influence their
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FnBPA-1 NEKNGPIIQNNKFEYKEDTIKETLTGQYDKNLVTTVEEEYDSS
FNBPA-2 ~~~a~n~aa~nTLDIDYHTAIDGGGCYVD~~GYIETIEETDSS
FnBPA-3 ~~~a~na~a~~ATDIDYHTAVDSEAGHVG~~GYTESSEESNP
FNBPA-4 ~~~a~na~a~anIDE~EESTHENSKHHA~~~DVVEYEEDTNPG
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STATTS
FnBPA-5 GGGQVTTESNLVEFDEESTKGIVTGAV~~~SDHTTVEDTK

FnBPA-6
FnBPA-7

~~~EYTTESNLIELVDEL~~PEEHGQA~~~~~QGPVEEITK
~~NNHHISHS~~~~~~~~~GLGTENGH~~~GNYDVIEEIEENS
FnBPA-8 ~~~~~a~va~v~rHVDIKSEL~~GYEGGQNS~~GNQSFEEDTEEDKP
FnBPA-9 ~~~KYEQGGNIVDIDFDS~VPQIHGQONK~~GNQSFEEDTEKDKP
FnBPA-10 ~~~KYEHGGNIIDIDFDS~VPHIHGFNK~~HTEIIEEDTNKDKP
FnBPA-11 ~~SYQFGGHNSVDFEEDT~LPKVSGQNE~~GQQTIEEDTTP

Fig. 1. FnBR peptides from S. aureus FNBPA in complex with NTD F1 module
pairs from Fn. (A) FnBPA contains 11 FnBRs (4), 6 of which bind the NTD of Fn
with high affinity (5) (indicated with asterisks, an orange asterisk indicates an
FnBR for which structural data are presented). The fibrinogen-binding A
domain and the C-terminal bacterial cell-wall attachment site (LPETG) are
indicated. (B) Sequence alignment of FnBRs from A (residues 508-874 of
Swiss-Prot entry P14738) highlighting residues (orange) conserved between
FnBRs. Peptide sequences are indicated by a solid bar, and the first and last
residue in each peptide that undergoes a >2-A2 change in accessible surface
area on complex formation are underlined. (C) Ribbon diagram for the
structures of 2F13F1/STATT1 and #F15F1/STAFF1. Fn modules are shown in cyan,
and the FnBR is shown in gray. Strand naming for F1 modules is shown on 2F1.
(D) Ribbon diagrams for the structures of 2F13F1/STATT5 and 4F15F1/STAFF5.
The 2F13F1/STATT1, 4F15F1/STAFF1, 2F13F1/STATTS5, and 4F13F1/STAFF5 struc-
tures were solved to resolutions of 2, 1.8, 1.7, and 2 A, respectively. The dotted
lines indicate that the orientation between 3F1 and 4F1 was approximated
based on the other F1 module interfaces and the short length on the inter-
module linker.

interactions with F1 modules, especially at the N- and C-terminal
boundaries of the structures in Fig. 1; attempts to crystallize
larger complexes have, so far, been unsuccessful.

Comparison of Structures for Identification of the Roles Played by
Residues Conserved Between Staphylococcal and Streptococcal
FnBRs. The four structures in Fig. 1 reveal the role played by
residues conserved between FnBRs (Fig. 1B) in binding to the
F1 modules. In the 2F1-binding region of FnBRs, an E-D/E-T/
S/Y (Fig. 1B) motif stands out as being highly conserved, as does
a D/E-T/S motif in the *F1-binding region of the FnBRs (4). Fig.
2 shows that the OH moiety of the hydroxyl-containing side
chain, whether a threonine (STAFF1 and STATTS; Fig. 2.4 and
B), or a serine (STAFFS; Fig. 2C), forms a hydrogen bond with
the backbone NH and O atoms of homologous F1 module
residues in the D-E loop and A strand. In ?F1, these residues are
G100 and F67, respectively, whereas in *F1, they are G190 and
F156. The tyrosine in STATT1 can form the same hydrogen
bonds (Fig. 2D), but in some structures the side chain is not well
ordered, and in another, its orientation is affected by crystal
contacts. To accommodate the more bulky tyrosine side chain
and maintain the position of the hydroxyl group, there is a
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Fig.2. Specificity of 2F1-peptide and *F1-peptide interactions. The conserved
hydroxyl-containing side-chain threonines #F1:STAFF1 (A) and 2F1:STATT5 (B),
serine 4F1:STAFF5 (C), and tyrosine 2F1:STATT1 (D) of the FnBR (gray) forms
hydrogen bonds with backbone atoms of homologous residues in 2F1 and 4F1
(cyan). The positions of conserved acidicand hydrophobic FnBR residues (gray)
with respect to the electrostatic surface of 2F1 or 4F1 are shown below with
FnBR sequences.

change in the peptide backbone orientation. The D/E residue in
the 2F1- and “F1-binding motifs is in close proximity to arginine
residues in the E strands of both ?F1 and “F1 as a result of the
register of peptide binding with the E strand. Thus, the D/E-T/
S/Y motif appears to play similar roles in ?F1 and “F1 binding.

The structure of ?F1 in the absence of peptide (PDB ID code:
2CG7) (16), shows that an arginine residue in strand C of 2F1
forms a rather side-on interaction (17) involving Ne with an
aspartate residue in strand A, and the terminal NH; groups of
the arginine are partially solvent exposed. On binding of
STATT1 and STATTS, however, these terminal groups are
completely buried. In these complexes, a glutamate residue that
is fully conserved in the F1-binding motifs of all S. pyogenes and
S. aureus FnBRs (4) (E-E/D-T/S/Y; Fig. 1B) forms an end-on
interaction [as has been observed to be favored in intermolecular
interactions (17)] with the arginine in strand C (Fig. 2 B and D).
The intramolecular side-on interaction with the aspartate in
strand A is also maintained in these complexes. Thus, upon
bacterial peptide binding, the conserved glutamate in the 2F1-
binding motif would appear to be playing a role in stabilization
of what otherwise would become buried charge. In “F1, the basic
residue in strand C is a lysine whose hydrogen-bonding capacity
in the presence and absence of peptide appears to be satisfied
through the intramolecular interaction with the acidic residue in
strand A. The glutamate discussed above is not conserved in the
4F1-binding motifs of FnBRs (4) (Fig. 1B) and when a glutamate
is present, for example in STAFF1 and STAFFS5 (Figs. 1B and 2
A and C), it does not form an intermolecular salt bridge upon
binding.

In the “F1-binding motifs, there is also a conserved hyd-D/E-
hyd motif (where hyd is an amino acid with a hydrophobic side
chain) that is not present in the 2F1-binding region. This reflects
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Fig. 3. Role of conserved residues in 3F1 binding and >F1 binding. (A)
Structure of 2F13F1/STATT1 focusing on a conserved glycine residue in the
3F1-binding motif (gray) and a tryptophan in the E strand of 3F1 (cyan). (B)
Homologous region of 4F15F1/STAFF1 showing that the different orientation
of the tryptophan side chain accommodates a glutamine residue in the bound
FnBR. (C and D) Structures of “F1°F1/STAFF1 (C) and #F15F1/STAFF5 (D) high-
lighting the hydrogen bond formed by the conserved asparagine residue of
the FnBR (gray) with the backbone of 5F1 (cyan).

several differences between 2F1 and *F1 at the module surface
where this bacterial motif binds. Two hydrophobic pockets are
formed on the surface of “F1 (Fig. 2 A4 and C) by several amino
acid changes and reorientation of the loop between strands D
and E. The conserved acidic residue is adjacent to an arginine
residue on the linker between “F1 and °F1; the 2F1-3F1 linker has
an alanine at this position [supporting information (SI) Fig. S1].

Importantly (because these regions of the FnBRs are less
conserved), the structures also shed some light on the interac-
tions of the FnBRs with 3F1 and °F1 (Fig. 1B). A glycine is the
most highly conserved residue in the 3F1-binding motifs (4) (Fig.
1B) and the reason seems clear. The side-chain orientation of a
tryptophan residue in the E strand of 3F1, in both the absence
[PDB ID code 2CG7 (16)] and presence of bacterial peptide, is
such that only a small side chain allows formation of a regular
strand at this point (Fig. 34). The tryptophan is conserved in °F1
but here, a difference in the side-chain rotamer (x1 angle)
provides room for a glutamine residue in the FnBR (Fig. 3B). In
STAFF1 and STAFFS5, the side-chain NH, of the conserved
asparagine in the F1-binding region (Fig. 1B) forms a hydrogen
bond with the backbone carbonyl oxygen of an asparagine
residue in strand A of °F1 (Fig. 3 C and D).

Of further note is the short “looped-out” region observed in
the bacterial peptide between 2F1 and 3F1 in the STATT1 (Fig.
1C) and STATTS (Fig. 1D) complexes with 2F13F1. This loop is
slightly longer in the STATT1 complex, consistent with the
presence of additional residues in this 2F13F1-binding motif
compared with other FnBRs (Fig. 1B) (4).

FnBPA-5 has <25% identity (8 of 34 residues) with FnBPA-1
(Fig. 1) (4), yet the tandem B-zipper mechanism of binding is
conserved. The position of the asparagine (STAFF1) and glycine
(STAFFY) residues (underlined in Fig. 1B), that are the most
N-terminal FnBR residues participating in the intermolecular
interface with NTD, fit well with the length of FnBRs (FnBPA-
9,10,11) that bind NTD with high affinity (5) and are predicted
to bind four F1 modules (4) (Fig. 1B). For FnBRs (FnBPA-
2,3,4,8) the N-terminal boundary matches that of the *F1-
binding residues in STAFF1 and STAFFS, consistent with the
lack of a complete *F1-binding motif. Similarly, the position of
the most C-terminal interacting residue in STATT1 (tyrosine)
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Fig.4. Efficiency of S. aureus binding to Fn. Schematic (not to scale) showing
how nine copies of Fn (cyan) might cluster on FNBPA (gray) and illustrating the
efficiency of the binding. The five F1 modules from the N-terminal domain are
shown with 25F1 (FnBPA-1,5,9,10,11) or 3->F1(FnBPA-2,3,4,8) bound to FnBRs
through tandem B-zippers, and the remainder of each Fn molecule and FnBPA
are shown as cyan and gray ovals, respectively.

and STATTS (threonine) fits well with the N-terminal boundary
of the other FnBRs.

From the early characterization of Fn-binding proteins of S.
aureus (3) to more recent studies (18), there is good evidence
that the interaction with Fn is multivalent, i.e., between six and
nine Fn molecules bind a single copy of FnBPA or FnBPB. We
(19) and others (20) have suggested that multivalent binding of
Fn to bacterial Fn-binding proteins is likely to play a role in
invasion of human cells, and this hypothesis is supported by the
observation that bacterial Fn-binding proteins from S. pyogenes
also contain multiple Fn-binding sites (4, 15). Multivalent bind-
ing is rather puzzling however, given the relative sizes of NTD
(29-kDa) and FnBPA (40-kDa Fn-binding region). The struc-
tures in Fig. 1 C and D show that the interaction of the FnBRs
with the F1 modules is almost continuous, and there are very few
linker residues between FnBRs. In the absence of Fn, FnBPA
constructs containing multiple FnBRs have been shown to be
intrinsically disordered by both NMR spectroscopy (21) and
circular dichroism (22) studies. The intrinsic disorder before
binding, unidirectional strand formation upon binding, and neat
matching of FnBR length to bind three or four F1 modules (with
few additional linker residues) together would allow the highly
efficient clustering of several NTD molecules in a comparatively
short section (363 residues) of bacterial protein (Fig. 4).

Many eukaryotic and prokaryotic proteins are predicted to
contain substantial regions with no stable secondary structure
elements (23). These intrinsically disordered regions (IDRs) can
form a significant proportion of the intact protein sequence and
are often involved in molecular recognition processes (24). A
number of studies have addressed the question of how the
protein—protein interactions of IDRs differ from those of folded
proteins (12, 25, 26). One clear distinguishing characteristic is the
efficiency with which large interfaces are formed with relatively
few residues; the FnBPA-1/NTD interaction is an excellent
example of this economy. With only 37 bacterial residues, the
FnBPA-1/NTD and FnBPA-5/NTD tandem B-zipper interac-
tions each bury ~4,300 A2 of accessible surface area. These large
interfaces are likely to compensate for unfavorable entropy
changes upon complex formation, but may also be required to
disrupt Fn-Fn interactions between the NTD and F3 modules
(27). The efficiency of the interaction arises because the intrinsic
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disorder of the bacterial FnBRs before binding allows a larger
percentage of residues to be directly involved in binding (rather
than maintaining a stable three-dimensional fold). As has pre-
viously been highlighted (25), this is illustrated by the much
larger percentage of accessible surface area of the disordered
protein (FnBPA-1; 44%) compared with the folded protein
(*F1; 17%) that is buried in the intermolecular interface. When
the multivalency (18) is taken into account (Fig. 4), the potential
buried surface area in the FnBPA/Fn complex is ~26,000 A? if
only six Fn molecules are bound and ~36,000 A? if nine
molecules are bound. Thus, the 363-residue FnBR region of
FnBPA provides an unusual illustration of the efficient forma-
tion of protein—protein intermolecular interfaces. We propose
that the obvious efficiency of these interactions makes it likely
that other IDRs will form similar interactions with Fn or with
other multidomain proteins. S. pyogenes (15) and the spirochete
Borrelia burgdorferi (28) appear to use a tandem B-zipper to bind
Fn (19). A tandem B-zipper interaction in a different cellular
context has also been reported (14).

Intrinsic disorder has been suggested to allow a single protein
to bind a number of different proteins acting as “hub” proteins
in interaction networks (24). In Fn-binding by S. aureus, the
intrinsic disorder has been exploited in two different ways. First,
it allows the formation of high-affinity interactions of short
peptides with a modular protein. Second, when combined with
the tandem B-zipper formation, it facilitates the closely spaced
binding of multiple copies of Fn. The resultant clustering of
integrin-binding sites is likely to play a role in invasion of host
cells by S. aureus. It has been suggested that interactions between
FnBR-bound NTD molecules increase the affinity of FnBR/
NTD interactions (18). The mechanism of binding and the
closely spaced binding sites that we identified will greatly assist
investigations of this possibility in the future.

Animal models of infective endocarditis suggest the impor-
tance of S. aureus/Fn interactions in disease progression (6), and
here, we have shown that they are achieved through a highly
unusual mechanism of protein—protein recognition. The large
FnBR/>7F1 interfaces suggest that the design of small-molecule
inhibitors of the S. aureus/Fn interaction will be challenging.
However, the design of such compounds and further efforts to
understand the role of this interaction in invasion of human cells
and in disease will be assisted by the illustration, provided here,
of the roles played by residues that are highly conserved across
FnBRs of S. aureus and S. pyogenes.
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Methods

Synthetic Peptides and Expression and Purification of Fibronectin Domains.
FnBR peptides (Fig. 1B) were obtained from Alta Bioscience (University of
Birmingham). The 2F13F1 and #F15F1 were expressed in Pichia pastoris and
purified as described (4).

Crystallization. Crystals were grown by sitting-drop vapor diffusion. Crystals
were obtained for 4F1°F1:STAFF1 (0.8 mM/9 mM) in 0.1M Tris-HCl (pH 8.5),
0.15M KSCN, 20% (vol/vol) PEG 400, for 2F13F1:STATT1 (1 mM/17 mM) in 0.8 M
succinic acid (pH 7.0), for 4F1°F1:STAFF5 (1.4 mM/7.4 mM) in 0.2 M NaCl, 0.1 M
Bis-Tris (pH 6.3), 14% (wt/vol) PEG3350, and for 2F13F1:STATT5 (0.8 mM/18
mM) in 0.95 M succinic acid (pH 7.0). Crystals were flash-cooled in liquid
nitrogen by using cryoprotectants 30% (wt/vol) PEG 400, 12%, 20%, and 23%
(wt/vol) glycerol, respectively.

Data Collection and Refinement. X-ray diffraction data for 4F15F1/STAFF1,
2F13F1/STATT1, 4F15F1/STAFF5, and 2F13F1/STATTS were collected at 100 K at
the European Synchrotron Radiation Facility on beamlines 14-1, 1D29, 14-2,
and 14-4. Diffraction data were processed and scaled with HKL2000 (HKL
Research Inc.) and MOSFLM/SCALA (29). Structure solution of the 2F13F1-
STATT1 complex was by molecular replacement in PHASER (30). A low-
resolution 2F13F1/STATT1 complex structure was solved by using 2CG7 (16) by
molecular replacement, and the coordinates of 2F13F1 from this model were,
in turn, used to solve the structure presented here.

Structure solution of 4F15F1-STAFF1, 4F15F1-STAFF5, and 2F13F1-STATT5 was
by molecular replacement in PHASER (30) and MOLREP (31) using several
search strategies. Searches were conducted by using whole “F1°F1 (PDB ID
code 1FBR) or 2F13F1 module pairs and also individual F1 modules. Correct
solutions were obtained by manually extracting correctly positioned F1 mod-
ules after searching for multiple copies of 2F1 in MOLREP (31).

Structure refinement proceeded by alternating between manual building
in COOT (32) and automatic refinement in REFMAC (31). The bacterial pep-
tides were initially built as polyalanine into Fo-Fc density in COOT (32). As
refinement proceeded and map quality improved, this allowed unambiguous
assignment of sequence to the polyalanine backbone (Fig. S1). A summary
of the diffraction data and refinement statistics is available as online Table
S1. Figures containing structures (including electrostatic surfaces) were pre-
pared in Pymol (33). Buried accessible surface area was calculated by subtract-
ing areas of the separate components from that of the complex by using
Areaimol (34).
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