
www.manaraa.com

Staphylococcal biofilm-forming protein has
a contiguous rod-like structure
Dominika T. Gruszkaa, Justyna A. Wojdylaa, Richard J. Binghamb, Johan P. Turkenburgc, Iain W. Manfieldd,
Annette Stewarde, Andrew P. Leecha, Joan A. Geogheganf, Timothy J. Fosterf, Jane Clarkee, and Jennifer R. Pottsa,c,1

aDepartment of Biology, University of York, York YO10 5DD, United Kingdom; bDepartment of Chemical and Biological Sciences, University of Huddersfield,
Huddersfield HD1 3DH, United Kingdom; cDepartment of Chemistry, University of York, York YO10 5DD, United Kingdom; dAstbury Centre for Structural
Molecular Biology, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9JT, United Kingdom; eDepartment of Chemistry, University of Cambridge,
Cambridge CB2 1EW, United Kingdom; and fMicrobiology Department, Moyne Institute of Preventive Medicine, Trinity College, Dublin 2, Ireland

Edited by Roberto Kolter, Harvard Medical School, Boston, MA, and accepted by the Editorial Board March 1, 2012 (received for review November 25, 2011)

Staphylococcus aureus and Staphylococcus epidermidis form com-
munities (called biofilms) on inserted medical devices, leading to
infections that affect many millions of patients worldwide and
cause substantial morbidity and mortality. As biofilms are resistant
to antibiotics, device removal is often required to resolve the in-
fection. Thus, there is a need for new therapeutic strategies and
molecular data that might assist their development. Surface pro-
teins S. aureus surface protein G (SasG) and accumulation-associ-
ated protein (S. epidermidis) promote biofilm formation through
their “B” regions. B regions contain tandemly arrayed G5 domains
interspersed with approximately 50 residue sequences (herein
called E) and have been proposed to mediate intercellular accumu-
lation through Zn2+-mediated homodimerization. Although E
regions are predicted to be unstructured, SasG and accumula-
tion-associated protein form extended fibrils on the bacterial sur-
face. Here we report structures of E–G5 and G5–E–G5 from SasG
and biophysical characteristics of single and multidomain frag-
ments. E sequences fold cooperatively and form interlocking inter-
faces with G5 domains in a head-to-tail fashion, resulting in
a contiguous, elongated, monomeric structure. E and G5 domains
lack a compact hydrophobic core, and yet G5 domain and multi-
domain constructs have thermodynamic stabilities only slightly
lower than globular proteins of similar size. Zn2+ does not cause
SasG domains to form dimers. The work reveals a paradigm for
formation of fibrils on the 100-nm scale and suggests that biofilm
accumulation occurs through a mechanism distinct from the “zinc
zipper.” Finally, formation of two domains by each repeat (as in
SasG) might reduce misfolding in proteins when the tandem
arrangement of highly similar sequences is advantageous.
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Health care-associated infections affect many millions of
patients every year worldwide, causing substantial morbidity

and mortality and high costs to health services (1). Health care-
associated infections are a particular problem in adult (2) and
neonatal intensive care units (3), and frequently arise as a result
of formation of biofilms on the surfaces of indwelling medical
devices (4). Staphylococcus aureus and Staphylococcus epi-
dermidis are a common cause of such infections (2). Device-re-
lated staphylococcal infections are difficult to eradicate and treat
clinically (5) because bacteria in the biofilm are protected from
antimicrobial agents and the host immune system (6). Prolonged
antibiotic therapy and device removal can be required to resolve
the infection (5).
A biofilm is a functional multilayered community of micro-

organisms, adhering to a surface and organized within a self-
produced exopolymeric matrix (4). Initiation of biofilm forma-
tion is a two-step process involving attachment (in which bacteria
adhere to a surface) and subsequent maturation (when a 3D
structure evolves). The maturation phase requires intercellular
aggregation, during which bacteria divide and accumulate (6).

Staphylococci can mediate cell-to-cell adhesion using two types
of exopolymers: the polysaccharide intercellular adhesin and
proteins (7). Polysaccharide intercellular adhesin is also known as
poly-N-acetyl-glucosamine and is synthesized by enzymes encoded
on the icaADBC operon (7). Accumulation can occur indepen-
dently of ica, instead relying on the expression of surface proteins
such as accumulation-associated protein (Aap) (8) in S. epidermidis
and S. aureus surface protein G (SasG) (9) in S. aureus.
Aap and SasG have a domain organization that is typical of

the LPXTG protein family, comprising an N-terminal secretion
signal and a C-terminal sorting peptide, which is essential for
covalent linkage to wall peptidoglycan (10) (Fig. 1A). They
contain an N-terminal A domain, followed by a stretch of tan-
demly arrayed “B” repeats. The A domains of SasG and Aap
have been implicated in adhesion of bacteria to desquamated
epithelial cells (10) and B repeat regions are responsible for cell-
to-cell accumulation during biofilm formation (11, 12). Although
annotations in the literature differ (13, 14), the Pfam database
(15) recognizes a B-repeat sequence as containing a G5 domain
(∼80 residues) (14) followed by an approximately 50-residue
sequence (herein called E; Fig. 1A). The formation of Aap-
mediated biofilm requires proteolytic cleavage of the N-terminal
A domain (11). A similar processing pathway was proposed for
SasG (9). However, recent findings indicated that the full-length
protein exposed on the bacterial surface undergoes limited
processing within B repeats (12). The current model of protein-
mediated intercellular adhesion promoted by Aap and SasG in
staphylococci is known as a zinc zipper, in which Zn2+-mediated
self-association events occur between stretches of B repeats on
opposing Aap or SasG molecules (12, 13).
SasG and Aap have sequence identities of approximately 34%

and approximately 50% for G5 and E repeats, respectively, and
contain a variable number of repeats [three to 10 in SasG (16)
and four to 17 in Aap (17)], dependent on the strain. High DNA
sequence identity results in pairwise protein sequence similarity
between B repeats within SasG (Fig. S1A) and within Aap of
90% to 100% and 82% to 91%, respectively. It has been shown
recently that tandemly arrayed domains with high sequence
identity are prone to misfolding events (18). This is likely to be
a particular problem for long-lived proteins, or those which un-
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dergo shear stresses, and might explain the apparent evolutionary
pressure for sequences of adjacent domains to have less than 40%
sequence identity (19). Thus, the SasG and Aap biofilm-forming
region also raises the question of how misfolding is avoided when
sequence identity between repeats is otherwise advantageous.
The minimum number of SasG B repeats required for biofilm

formation is five. SasG variants with more than four repeats
blocked the binding of S. aureus surface adhesins to their ligands;
for example, the clumping factor B binding to cytokeratin and
fibrinogen (9). It is therefore possible that a minimum number of
repeats is required for projection of the biofilm forming domains
beyond other surface proteins. EM shows that SasG and Aap
form highly elongated fibrils on the bacterial surface. S. aureus
strains expressing SasG with eight full-length B repeats form
peritrichous fibrils of varying density and a mean length of 53 ± 3
nm (9). Aap-expressing strains produce localized tufts of fibrillar
appendages, usually in a lateral position in relation to the sep-
tum. The mean estimated length of the fibrils formed by an
Aap variant with 12 full-length B repeats was 122 ± 11 nm for
S. epidermidis NCTC 11047 and 159 ± 35 nm for RP62A (20).
Although it was proposed that fibrils correspond to a single
molecule of Aap (20), individual fibrils could not be distin-
guished as a result of very close packing.
Here we show that the biofilm-forming region of SasG has an

elongated, contiguous structure formed by folded E and G5
domains connected by mutually stabilizing interfaces in head-to-
tail fashion. The high resolution crystal structures of E-G5 (1.7
Å) and G5-E-G5 (1.85 Å) reveal that the domain structures are
composed of flat, single-layer β-sheets and thus lack a compact
hydrophobic core. Interdomain interfaces form interlocking
connections between G5s and Es, leading to extended rod-like
structures, which explain the appearance of the SasG fibrils on
the bacterial surface.

Results
Structural Annotation of SasG Repeat Region. The SasG B repeat
region of S. aureus strain NCTC 8325 contains nine 78-residue
G5 domains and eight 50-residue segments (herein called E; Fig.
1A and Fig. S1A). Although there is one G5 domain structure
(21) in the Protein Data Bank (PDB; with low ∼15% sequence
identity to SasG G5 domains), the E segments are predicted to
be disordered (with high probability) by algorithms such as
PONDR (22) and IUPred (23). The 1H-15N heteronuclear single
quantum coherence (HSQC) NMR spectrum of G52 shows that
most peaks have a wide distribution in the 1H dimension, in-
dicating that, as expected, it has a stable fold (Fig. 1B). In ad-
dition, as predicted by the sequence analysis tools, the shorter E
segment appears disordered in isolation (Fig. 1C), with peaks
having a narrow range of 1H chemical shifts. The spectrum of
G52-E (a B repeat in the previous annotation; Fig. 1D) shows
a subpopulation of intense and poorly dispersed peaks whereas
the remaining peaks are less intense but widely distributed and
overlay almost exactly with the spectrum of G5 in isolation. Thus,
the G5 domain retains its fold in the G5-E (B-repeat) context, E
is disordered, and there is no evidence of a significant interface
between G5 and E. Surprisingly, in the spectrum of E-G52 (Fig.
1E), most peaks show wide 1H chemical shift dispersion, and an
overlay of the G52 and E-G52 spectra shows that, although the
majority of peaks associated with G5 in isolation remain in the
same position, several are shifted in the E-G52 context. This
implies that E is folded and that, although the overall structure
of the G5 domain is similar, there is a significant E–G5 interface.
Backbone dynamics of the E segment in the context of G52-E
and E-G52 were estimated by using a 1H-15N heteronuclear
nuclear Overhauser effect (NOE) experiment (Fig. 2A). In the
case of G52-E, the average NOE values calculated for E residues
were significantly lower than those for the G52 residues, in-
dicating the high flexibility of the E region. The NOE values
obtained for E-G52 were similar for most residues, demonstrat-
ing similar backbone dynamics for both subdomains on the
subnanosecond timescale, and thus that E is folded.
To test the thermodynamic significance of the interdomain

interfaces, we monitored the unfolding of a G5 domain in iso-
lation and linked with E. Differential scanning calorimetry
(DSC) thermograms (Fig. 2B and Table S1) show a significant
increase in the melting temperature (Tm) of E-G52 (54 °C)
compared with an isolated G52 domain (47 °C), implying a sta-
bilizing effect of the N-terminal E. Consistent with the NMR
studies, the Tm of the G52 domain was unaffected by the pres-
ence of a C-terminal E segment. Furthermore, the urea-induced
equilibrium unfolding transitions (Fig. 2C) reveal that E-G52 is
significantly more stable (m-value = 1.4 kcal·mol−1·M−1) than an
individual G52 domain (m-value = 0.9 kcal·mol−1·M−1) and that
both unfold as single cooperative units.

Crystal Structures of E-G52 and G51-E-G52 Explain the Elongated Nature
of SasG Fibrils. Having established the domain boundaries of stably
folded segments of SasG, we sought to characterize them structur-
ally. Crystal structures of E-G52 andG51-E-G52 were determined at
a resolution of 1.70 Å and 1.87 Å, respectively (statistics are pro-
vided in Tables S2 and S3). Both structures reveal a highly extended
topology, which can be depicted as a cylinder with a diameter of
approximately 20 Å and lengths of 115 Å for E-G52 and 170 Å for
G51-E-G52 (Fig. 3 A and B). Each structure is formed from con-
secutive single-layer triple-stranded β-sheets, and their unusual
elongation arises from the head-to-tail arrangement of the β-sheets.
The crystal structures, together with the NMR spectroscopy

analysis, reveal that G5 domains and E segments are the building
blocks of the B repeat region. G5 and E share 24% sequence
identity (Fig. S1B) and show similar overall topology (Figs. 3 and
4B and C). They are each composed of triple-stranded single-

Fig. 1. SasG from S. aureus NCTC 8325 (UniProt no. Q2G2B2). (A) Schematic
representation of the domain arrangement showing nine 78-residue G5
domains and eight 50-residue E segments. The location of the signal se-
quence (S), A domain, proline-rich region (PRR), and sorting peptide (LPKTG)
are also presented. B repeats [according to the previous annotation (16)] are
indicated with arrows. HSQC spectra (1H-15N) of G52 (B) and E (C). (D)
Superimposed 1H-15N HSQC spectra of G52-E (black) and G52 (red). (E)
Superimposed 1H-15N HSQC spectra of E-G52 (black) and G52 (red).
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layer β-sheets connected by an intertwined motif, which leads to
a strand switch. Such a supersecondary structural motif was
denoted by Ruggiero et al. as a β–triple helix–β and was first
described for the G5 domain from RpfB from Mycobacterium
tuberculosis (21). The SasG E segment is approximately 45 Å in
length and is composed of two β-sheets: an N-terminal antipar-
allel β-sheet and a C-terminal β-sheet with a mixed parallel/
antiparallel arrangement of β-strands (Fig. 3). The G5 domain
extends to approximately 70 Å and is assembled from two (G51)
or three (G52) triple-stranded β-sheets. The N-terminal anti-
parallel β-sheet of G51 is longer than the C-terminal sheet and
corresponds to the two most N-terminal β-sheets in the G52

structure, which are also antiparallel. The C-terminal β-sheets of
both G5 domains are nearly identical and show a mixed parallel/
antiparallel arrangement of β-strands (Fig. 3). SasG G51 and G52

are nearly identical (rmsd = 1.34 Å; Fig. 4A) and show signifi-
cant structural homology to the previously reported structure of

the G5 domain. However, the RpfB G5 is composed of two
β-sheets that are bent with respect to each other, providing the
molecule with an overall arch-like structure, whereas SasG G5
domains are planar (Fig. 4 D and E).
The SasG β-sheets are exposed to the solvent on both faces, yet

the exclusion of apolar side chains from aqueous solvent is con-
sidered to be a key stabilizing force in folded proteins. As expected
from the appearance of the structure, the total relative accessible
surface area (RSA) and the RSA for nonpolar side chains are
larger for SasG domains than for globular proteins with a similar
number of residues (Table S4). The ratio of the RSA calculated for
apolar side chains and for all atoms is, however, comparable be-
tween the globular proteins and the extended SasG domains,
suggesting a sufficient burial of hydrophobic residues. Moreover,
the DSC thermograms (Fig. 2B and Table S1) clearly demonstrate
a positive change in heat capacity upon thermal unfolding (and that
the melting temperatures are not unusually low; Table S1). Thus,

Fig. 2. Dynamics and stability of SasG domains. (A) Heteronuclear NOE experiment (1H-15N) measuring the dynamics of backbone 15N nuclei of E-G52 (black)
and G52-E (red). The G52 residues were assigned in both E-G52 and G52-E, whereas the E segment values were measured but not assigned to individual
residues. (B) DSC thermograms for G52 (black), G52-E (blue), and E-G52 (red; Table S1). (C) Urea-induced equilibrium denaturation curves for G52 (■) and E-G52

(●). Folding was followed by monitoring changes in intrinsic tyrosine fluorescence starting with folded (black) or unfolded (red) protein. The purple points
show unfolding of E-G52 monitored by changes in the circular dichroism at 235 nm.

Fig. 3. Crystal structures of SasG domains; E and G5 domains are shown in blue and red, respectively. (A) Structure of E-G52. The β-strands are numbered for
E and G5 domains. (B) Structure of G51-E-G52. (C) Schematic of the secondary structure of E (Upper) and G52 (Lower), as defined by the method of Kabsch and
Sanders (64).
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although they lack a typical compact hydrophobic core, the burial
of nonpolar groups makes an important contribution to the stabi-
lization of SasG domains. This appears to be achieved by strategic
distribution of nonpolar side chains and aromatic residues
throughout the SasG sequence. Bulky aromatics (tyrosines and
phenylalanines) and longer hydrophobic side chains (isoleucines,
leucines) are located at the interdomain interfaces, where they
contribute to the formation of pseudohydrophobic cores. Smaller
nonpolar residues are distributed along the single-layer β-sheets
and pack against the hydrophobic moieties of long charged side
chains, such as glutamates and lysines.

Interdomain Interfaces. The structural similarity in the N- and C-
terminal β-sheets of SasG G5 and E domains results in highly
homologous interdomain interfaces (G5–E and E–G5; Fig. 5A).
The interfaces are formed by equivalent residues from G5 and

E domains, which are involved in similar networks of van der
Waals interactions. For example, Phe441 from G51 interacts with
Pro499, Pro531, and Val537 from E, which corresponds to
Phe510 from E interacting with Pro549, Pro599, and Ile605 from
G52 (Fig. 5 A and B). In comparison with G5–E, the E–G5 in-
terface is additionally stabilized by the presence of Leu600 in
G52, which interacts with Phe510 and Tyr547 from E (Fig. 5C).
In the context of the G5–E interface, this position is occupied by
Glu532, which appears to distort the packing of nonpolar side
chains. These structural differences partially rationalize the NMR
and DSC data.
The residues involved in the E–G5 and G5–E interfaces are

distributed across three strands of both domains and inter-
digitate (Fig. 6). Thus, the interdomain flexibility of G5s and Es
is likely to be restricted, providing rigidity to multidomain SasG
constructs. To test this hypothesis, we carried out sedimentation
velocity analytical ultracentrifugation to estimate the overall shape
of SasG constructs containing different numbers of domains. The
calculated frictional ratios from the known molecular weights and
sedimentation coefficients, as well as the prolate axial ratios (a/b),
confirmed that all tested proteins are highly elongated monomers
(Table 1). These results demonstrate that E-G52 and G51-E-G52

(Fig. 3 A and B) also adopt an extended conformation in solution.
Furthermore, the length of constructs appears to be directly pro-
portional to the number of G5 and E domains; that is, the long axis
dimensions for modules of varying length are approximately ad-
ditive. For example, the experimental a/b value for G51-E-G52 is
10.4, whereas the estimated axial ratio would be 10.7 if based on a/
b values obtained for G51 (4.8) and E-G52 (5.9; Table 1). This
additive nature of the axial ratios confirms the head-to-tail ar-
rangement of domains and the presence of substantial rigidity in
the interdomain connections.

SasG Domains Are Elongated Monomers in Solution. Previously, we
and others showed that SasG and Aap B repeats dimerize in the
presence of Zn2+; however, the structural basis of dimerization
was not clear (12, 13). The crystal structure of a SasG G52 dimer
(Fig. S2) reveals that Zn2+ is coordinated by an N-terminal non-

Fig. 4. Structural superposition of G5 and E domains. Automatic secondary
structure matching in CCP4mg was implemented (65): (A) G51 (red) and G52

(gray), (B) G51 (red) and E (blue), (C) G52 (red) and E (blue), (D) G51 (red) and
G5 from RpfB (gray), and (E) G52 (red) and G5 from RpfB (gray).

Fig. 5. G5–E and E–G5 interfaces in SasG. G5 and E domains are shown in red and blue, respectively. (A) Schematic representation of the interfaces indicating
the similarity between the N- and C-terminal sheets of each domain. (B) Structural representation of the interfaces showing the equivalent residues involved
in interdomain interactions. (C) Structural representation of the interfaces highlighting the major difference between G5–E and E–G5 (stereo images showing
a portion of electron density are shown in Fig. S4).

E1014 | www.pnas.org/cgi/doi/10.1073/pnas.1119456109 Gruszka et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
15

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119456109/-/DCSupplemental/pnas.201119456SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119456109/-/DCSupplemental/pnas.201119456SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1119456109


www.manaraa.com

native histidine and two glutamate residues from each monomer.
Mutation of the histidine abolished the Zn2+-mediated dimer-
ization of G52 and of a previously reported B repeat (G52-E; Fig.
S3). Using the new SasG domain boundaries (defined based on
the crystal structure of G51-E-G52), size-exclusion chromatogra-
phy with multiangle laser light scattering (SEC-MALLS) con-
firmed that all stably folded modules (G51, G52, E-G52, G51-E-
G52, and E-G52-E-G53) and partially or fully disordered SasG
modules (E, G51-E, G52-E and G51-E-G52-E) are monomeric in
solution at neutral pH in the absence and presence of 5 mM Zn2+

(Fig. 7, Fig. S3, and Table S5).

Discussion
Bacterial biofilm matrices are heterogeneous composed mainly of
polysaccharides, proteins, nucleic acids, and lipids (24). Proteins
detected in biofilms are either enzymes, responsible for degrada-
tion and modification of the extracellular biopolymers, or struc-
tural proteins that are attached to the bacterial surface and are
involved in the formation and stabilization of the matrix. Some
nonenzymatic surface proteins, such as LecA (25) and LecB (26)

of Pseudomonas aeruginosa, bind to extracellular saccharides and
link the bacterial surface with the matrix. Other proteinaceous
components of the biofilm matrix are functional amyloids.
Examples include amyloid fibers of Gram-positive Bacillus subtilis
composed of TasA (27), as well as curli (28) and Tafi (29) amyloid
fibrils of Escherichia coli and Salmonella spp., composed of the
highly homologous subunit proteins CsgA and AgfA, respectively.
Staphylococcal biofilm-associated surface proteins, including Aap
and SasG, represent another group of matrix proteins. They also
form elongated fibrillar structures at the bacterial cell surface, but
via a mechanism distinct from amyloid assembly.
Elongated filamentous structures on bacterial surfaces are

most commonly assembled from multiple polypeptide chains.
For example, the M protein from Streptococcus pyogenes forms
hair-like fimbriae that extend approximately 50 nm from the cell
surface (30) and are composed of dimeric parallel α-helical
coiled-coil structures (31). Pili in Gram-negative bacteria are
typically formed by noncovalent homopolymerization of major
pilus subunit proteins (pilins) (32). Recently discovered pili in
Gram-positive bacteria are formed by covalent polymerization of
pilin subunits in a process that requires a specific sortase enzyme
(33). The additive long axis dimensions for SasG modules of
varying length (Table 1) suggest that the interdomain interfaces
provide rigidity. This, taken together with the head-to-tail ar-
rangement of the domains, implies that in vivo SasG structures
(with as many as 10 G5 domains) could form the highly extended
structures observed on the bacterial surface. As a single-chain
structure composed of single-layer β-sheets, SasG would form an
unusually thin filament on the cell surface, providing a highly
efficient solution to the formation of an extended structure on
this scale (50–100 nm). Thus, SasG represents a new paradigm in
the production of thin, rod-like protein structures.
A striking feature of the SasG structures (Fig. 3 A and B) is the

apparent lack of a compact hydrophobic core, although the
Tm, free energies of unfolding, andm-values for urea denaturation

Fig. 6. Interlocking domain interfaces in SasG. G5 and E domains are shown in red and blue, respectively. (A) The G51–E interface highlighting the in-
terdigitated residues. (B) The E–G52 interface highlighting the interdigitated residues. (C) Schematic representation and (D) structural model of interlocking
G5 and E domains within SasG with nine G5 domains.

Table 1. Summary of analytical ultracentrifugation data

Protein Theoretical MW (Da) s* (S) s20,w (S) f/f0* a/b* f/f0 a/b

G51 9,699.1 1.007 1.047 1.53 5.5 1.47 4.8
G52 9,654.8 1.066 1.107 1.56 5.8 1.45 4.4
E-G52 14,471.2 1.291 1.341 1.72 8.0 1.57 5.9
G51- E-G52 23,729.8 1.472 1.530 1.89 10.7 1.87 10.4
E-G51- E-G52 28,512.1 1.594 1.655 2.06 13.5 1.98 12.2

a/b, prolate axial ratio calculated from f/f0; a/b*, axial ratio for a prolate
ellipsoid; f/f0, frictional ratio calculated from the known molecular weight
and sedimentation coefficient; f/f0*, experimental frictional ratio; MW,
molecular weight; s* (S), experimental sedimentation coefficient; s20,w (S),
sedimentation coefficient corrected to water.
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of the G5 and E–G5 constructs suggest they have stabilities only
slightly lower than globular domains of similar size. Typically,
β-sheets, whether in extracellular or cytoplasmic proteins, are
amphipathic, and their hydrophobic faces form a compact hydro-
phobic core with other secondary structure elements. In addition,
extracellular β-sheet–containing domains are often stabilized
through disulfide bond formation. Despite the increased solvent
exposure of SasG domains, the burial of apolar residues appears to
be sufficient to stabilize their fold. Moreover, more than 95%
refolding efficiencies (even after multiple unfolding cycles) were
observed in DSC experiments for structured SasG constructs, at
protein concentrations at which misfolding and aggregation are
typically observed.
Individual (rather than tandemly arrayed) single-layer β-sheet

domains have been reported previously; for example, OspA, a
surface protein of Borrelia burgdorferi, contains a three-stranded
β-sheet between two globular domains (34), and WRKY4 tran-
scription factors (35) contain a four-stranded single-layer β-sheet
that is stabilized by zinc. In OspA and WRKY4, the thermody-
namic stability of the sheets is suggested to depend on inter-
actions of nonpolar side chains with the hydrophobic parts of
long hydrophilic amino acids. The sequences of G5 and E
domains show a high content of long charged residues (Glu,
∼15%; and Lys, ∼15%), and analysis of the E-G52 and G51-E-
G52 crystal structures reveal that short nonpolar side chains (Ala,
Val, Ile, Leu) form small hydrophobic clusters surrounded by
large hydrophilic amino acids. In addition, the long, charged side
chains form cross-strand arrays of alternating charges observed
previously in antiparallel β-sheets (36).
Despite the difference in length, the SasG G5 and E domains

show significant structural similarity (Figs. 3 and 4 B and C). As
in the G5 domain from RpfB (21), the central “switch” region of
the SasG G5 and E domains resembles the collagen triple-helical
structural motif. The pseudotriple helix of SasG domains has
a PPII-like conformation and is rich in proline and glycine res-
idues. The packing of intertwined SasG strands within the switch
region is tight, despite their mixed parallel/antiparallel arrange-
ment. This feature of the β–triple helix–β fold is stabilized by
two (21) of the five conserved glycines after which the G5 do-
main was named (14). The SasG E segment contains structurally
equivalent glycine residues within its pseudotriple helix. The
distribution of hydrophobic, charged, and proline residues within
the E segment also resembles that of the G5 domain (Fig. 3).

This suggests that E–G5 has evolved through processes of G5
duplication, mutation, fusion, and partial deletion. Despite the
structural similarity between the two SasG domains, the E seg-
ment is significantly less stable than G5 (Figs. 1 B–E and 2 A and
B) and dependent on the E–G5 interface for folding.
The sequences of SasG (and Aap) repeats are very similar at

the DNA level (16) and vary in number dependent on the bac-
terial strain (16, 17). However, although sequence identity at the
DNA level might be advantageous in facilitating recombination
events, the resulting protein sequence identity is a potential
problem from a protein folding perspective. The immediate
juxtaposition of domains with identical sequence can promote
misfolding events (18). This might explain the apparent evolu-
tionary pressure to maintain sequence identity at less than 40%
between adjacent domains that was revealed by an analysis of
proteins containing strings of Ig and fibronectin-type III domains
(19). The formation of two domains by each sequence repeat, as
in SasG, could provide an elegantly simple solution to this prob-
lem. As there are very few structures of native tandem repeats of
domain size in the PDB (37), this observation will assist future
structural studies of such proteins, several of which [e.g., Rib and
alphaC (38)] are expressed on the surface of pathogens.
The structure of a Zn2+-mediated G52 dimer (Fig. S3) and

SEC-MALLS analysis of mutants (Fig. S2) show that our pre-
viously reported dimerization of a SasG B repeat at millimolar
Zn2+ concentrations (12) was dependent on two glutamate res-
idues and a single nonnative histidine in each monomer. This
phenomenon is highly context-dependent, as the presence of this
histidine did not result in Zn2+-dependent dimerization of other
SasG constructs (Fig. 7). Notwithstanding, in vivo studies dem-
onstrated that zinc is essential for protein-mediated biofilm
formation in S. epidermidis (13) and S. aureus (12). Aap G5
domains, which contain native C-terminal histidine residues (not
present in SasG), dimerize in a zinc-dependent manner (13).
However, there is no experimental evidence that directly links
this in vitro dimerization to the Zn2+-dependence of protein-
mediated biofilm formation in S. epidermidis. In addition, free
Zn2+ is normally present at much lower concentrations in vivo
[estimated as low as femtomolar (39) in bacterial cells and sub-
nanomolar in mammalian plasma (40)] than was required for
Aap dimerization. Thus, our study implies that, rather than
homodimerization, zinc might mediate binding to another poly-
meric component of the staphylococcal biofilm in ica-null strains,
such as extracellular teichoic acid or DNA (41). Alternatively,
the rod-like structure might play a role in maintaining bacterial
separation in the biofilm. Furthermore, a recent study on Aap-
mediated biofilm formation by S. epidermidis showed that anti-
G5 monoclonal antibodies enhanced bacterial accumulation,
whereas those with an epitope in the E segment inhibited biofilm
accumulation to 60% of the maximum (42). This suggests that
G5 and E domains might play different roles during bacterial
accumulation, despite their structural similarity. Further studies
will be required to reveal the full molecular basis of protein-me-
diated staphylococcal biofilm formation. The domain arrange-
ment, high resolution structures, and lack of Zn2+-dependent
dimerization of SasG domains reported here provide a very sig-
nificant step toward this goal and the overall aim of informing the
development of new therapeutic strategies for the treatment or
prevention of staphylococcal biofilm infections.

Materials and Methods
Cloning. DNA sequences of B1, B2, and E1G52, codon-optimized for Escher-
ichia coli, were synthesized (GenScript) and subcloned into the pSKB2 ex-
pression vector providing an N-terminal hexahistidine tag. Other SasG
modules were generated based on these three templates by using standard
cloning and mutagenesis techniques.

Fig. 7. SEC-MALLS analysis of the oligomeric state of SasG domains in the
presence (red) and absence (black) of Zn2+ (5 mM): (A) G52, (B) E-G52, and (C)
G51-E-G52, i.e., native sequence with four additional N-terminal amino acids
(i.e., GPHM); and (D) E-G51-E-G52, i.e., native sequence with four additional
N-terminal amino acids (i.e., GPHM). The exact molar masses and sequences
are listed in Table S5.
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Protein Production. Unlabeled, 15N-labeled, and 13C-15N-labeled proteins
were produced in E. coli BL21(DE3) by using Luria–Bertani, 15N-M9, and
13C-15N-M9 medium, respectively. Selenomethionylated E-G52-L17M-L103M
was produced in E. coli B834(DE3) (Novagen) by using SeMet-supplemented
minimal medium. Standard procedures were used. After induction with
isopropyl β-D-1-thiogalactopyranoside at an OD600 of 0.6, E. coli cultures
were grown at 20 °C for 24 h. SasG domains were purified by nickel-affinity
purification using a HisTrap HP column (GE Healthcare). The His-tag was
cleaved by using HRV 3C protease (Novagen), and removed with a HisTrap
HP column. In case of insufficient purity, size exclusion chromatography was
applied with a HiLoad 16/60 Superdex 75 column (GE Healthcare).

NMR Spectroscopy. NMR spectra were acquired at 25 °C on a Bruker AVANCE
II 700 MHz spectrometer equipped with a triple-resonance probe. Samples
for HSQC experiments contained 15N-labeled protein (0.5 mM) in 20 mM Tris-
HCl, pH 7.0, 100 mM NaCl, and 10% 2H2O. Steady-state 1H-15N NOE values
were determined by recording HSQC spectra in the presence (i.e., NOE) and
absence (i.e., NONOE) of 1H saturation. NOE and NONOE experiments were
deconvoluted and the NOE value was calculated from the intensity (i.e.,
volume) of the cross peaks by using the following formula:

NOE ¼ ðINOEÞ=ðINONOEÞ [1]

For the assignment of the G52 HSQC spectrum, a series of 3D experiments was
recorded (HNCO, HNCACO, CBCACONH, and CBCANH) for a sample containing
13C-15N-G52 (1 mM) in 20 mM Tris-HCl, pH 7.0, 100 mM NaCl, and 10% 2H2O.
Spectra were processed by using NMRPipe (43) and viewed in NMRView (44).
NMR backbone resonances were assigned using CcpNmr Analysis 2.1 (45, 46).

DSC. DSC scans were acquired on a MicroCal VP-DSC calorimeter for protein
samples at a concentrationof 1mg/mL in 20mMTris-HCl, pH7.4, 150mMNaCl.
Scans of degassed buffer and proteins were recorded for temperatures
ranging from10 to 90 °C at a scan rate of 90 °C/h. Data analysis was performed
using MicroCal Origin 7.0. A progress baseline was used for the sample
baseline correction before area integration or fitting of the unfolding en-
dotherm. Data points between 20 and 90 °C were used for fitting. The re-
versibility of thermal unfolding was verified by repetitive scans on the
same sample.

Folding Studies. Protein stability was determined by using urea-induced
equilibrium denaturation. Fluorescence measurements were performed on
a Cary Eclipse fluorescence spectrophotometer. CD measurements were
performed on an Applied Photophysics Chirascan CD spectrometer. The
experiments were carried out by using 5 μMprotein in PBS solution (pH 7.4) at
25 °C after equilibration overnight. The fluorescence excitation wavelength
was 274 nm, and emission was followed at 302 nm. For CD, the ellipticity at
235 nm was followed. The data were fitted to a two-state equation (48).

Crystallography. Crystallization trials were performed by using the sitting
drop vapor diffusion method. E-G52 crystallized in 0.2 M NH4Cl and 20% (wt/
vol) PEG3350, using the protein solution at a concentration of 2 mM (30 mg/
mL) in 20 mM Tris, pH 7.0, 100 NaCl. Crystals of selenomethionylated E-G52-
L17M-L103M were obtained in 0.05 M Tris, 0.05 M Bicine, pH 8.5, 12.5% (vol/
vol) 2-methyl-2, 4-pentanediol, 12.5% (wt/vol) PEG 1000, 12.5% (wt/vol) PEG
3350, 0.02 M sodium formate, 0.02 M sodium citrate, and 0.02 M sodium
oxamate, for the protein solution at a concentration of 2 mM (30 mg/mL) in
20 mM Tris, pH 7.0, 100 NaCl. G51-E-G52 crystallized in 0.2 M MgCl2, 0.1 M
Bis-Tris, pH 5.5, and 25% (wt/vol) PEG 3350, using the protein solution at
a concentration of 1.2 mM (27.6 mg/mL) in 20 mM Tris, pH 7.0, 100 NaCl.

Diffraction data were collected at 100 K at the Diamond Light Source on
beamline I04 (native E-G52 and G51-E-G52) and I02 (SeMet-E-G52-L17M-
L103M). Images recorded for E-G52 and G51-E-G52 were processed with XDS
(48), and the data were scaled by using SCALA (49) from the CCP4 program
suite (50). Multiple-wavelength anomalous data collected for SeMet-E-G52-
L17M-L103M were processed by using the HKL2000 suite (51).

The structure of SeMet-E-G52-L17M-L103M was solved by the multi-
wavelength anomalous dispersion method by using SHELXC/D/E (52). Four
heavy atom sites were identified, and a partial model with two molecules in
the asymmetric unit was produced by Buccaneer (53). One of the molecules
was used as a search model for molecular replacement for E-G52 data. The
solution, produced by Phaser (54), consisted of one molecule in the asym-
metric unit. A complete model of the E-G52 structure was generated in ARP/
wARP (55). The structure of G51-E-G52 was also solved by molecular re-
placement. First, the E-G52 structure was used as a search model in Phaser,
revealing two E segments and consequently two G51-E-G52 molecules in the
asymmetric unit. Subsequent molecular replacement runs with MOLREP (56),
followed by model building in ARP/wARP, localized the remaining four G5
domains. MOLREP was implemented because of its shorter run time. Initial
refinement was carried out with REFMAC5 (57) using the “jelly body” op-
tion. Final refinement runs were performed in Phenix 1.7.1 (58) using TLS
restraints [generated with TLSMD (59)] and simulated annealing. The
structures were visualized and manually rebuilt in COOT (60). The stereo-
chemistry of the final model was evaluated with MolProbity (61). Data col-
lection and refinement statistics are shown in Tables S2 and S3. Atomic
coordinates and structure factor amplitudes have been deposited to PDB
under codes 3TIP and 3TIQ.

Analytical Ultracentrifugation. Sedimentation velocity experiments were
conducted on a Beckman Optima XL/I analytical ultracentrifuge using an
An-60 Ti rotor at 20 °C. Protein concentrations of 2 mg/mL in 20 mM Tris,
150 mM NaCl buffer, pH 7.4, were centrifuged at 58,000 and 52,000 rpm
(G51, G52, and E-G52) or 42,000 rpm (G51-E-G52, E-G52-E-G53) collecting
absorbance data at 280 nm and interference data. The program SEDFIT (62)
was used to determine sedimentation coefficients and frictional ratios and
to convert these to axial ratios. Buffer density and viscosity and protein
partial specific volumes were calculated by using SEDNTERP (63).

SEC-MALLS. SEC-MALLS experiments were performed by using a Superdex 75
HR10/30 column (GE Healthcare) and a Shimadzu HPLC System. Protein
samples (100 μL) at a concentration of 1.5 mg/mL were loaded onto a gel
filtration column and eluted with one column volume (24 mL) of an ap-
propriate running buffer at a flow rate of 0.5 mL/min. The eluting fractions
were monitored using a DAWN HELEOS-II 18-angle light scattering detector
(Wyatt Technologies), a SPD20A UV/Vis detector (Shimadzu), and an Optilab
rEX refractive index monitor (Wyatt Technologies). Data were analyzed by
using Astra (Wyatt Technologies).
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