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Hospital-acquired bacterial infections are an increasingly impor-
tant cause of morbidity and mortality worldwide. Staphylococcal
species are responsible for the majority of hospital-acquired infec-
tions, which are often complicated by the ability of staphylococci
to grow as biofilms. Biofilm formation by Staphylococcus epider-
midis and Staphylococcus aureus requires cell-surface proteins
(Aap and SasG) containing sequence repeats known as G5 do-
mains; however, the precise role of these proteins in biofilm
formation is unclear. We show here, using analytical ultracentrif-
ugation (AUC) and circular dichroism (CD), that G5 domains from
Aap are zinc (Zn2�)-dependent adhesion modules analogous to
mammalian cadherin domains. The G5 domain dimerizes in the
presence of Zn2�, incorporating 2–3 Zn2� ions in the dimer inter-
face. Tandem G5 domains associate in a modular fashion, suggest-
ing a ‘‘zinc zipper’’ mechanism for G5 domain-based intercellular
adhesion in staphylococcal biofilms. We demonstrate, using a
biofilm plate assay, that Zn2� chelation specifically prevents bio-
film formation by S. epidermidis and methicillin-resistant S. aureus
(MRSA). Furthermore, individual soluble G5 domains inhibit biofilm
formation in a dose-dependent manner. Thus, the complex three-
dimensional architecture of staphylococcal biofilms results from
the self-association of a single type of protein domain. Surface
proteins with tandem G5 domains are also found in other bacterial
species, suggesting that this mechanism for intercellular adhesion
in biofilms may be conserved among staphylococci and other
Gram-positive bacteria. Zn2� chelation represents a potential ther-
apeutic approach for combating biofilm growth in a wide range of
bacterial biofilm-related infections.
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I t has recently been estimated that hospital-acquired (nosoco-
mial) infections are the fourth-leading cause of death in the

United States, affecting 2 million patients per year and causing
�100,000 annual deaths, with a total annual cost of over $30
billion (1, 2). Staphylococcal species such as Staphylococcus
epidermidis and Staphylococcus aureus are responsible for the
majority of nosocomial infections (3); treatment of these infec-
tions is often made much more challenging by the tendency of
staphylococci to form biofilms. Biofilms are bacterial commu-
nities that adhere to biological or abiotic substrata, differentiate
into micro- and macrocolonies, and produce an extracellular
matrix typically comprised of polysaccharides and proteins (4, 5).
Bacteria in biofilms are resistant to antibiotics and host immune
responses (6, 7) and are extremely difficult to eradicate. For
example, device-related infections resulting from staphylococcal
biofilms often require surgical removal of the implanted device,
debridement of the surrounding tissue, and prolonged antibiotic
treatment (8).

Staphylococcal biofilms are typically enmeshed within an
extracellular polysaccharide matrix synthesized by proteins en-
coded by the ica operon (9); however, ica-negative staphylococ-
cal biofilms have recently been described that rely on protein–
protein interactions (10, 11). The S. epidermidis surface protein
Aap (Accumulation-associated protein) has been implicated in
both polysaccharide-based (12) and protein-based (10, 13) S.
epidermidis biofilms. Aap contains an N-terminal A-repeat re-

gion with 11 degenerate 16-aa repeats, a putative globular
domain (‘‘�/�’’), and a B-repeat region with a variable number
(5 to 17) (13) of nearly identical 128-aa repeats terminating in a
conserved ‘‘half repeat’’ motif (Fig. 1A). The repeated sequence
element within the B-repeat region has recently been defined as
a G5 domain, found in gram-positive surface proteins, Zn2�

metalloproteases, and other bacterial virulence factors [support-
ing information (SI) Fig. S1] (14). The B-repeat region in Aap
is followed by a collagen-like repeat and an LPXTG cell wall
anchor sequence. A similar domain arrangement exists in the S.
aureus homolog SasG (Fig. 1B) (11).

Proteolytic processing of Aap or SasG between the �/� and
B-repeat regions induces the formation of protein-based biofilms
in S. epidermidis and S. aureus (10, 11); both proteinaceous (10,
13, 15) and polysaccharide-based (12) S. epidermidis biofilms are
inhibited by anti-Aap antisera. Furthermore, addition of a large
soluble Aap fragment containing the G5 and collagen-like
regions inhibited formation of protein-based S. epidermidis
biofilms (10). In S. aureus, protein-based biofilm formation was
dependent on the number of G5 domains in SasG; five or more
G5 domains were required to support biofilm formation (11).
These studies suggested that the C-terminal halves of Aap and
SasG containing the G5 domains are involved in bacterial
interactions within staphylococcal biofilms, but the precise mo-
lecular mechanism was unclear. Here, we report a detailed
biophysical characterization of a G5 domain from Aap, revealing
that it is a Zn2�-dependent adhesion module responsible for
intercellular interaction in staphylococcal biofilms. Zn2� chela-
tion inhibits formation of both S. epidermidis and methicillin-
resistant S. aureus (MRSA) biofilms, and supplementation with
additional Zn2� in the physiological range reverses the effect.
Furthermore, addition of a soluble Aap fragment containing a
single intact G5 domain inhibits biofilm formation in a dose-
dependent manner, indicating that the G5 domain is indeed a
required element for intercellular adhesion in staphylococcal
biofilms.

Results
Solution Characterization of the Terminal G5 Domain from Aap. On
the basis of the role of Aap and SasG in mediating protein-based
staphylococcal biofilms (10, 11), we sought to test the hypothesis
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that homophilic association of these proteins is mediated solely
via self-association of their G5 domains. We expressed the
C-terminal G5 domain from the B-repeat region of Aap both as
an isolated domain (called Brpt1.0) and as the single G5 domain
followed by the C-terminal 79-aa half repeat (called Brpt1.5; Fig.
1 A and B). This C-terminal half repeat is conserved in Aap
homologs, suggesting that it may function as a terminal cap
required for the stability of the B-repeat region, as seen with
other proteins containing repeating structural motifs (16, 17).

Solution characterization of Brpt1.0 by far-UV circular dichro-
ism (CD) showed a preponderance of random coil with little
evidence of regular structural elements (data not shown). In
contrast, Brpt1.5 samples yielded consistent spectra correspond-
ing to 39% �-sheet, 32% coil, 24% turn, and 4% �-helix (Fig. 1C,
Table S1). These data support the role of the half repeat as a
structural cap required for stability of the G5 domain. Sedimen-
tation velocity analytical ultracentrifugation (AUC) experiments
revealed that Brpt1.5 sedimented as a single elongated species

Fig. 1. Characterization of the G5 domain from Aap. (A) The five regions of Aap are illustrated: the A-repeat region, the putative globular domain (�/�), the
B-repeat region containing 5–17 tandem G5 domains, the collagen-like proline/glycine-rich region and a cell wall anchoring motif (LPXTG). The proteolysis site
is illustrated with scissors. The domain boundaries of the Brpt1.0, Brpt1.5, and Brpt2.5 constructs are illustrated. (B) Sequence alignment of the terminal G5
domain and C-terminal half-repeat motif from Aap and SasG. Identical amino acids are indicated by dashes (–); histidines are highlighted with arrowheads. Blast
alignment (41) shows 80% conservation and 65% identity. (C) Far-UV circular dichroism spectrum of Brpt1.5 in 20 mM Tris pH 7.4, 50 mM NaF. Deconvolution
of the data reveals predominantly �-sheet and coil secondary structure elements (Table S1). (D) Sedimentation coefficient distribution plot for Brpt1.5 at varying
concentrations. Molecular weight estimation indicates Brpt1.5 is monomeric. (E) Representative sedimentation equilibrium data for Brpt1.5, confirming a
monomeric state (Table S3). Black lines show the global fits; residuals are shown above.
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with an estimated molecular weight consistent with a monomer
(Fig. 1D, Table S2). No assembly to a higher order species was
observed under these conditions, even at high (70 �M)
concentrations. Sedimentation equilibium experiments veri-
fied that Brpt1.5 was monomeric under these conditions (Fig.
1E, Table S3).

Zn2�-Mediated Dimerization of G5 Domains. Because many mam-
malian adhesion proteins including cadherins, integrins, and
neurexins require divalent cations for proper function (18, 19),
we analyzed Brpt1.5 by AUC in the presence of Ca2�, Sr2�,
Mg2�, Mn2�, Ni2�, Co2�, and Zn2�. Interestingly, Brpt1.5
formed dimers only in the presence of Zn2� (Fig. 2A, Table S2
and Table S3). Sedimentation equilibrium analyses of Brpt1.5 in
the presence of 2, 5, or 10 mM ZnCl2 revealed monomer–dimer
equilibria with dissociation constants of 113 �M, 5.06 �M, and
0.353 �M, respectively (Table S3). CD spectra of Brpt1.5 in the
presence or absence of 10 mM ZnCl2 were similar, suggesting
that Zn2�-mediated Brpt1.5 dimerization occurs as a result of
rigid-body association of two G5 domains mediated through
coordination of one or more Zn2� ions in trans rather than
significant Zn2�-induced conformational changes (Fig. 2B, Ta-
ble S1).

In Aap and the related staphylococcal proteins SasG and Pls,
G5 domains are found as tandem repeats ranging from 5 to 17
copies (10, 11, 13). SasG-dependent protein-based biofilm for-
mation in S. aureus has been shown to require at least five
tandem G5 repeats (11). To analyze the behavior of tandem G5
domains, we expressed a Brpt2.5 construct with two G5 domains
and the C-terminal cap. Sedimentation equilibrium analysis of

Brpt2.5 revealed a monomer–dimer equilibrium in the presence
of Zn2� as observed for Brpt1.5, but with a modest enhancement
in Zn2� affinity for Brpt2.5 compared to Brpt1.5, combined with
a steeper transition between monomer and dimer as the repeat
length increased (Fig. 2C). To analyze the linked equilibria
between dimerization and Zn2� binding, the logarithm of the
dimerization association constant was plotted against the loga-
rithm of the free Zn2� concentration to reveal the net number
of Zn2� ions participating in the dimerization interface (20).
There are two to three Zn2� ions participating in the Brpt1.5
dimer interface, compared to approximately five Zn2� ions for
Brpt2.5. This is consistent with a modular arrangement in which
each G5 domain contributes to an independent dimer interface
(Fig. 2 D and E).

Zn2� Coordination by the G5 Domain. Structural Zn2� ions are most
commonly coordinated by cysteine, followed by histidine, aspar-
tate, and glutamate (21). The entire sequence of Aap lacks
cysteines; however, there are two histidine residues in the
Brpt1.5 construct. We tested whether lowering the pH would
inhibit Zn2�-mediated dimerization of Brpt1.5 via protonation
of histidine side chains. AUC sedimentation velocity data re-
vealed that Brpt1.5 with 10 mM Zn2� transitions from a dimer
at pH 7.4 to a monomer at pH 6.0 (Fig. S2A). Sedimentation
equilibrium experiments verified these results; a plot of the
relative molecular weight as a function of pH could be fitted to
yield an apparent pKa of 6.7 (Fig. S2B), consistent with coor-
dination by histidine. Linear regression analysis of the linked
equilibria between protonation and dimerization by use of a
double-log plot showed a �H� value of 2.6, indicating that

Fig. 2. Characterization of Zn2�-dependent G5 dimerization. (A) Sedimentation velocity analyses of Brpt1.5 in the presence of divalent cations revealed a
Zn2�-specific dimerization event. The dashed line label (––) represents cation-free Brpt1.5. (B) Far-UV CD spectra of Brpt1.5 in the presence (squares) and absence
(triangles) of Zn. (C) Sedimentation equilibrium analysis of Zn2�-mediated dimerization of Brpt1.5 (triangles) and Brpt2.5 (squares). Brpt2.5 dimerization requires
lower [Zn2�] (EC50 � 3.7 mM) compared to Brpt1.5 (EC50 � 5.4 mM) and shows a steeper slope for the monomer–dimer transition, suggesting enhanced
cooperativity of Zn2� binding with increasing numbers of tandem G5 domains. Error bars show 95% confidence intervals. (D) Linked equilibrium plot of Zn
binding by Brpt1.5. Linear regression analysis of the slope indicates that the number of Zn2� ions taken up upon Brpt1.5 dimerization (i.e., �Zn2�) is approximately
three. (E) Linked equilibrium plot of Zn binding by Brpt2.5. Linear regression analysis of the slope indicates that approximately five Zn2� ions are bound upon
Brpt2.5 dimerization.
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approximately three ionizable residues are linked to dimeriza-
tion of Brpt1.5 (Fig. S2C). Site-directed mutagenesis confirmed
the involvement of histidines, although other residues such as
glutamates or aspartates are likely to contribute as well (21) (Fig.
S2 D and E). Taken together, the CD and AUC results for
Brpt1.5 and Brpt2.5 indicate that the G5 domains of Aap
self-assemble in a modular fashion upon Zn2� binding. The
presence of tandem domain repeats and dependence upon a
divalent cation for adhesion are reminiscent of calcium-
dependent adhesion by mammalian cadherins (19).

Zn2� Chelation Inhibits Staphylococcal Biofilm Formation. To test the
physiological role of Zn2�-mediated G5 adhesion in the forma-
tion of staphylococcal biofilms, both S. epidermidis and S. aureus
biofilms were grown in culture in the presence or absence of the
Zn2� chelator diethylenetriaminepentaacetic acid (DTPA).
DTPA was nontoxic at all concentrations tested (up to 100 �M);
N,N,N�,N�-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
and 1,10-phenanthroline, other Zn2� chelators, were toxic to the
bacteria and thus were not tested further. S. epidermidis strain
RP62A formed robust biofilms when cultured in media alone,
but biofilm growth was inhibited by nontoxic doses of DTPA
(�30 �M) (Fig. 3A). Under the conditions tested, DTPA did not
disrupt preformed RP62A biofilms.

Given the high sequence similarity between Aap and S. aureus
proteins SasG and Pls, we tested whether Zn2� chelation could
also inhibit S. aureus biofilms. S. aureus strain USA300, which is
responsible for recent epidemic outbreaks of community-
acquired MRSA infections (22, 23), formed biofilms on fibronec-
tin-coated plates. As observed for S. epidermidis, the MRSA
biofilms were inhibited by Zn2� chelation (�30 �M DTPA) (Fig.
3B). Given that DTPA chelates several metals with high affinity,
we tested whether the observed biofilm inhibition was specifi-
cally the result of zinc chelation. S. epidermidis biofilm formation
could be rescued by the addition of 5–20 �M ZnCl2, indicating
that the effect is Zn2�-specific (Fig. 3C). Addition of up to 60 �M
CaCl2, MgCl2, and SrCl2 had no effect; MnCl2 effected partial
rescue, but at concentrations nearly 1,000-fold above physiolog-
ical levels (Fig. S3). Like S. epidermidis, the MRSA strain
USA300 could be rescued by the addition of 15–20 �M ZnCl2
(Fig. 3D). Importantly, at the minimal inhibitory concentration
of DTPA (30 �M), biofilm growth by both staphylococcal
species could be rescued by the addition of 5–20 �M ZnCl2; these
Zn2� concentrations are similar to the physiological range in
human plasma (12–16 �M resting concentration) (24).

Soluble G5 Domain Inhibits Biofilm Formation. To determine
whether Zn2�-dependent biofilm formation is specifically de-
pendent upon G5 domain-mediated self-assembly, soluble
Brpt1.5 was added to S. epidermidis RP62A biofilms as a
maltose-binding protein (MBP) fusion. Because of the higher
Zn2� concentrations required to induce dimerization in the short
construct compared to full-length Aap, inhibition by MBP–
Brpt1.5 was tested at Zn2� concentrations ranging up to 1 mM.
RP62A biofilms were inhibited by soluble MBP–Brpt1.5 in the
presence of 0.75 and 1 mM ZnCl2, whereas addition of MBP
alone had no effect (Fig. 4A). Titration of MPB–Brpt1.5 at fixed
Zn2� concentrations showed that at 1 mM ZnCl2, addition of
10–22 �M MBP–Brpt1.5 completely abolished biofilm forma-
tion (Fig. 4B). Dose-dependent biofilm inhibition by MBP–
Brpt1.5 also was observed at 750 �M ZnCl2 (Fig. S4). Thus,
addition of even a single intact G5 domain in a soluble form is
capable of inhibiting biofilm formation, highlighting the role of
this domain as a Zn2�-dependent adhesion module in staphy-
lococcal biofilms.

Discussion
We have demonstrated that the G5 domain, found in Aap, SasG,
and related staphylococcal proteins such as Pls, mediates Zn2�-
dependent staphylococcal biofilm formation. Multiple self-

Fig. 3. Zn2� chelation inhibits biofilm formation by S. epidermidis and S.
aureus. (A) S. epidermidis RP62A biofilms formed on polystyrene and were
visualized with crystal violet; addition of the Zn2� chelator DTPA (�30 �M)
inhibits biofilm formation. Representative wells have been scanned (Bottom).
Untreated (‘‘RP62A’’) and vehicle (‘‘HCl’’) controls are shown. Error bars show
standard deviation (*, P � 0.05 relative to untreated control; n � 3). (B)
Methicillin-resistant S. aureus USA300 biofilms form on fibronectin-coated
plates but are inhibited by addition of DTPA (�30 �M). (*, P � 0.05; n � 4). (C)
Addition of 5–20 �M ZnCl2 at a minimal inhibitory dose of DTPA (30 �M)
rescues biofilm formation by RP62A. (#, P � 0.05 relative to the 0 �M ZnCl2/30
�M DTPA control; ˆ, data are statistically indistinguishable from untreated
control RP62A; n � 3). (D) Addition of 15–20 �M ZnCl2 at a minimal inhibitory
dose of DTPA (30 �M) rescues biofilm formation by USA300. (#, P � 0.05
compared to 0 �M ZnCl2/30 �M DTPA; ˆ, statistically indistinguishable from
untreated control; n � 4).
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association events between stretches of tandem G5 domains in
opposing Aap molecules would lead to an extensive adhesive
contact between two cells, a ‘‘zinc zipper’’ (Fig. 4C). Aap was
originally identified as a protein required for the formation of S.
epidermidis microcolonies (12, 25). Subsequently, Aap and SasG
were shown to undergo a proteolysis event near the beginning of
the B-repeat region containing the tandem G5 domains, which
leads to formation of protein-based staphylococcal biofilms (10,
11, 13). Our results suggest that the same mechanism for
intercellular adhesion based upon Zn2�-dependent G5 self-
association is responsible for early and late stages of biofilm
formation. Zn2�-dependent intercellular adhesion in biofilms
mediated by G5 domains has likely evolved as a defense mech-
anism against immune cell action. Zn2� levels that are known to
increase cytokine release and boost host immune responses (26)
are sufficient to promote staphylococcal biofilm formation (5–20
�M Zn2�). Mast cells, basophils, and eosinophils contain high
levels of Zn2� in secretory granules that is released upon
degranulation (27–29).

Staphylococcal infections are a substantial reemerging threat
to human health. Starting in the 1980s a dramatic increase in
hospital-acquired infections has been observed, primarily asso-
ciated with S. epidermidis and other coagulase-negative staphy-
lococci (30). S. epidermidis alone is responsible for up to
two-thirds of all central nervous system shunt or catheter-related
infections and up to half of all infections of prosthetic heart
valves or artificial joints (31). The nosocomial infections caused

by staphylococci are often persistent and recurring, particularly
in the case of infections of indwelling medical devices (5, 31).
Furthermore, device-related S. epidermidis biofilms can lead to
endocarditis or septicemia (32). Likewise, S. aureus biofilm-
related infections can become disseminated to other regions,
which is a concern because of the large number of toxins and
tissue-degrading enzymes released by S. aureus (5).

Given the global emergence of staphylococcal biofilm-related
infections, improved methods for prevention are needed. Tar-
geting G5 self-association either by Zn2� chelation or direct
inhibition with small molecule compounds could provide a new
therapeutic avenue for combating the formation of biofilms by
a broad range of staphylococcal species, including epidemic
MRSA strains. The application to MRSA infections is of par-
ticular interest, given that MRSA was recently reported to cause
more deaths per year than AIDS (23). Finally, genes encoding
surface proteins with multiple tandem G5 domains are found in
other gram-positive bacterial species (Fig. S1), suggesting that
the zinc zipper mechanism for intercellular adhesion may be
conserved across a wide range of bacteria.

Materials and Methods
Strains and Media. S. epidermidis RP62A was purchased from the American
Type Culture Collection (ATCC). S. aureus USA300 was generously provided by
Gerald Pier (Harvard University). Bacteria were cultured in trypticase soy broth
(TSB).

Brpt Cloning. Brpt1.5 (amino acids 2017–2223) and Brpt2.5 (amino acids
1889–2223) were PCR amplified from purified S. epidermidis strain RP62A
genomic DNA using pfu polymerase and primers designed for use in the
Gateway cloning system (Invitrogen). Clones were inserted into destination
vector pHisMBP-DEST, kindly provided by Artem Evdokimov. The fusions
resulted in Brpt constructs containing an N-terminal hexahistidine-tagged
maltose binding protein (His-MBP) tag.

Protein Expression and Purification. Tuner DE3 Escherichia coli (Calbiochem)
was transformed with Brpt plasmids. Cultures were grown to an OD600 of
1.0–1.4 and then cooled to 8 °C in an ice water bath. Isopropyl �-D-
thiogalactopyranoside (IPTG) and ethanol were added to final concentrations
of 200 �M and 2% (vol/vol), respectively, and the cultures were shaken at 20 °C
overnight (33). After centrifugation, the pellets were resuspended, frozen and
thawed three times, and sonicated. The Brpt proteins were purified by Ni
affinity chromatography using a Hi-Trap Chelating HP column (Amersham
Biosciences). The fusion protein was cleaved using TEV protease, then purified
using gravity-flow Ni-NTA and Superdex 75 gel filtration columns.

Analytical Ultracentrifugation. All AUC experiments were performed at 20 °C
in a Beckman XL-I analytical ultracentrifuge using absorbance optics. Sedi-
mentation velocity was performed at 47,000 rpm overnight and the data were
analyzed using Sedfit (34). Sedimentation equilibrium data were collected at
speeds ranging from 15,000 to 37,000 rpm and analyzed globally using
WinNonlin (www.rasmb.bbri.org/). The weight-averaged reduced buoyant
molecular weight, �w, was determined followed by analysis of the monomer–
dimer equilibrium. Calculation of the experimental molecular weights from �,
determination of the monomer–dimer equilibrium constants, and conversion
of equilibrium constants into molar units were carried out as described (35,
36). Complete experimental procedures are described in SI Text.

Circular Dichroism. Far-UV CD spectra were measured using an Aviv 215 circular
dichroism spectrophotometer. Brpt1.5 at 0.5 mg�mL�1 was measured in 20 mM
Tris 7.4, 50 mM NaF with and without 10 mM ZnCl2. The Brpt1.5 concentration
was determined using a molar extinction coefficient of 4,470 M�1�cm�1, as
calculated by Sednterp (37). Data were analyzed using Dichroweb (38) using
the CDSSTR module (39) with reference set four. Mean residue ellipticity [�]

was determined according to the equation [�] �
�*MRW
10*l*c

where � is the

measured ellipticity in millidegrees, l is the path length in centimeters, c is
concentration in mg�mL�1, and MRW is the mean residue weight (molecular
weight divided by the number of residues). The MRW values used were 107.14
g�mol�1�residue�1 for wild-type Brpt1.5 and 106.45 g�mol�1�residue�1 for the
H75A/H85A mutant.

Fig. 4. Soluble G5 domain inhibits biofilm formation in a dose-dependent
manner. (A) Addition of soluble MBP–Brpt1.5 inhibits RP62A biofilms in a
dose-dependent manner in the presence of 0.75–1 mM ZnCl2. MBP alone was
statistically indistinguishable from untreated control at all concentrations
tested. (*, P � 0.05 relative to RP62A control at the relevant Zn2� concentra-
tion; n � 3). (B) Dose�response of biofilm inhibition by MBP–Brpt1.5 at a fixed
1 mM ZnCl2 concentration. (*, P � 0.0005; n � 3). (C) The zinc zipper model for
intercellular adhesion in staphylococcal biofilms mediated by zinc-dependent
self-association of G5 domains.
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Biofilm Inhibition Assay. Biofilm formation was assayed using a semiquanti-
tative plate assay (40). Overnight cultures of S. epidermidis RP62A or S. aureus
USA300 grown in TSB were diluted 1:200 into fresh TSB (S. epidermidis) or BHI
� 0.5% (wt/vol) glucose (S. aureus) and grown in polystyrene (S. epidermidis)
or fibronectin-coated polystyrene (S. aureus) 96-well plates. Suspensions (200
�l) of that solution were added to wells containing no additive, 0.5 mM HCl
(buffer control for DTPA) or DTPA. ZnCl2, MgCl2, CaCl2, SrCl2, or MnCl2 was
added to the media used for the dilution as noted. Biofilms were grown
overnight by static incubation at 37 °C. Bacteria were removed by flicking (S.
epidermidis) or aspiration (S. aureus), and the wells were rinsed with 150 mM
NaCl before drying by inversion for 1 h. Wells were then stained with 1%
(wt/vol) crystal violet, rinsed, and the absorbance at 590 nm was read in a
SpectraMax Plus 384 microplate spectrophotometer (Molecular Devices). Sta-

tistical significance was determined using the two-tailed, two-sample unequal
variance Student’s t test in Microsoft Excel. Additive toxicity was assessed by
growing 3 ml planktonic cultures in the presence of DTPA or other additives
overnight with shaking. The cultures were grown to stationary phase and the
OD600 measured. DTPA was nontoxic at all doses tested, up to 100 �M;
likewise, 0.5 mM HCl included as a buffer control was nontoxic.
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SI Text
Analytical Ultracentrifugation (AUC). All AUC experiments were
performed at 20°C in a Beckman XL-I analytical ultracentrifuge
using absorbance optics. Sedimentation velocity was performed
at 47,000 rpm and the data were analyzed with Sedfit using a
continuous c(s) distribution model (1). Sedimentation coeffi-
cients were also determined using the program Svedberg (2) and
were converted to standard conditions (s20,w

0 ) by extrapolation to
infinite dilution and correction for solution conditions as de-
scribed (3). Sedimentation equilibrium data were collected for
Brpt1.5 (loading concentrations of 5–15 �M) at speeds of 20,000,
24,000, 35,000, and 47,000 rpm, and for Brpt1.5 (2–5 �M) at
15,000, 18,000, 20,000, 26,000, and 37,000 rpm. Monomer char-
acterization and divalent cation screening were performed in 20
mM Tris pH 7.4, 150 mM NaCl (TBS), with 10 mM of the
relevant chloride salt for the divalent cation screen. For ZnCl2
titration experiments, samples were dialyzed into TBS with 0,
0.1, 0.3, 1, 2, 5, 8, or 10 mM Zn2�. pH experiments were
performed in 20 mM Tris, 20 mM MES, 50 mM NaCl with 10
mM ZnCl2 adjusted to the appropriate pH. Dimer s20,w

0 charac-
terization was performed in 20 mM Tris pH 7.4, 50 mM NaCl,
10 mM Zn2�. The equilibrium data were truncated in WinReedit
and fitted globally with WinNonlin (www.rasmb.bbri.org/). The
weight-averaged reduced buoyant molecular weight, �w, was
determined followed by analysis of the monomer–dimer equi-
librium. Calculation of the experimental molecular weights from
�, determination of the monomer–dimer equilibrium constants,
and conversion of equilibrium constants into molar units were
carried out as described (3, 4).

Data Analysis. The net number of protons or Zn2� ions taken up
or released upon dimerization was determined by analysis of the

relevant linked equilibria. Briefly, when an equilibrium event,
such as dimerization, is dependent on a solute molecule Y, one
can plot the logarithm of the association constant for dimeriza-

tion as a function of log[Y] to determine
�� logK�

�� log�Y��
� �Y, where

�Y is the net number of Y molecules bound or released upon
dimerization (5). The slope of the log K vs. log[Zn] plot was
determined by linear regression to yield the net number of Zn2�

ions bound in the dimer interface. Likewise, the slope of the log
K vs. log[H�] plot was determined to give the net number of
protons taken up or released upon association.

Sedimentation equilibrium-derived relative molecular weight
data were fit in Scientist (Micromath Scientific Software) to a
modified Hill equation of the form:

y � M0 �
�Mmax � M0�KnHxnH

1 � KnHxnH ,

where y is the relative molecular weight, x is the concentration
of Zn2�, Mo and Mmax correspond to the relative molecular
weights of monomer and dimer, respectively, K is the apparent
association constant (i.e., EC50

�1), and nH is the Hill coefficient.
The concentration of Zn2� that yields 50% dimer (EC50) was
determined by taking the reciprocal of K. This equation was
further modified to fit the pH variation data as follows:

y � M0 �
�M0 � Mmax��10pKa�pH�nH

1 � �10pKa�pH�nH .

In this case, the apparent pKa is the pH at which 50% dimer-
ization occurs, and the (Mo � Mmax) term is inverted because the
data show a dimer-to-monomer transition upon increase in
proton concentration.
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Fig. S1. Schematic of representative proteins containing multiple G5 domains identified by Pfam and Blast searches. (A) Aap from S. epidermidis strain RP62A.
Similar architecture is observed in S. aureus proteins SasG and Pls, with the reported number of G5 repeats across Staphylococcal species varying from 4 to 17.
(B) ‘‘Surface protein from gram-positive cocci’’ from Streptococcus suis 89/1591. (C) ‘‘LPXTG cell wall surface protein’’ from Streptococcus gordonii str. challis
substr. ch1. (D) ‘‘Putative cell surface protein precursor’’ from Corynebacterium urealyticum. (E) ‘‘Conserved hypothetical protein’’ from Fingoldia magna. (F)
�-N-acetylhexosaminidase from Streptococcus pneumoniae. Similar domain architecture is reported in various S. pneumoniae strains. (G) IgA1 protease from
S. pneumoniae. Similar domain architecture is reported in predicted zinc metalloproteases from S. pneumoniae, S. gordonii, and S. suis, with up to four repeats
of the G5 domain before the N-terminal peptidase domain. (H) VanW vancomycin resistance protein from Thermosinus carboxydivorans. Similar proteins are
found in Clostridium botulinum and C. difficile, Desulfotomaculum reducens, Caldicellulosiruptor saccharoluticus, Pelotomaculum thermopropionicum,
Eubacterium ventriosum, Alkaliphilus sp., Thermonanaerobacter sp., Desulfitobacterium hafniense, Moorella thermoacetica, Carboxydothermus hydreogeno-
formans, and Symbiobacterium thermophilum.
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Fig. S2. pH dependence of Zn2�-mediated G5 dimerization. (A) Sedimentation velocity analysis of the Zn2�-dependent dimerization of Brpt1.5 as a function
of pH in 20 mM Tris, 20 mM MES, 50 mM NaCl, and 10 mM ZnCl2. Brpt1.5 shifts from dimer at pH 7.4 to monomer at pH 6.0. (B) Sedimentation equilibrium confirms
that Brpt1.5 transitions from dimer to monomer as the pH is lowered from 7.4 to 6.0. The apparent pKa of this transition is 6.7, which may indicate involvement
of histidine residues in Zn2�-dependent dimerization. (C) Linked equilibrium analysis of the pH dependence of Brpt1.5 dimerization at 10 mM ZnCl2. The slope
of the log K vs. log[H�] plot, determined by linear regression, reveals that Brpt1.5 dimerization is linked to the release of 	2 or 3 protons. (D) Far-UV CD spectrum
of the H75A/H85A Brpt1.5 mutant in the presence (squares) and absence (triangles) of 10 mM ZnCl2. (E) Sedimentation velocity analysis of wild-type Brpt1.5 (gray)
compared to histidine-null mutant H75A/H85A (black). Dashed lines show data collected in the absence of Zn2�, and solid lines show data collected at 10 mM
ZnCl2. Partial loss of dimerization is observed in the H75A/H85A mutant, suggesting that one or both histidines and other residues are involved in Zn2�

coordination.

Conrady et al. www.pnas.org/cgi/content/short/0807717105 3 of 8

http://www.pnas.org/cgi/content/short/0807717105


Fig. S3. Affect of Sr, Ca, Mg, and Mn on biofilm formation. (A) SrCl2 does not reverse biofilm inhibition by 30 �M DTPA. All data at 30 �M DTPA show statistically
significant decreases compared to no-treatment control (RP62A). (B) CaCl2 does not reverse biofilm inhibition by 30 �M DTPA. All data at 30 �M DTPA show
statistically significant decreases compared to no-treatment control (RP62A). (C) MgCl2 does not reverse biofilm inhibition by 30 �M DTPA. All data at 30 �M DTPA
show statistically significant decreases compared to no-treatment control (RP62A). (D) Addition of 10 �M or greater MnCl2 effected partial rescue of biofilm
formation in the presence of 30 �M DTPA. All data at 30 �M DTPA show statistically significant decreases compared to no-treatment control (RP62A). Statistically
significant increases over the 0 �M MnCl2/30 �M DTPA datapoint are marked with an asterisk (*, P 
 0.05; n � 3). The levels of MnCl2 required to rescue biofilm
formation were at least 500 times higher than the concentration of Mn in serum (	20 nM) (6), indicating that this is unlikely to be a biologically relevant
phenomenon. This result may be due to competition for DTPA and release of chelated zinc. The affinity of Mn for DTPA (log K � 15.5) is within approximately
three orders of magnitude of the Zn affinity (log K � 18.75), whereas the affinities of Ca, Sr, and Mg for DTPA are eight to nine orders of magnitude lower than
zinc (log K � 10.74, 9.68, and 9.3, respectively) (7). Other divalent cations such as Fe, Co, or Ni were not tested because their affinity for DTPA equals or exceeds
that of Zn. Any change in biofilm formation in the presence of these cations would be uninterpretable, as they could compete effectively with Zn for DTPA
binding.
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Fig. S4. Inhibition of RP62A biofilms by MBP–Brpt1.5 at 750 �M ZnCl2. Dose–response of biofilm inhibition by MBP–Brpt1.5 at a fixed 750 �M ZnCl2
concentration. Asterisks indicate the level of statistical significance relative to the untreated control (*, P 
 0.05; n � 3).
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Table S1. Circular dichroism secondary structure analyses of Brpt1.5

% �-helix % �-sheet % Turn % Coil

Brpt1.5 4 39 24 32
Brpt1.5 � 10 mM ZnCl2 5 38 23 32
H75A/H85A 4 38 23 32
H75A/H85A � 10 mM ZnCl2 5 40 22 32

Far-UV CD spectra were collected on samples dialyzed into 20 mM Tris, 50 mM NaF. Secondary structure content was determined using the program CDSSTR
on Dichroweb. NRMSD values ranged from 0.039 to 0.043.
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Table S2. Sedimentation velocity parameters for Brpt1.5

s20,w
0 f/f0

Brpt1.5 1.55 2.21
Brpt1.5 � 10 mM ZnCl2 2.46 1.66

Values of s20,w
0 were determined from data at four or five concentrations. Values of the frictional ratio, f/f0, were averaged from four or more independent

experiments.

Conrady et al. www.pnas.org/cgi/content/short/0807717105 7 of 8

http://www.pnas.org/cgi/content/short/0807717105


Table S3. Sedimentation equilibrium parameters for Brpt1.5 and Brpt2.5 plus ZnCl2

Msequence Mexperimental (95% confidence)

Monomer Dimer 0 mM Zn 10 mM Zn

Brpt1.5 22,284 44,568 22,075 41,213
(19,820–24,259) (38,823–43,536)

Brpt2.5 35,971 71,942 36,987 78,541
(34,519–39,380) (76,220–80,863)

Kd for monomer–dimer association

2 mM Zn 5 mM Zn 10 mM Zn

Brpt1.5 113 �M 5.06 �M 0.353 �M
(62.8–200 �M) (3.59–7.08 �M) (0.196–0.647 �M)

Brpt2.5 25.5 �M 0.072 �M ND*
(17.8–36.8 �M) (0.165–0.0322 �M)

Confidence intervals (95%) were calculated by WinNONLIN. Msequence is the molecular weight determined by ProtParam from the amino acid sequence.
Mexperimental is determined from global analysis of sedimentation equilibrium curves.
*Not determined; no detectable monomer was observable under this condition, precluding the determination of an equilibrium constant.
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