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The fimbriae-associated protein 1 (Fap1) is a major adhesin of Streptococcus parasanguinis, a primary col-
onizer of the oral cavity that plays an important role in the formation of dental plaque. Fap1 is an extra-
cellular adhesive surface fibre belonging to the serine-rich repeat protein (SRRP) family, which plays a
central role in the pathogenesis of streptococci and staphylococci. The N-terminal adhesive region of
Fap1 (Fap1-NR) is composed of two domains (Fap1-NRa and Fap1-NRb) and is projected away from the
bacterial surface via the extensive serine-rich repeat region, for adhesion to the salivary pellicle. The
adhesive properties of Fap1 are modulated through a pH switch in which a reduction in pH results in
a rearrangement between the Fap1-NRa and Fap1-NRb domains, which assists in the survival of S. paras-
anguinis in acidic environments. We have solved the structure of Fap1-NRa at pH 5.0 at 3.0 ÅA

0

resolution
and reveal how subtle rearrangements of the 3-helix bundle combined with a change in electrostatic
potential mediates ‘opening’ and activation of the adhesive region. Further, we show that pH-dependent
changes are critical for biofilm formation and present an atomic model for the inter-Fap1-NR interactions
which have been assigned an important role in the biofilm formation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Streptococcus parasanguinis, a commensal Gram-positive bacte-
rium, is a primary coloniser of the human oral cavity and is in-
volved in the development of dental plaque [1] and infective
endocarditis [2–6]. Following adhesion to the oral surface, along
with other oral streptococci, S. parasanguinis acts as a foundation
upon which other bacterial species adhere, with the subsequent
formation of an oral biofilm known as dental plaque [7]. Biofilms
are complex structures, formed in specific stages and initiated by
the attachment of bacteria to abiotic or biological surfaces [8]. This
is followed by the development of an extrapolysaccharide matrix
within microcolonies composed of a diverse population of com-
mensal and pathogenic species, where access to a rich supply of
nutrients and communication within these environments pro-
motes a highly stable multicellular structure.

This ability of S. parasanguinis to bind to the oral cavity and also
to other bacteria is attributed to the presence of long peritrichous
ll rights reserved.
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fimbrial structures on the cell surface. One such fibre is composed
of fimbria-associated protein 1 (Fap1), which is essential for fimb-
rial biogenesis, adhesion and biofilm formation. Glycan-specific
antibodies raised against Fap1 inhibit the binding of S. parasangu-
inis FW213to an in vitro tooth model composed of saliva-coated
hydroxyapatite (SHA) [9–13]. Fap1 is a �200 kDa extracellular gly-
coprotein which has been characterized based on sequence and
structural analysis [10,13]. The N-terminus contains a signal pep-
tide which is cleaved during export, followed by a very short un-
ique sequence, a minor serine-rich repeat (SRR) region, a much
larger unique non-repeat region (Fap1-NR), an extensive SRR re-
gion and a C-terminal LPxTG cell wall anchor sequence (Fig. 1A).
SRR glycoproteins belong to a growing number of bacterial
adhesins which play an important role in pathogenesis and biofilm
formation [12] and Fap1 is a model system to study this family.
The SRRs of Fap1 are composed of S(V/I/E) dipeptide repeats
which are O-glycosylated through the serine residues and serve
to protect this extended, supercoiled region from degradation,
whilst projecting the Fap1-NR domain away from the bacterial sur-
face [13,14].

Fap1-NR is composed of two domains connected by a 27 amino
acid linker; a three helix bundle (Fap1-NRa) at the N-terminus,
followed by a predominantly b-sheet domain (Fap1-NRb). These
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Fig. 1. Crystal structure and pH induced changes within Fap1-NRa at pH 5.0. (A) Schematic representation of Fap1 with residue numbering shown for the mature protein.
Signal peptide is yellow, serine-rich repeats (SRR) are blue, the unique non-repeat (NR) regions are grey and the cell anchor sequence is cyan. The major-NR repeat region
(Fap1-NR) has been expanded and Fap1-NRa and Fap1-NRb are coloured green. (B) Asymmetric unit of Fap1-NRa with chains coloured green (chain A), yellow (chain B), red
(chain C) and magenta (chain D). (C) Single molecule of Fap1-NRa with the three helices numbered and the N- and C-termini labelled. (D) Overlay of Fap1-NRa at pH 5.0 (red)
and 8.0 (blue) superimposed on residues at the N-terminal pole which display little variation in chemical shift in relation to changes in pH [14]. Those residues where there is
no chemical shift change data available are coloured grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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structures have been determined by solution state nuclear
magnetic resonance (NMR) spectroscopy and X-ray crystallogra-
phy, respectively, at pH 8.0 [14]. Using the in vitro tooth model,
Fap1 has been shown to bind in a pH-dependent manner to SHA
and further these adhesive properties have been attributed to the
Fap1-NR region. Small angle X-ray scattering (SAXS) was used to
map the low resolution envelope of Fap1-NR and revealed that at
pH 8.0 the two domains adopt a boomerang appearance, which
upon a reduction in pH move apart to open up the structure. In this
‘adhesive state’, under acidic conditions, the binding face becomes
accessible and allows access to the host ligand. It has also been ob-
served in EM images of cell-surface anchored Fap1 molecules at pH
5.0, that these adhesive tips have an increased tendency to come
together in a very specific manner and this has been associated
with a function in inter-Fap1 mediated biofilm interactions. Fur-
thermore, NMR pH titrations of recombinant Fap1-NR clearly show
that any pH-induced conformational changes can be solely as-
cribed to changes within the helical domain (Fap1 NRa).

Survival within the oral cavity is achieved through adapting to a
fluctuating environment including, for example changes in nutri-
ent availability, pH and oxygen levels. Fermentation of sugars in
the oral cavity regularly leads to a reduction in plaque pH below
5.0 in less than 3 min [15]. Many oral bacteria, such as Streptococ-
cus mutans, have evolved systems to sense and change their phys-
iology in order to survive in these acidic niches, known as the acid
tolerance response [16–18]. S. paransanguinis, however, cannot en-
dure these conditions and survives through shutting down its
metabolism [18]. Fap1 presents an extracellular tool to allow S.
paransanguinis to remain within these biofilms whilst in a state
of ‘metabolic sleep’. Here we have solved the crystal structure of
Fap1-NRa at pH 5.0 and herein describe how acidification leads
to the activation of Fap1 and in addition present an atomic model
for the inter-Fap1-NR interactions which have been assigned an
important role in biofilm formation.
2. Materials and methods

2.1. Crystal structure determination and refinement

Crystals were obtained and data collected as previously de-
scribed [14,19]. Data were processed using MOSFLM [20] and
scaled with SCALA [21]. Phases were determined by molecular
replacement with MOLREP [22] with the ‘pseudo translational
symmetry’ option on, using the NMR structure of Fap1-NRa [14]
as the search model. Initial maps were subject to solvent flattening,
4-fold NCS averaging and histogram matching with PARROT [23]
and automated model building was implemented using BUCANEER
[24]. Refinement was carried out with REFMAC [25] using auto-
mated local NCS refinement, map sharpening and jelly body refine-
ment, with 5% of the reflections omitted for cross-validation.
Manual model building was carried out in COOT [26] and validated
with MOLPROBITY [27]. Processing and refinement statistics for
the final model can be found in Table 1.

2.2. Docking of Fap1-NRa into the SAXS envelope at pH 5.0

The Fap1-NRb crystal structure had previously been docked
within the SAXS envelopes at pH 5.0 and 8.0, along with the
NMR structure of Fap1-NRa at pH 8.0 [14]. The SAXS maps were
aligned via the b-domain and then the crystal structure of Fap1-
NRa was superimposed onto the NMR structure. This was then
manually translated and rotated into the electron density map at
pH 5.0.

2.3. T1/T2 experiments

15N-labelled Fap1-NRa was purified as described [14]. 1D enve-
lope experiments on 15N-labelled Fap1-NRa in 50 mM NaPO4 pH
5.0, 50 mM NaCl, 10% (v/v) D2O were used to calculate T1 and T2



Table 1
Data collection statistics.

Crystal parameters

Space group P41312
Cell dimensions a = b = 121.89, c = 117.98

Data collection
Beamline SLS X06DA (PXIII)

Wavelength (ÅA
0

) 0.939

Resolution (ÅA
0

) 3.0–37.43
(3.0–3.16)

Unique observations 17284 (2502)
Rsym 0.08 (0.39)
hIi/rI 6.2 (1.9)
Completeness (%) 94.9 (95.9)
Redundancy 4.5 (4.4)

Refinement
Rwork/Rfree (%) 22.3/24.2
Number of protein residues 351
Number of ligands/ions 1 glucose
Rmsd stereochemistry

Bond lengths (ÅA
0

) 0.011

Bond angles (�) 1.462
Ramachandran analysis
Residues in outlier regions 0
Residues in favoured regions 93%
Residues in allowed regions 100%

Numbers in parentheses refer to the outermost resolution shell.
Rsym =

P
|I � hIi|/

P
I where I is the integrated intensity of a given reflection and hIi is

the mean intensity of multiple corresponding symmetry-related reflections.
Rwork =

P
||Fo| � |Fc||/

P
Fo where Fo and Fc are the observed and calculated structure

factors respectively.
Rfree = Rwork calculated using �5% random data excluded from the refinement.
rmsd stereochemistry is the deviation from ideal values.
Ramachandran analysis was carried out using Molprobity [27].
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values at 298 K at different Fap1-NRa concentrations: 200, 150,
100 and 50 lM. Average 15N T1 and T2 relaxation rates were esti-
mated by measuring the change in intensity of signals in the amide
region above 8.8 ppm (i.e. to ensure unstructured residues were
excluded) with varying T1 or T2 relaxation periods.

2.4. S. parasanguinis FW213 biofilm assay

The level of biofilm formation was assessed by the modified
method of O’Toole and Kolter [28]. Overnight cultures of wild-type
S. parasanguinis were diluted at 1:100 in fresh TH medium supple-
mented with 0, 20, 40, and 80 mM KPO4 to achieve pH 5.3, 6.2, 6.6
and 7.0 respectively, and 200 ll of the diluted cultures was inocu-
lated into wells of a non-tissue culture-treated polystyrene flat-
bottom 96-well microtiter plate. Wells filled with only growth
media were included as negative controls. Plates were incubated
and treated as described before [13]. Biofilm formation was quan-
tified by measuring absorbance of the dissolved crystal violet
staining of bacteria attached to the surfaces at 562 nm with a Ver-
saMax microplate reader (Molecular Devices).

2.5. Protein data bank accession number

The coordinates and structure factors of Fap1-NRa have been
deposited in the RCSB with accession codes 3RGU.

3. Results

3.1. Overall structure of Fap1-NRa at pH 5.0

Fap1-NRa was crystallized in 0.9 M K/Na PO4 pH 5.0 [19] and
belongs to the tetragonal space group P43212. The structure was
determined by molecular replacement at 3.0 Å using the NMR
structure of Fap1-NRa at pH 8.0 (pdb: 2kub) [14] as the search
model. Due to the presence of pseudo translational symmetry,
phase determination was not straightforward, although exploita-
tion of this non-crystallographic relationship allowed the identifi-
cation of four molecules in the asymmetric unit, with a very high
solvent content of �68% (Table 1 and Supplementary Fig. 1). The
vector encoded N-terminal His6 tags and Lys117-Gln123 (chains
A and D), Lys117-Asp124 (chains B and C), Gly212-Ser231 (chains
A and B) and Pro210-Ser231 (chains C and D) were disordered and
not visible in the electron density maps. The final model includes
346 residues (Asp124-Asn211 chain A; Ser125-Asn211 chain B;
Ser125-Asn209 chain C; Asp124-Asn209 chain D), 4 water mole-
cules and 1 molecule of glucose (Fig. 1B) and chains A and D and
chains B and C are related by the translational vector
(0.5,0.469,0.5) (Supplementary Fig. 2). The four structures are
essentially identical with an average rmsd of 0.18 Å (Supplemen-
tary Fig. 3) and as with the NMR structure at pH 8.0, under acidic
conditions Fap1-NRa is composed of a tightly packed three helix
bundle (Fig. 1C).

3.2. Comparison between Fap1-NRa at pH 5.0 and 8.0

We undertook a detailed analysis of the different structures of
Fap1-NRa to ascertain an atomic model for the effects of pH change
on the global architecture of the non-repeat region. The NMR and
crystal structures were superimposed giving an overall rmsd of
0.95 Å (Supplementary Fig. 4) between pH 5.0 and 8.0. Although
it is evident that subtle variations exist between the two, it was
not obvious how this related to function and so the structures were
superimposed using residues which had previously displayed less
dramatic variation in chemical shift with relation to changes in
pH [14]. This lead to a more perceptible conformation change
which coincides with the published titrations (Fig. 1D). Here, there
is a subtle twisting of the C-terminal pole of Fap1-NRa displacing
the helices by �2.5 Å. Furthermore, comparison of the isolated
helices, independent of the intact structures, show that they are
in essence identical (Supplementary Fig. 5), which supports the
idea that changes in pH result in a delicate rearrangement of these
helices with respect to one another. We began our interpretation of
these rearrangements within Fap1-NRa through analysing the
hydrogen bond interactions between the three helices. There is,
however, no clear and consistent pattern which indicates that
the formation of salt bridges within Fap1-NRa plays any role in
the activation of the non-repeat adhesive region (Supplementary
Table 1).

3.3. Electrostatic activation of Fap1-NR

We next turned our attention to the electrostatic potential of
the domain under acidic and alkali conditions (Fig. 2A). When
viewed along the length of the helices there are no dramatic shifts
in charge caused by a change in pH, although the flexible N-termi-
nus does show some variation in conformation. There is though a
much more important reorganization at the C-terminal pole of
Fap1-NRa (Fig. 2B). At pH 8.0 the face is rather flat with patches
of negative charge, whilst at pH 5.0 this charge becomes localized
about a deep pocket sitting in the tri-helical interface. This can be
attributed to the residues Asp152 and Glu154 which are positioned
on the a1�a2 loop and it has been demonstrated in a number of
other macromolecules that when buried acidic residues are clus-
tered in close proximity, this has the effect of substantially raising
the pKa of the side chain carboxylate groups [29–32]. Hence under
alkali conditions these residues will be deprotonated whilst at pH
5.0 they may be fully protonated. Examination of the Fap1-NRb N-
terminal pole, which lies adjacent to the a-domain in the non-re-
peat region, shows a highly complementary surface to Fap1-NRa
at pH 5.0. Arg368 protrudes straight out and is well positioned to



Fig. 2. Electrostatic activation of Fap1-NR. (A) Electrostatic surface potential of
Fap1-NRa at pH 5.0 and 8.0 shown from both sides. Cartoon is shown below for
orientation. (B) Electrostatic potential of the inter domain surfaces of Fap1-NRa at
pH 5.0 and 8.0 and Fap1-NRb with cartoons displayed below for reference. The N-
terminal pole of Fap1-NRb has a run of negative charge running along the centre
towards the host binding face. Arg368 is positioned towards the centre of the face
pointing directly out towards what would be Fap1-NRa, along with Asp430 and
Asp435. At pH 8.0 the Fap1-NRa C-terminal pole is rather flat and shows patches of
negative charge and displays Asp152 and Glu154 on its surface. Under acidic
conditions, the negative charge is localized towards a deep pocket which could
accommodate Arg368. (C) SAXS electron density envelopes of Fap1-NR [14] at pH
5.0 (red) and 8.0 (blue) with the structures of Fap1-NRb and Fap1-NRa at the
respective pH docked into the maps. The inter domain linker is shown as dashed
lines and residues Asp152 and Glu154 (Fap1-NRa) and Asp435 (Fap1-NRb) have
been coloured yellow and shown as spheres. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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fill the negative pocket of the adjacent domain and further, resi-
dues Asp430 and Asp435 displayed on this face would be ideal can-
didates to form inter-domain salt bridges.
Using the published SAXS electron density maps [14], we were
able to dock Fap1-NRa into the envelope at pH 5.0 as we had done
previously with the NMR structure (Fig. 2C). It is striking that un-
der alkali conditions there will be substantial electrostatic repul-
sion between Asp152/Glu154 and Asp430/Asp435, whilst under
acidic conditions this charge may be neutralized through the for-
mation of one or more salt bridges across the domain interface.
The mechanism of pH induced activation of Fap1 thus appears to
be mediated via electrostatic effects between the a- and b-do-
mains, with the correct formation of the active binding site groove
between the two, likely determined by the insertion of Arg368
within the three-helices of Fap1-NRa.
3.4. Modelling biofilm interactions

Under acidic conditions Fap1 molecules aggregate much more
readily via their tips [14] and further, when preparing Fap1-NRa
reagent, concentration and pH become a determinant of the level
of homogeneity and solubility. However, at pH 8.0 Fap1-NRa is
monomeric up to �300 lM but reversibly self-associates at higher
concentrations, whist at pH 5.0 it is monomeric up to �200 lM
where it then precipitates and cannot be concentrated any further
(Supplementary Fig. 6). It is interesting that the theoretical pI of
Fap1-NRa is �4.7 and as such after fermentation of sugars in the
oral cavity and the subsequent drop in pH, in addition to the acti-
vation of the non-repeat region, the helical domain will have a net
zero charge which could promote inter-domain adhesion, a prop-
erty that can promote bacterial biofilm formation.

To determine whether the pH-dependent changes in Fap1
which mediate bacterial adhesion may also have an impact on S.
parasanguinis biofilms, the level of biofilm formation under differ-
ent pH conditions was examined. An increase in biofilm mass is
clearly correlated with a decrease in pH of the growth media
(Fig. 3A) and this suggests that pH-dependent changes are critical
for biofilm formation. This led us to examine the array of Fap1-NRa
in the crystal lattice as this might suggest a pattern of domain
interactions which are manifested within the Fap1 arrangement
in oral biofilms.

Using the PISA server [33] the arrangement of Fap1-NRa in the
crystal lattice was tested for higher oligomeric states and resulted
in the identification of two highly stable tetramers (Supplementary
Fig. 7). Further, these two oligomers are interrelated and as such
they represent the possibility of an infinite projection of these tet-
ramers (Fig. 3B). We superimposed the SAXS envelope at pH 5.0
along with the b-domain based on our docking experiments de-
scribed earlier (Fig. 3C and Supplementary Fig. 8). This arrange-
ment of the a-domains represents a highly satisfactory model for
biofilm interactions via this region. The host ligand binding groove
of the non-repeat region, including those residues identified to
play an important role in host adhesion; namely I134, E138,
D142, L163, V164, I291, L292, L300, L385, N403, Q405 and I411
[14] are generally still accessible. Although not all, some Fap1 mol-
ecules would still be able to play a role in both host recognition and
providing inter-bacterial aggregation.
4. Discussion

The Gram-positive SRR fimbriae are a novel family of proteins
with the majority of their sequence composed of heavily glycosyl-
ated dipeptide repeats which are used to project their unique
adhesins away from the bacterial surface [14]. The adhesive region
of GspB from the pathogen Streptococcus gordonii has been deter-
mined by X-ray crystallography and is very different to that of
Fap1-NR, which reflects the plethora of receptors which this family
recognize [34]. S. parasanguinis has evolved mechanisms to in-
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Fig. 3. Atomic model of inter-Fap1-NR interactions within oral biofilms. (A) Biofilm formation of S. parasanguinis under different pH conditions. Values are the means and
standard deviations from three independent experiments. (B) Two stable tetramers of Fap1-NRa which form within the crystals are shown coloured as in Fig. 1B. The two
tetramers are interrelated giving rise to higher oligomeric states. (C) Model of inter-Fap1 interactions within a biofilm. The SAXS envelopes of Fap1-NR at pH 5.0 (Fig. 2D) have
been docked onto the Fap1-NRa octamer and are shown with the arrows depicting the serine-rich repeat regions pointing towards their C-termini and the bacterial cell wall.
Although the tips of Fap1-NRa interact within this array of molecules, the Fap1 host binding site is still accessible.
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crease its fitness within an ever fluctuating environment and our
results present the first atomic details of how pH is used to regu-
late the adhesive properties of Fap1 in orchestrating one of these
processes. The recent crystal structure of the Euprosthenops austral-
is spidroin N-terminal domain [35] has detailed how self-assembly
of spider silk is also coordinated by an electrostatic switch and fur-
ther shows how reorganization of protein–protein interactions via
pH-induced changes in charge distribution can lead to dramatic
remodelling of macromolecular structures. In addition, electro-
static potential has been shown to modulate the enzyme activity
of cellobiohydrolase I from the fungus Trichoderma reesei [36].
Whilst the specific receptor for Fap1 still remains elusive, it is
now clear how pH is used to prime the adhesive region for host
and inter-fimbrial interactions under acidic conditions.
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