

















Insight into Serine-rich Fimbriae from Gram-positive Bacteria
The structure determination was supplemented with ¢ and ¢  2c¢); the average pairwise root mean squared deviation for the

dihedral angles and 92 residual dipolar coupling restraints water-refined final structures is 0.39 = 0.06 A for the backbone
(Table 2). All areas of secondary structure are well defined (Fig. atoms and 0.81 =+ 0.07 A for the heavy atoms of residues within
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secondary structure. The final structure of the Fapl-NR,
exhibits an «-helical bundle topology (Fig. 2¢), in which the
three a-helices pack against each other in an up-down-up
arrangement (a1 residues 129-150, a2 residues 153—178, and
a3 residues 184 -206). Hydrophobic interactions involving the
side chains of leucine, alanine, and isoleucine residues stabilize
the inter-helix interactions (Fig. 2d). Comparison of the ">N-'H
TROSY HSQC of Fap1-NR with spectra of either Fap1-NR, or
Fap1-NR; indicates that although the majority of peaks for the
isolated domains superimpose well with their counterparts for
Fap1-NR, a limited number exhibit chemical shifts differences,
suggesting the presence of a small interface between the
domains (supplemental Fig. S4). Furthermore, differences in
5N relaxation times for & and 8 domains within Fap1-NR indi-
cate some interdomain flexibility (average T,/T, ratios are 21
and 27 for a and 8 domains respectively; supplemental Fig. S5).

pH-dependent Conformational Change within Fapl—The
oral cavity experiences a wide pH range, from neutrality at the
normal saliva buffering conditions to values below 5.0, induced
by the fermentation of ingested sugars by resident bacteria. To
investigate the effect of pH on S. parasanguinis adhesion, SHA
binding assays were repeated over a range of pH values. A pro-
gressive increase in adhesion was observed as the pH was low-
ered from alkaline (pH 8) to acidic (pH 5) conditions (Fig. 3a),
whereas no change in basal adhesion for the fap1 mutant strain
was observed (supplemental Fig. S6). To characterize this
further, two-dimensional "H-'>N' TROSY-HSQC spectra of
Fap1-NR were recorded over the same pH range (supplemen-
tal Fig. S7). Intriguingly, strong pH dependences were observed
for many "H and "N chemical shifts of residues located within
the a domain, whereas the majority of the residues from the 3
domain were not affected (supplemental Fig. S7). CD experi-
ments performed between pH 5 and 8 indicate that the a-heli-
cal content remains unchanged over the pH range (data not
shown). This was confirmed by repeating the pH titration and
monitoring 'H and '°N chemical shifts of amides within the
isolated Fap1-NR , domain (Fig. 3b). After reassignment of the
NMR spectra at pH 5, an analysis of backbone secondary shifts
indicates that the three a-helices remain largely intact, consis-
tent with CD measurements, and that no unfolding occurs
between the pH 8 and 5. Amide chemical shift changes are
localized to one end of the a-helical bundle (Fig. 3, ¢ and d).
Although no histidine residues are present, the Fapl-NR,
domain possesses 18 charged residues (12 acidic and 6 basic;
supplemental Fig. S8). Interestingly, the amide resonances for
three of these residues (Arg-146, Asp-152, Glu-154, and Lys-
207) titrate with pH. Furthermore, chemical shift changes of

TABLE 3
SAXS data collection, processing and modelling statistics
pH5 pHS8

P(r) function calculation

0.018-0.464 A=1  0.021-0.464 A !

q range A ¥
R 350+ 02A 362+ 01A
10) 885 = 03 1084 = 03
D, . 127 A 128 A
Estimated molecular mass® 31 kDa 38 kDa
Mass calculated from sequence 37 kDa 37 kDa

Ab initio GASBOR modeling
Ensemble average x* to raw data 1.98 = 0.07 2.15 £ 0.07
NSD? 1.11 £ 0.04 1.47 + 0.07

“ Normalization against data for BSA was calculated using the formula (I(0)gap +
1(0)ggA°66 kDa), where I(0) g, was 188.3.
® For the definition of normalized spatial discrepancy (NSD) (88).

several hydrophobic residues (Leu-148, Leu-151, Leu-157, Ala-
165, Ile-206, and Leu-208) proximal to charged groups are also
observed (supplemental Fig. S8). Decreasing the pH may cause
a rearrangement of the relative orientation and/or dynamics of
the a-helices.

SAXS provides useful low resolution information on the glo-
bal structural features of proteins in solution. This technique is
sensitive to changes in relative position of domains or positions
of secondary structure and is therefore highly suitable for deter-
mining the overall structure of Fap1-NR under acidic and alka-
line conditions. After exhaustive gel filtration chromatography
of recombinant Fapl-NR at pH 8 and 5, SAXS measurements
were recorded (Fig. 4, a and b; Table 3). The resulting SAXS
density indicates that Fapl-NR exists as a curved, extended
structure consisting of two domains (Fig. 4b). The relative sizes
of Fap1-NR, and Fap1-NR; domains are consistent with two
halves of the density. Comparison of the data at pH 8 and 5
reveals a subtle difference in conformation, as judged by a
change in the shape of the pair-distance distribution function
(Fig. 4a). Upon reducing the pH, the pair-distance distribution
shifts to longer distances, for which a plausible interpretation
would be an opening of the two-domain structure (Fig. 4c). It is
also likely that the extent of interdomain mobility is affected by
pH and would contribute to an altered SAXS profile. It is inter-
esting to note that the residues affected by the change in pH
within the « domain would be situated adjacent to the 27-resi-
due linker between Fap1-NR, and Fap1-NR (Fig. 4d).

Analysis of the atomic resolution details of Fap1-NR reveals
two patches on the surfaces of the @ and 3 domains that include
a number of exposed hydrophobic side chains (Fig. 4d). The
exposed hydrophobic residues together with selected adjacent
residues within these regions were selected for mutation; these
include five amino acids in Fap1-NR (Ile-134, Glu-138, Asp-

FIGURE 4. Overall structure of Fap1-NR and mutagenesis. a, SAXS scattering profile of Fap1-NR at pH 5 (red) and pH 8 (blue). b, SAXS-derived electron density
for Fap1-NR at pH 8 with the crystal structure of Fap1-NRg and the solution structure of Fap1-NR,, rigid bodly fitted into the envelope. The 27-residue linker is
shown as a blue dashed line and the N and C termini of Fap1-NR are annotated. ¢, effects of pH change on the electron density of Fap1-NR. SAXS derived electron
density at pH 8 is blue and at pH 5 is red. d, potential receptor binding surface of Fap1. Two exposed hydrophobic regions were mutated Fap1-NR. Residues,
including lle-134, Glu-138, Asp-142, Leu-163, and Val-164 in Fap1-NR_ together with Leu-385, lle-291, Leu-292, Leu-300, Asn-403, GIn-405, and lle-411 in
Fap1-NRg, were mutated to alanine. Mutants affecting adhesion of Fap1-NR are shown as green spheres and line the concave face of the SAXS envelope. The
position of the negative control E204A is shown as yellow spheres and is on the nonconcave face. Residues in Fap1-NR_, affected by changes in pH are colored
red and congregate at the interdomain boundary. e, effect of site-directed mutagenesis of amino acid residues located at the putative binding interfaces in
Fap1-NR on bacterial adhesion to SHA. Adhesion of S. parasanguinis FW213 (1st column), fap1 mutant (2nd column), and site-directed fap 1 mutants as follows:
1134A (3rd column), E138A (4th column), 1134A/E138A (5th column), D142A (6th column), L163A (7th column),V164A (8th column), and E204A (9th column), in the
a domain; and L385A (70th column), 1411A (11th column), L300A (12th column), 1291A/L292A (13th column), N403A (14th column), Q405A (15th column), and
N403A/Q405A (16th column) in the 3 domain.
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a)

FIGURE 5. Electron microscopy of Fap1 fimbriae. a, micrographs of long fimbriae from wild-type S. parasan-
guinis stained with UA (left), PTA (center), and MAT (right). Scale bar, 100 nm. Black arrows indicate fimbriae;
white arrows indicate tip aggregates; open white arrows indicate fimbrial bundles. b, averaging of narrow
fimbrial sections; micrograph of S. parasanguinis stained with PTA (left), three representative fimbrial sections
(center), and average of all fimbrial regions (right). Scale bar, 10 nm. Fimbriae diameter 5.5 nm. ¢, average power
spectra from fimbrial regions stained with UA (left), PTA (middle), and MAT (right) lines show the principal 1/6.5
nm layer line and a weaker one at 1/33 nm, present in all staining conditions.

142, Leu-163, and Val-164) and seven amino acids located
within the hydrophobic patch within L1-L2 and L5 in Fapl-
NR; (Leu-385, Ile-291, Leu-292, Leu-300, Asn-403, GIn-405,
and Ile-411) (Fig. 2, a and b; Fig. 4d, and supplemental Fig. S3).
We hypothesized that these residues may form part of a binding
site for the salivary pellicle, and we created a series of site-
specific Fapl mutants in this region within S. parasanguinis and
measured their ability to adhere to SHA (Fig. 4e). As a control,
a charge mutation at Fap1-E204A on the opposite face of the «
domain was also constructed and tested. Western blot analysis
revealed that all the mutants expressed Fapl (data not shown);
however, all exhibited deficiencies in bacterial adhesion with
the exception E204A.

Overall Structure of Fapl—We analyzed the feasibility of
imaging the fimbriae on the bacterial surface of the wild-type
strain (FW213) for structure determination by single particle
electron microscopy using several negatively stained prepara-
tions. Good results were obtained with preparations in 1% UA,
2% PTA, pH 7, and 2% MAT (Fig. 5a). The fimbriae are very
flexible structures that bend easily in all the preparations. A
close look at individual fimbriae reveals a diameter of ~5.5 nm
and an internal substructure with a periodicity of ~6.5 nm. At
neutral pH, fimbriae are close together forming rafts, and
the internal substructure is more apparent (Fig. 54, open white
arrows). At low pH (UA staining), the tip of the fimbriae come
together to form aggregates (Fig. 5a, white arrows), in which
the adhesion points are located uniquely at the tip of the fim-
briae. Strikingly, despite the fimbriae being more abundant on
the cell surface at pH 7.0 using staining reagents PTA and
MAT, the tips do not come together. Even though an additional
contribution from the electrostatic charges of the different
stains at the experimental pH cannot be ruled out at the present
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time, these data support the notion
of a pH-dependent conformational
change for Fapl.

Once electron micrographs of
whole-mount bacterial prepara-
tions in different negative stains had
been collected, digitized, and cor-
rected for the contrast transfer
function of the microscope, fimbrial
regions were extracted from the
images following strict criteria; the
fimbriae should be straight; they
should not overlap other fimbriae,
and they should be separated by at
least two fimbrial diameters from its
nearest neighbor (Fig. 5). As many
images as possible, with a length of
~55 nm, were extracted from the
boxed fimbrial regions. After cen-
tering the images, an average image
(Fig. 5b) and an average power spec-
trum (Fig. 5¢) were calculated for
each staining condition. The power
spectra, in all stain preparations,
show predominant layer lines at
1/(6.5 nm) and 1/(33 nm), which
relate to structural repeats in the fimbriae. At the present time,
an unambiguous assignment of the Bessel orders is not possible
due to the weak scattering power of the fimbrial regions and the
uncertainty in the diameter of fimbriae.

DISCUSSION

Recent studies have suggested that Fapl belongs to a wider
family of cell wall-anchored, serine-rich repeat proteins (49)
that exhibit features distinct from the pili of other Gram-posi-
tive organisms, such as Corynebacteria diphtheria, group A and
group B Streptococcus (GAS and GBS), and Gram-negative bac-
teria expressing chaperone usher and type IV secretion sys-
tems. Typically, these pili are characterized by small subunits
noncovalently or covalently linked to each other (54-56),
whereas SRR fimbriae are characterized by the presence of
extensive glycosylated serine-rich repeats within a large protein
subunit (>200 kDa). SSR fimbriae are found on several patho-
genic streptococci and staphylococci, which include GspB from
Streptococcus gordonii (17), SSR-1 and SSR-2 from Streptococ-
cus agalactiae (21,22,57), SrpA from S. sanguinis (50), and SraP
from Staphylococcus aureus (18). Many of these proteins medi-
ate specific interactions with human platelets through their
N-terminal regions, which share little sequence homology to
each other and are implicated in binding to a diverse array of
host receptors (20, 57).

We have demonstrated that a 36-kDa fragment from the
nonrepeat region of Fapl (Fap1-NR) harbors the binding prop-
erties for colonization of the oral cavity (58). Fap1-NR includes
two domains with distinct secondary structure and topology,
namely an a-helical domain (residues 116 —231, Fap1-NR ; Fig.
1a) and another composed predominantly of B-strands (resi-
dues 231-437, Fap1-NRg; Fig. 1a). The protein sequence out-
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FIGURE 6. Model for the super-coiled strand of Fap1 fimbriae. The pro-
tomer is colored as in Fig. 1a with the cell wall anchor colored cyan, the major
and minor SRR regions colored dark (protein) and light (glycan) orange,
although the major and minor NR regions are colored green. The model on
the left represents a super-coiled Fap1 monomer with repeating units of 6.5
nm along the fiber axis of the SRR region and protomer length of ~250-300
nm. Extra subunits may be incorporated within a coiled-coil to produce
higher oligomeric states, and the model on the right represents multiple poly-
merized subunits with just two displayed here. The Fap1 model was created
from a left-handed helix in which single atoms (representing individual
amino acids) were arranged on a helical axis, with additional atoms (repre-
senting glycan residues) associated with alternate amino acid residues. This
helix was in turn rotated about a central super-helical fiber axis. The SAXS
envelope was scaled to the SRR model and placed at the C termini, followed
by a short stretch of the helical SRR model representing the minor SRR. An
alignment of SRR sequences (middle) from S. parasanguinis Fap1, S. aureus
SrpA, S. gordonii M99 GspB, and Lactobacillus johnsonii NCC533 LJ1711 is
shown. The consensus SRR dipeptide sequence (SRRc) is SX, where X can be
any amino acid.

side the nonrepeat region is composed of ~2000 amino acid
residues of S(V/I/E) dipeptide repeats. Perfect sequence repeats
of less than four amino acids tend to form fibrous extended
structures that are often super-helical (59), for example the col-
lagen triple helix (60), the zigzag B-structure of the silk I (61,
62), and the B-turn helix of the Plasmodium falciparum cir-
cumsporozoite protein (63, 64). The extensive repetition of the
serine dipeptides together with our electron microscopy data
suggest a model for the fimbriae in which Fapl strands form a
super-helical extended structure with a principal repeat at 6.5
nm and serine side chains exposed for O-glycosylation (Fig. 6).
The larger 33 nm periodicity may be attributed to an indepen-
dent helical stripe of surface glycosylation, the exact pattern of
which has yet to be determined. Furthermore, because there is
an ambiguity in layer line indexing, fimbriae consisting of a
coiled coil arrangement of two or more Fapl helical strands
cannot be excluded. Fapl fimbriae are variable in length (in
300-600 wm range), similar to other SRR fibrils, e.g. SrpA on
the surface of Streptococcus cristatus (65). These length varia-
tions could be attributed to more than one subunit present per
fimbriae, linked in a head-to-tail fashion. Although the classic
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pilin motif for head-to-tail cross-linking is absent (56, 66),
lysines residues present at the N terminus of Fap1 could act as
substrates for this cross-linkage.

In this model, the N-terminal nonrepeat domain, Fap1-NR,
includes two globular domains that are located at the distal end
of the structure for adhesion. Although no significant primary
sequence similarity can be detected with proteins of known
structure (no e value <1 PHYRE hits (67)), both domains dis-
play structural similarity to two separate families of surface
proteins from Gram-positive bacteria (68). The structure of the
B domain resembles the ligand-binding A-region from the
Microbial Surface Components Recognizing Adhesive Matrix
Molecules (MSCRAMM) family of bacterial adhesins (supple-
mental Fig. S84). Specifically, a high degree of similarity is
observed with the fibrinogen-binding protein SdrG from
Staphylococcus epidermidis (PDB code 1rl7; supplemental
Fig. S8a) (55, 69, 70), the collagen-binding adhesin from Entero-
coccus faecalis (PDB code 2z1p; supplemental Fig. S8b) (71, 72),
and the clumping factor A from S. aureus (PDB code 1n67;
supplemental Fig. S8¢) (73-75), typically with a backbone root
mean squared deviation of 3.5 A over ~120 residues. The
MSCRAMM ligand-binding region encompasses two similar 8
domains, in which a ligand peptide docks into an interdomain
groove of the open structure and a C-terminal extension closes
the complex resulting in a change in relative domain orienta-
tion (74). Although the a domain is unrelated to the flanking
B-rich domain from the MSCRAMMs, it displays a striking
similarity with the imperfect helical repeats of EBH, the giant,
extracellular matrix-binding protein from staphylococci (PDB
code 2dgj; supplemental Fig. S84) (76). The lack of electron
density for the a domain within the crystal structure of Fap1-
NR, coupled with its well defined structure in solution, also
implies that some flexibility exists at the interdomain bound-
ary. It is tempting to speculate that the dual similarity with EBH
and MSCRAMM surface proteins implies that host extracellu-
lar matrix proteins are putative targets for Fapl and supports
the wider role for SRR fimbriae. The interaction between Fapl
and the salivary pellicle also suggests a role for calcium binding;
however, no direct interaction was observable in our NMR
assays (data not shown).

Fapl exhibits an unusual pH-dependent conformational
change that affects key residues located at the interdomain
junction of the two subdomains of Fap1-NR, with concomitant
effects on the relative arrangement of these domains that allow
Fap1 to adhere more tightly to SHA. The mean resting saliva pH
observed in human oral cavities lies in the range 6.5 to 7.1.
However, the buffering capacity of saliva is unable to cope with
the rapid drop in pH induced by microbial acid production after
the ingestion of fermentable carbohydrates. Plaque pH can
reach values below 5.0 and remain low for some time before
returning to neutrality. Some streptococci, particularly S.
mutans, alter their physiology to survive in acidic environ-
ments. This is known as the acid tolerance response and in-
cludes the production of stress-responsive proteins, increased
glycolytic activity, and the regulation of intracellular pH (77,
78). S. parasanguinis and many other oral streptococci are pri-
mary colonizers of the oral cavity and will frequently be exposed
to acidic stress; however, they are unable to thrive at low pH and
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in response shut down their metabolic functions (79). A plau-
sible mechanism for survival would be for S. parasanguinis to
modulate adhesion to outcompete acid-tolerant species, a
mechanism that has been proposed for other species of bacteria
(80-—84). Enhanced Fapl-mediated adhesion at low pH would
provide a more tenacious attachment to the salivary pellicle and
increase the likelihood of S. parasanguinis survival during peri-
ods of acidic conditions. Moreover, its role as substrate for bio-
film formation would also be enhanced thereby increasing bac-
terial cell density and providing respite.

Using a combination of low and high resolution methods, we
provide new insights into the architecture of Fapl fimbriae
and adhesion by a primary colonizer of the human oral cav-
ity. Furthermore, our conclusions likely extend to other SRR
fimbriae from pathogenic organisms and suggest new ther-
apeutic strategies.
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