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The cariogenic bacterium Streptococcus mutans uses adhesin P1 to
adhere to tooth surfaces, extracellular matrix components, and
other bacteria. A composite model of P1 based on partial crystal
structures revealed an unusual complex architecture in which the
protein forms an elongated hybrid alpha/polyproline type II helical
stalk by folding back on itself to display a globular head at the
apex and a globular C-terminal region at the base. The structure of
P1’s N terminus and the nature of its critical interaction with the
C-terminal region remained unknown, however.We have cocrystallized
a stable complex of recombinant N- and C-terminal fragments and
here describe a previously unidentified topological fold in which
these widely discontinuous domains are intimately associated. The
structure reveals that the N terminus forms a stabilizing scaffold
by wrapping behind the base of P1’s elongated stalk and physi-
cally “locking” it into place. The structure is stabilized through
a highly favorable ΔGsolvation on complex formation, along with
extensive hydrogen bonding. We confirm the functional relevance
of this intramolecular interaction using differential scanning calo-
rimetry and circular dichroism to show that disruption of the
proper spacing of residues 989–1001 impedes folding and dimin-
ishes stability of the full-length molecule, including the stalk. Our
findings clarify previously unexplained functional and antigenic
properties of P1.
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Streptococcus mutans is a recognized cause of human dental
caries (cavities), the most common infectious disease world-

wide (1). Identifying how S. mutans interacts with host compo-
nents at the molecular level is essential to fully understand its
virulence properties. The sucrose-independent adhesin P1 (AgI/II,
antigen B, PAc) is localized on the surface of this oral path-
ogen, along with many other streptococci (2–7). In the oral
cavity, S. mutans P1 interacts with the salivary agglutinin glyco-
protein complex composed predominantly of scavenger receptor
gp340/DMBT1 (2, 3, 5–10). Without a complete structural model,
the mechanisms by which P1 binds to host components have not yet
been fully characterized.
P1’s primary structure (Fig. 1A) contains a 38-residue signal

sequence, the heretofore uncharacterized N-terminal region, three
alanine-rich repeats (A1–3), a central domain containing a so-called
variable (V) region (11), three proline-rich repeats (P1–3), a
C-terminal region consisting of three domains (C1–3), an LPxTG
sortase-recognition motif, and wall- and membrane-spanning
regions (12, 13). Recent partial X-ray crystal structure and ve-
locity centrifugation studies of the intact protein unveiled a unique
architecture in which the ∼185-kDa (1,561-aa) protein folds back
on itself to form a ∼50-nm elongated hybrid helical stalk that
separates two independent adherence domains, with a globular
head at the apex and a globular C-terminal region at the base
(13–15) (Fig. 1B).
The crystal structure of the third alanine-rich repeat through

the first proline-rich repeat first revealed the unusual interaction
between the A and P regions to form a hybrid alpha/polyproline

type II helix (14). In this model, a globular β super sandwich
domain sits at the apex of the molecule (15). At the other end of
the hybrid helix, the three contiguous domains of the C-terminal
region each adopt a DE-variant Ig-like (DEv-IgG) fold stabilized
by isopeptide bonds (13, 16). Despite this recent progress, the
structure of the ∼20-kDa N terminus of P1 remained unknown,
however (Fig. 1B). We previously demonstrated that proper folding
and function of P1 on the surface of S. mutans requires an in-
teraction between N- and C-terminal segments (17), thus increasing
the imperative to elucidate the structure of the N terminus in
complex with its intramolecular binding partner.
For this, we used the recombinant N-terminal (NA1) and

C-terminal (P3C) P1 fragments (Fig. 1A), which have been shown
to form a stable high-affinity and functionally active complex (17).
The NA1/P3C protein complex was copurified and then cocrystal-
lized for X-ray diffraction data collection to 2.0-Å resolution. We
observed that the N terminus adopts a previously unidentified
fold that serves as an intramolecular scaffold connecting it to C-
terminal portions of the molecule, thus locking P1’s hybrid he-
lical stalk into place. We validated this model experimentally
using differential scanning calorimetry (DSC) and circular di-
chroism to demonstrate decreased thermal stability and altered
secondary structure in a P1 mutant containing two extra amino
acids within the region that normally reacts with the N-terminal
intramolecular scaffold. Our X-ray crystallography model and
stability measurements agree well with biophysical data character-
izing the NA1/P3C complex (17) and provide mechanistic insight
into why the N-terminal segment supports the proper folding,
function, and stability of the full-length P1 protein. This information
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contributes to our ability to interpret data regarding protective and
nonprotective immune responses and preventative therapies,
and will inform future studies evaluating bacterial adhesion and
biofilm formation by S. mutans and related organisms.

Results
Crystallization and Structure Determination. Recombinant P1 poly-
peptides NA1 and P3C (Fig. S1A) were copurified and crystallized
together. A complete dataset was collected from a single crystal that
diffracted to 2.0-Å resolution and was assigned to the space group
C2 with unit cell parameters a = 197.5, b = 68.9, c = 81.3 Å, and β =
96.8°, consistent with the protein’s elongated structure. Data col-
lection and refinement statistics are provided in Table 1. In the
structural overlay, the C-terminal portion of our model (C123) is
nearly identical to that described previously (13), with an rmsd of
0.52 Å (Fig. 2C). The sole difference is a lack of ordered electron
density corresponding to a surface loop containing residues 1342–
1363 within C3. Two calcium ions were coordinated at identical
positions within C2, as reported previously (13). The calcium ion
observed in C3 of previously published C-terminal structures (13,
16) was not observed. We were able to build our model beginning
from the 13th residue after the P1 signal sequence cleavage site.
Ordered electron density was observed for residues 52–172 within
NA1 and residues 980–1486 within P3C; thus, these regions were
modeled in the structure.

Overall Structure. The structure of the N terminus of P1 was de-
termined in complex with the C terminus. This structure displays
a previously unidentified topological fold in which an extensive

loop runs parallel to the base of P1’s elongated hybrid helical
stalk and acts to support the stalk (Fig. 2A). An omit map
displays a single polypeptide chain of the N terminus forming
a loop around the post-P3 region, as modeled into our structure
(Fig. S2). Within the modeled structure, the N terminus forms
two alpha helices (amino acids 72–79 and 95–106) and four
β-strands (amino acids 84–86, 88–90, 110–113, and 117–122)
(Table S1). These secondary structure elements form numerous
contacts with C2 and C1, as well as with the scaffolding loop
visible immediately downstream of the proline-rich region at the
base of the stalk (Fig. 2A). The interface between the N- and C-
terminal segments continues along C1/C2, ending just before the
junction of C2/C3 (Fig. 2B). As estimated by PISA (Protein
Interfaces, Surfaces, and Assemblies) (18), the interactions be-
tween NA1 and P3C are stabilized by a highly energetically fa-
vorable ΔGsolvation of −32.5 kcal/mol, along with 39 hydrogen
bonds and three salt bridges. Twenty-three of the 42 stabilizing
bonds are formed between the N terminus and the region im-
mediately C-terminal to the proline-rich region (amino acids
989–1001) (Fig. 3 A and B), revealing the specific molecular
nature of the previously observed high-affinity interaction (17).
A string of bulky residues, HFHYFK (amino acids 992–997), lies
in alternating directions directly within the “eye” of the loop
formed by the N terminus (Fig. 4) and may provide the nec-
essary steric constraints to promote the formation of stabi-
lizing interactions within the N terminus and help position it
in place around the base of the stalk. Ten of the remaining 19
H bonds that bridge NA1 and P3C lie at the interface of C1/
C2 (amino acids 1114–1158); the others occur within C1
(amino acids 1023–1054) or just before the interface of C2/C3
(amino acids 1321–1323).

Thermal Stability of P1 Mutants. To experimentally validate the
stabilizing contacts observed in our crystal model, we took ad-
vantage of a previously constructed mutant polypeptide in which
amino acid spacing immediately downstream of the P region was
placed out of register by the addition of intervening isoleucine
and aspartic acid residues introduced via Cla1 restrictions sites

Fig. 1. Schematic representation of the primary and modeled tertiary
structure of P1. (A) Primary structure of P1 and location of polypeptides used
in this study. (B) Proposed tertiary model of P1 based on velocity centrifu-
gation and crystal structures of A3VP1 and C123 fragments (13). (C) Diagram
showing the locations of the two engineered Cla1 sites (circled in red) that
added isoleucine and aspartic acid residues to either side of the proline-rich
region (20).

Table 1. Crystallography data collection and refinement
statistics

Parameter NA1/P3C

Temperature, K 93
PDB ID code 4TSH
Space group C2
Unit-cell parameters, Å; ° a = 197.5, b = 68.9,

c = 81.3; β = 96.8
Resolution, Å 35.9–2.0 (2.07–2.00)*
Rsym, %

† 9.0 (64.9)
I/σ, I 18.5 (2.0)
Completeness, % 99.7 (97.0)
Average redundancy 3.7 (3.6)
Number of unique reflections 73,048
Rcryst

‡/Rfree
§, % 17.1/20.8

No. of atoms, protein 4,692
Water 545
Ions 4

B-factors, Å2

Main chain/side chains/solvent/ion 39.0/48.9/49.6/29.5
rmsd, bond (Å)/angle 0.012/1.22

Ramachandran statistics, %
Most favored, allowed 98.5, 1.5

*Values in parentheses represent the highest-resolution bin.
†Rsym = (Σ jI − <I>j/ Σ <I>) × 100.
‡Rcryst = (Σ jFoj − jFcj/ Σ jFoj) × 100.
§Rfree is calculated in same manner as Rcryst, except that it uses 2.7% of the
reflection data (2,000 reflections) excluded from refinement.

Heim et al. PNAS | November 4, 2014 | vol. 111 | no. 44 | 15747

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413018111/-/DCSupplemental/pnas.201413018SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413018111/-/DCSupplemental/pnas.201413018SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413018111/-/DCSupplemental/pnas.201413018SI.pdf?targetid=nameddest=ST1


used to reintroduce DNA encoding the P region into a deletion
construct used in an earlier study (19, 20). This complemented
mutant construct was unstable when reintroduced into S. mutans
via a shuttle vector and was not properly localized to the cell sur-
face (20). In addition, the complemented recombinant polypeptide
exhibited altered antigenicity and no longer interacted with im-
mobilized salivary agglutinin (17). These results now make sense
in light of the NA1/P3C crystal structure.
To confirm that these amino acid additions interfered with

stabilizing interactions between the N terminus and C terminus,
we performed thermal denaturation experiments using full-length
rP1 and two different mutants, the original PC967 comple-
mentation polypeptide (20) containing an added Cla1 site on either
side of the P region, referred to here as rP1-Cla1Up/Downstream,
as well another polypeptide in which the downstream Cla1 site
was eliminated, referred to as rP1-Cla1Upstream. Recombinant
P1/Cla1Upstream contains added isoleucine and aspartic acid residues
at positions 826 and 827 immediately upstream of the P region
near the apex of the molecule, whereas rP1-Cla1Up/Downstream
contains these residues as well as added isoleucine and aspartic
acid residues at positions 999–1000 downstream of the P region
and immediately before the C1 domain (Fig. 1C and Fig. S1B).
Based on our crystal model, the isoleucine and aspartic acid

residues added at positions 999–1000 fall directly within the
portion of P1 that is intimately associated with the N-terminal
scaffold at the base of the protein’s hybrid helical stalk. Using
DSC, we compared the thermal denaturation profiles of purified
rP1, rP1-Cla1Upstream, and rP1-Cla1Up/Downstream to measure the
ΔH of unfolding between 30 and 85 °C (Fig. 5A). The melting
curves of rP1 and rP1-Cla1Upstream were essentially identical,
both displaying large transitions occurring at the same temper-
ature between 50 and 60 °C, whereas rP1-Cla1Up/Downstream dis-
played a shift of approximately −2.2 °C for the largest transition
compared with rP1 or rP1-Cla1Upstream. The lower transition
temperature for the largest unfolding event between 50 and
60 °C in rP1-Cla1Up/Downstream compared with WT rP1 or
rP1-Cla1Upstream indicates that the insertion of two additional
amino acids directly within the region of the C terminus found
to interact with the stabilizing loop formed by the N terminus
in fact has a negative affect on the stability of the full-length
P1 molecule. In contrast, the addition of extra isoleucine and
aspartic acid residues at the opposite end of the folded stalk has
no effect on protein stability (Fig. 5A).

Changes in Secondary Structure and Refolding Following Thermal
Denaturation. CD spectroscopy was used to gain insight into
which regions of rP1-Cla1Up/Downstream are less stable than rP1-
Cla1Upstream and rP1, by measuring the CD spectrum of each
protein from 25 °C to 70 °C to estimate changes in secondary

structure owing to thermal denaturation. The initial CD spectra
of rP1-Cla1Up/Downstream compared with rP1 and rP1-Cla1Upstream
at 25 °C displayed slight but observable differences in local minima
and maxima, suggesting differences in the secondary structure of
the proteins (Fig. S3), but subsequent deconvolution of these
spectra did not identify the exact differences (Fig. S3, Inset). On
heating, however, the difference in stability of rP1-Cla1Up/Downstream
compared with rP1 and rP1-Cla1Upstream became readily apparent
(Fig. S4). The CD spectra indicated that rP1-Cla1Up/Downstream
melted out significantly faster than either rP1 or rP1-Cla1Upstream
(Fig. 5 B and C). Deconvolution of the CD spectra confirmed
that rP1-Cla1Up/Downstream denatures at ∼2 °C lower than either
rP1 or rP1-Cla1Upstream (Table S2). Much of the unfolding of P1
that occurs on heating appears to be attributable to a loss of
helical character between 50 and 60 °C, which would correlate
with the largest transition observed in the DSC spectra.
We also compared the refolding of rP1-Cla1Up/Downstream with

that of rP1 and rP1-Cla1Upstream following thermal denaturation.
On renaturation, rP1-Cla1Up/Downstream displayed a substantially
different CD spectrum than rP1 or rP1-Cla1Upstream (Fig. 5D).
Deconvolution of the CD spectra again revealed that much of
the difference in secondary structure is the result of decreased

Fig. 2. Multiple views of the N terminus in complex
with the C-terminal region of P1 and comparison with
the previously published structure of the C terminus
of S. mutans AgI/II. (A) Three separate views dis-
playing the interaction of the N terminus with the
C-terminal region. The N terminus interacts with
the C terminus at the C1/C2 interface (amino acids
1114–1158) and immediately upstream of the C2/C3
interface (amino acids 1321–1323). This segment
continues past the C1 domain to form a previously
unidentified fold that wraps behind the base of P1’s
hybrid helical stalk. The N terminus is shown in red,
the alanine-rich region is in purple, the proline-
rich and immediate downstream region is in green,
and each domain of the C terminus is in a differ-
ent shade of blue. Calcium ions identified within
the structure are shown in yellow. Magnesium ions
are shown in green. (B) Space-filling model dis-
playing the interface of the N terminus (red)
with the C-terminal domains. (C ) Structure of the C123 domains within the NA1/P3C complex (blue) compared with the previously published
C terminus (gold) of S. mutans Ag I/II (13) superimposed with an rmsd of 0.52 Å.

Fig. 3. Illustration of the stabilizing bonds, represented by dotted black
lines, between residues 989–1001 of P1’s postproline-rich region and the
N-terminal intramolecular scaffold. The N terminus is shown in red, the
alanine-rich region is in purple, and the postproline-rich region is in green.
Side chains not participating in stabilizing interactions have been deleted for
clarity. (A) Top portion of the N-terminal scaffold, stabilizing residues 989–
994 of the postproline region. (B) Bottom portion of the N-terminal scaffold,
stabilizing residues 995–1001 of the postproline-rich region.
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helical content (Table S3). Because the majority of P1’s helical
character lies within its hybrid helical stalk, these data are consistent
with the assumption that this region of rP1-Cla1Up/Downstream is
less stable, and thus less amenable to proper refolding, compared
with the full-length molecule or rP1-Cla1Upstream. Taken together,
these results suggest that the introduction of two extra amino
acids in the region of P1 immediately before C1 disrupts the
register of residues that interact directly with the “eye” of the
N-terminal scaffolding loop and prevents formation of the mo-
lecular lock identified in the crystal model.

Discussion
Recent crystal structures have enabled construction of a nearly
complete tertiary model of S. mutans P1 (13–16); however, the
N terminus and nature of its integral association with the
C-terminal region remained uncharacterized. Our crystal struc-
ture lends insight into why the N-terminal segment of P1 has
such a pronounced impact on its immunogenicity, antigenicity,
folding, stability, and adherent function (17, 21–26), The NA1/
P3C complex contains an elongated alpha/polyproline type II
hybrid helix similar to that identified in the crystallized A3VP1
fragment (14), except that in this case it comprises the A1 and P3
repeats rather than the A3 and P1 repeats. In addition, the pre-A
region N terminus is found in immediate juxtaposition with the
post-P region sequence and extends into the globular C-terminal
domains. The entire structure is secured by a previously un-
identified topological fold formed by the N terminus that wraps
behind the base of P1’s hybrid helix to physically lock it
into place.
Our crystal structure demonstrates why the deletion of P1

residues 84–190 decreases protein stability and impedes refold-
ing after denaturation (17). Despite mapping to widely spaced
locations within the amino acid sequence, the N-terminal de-
letion polypeptide (25) and the rP1-Cla1Up/Downstream construct
evaluated in this work have similar properties. This is explained
by the close proximity of the two different mutations within the
tertiary model. The N-terminal deletion eliminates the scaf-
folding loop that supports P1’s helical stalk (Fig. 6A), whereas
the two additional amino acids encoded by the downstream Cla1
site throw out of register the post-P region residues that form H
bonds with the N terminus to stabilize the structure (Fig. 6B).
It has been reported that C1/C2 compose the majority of the

adherent capability of P1’s C terminus (13). In addition, an ad-
hesion epitope was mapped to residues 1025–1044, now known
to fall within C1, and a synthetic peptide corresponding to these
residues was found to inhibit S. mutans adhesion in vivo (27).
Interestingly, the N terminus of P1 interacts intimately with both
C1 and C2, with the strongest interactions directly along their
interface. It also forms a loop within the cleft formed at the
N-terminal end of C2. In this cleft, several glucose molecules were
found within the original C-terminal structure, which is believed
to represent a sugar-binding domain and site of interaction with
gp340 (8, 13). Although we did not identify glucose molecules

Fig. 4. A 2Fo-Fc map contoured at 2σ, displaying the observed electron
density of the postproline-rich region and the N terminus. The N terminus is
shown in red, the alanine-rich region is in purple, and the postproline-rich
region is in green. (A) The postproline-rich region displays a high number of
stabilizing bonds with the N-terminal intramolecular scaffold. The orienta-
tion of HFHYFK residues (amino acids 992–997) with side chains lying in al-
ternating directions within the “eye” of the N-terminal topological loop are
illustrated. (B) The N-terminal scaffold intimately interacts with and wraps
behind the postproline-rich region.

Fig. 5. Thermal stability and refolding after ther-
mal denaturation of rP1-Cla1Upstream and rP1-
Cla1Up/Downstream compared with rP1. (A) The melting
curves of rP1-Cla1Upstream, rP1-Cla1Up/Downstream, and
full-length rP1 during thermal denaturation as mea-
sured by DSC. (B and C ) Changes in circular di-
chroism spectra during thermal denaturation of
rP1-Cla1Upstream compared with rP1 (B) and rP1-
Cla1Up/Downstream compared with rP1 (C ). Far-UV
CD spectra were measured from 260 to 185 nm
over a temperature range of 25–70 °C. Repre-
sentative spectra are shown at specific temper-
atures during thermal denaturation. (D) Circular
dichroism evaluation of refolded rP1-Cla1Upstream
and rP1-Cla1Up/Downstream compared with rP1 after
thermal denaturation. Far-UV CD spectra were
measured from 260 to 185 nm at 25 °C to compare
the polypeptides with and without previous ther-
mal denaturation at 70 °C.
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within our structure, the proximity of this site to the C1/C2 in-
terface likely explains why the N terminus not only contributes to
the stability of P1’s elongated helical stalk, but also enhances the
adherence of the C terminus to salivary agglutinin when NA1
and P3C interact to form a complex (17).
P1 is a known target of protective immunity (28). Certain

anti-P1 monoclonal antibodies (mAbs) act as beneficial im-
munomodulatory agents to redirect the host immune response
when bound to the surface of S. mutans before mucosal or
parenteral immunization (22–24, 26, 29, 30). It has been hy-
pothesized that this defect stems from destabilization of the
protein and exposure of cryptic epitopes, resulting in a more
effective adherence-inhibiting antibody response (22, 30). Two
of the mAbs map to P1’s hybrid helical stalk (22, 31, 32),
whereas epitopes of the remaining three mAbs (23, 31) are
contributed to by the same N-terminal sequence that we now
identify as corresponding to the stabilizing loop at the base of
the stalk. Our structural model provides a mechanistic expla-
nation for the earlier immunization results, showing that the
mAbs bind to P1 regions critical to the maintainence of struc-
tural integrity. Thus, perturbing stability would allow the for-
mation of protective antibodies against epitopes that would not
otherwise be immunogenic in the locked structure. In more
recent experiments, immunization of mice with P3C alone eli-
cited antibodies capable of inhibiting adherence of S. mutans to
immobilized human salivary agglutinin; however, immunization
with the P3C/NA1 complex was significantly less effective (21).
Taken together, these previous studies suggest that the asso-
ciation between the N- and C-terminal regions of P1 not only
stabilizes the protein structure and enhances the adherent
function of the C-terminal region, but also acts to mask pro-
tective epitopes from the immune system.
The fold exhibited by P1’s N terminus in which a stabilizing

loop forms around the base of an elongated helical structure
appears to be unique. The Dali server (33) was used to compare
the tertiary structure of NA1 in complex with P3C with other
known structures within the Protein Data Bank, revealing no
significant similarities. Bacterial adhesins, such as the Escher-
ichia coli Ig-binding proteins (34), Yersinia enterocolitica
adhesin A (35), and other trimeric autotransporter adhesins
(36), also exhibit an elongated helical stalk and globular β-rich
head domain; however, these structures differ from P1 in their
lack of an identifiable stabilizing loop. The topological loop
formed by the N terminus of P1 is reminiscent of an amino
terminal slipknot (37-39), but is not a true knot. It is hypoth-
esized that true knots have been systematically discriminated
against by nature, except in cases in which they preserve a
functional advantage that outweighs the complex folding chal-
lenges (40). True knotted structures are quite rare and found
in far fewer proteins than would be predicted based on random
folding algorithms. The protein knots identified to date are
found within compact globular enzymes (41, 42) or within the
context of the final assembled form of viral capsids (43-45). In
the case of P1, the stabilizing loop can better be categorized
as a type of mechanical clamp in which interdomain contacts
play an essential role in stabilizing a knot loop within a multi-
domain single-chain protein with a patch of H bonds fastening
the ends (46, 47).
Although complex topologies within proteins are beginning to

be recognized, and it has been speculated that these may play
a role in stability and resistance to protease degradation (37, 39,
43, 48–50), there are few experimental examples addressing their
biological and biophysical significance (37, 48, 49). The seminal
findings of Anfinsen (51) established that all information re-
quired for folding of a protein is inherent within its amino acid
sequence. In the case of P1, the key positioning and simple ad-
dition of only two residues within its 1,561-aa sequence pre-
cluded complete and proper folding. Our experimental data are
consistent with the view that the N terminus of P1 functions as
an intramolecular chaperone and serves as a critical internal
building block to achieve a thermodynamically stable state

during folding (52) and lock the full-length adhesin into its
functional conformation (17).
The complex and unusual structure of S. mutans P1 has

presented an experimental challenge since its discovery in the
late 1970s (3, 4, 53). The identification of its hybrid alpha-PPII
helical stalk (14) explained some, but not all, of its puzzling
functional and immunological features (28). Identification of
the topological loop adopted by P1’s N terminus further
explains historical data and brings to light the integral role of
this protein segment in facilitating folding, enhancing stability
and function, and influencing both immunogenicity and anti-
genicity. This information broadens our mechanistic un-
derstanding of a key virulence factor and will aid in the rational
development of therapeutic strategies to interfere with
S. mutans adhesion to host tissues.

Methods
Crystallization, cloning, protein expression, purification, DSC, and circular
dichroism studies are described in detail in SI Methods.

Crystallization and Data Collection. The NA1/P3C complex was dialyzed into
25mMTris, 150 mM sodium chloride (pH 7.4) and concentrated to 17mg/mL
using an Amicon filter (Millipore). Initial crystallization trials were per-
formed by sitting-drop vapor diffusion in 96-well plates using an Art
Robbins Gryphon automated pipetting robot (Rigaku) and standard crystal
screening kits (Hampton Research). NA1/P3C protein crystals were opti-
mized from condition 44 of the Hampton PEG/Ion HT screen. Crystals were
routinely grown at room temperature using hanging-drop vapor diffusion
and a reservoir solution of 24% polyethylene glycol 4000 and 150 mM
ammonium phosphate (pH 7.5). Crystals were soaked in a well solution
augmented with 25% glycerol before flash-cooling in liquid nitrogen and
data collection. X-ray diffraction data were collected on the Cornell High-
Energy Synchrotron Source beamline A1 at 93 K under a gaseous N2 stream
with an ADSC Quantum-210 CCD detector, at a wavelength of 0.976 Å, an
exposure time of 5.0 s, an oscillation angle of 1.0°, and a crystal-to-
detector distance of 120 mm. Diffraction data were integrated and scaled
with the HKL-2000 program (54).

Fig. 6. Illustrations of the regions within the tertiary structure of P1 af-
fected by two different mutations that exhibit instability, impeded folding,
and inability to adhere to immobilized salivary agglutinin when expressed in
S. mutans (17). The N terminus is shown in red, the alanine-rich region is in
purple, and the postproline-rich region is in green. (A) The region deleted
within the previously characterized NR7 N-terminal deletion polypeptide
(31) is highlighted in cyan and includes the intramolecular scaffold formed
around the postproline-rich region. (B) The two added isoleucine and
aspartic acid residues encoded by the engineered downstream Cla1 site
within polypeptide PC967 (20) correspond to positions 999 and 1000 and are
highlighted in yellow. The insertion of extra residues at this location ap-
parently perturbs the alignment and subsequent interactions between
postproline-rich region residues and the N-terminal intramolecular scaffold.
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Structure Determination and Refinement. Molecular replacement was carried
out using the full C terminus (amino acids 1000–1486) of AgI/II (PDB ID code
3QE5) as the input model in PHASER (55). Molecular replacement yielded
a single solution, and the model was completed using iterative rounds of
manual model building in Coot (56) and refinement using phenix.refine (57).
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