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Abstract

Adhesin P1 (aka Agl/IT) plays a pivotal role in mediating Streptococcus mutans attachment in the oral cavity, as well as in
regulating biofilm development and maturation. P1’s naturally occurring truncation product, Antigen II (AglI), adopts both
soluble, monomeric and insoluble, amyloidogenic forms within the bacterial life cycle. Monomers are involved in important
quaternary interactions that promote cell adhesion and the functional amyloid form promotes detachment of mature biofilms.
The heterologous, 51-kD C123 construct comprises most of Agll and was previously characterized by X-ray crystallogra-
phy. C123 contains three structurally homologous domains, C1, C2, and C3. NMR samples made using the original C123
construct, or its C3 domain, yielded moderately resolved NMR spectra. Using Alphafold, we re-analyzed the P1 sequence to
better identify domain boundaries for C123, and in particular the C3 domain. We then generated a more tractable construct
for NMR studies of the monomeric form, including quaternary interactions with other proteins. The addition of seven amino
acids at the C-terminus greatly improved the spectral dispersion for C3 relative to the prior construct. Here we report the
backbone NMR resonance assignments for the new construct and characterize some of its quaternary interactions. These
data are in good agreement with the structure predicted by Alphafold, which contains additional p-sheet secondary structure
compared to the C3 domain in the C123 crystal structure for a construct lacking the seven C-terminal amino acids. Its qua-
ternary interactions with known protein partners are in good agreement with prior competitive binding assays. This construct
can be used for further NMR studies, including protein-protein interaction studies and assessing the impact of environmental
conditions on C3 structure and dynamics within C123 as it transitions from monomer to amyloid form.
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Streptococcus mutans (S. mutans) is a gram-positive bac-

terium commonly associated with dental caries, one of the
most prevalent human diseases in the world (Lemos et al.
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Brady et al. 2010; Abranches et al. 2018). P1’s C-terminus
includes three tandem globular domains (C123) upstream of
the LPxTG consensus motif recognized by the transpepti-
dase SortaseA for attachment of P1 to the peptidoglycan
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matrix. Ag Il is a naturally occurring C-terminal truncation
product of P1. Cell wall attached, full-length P1 is inaccessi-
ble to several monoclonal antibodies (MAbs) whose epitopes
lie within the Agll segment, but the extracellular AgII deriv-
ative is readily detectable within culture supernatants and is
recognized by these antibodies (Heim et al. 2015). Extracel-
lular AglI contributes to the adhesive properties of cell wall-
attached P1 via its quaternary interactions with P1’s globu-
lar head-containing segment, called A3VP1, which projects
outward from the cell wall (Larson et al. 2010; Heim et al.
2015). We utilize a recombinant C123 polypeptide as a sur-
rogate for Agll in our in vitro experiments. Upon mechanical
stirring, both C123 and full-length P1 form insoluble aggre-
gates that exhibit classic amyloid properties (Oli et al. 2012;
Besingi et al. 2017; Barran-Berdon et al. 2020). Recently we
demonstrated that S. mutans amyloid aggregates are local-
ized to the non-adherent fraction of aging biofilms, and that
amyloid formation diminishes S. mutans adhesion (Yarmola
et al. 2022). Thus, the C-terminal derivative of P1 plays a
major regulatory role not only in initial adhesion and biofilm
genesis through quaternary interactions of its monomeric
form with other P1 domains, but also in biofilm maturation
and detachment through the formation of functional amy-
loid. Identifying environmental cues that trigger the con-
version of Agll from monomeric to amyloid form are the
subject of ongoing research.

In our initial structural studies of recombinant C123, this
heterologously expressed construct was crystallized and
found to contain three structurally similar domains, C1, C2,
and C3 (Larson et al. 2011). Each domain exhibited a DE-
variant IgG-fold whose beta-sheet structure was stabilized
by an intramolecular isopeptide bond. Individually cloned
and expressed C1, C2, and C3 constructs were also char-
acterized. In order to use NMR to evaluate C123 quater-
nary interactions with other segments of P1, and possible
structural changes consequent to such interaction, we started
with the assignment of the previous C3 construct, since the
complete C123 construct was > 50 kD and prone to aggre-
gation (Riviere et al. 2019). In that earlier work, we were
able to assign ~60% of the residues within C3 and confirmed
via chemical shift analysis that its secondary structure was
consistent with the available C123 crystal structure (BMRB
Entry 27,935). Importantly, we were also able to map C3’s
interactions with P1’s A3VP1 and C12 segments as well as
with a MAD 6-8 C, which binds to C123. Despite its trac-
table 17 kD size, and high stability in solution, we were
unsuccessful in finding NMR conditions that enabled full
assignment of this older C3 construct.

The original molecular C123 construct was designed
to enhance the likelihood of crystallization. The result-
ing structural model (1) identified likely boundaries of the
individual C1, C2, and C3 domains, and (2) eliminated the
C-terminal cell wall and membrane-spanning segments of
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intact P1 including the LPxTG sortase motif, which are pre-
dicted to be unstructured. In the current work we sought to
improve characterization of C3 by NMR in order to better
define structural changes likely to occur within the P1-AgIl
adhesin complex during the process of biofilm formation
and detachment. Because structure prediction programs
have improved considerably over the past fifteen years, we
sought to develop a more robust construct using modern bio-
informatics tools. We used AlphaFold 2.0 to re-examine the
predicted structural domain boundaries within full-length
P1. This analysis revealed that P1’s C3 domain is predicted
to contain an additional seven amino acids compared to the
original construct. These additional residues extend the beta-
sheet structure at C3’s C-terminus and increase its structural
homology with C1 and C2.

We report herein the backbone (13C0c, 13CB, 13CO, PNH,
'HN, 'Ha, 'HB) assignments for this new C3 construct. The
additional seven amino acids greatly increased the spectral
dispersion of the C3 resonances and enabled us to assign
92% of the protein backbone amide resonances. Because of
the substantially improved resolution and extent of assign-
ments, we re-examined the interaction of C3 with both
A3VP1 and MAD 6-8 C using this new construct. We note
that C3’s binding interactions with these proteins are con-
sistent with our prior work, but we are now able to more
completely assign the residues likely to directly mediate
those interactions. Our new results show that the binding
perturbations induced by A3VP1 very closely mimic those
induced by MAb 6-8 C. Because C3 is contained within
Agll, and A3VPI is contained within P1, this new informa-
tion provides a more complete mechanistic explanation for
the ability of 6-8 C to interfere with AglI’s interaction with
cell-associated P1 and thereby inhibit S. mutans adhesion
to its physiologic substrate in saliva (Heim et al. 2014). Our
new data will also provide a useful foundation to begin the
assignment of a new complete C123 construct and will lend
insight as we track structural changes within P1 and AgII
in response to environmental triggers such as pH, bivalent
cations, or quaternary interactions with other biomolecules.

Methods and experiments
Protein expression and purification

The DNA sequence coding for the C3 domain of adhesin P1
(residues 1328-1490; Uniprot accession number P23504)
was synthesized, with codon optimization for E. coli, by
Genescript and inserted into pET21a(+) plasmid to yield
the pET21a-C3-Hisg plasmid with a C-terminal His tag.
The pET21a-C3-Hisg plasmid was transformed into E. coli
BL21(DE3) cells for overexpression. A single colony was
grown in 5 mL of terrific broth supplemented with 100 pg/
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mL ampicillin at 37 °C overnight. This pre-culture was
added to 1 L of an optimized M9 minimal medium con-
taining 2.7 g/L ""NH,CI, 4 g/L '3C¢-D-glucose, 7.1 g/L
Na,HPO,, 6.8 g/L KH,PO,, and 0.7 g/L. Na,SO, with 100
pg/mL ampicillin. Cells were grown at 37 °C to an ODg,
of ~0.8. The incubation temperature was then reduced to 30
°C and protein expression was induced by addition of 1 mM
isopropyl-p-D-thiogalactopyranoside (IPTG). After 16 h at
30 °C, the cells were pelleted by centrifugation at 6,000xg
at 4 °C for 30 min. The cells were resuspended in 40 mL of
lysis/binding buffer (30 mM Tris pH 7.4 containing 100 mM
NaCl, 20 mM Imidazole and 1 mM PMSF). Resuspended
cells were sonicated, and cellular debris was removed via
centrifugation at 39,000xg for 90 min at 4 °C. The superna-
tant containing recombinant C3 was filtered using a 0.45 pm
syringe filter and loaded onto a 5 mL HisTrap-HP column
(GE Healthcare). The column was washed with 10 volumes
of lysis/binding buffer. C3 was eluted from the column with
10 volumes of elution buffer (30 mM Tris pH 7.4 contain-
ing 100 mM NaCl, 300 mM Imidazole and 1 mM PMS).
The elution fractions were analyzed by SDS-PAGE with
Coomassie staining and protein purity was verified by obser-
vation of a single intense band at the expected molecular
weight. Fractions containing protein were combined and dia-
lyzed against 50 mM phosphate buffer pH 8 containing 100
mM NaCl at 4 °C overnight. The dialyzed supernatant was
concentrated using a 10 kDa MWCO centrifugal concentra-
tor (Amicon Ultra-15 10 K). Prior to NMR experiments,
samples were exchanged into NMR buffer (50 mM sodium
phosphate, 50 mM NaCl, 10% (v/v) D,O, 1 mM sodium
trimethylsilyl proprionate (TSP) at pH 6).

NMR spectroscopy

NMR experiments for backbone assignments were recorded
at 298 K, in a 800 MHz Bruker spectrometer (Avance II)
equipped with a TCI cryoprobe using a 440 uM sample of
5N, 3C-enriched C3. Backbone assignments were obtained
from 3D experiments using standard Bruker pulse sequences
for HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB,

CBCA(CO)NH, and HBHA(CO)NH correlations. The data
were acquired and processed using Topspin 3.6.5 (Bruker
Biospin). TSP was used as the 'H chemical shift reference,
and the '°N and '>C chemical shifts were indirectly refer-
enced based on 'H chemical shifts (Table 1). The NMR data
were analyzed using CcpNmr Analysis V3 (Vranken et al.
2005).

Chemical shift perturbation measurements

Protein—protein interaction surfaces on uniformly
>N-enriched C3 were characterized by CSPs measured
using 'H-!5 N-TROSY experiments recorded with a fixed
molar ratio of ligand candidates: A3VP1 (protein ratio 1:1
C3:A3VP1) or MADb 6-8 C (protein ratio 6:1 C3:MAD 6-8
C). Samples contained 130 uM "N-enriched C3 in NMR
buffer. NMR data were processed and analyzed using Top-
spin software. The spectral perturbations were quantified
as the combined amide CSPs, specifically for each amide
resonance the CSP was calculated as:

46 = \/(A&H)2+ (48y/5)°

where A6y and 46, are the change in chemical shift for an
amide resonance in the 'H and '’N dimensions, respectively.
The change in '°N chemical shift is scaled in calculating the
combined CSP to reflect the different chemical shift ranges
observed for the >N resonances (~25 ppm) compared to the
'H resonances (~5 ppm).

Extent of assignment and data deposition

The 2D 'H,'>N TROSY spectrum of the C3 domain (resi-
dues 1328-1490 of the full-length adhesin P1 protein, Uni-
prot accession number P23504) displays well-dispersed
resonances with minimal overlap (Fig. 1). Sequence-specific
resonance assignments for 144 of 156 possible C3 'Hy-""N
correlations (92%) were unambiguously determined using
heteronuclear multidimensional NMR methods (Fig. 1a).
Using these 144 correlations, 150 13Ca resonances (96%),

Table 1 List of NMR

. . Experiment Time domain size (pts) Spectral width/carrier frequency (ppm) Delay (sec)

experiments acquired at 800

MHz and corresponding Tl T2 T3 F1 F2 F3

parameters used for C3

assignment >N TROSY 2048 128 12/4.7 30/120 1
CBCA(CO)NH 2048 64 88 12/4.7 33/120 64/42.6 1
HNCACB 2048 64 88 12/4.7 33/120 64/42.6 1
HNCO 2048 40 64 12/4.7 33/120 12/173 1
HN(CA)CO 2048 40 64 12/4.7 33/120 12/173 1
HN(CO)CA 2048 40 88 12/4.7 33/120 30/45.85 1
HNCA 2048 40 64 12/4.7 33/120 30/45.85 1
HBHA(CO)NH 2048 64 128 12/4.7 36/120 10/4.7 1
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Fig.1 a Annotated 2D 'H,'>N TROSY spectrum of Adhesin P1 C3
domain (BMRB 52097) collected in an 800 MHz spectrometer at
25 °C in phosphate buffer pH 6. Resonance assignments are shown
with black labels; b Alphafold structural model for the new, longer
C3 construct with the amino acid residues that are currently assigned
shown in blue; ¢ C3 domain structure (PDB 3QES) with the residues
assigned using the previous, shorter C3 construct (BMRB 27935)

141 ¥Cb resonances (95%), 150 '3CO resonances (96%), and
149 'Ha resonances (91%) were assigned. The unassigned
residues in C3 primarily correspond to eight amino acids
forming a third p-strand in the AlphaFold predicted struc-
ture and unstructured N- and C-terminal segments for the
pET21 construct (Fig. 1b). In order to verify the secondary
structural elements of C3, the chemical shift assignments of
backbone atoms (HN, Ha, Ca, Cb, CO, and N) were analyzed
with CSI 3.0 (Hafsa et al. 2015). The returned secondary
structure predictions (Fig.2) agree well with the AlphaFold
predicted structure. Notably, the additional seven C-termi-
nal amino acids in the new C3 construct resulted in more
extensive B-sheet structure at the C-terminus of C3 com-
pared to the X-ray structure for C123 (PDB 3QES), as pre-
dicted by Alphafold. This substantially improved the extent
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shown in red; d comparison of 2D 1H,15N TROSY spectra for the
previous, shorter C3 construct (red) and the new, longer construct
for the AlphaFold-predicted C3 domain (blue). Disordered, poorly
resolved resonances observed for the prior C3 construct are now well
resolved for the new C3 construct by addition of the seven C-terminal
amino acids

of assignments possible compared to the prior C3 construct
(Fig. 1c and d) (Riviere et al. 2019). The backbone reso-
nance assignments, along with characterization of secondary
structural features of C3, will facilitate solution-phase struc-
tural and biochemical studies of this polypeptide, and of the
larger C123 construct since C3 is an integral domain within
the larger protein. While we did not remove the C-terminal
His6 tag from the construct prior to NMR measurements, it
was too dynamic to assign and is unlikely to contribute to
the improved resolution and observed structure.

Interactions of C3 with A3VP1 and MAb 6-8 C

The interaction of C3 with either A3VP1 or MAb 6-8C
resulted in significant chemical shift changes in specific
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Fig.2 Comparison of observed
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regions of C3, providing confirmation of the specific and
direct binding of A3VP1 or MAD 6-8C to C3 (Fig. 3a). In
comparing CSPs for the new C3 construct interacting with
these two proteins to those for the old C3 construct, we
note the overlap in perturbations caused by the two binding
partners is significantly improved with the new construct
and that the C3 CSPs induced by A3VP1 are substantially
larger, making them now of the same magnitude as the CSPs
induced by MAb 6-8C (albeit A3VP1 is at a six-fold higher
concentration to account for differences in binding affinity)
(Riviere et al. 2019). This observation suggests stabilization
of the B-sheet structure at the C-terminus of C3 substantially
improves its binding interaction with A3VP1. The residues
in the C3 domain most shifted by binding either A3VP1 or
MAbD 6-8C were H48, S49, E50, Y68, M135, and K136.
Binding to MAb 6-8C also significantly shifted residues Y61
and V102. Residues 61, 68, 102, 135, and 136 correspond to
-sheet segments that fall on one face of the protein distal to
C3’s interface with C2 (Fig. 3b and c) and are thus the likely
binding interface for intact AgIl with P1 on the cell sur-
face of S. mutans (Heim et al. 2015). Interestingly, residues
48-50 lie at the interface of C3 with C2 within intact AgII.
With the prior C3 construct, we observed this HSE triad is
still affected by A3VP1 binding even when C3 is already
in complex with C2, but that binding of MAb 6-8c did not
substantially perturb these residues, even in the absence of
C2 (Riviere et al. 2019). With the new C3 construct, the

CSPs induced by MAb 6-8C for the C3 HSE triad match
those for A3VP1. This again suggests that stabilization of
C3 domain structure by addition of the missing C-termi-
nal residues improves its utility as a tractable surrogate for
intact Agll when examining protein-protein interactions as
we have observed that MADb 6-8C effectively competes with
C123 for P1 interactions on the surface of S. mutans in situ
(Heim et al. 2015). The conservation of a distinct B-sheet
binding surface on C3 for A3VP1 and MAb interactions that
is distal from the C3/C2 interface coupled with a shift for the
HSE triad at this C3/C2 interface on binding suggests that
protein-protein interactions lead to allosteric modulation of
the internal C123 structure. Given the role of monomeric
C123 binding to intact P1 on the S. mutans cell wall surface
in regulating cellular adhesion and the observation that its
transition from a monomeric to amyloid form correlates with
biofilm detachment (Heim et al. 2015; Yarmola et al. 2022),
we our currently pursuing NMR experiments to structurally
characterize both forms of the protein and environmental
triggers of dynamics or structural transitions. These CSPs
provide guidance for specific residues that can be isotopi-
cally enriched for querying changes in C123 structure via
lower resolution solid-state NMR measurements within the
context of intact cell walls and/or functional amyloid forma-
tion (Tang et al. 2016).

@ Springer
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Fig.3 Mapping of A3VP1 and MAb 6-8 C interactions with the
new C3 domain construct. a Ad for specific C3 amide resonances
upon addition of either A3VP1 (red; protein ratio 1:1) or MAb 6-8 C
(blue; protein ratio~6:1 C3:6-8 C) at pH 6.5. b Mapping of C3 resi-
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