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Abstract

Staphylococcus epidermidis is an opportunistic pathogen that can form robust biofilms that render
the bacteria resistant to antibiotic action and immune responses. Intercellular adhesion in S.
epidermidis biofilms is mediated by the cell wall-associated Accumulation-Associated Protein
(Aap), via zinc-mediated self-assembly of its B-repeat region. This region contains up to 17
nearly-identical sequence repeats, with each repeat assumed to be functionally equivalent.
However, Aap B-repeats exist as two subtypes, defined by a cluster of consensus or variant amino
acids. These variable residues are positioned near the zinc-binding (and dimerization) site and the
stability determinant for the B-repeat fold. We have characterized four B-repeat constructs to
assess the functional relevance of the two Aap B-repeat subtypes. Analytical ultracentrifugation
experiments demonstrated that constructs with the variant sequence show reduced or absent Zn2*-
induced dimerization. Likewise, circular dichroism thermal denaturation experiments showed that
the variant sequence could significantly stabilize the fold, depending on its location within the
construct. Crystal structures of three of the constructs revealed that the side chains from the variant
sequence form an extensive bonding network that can stabilize the fold. Furthermore, altered
distribution of charged residues between consensus and variant sequences changes the electrostatic
potential in the vicinity of the Zn2* binding site, providing a mechanistic explanation for the loss
of zinc-induced dimerization in the variant constructs. These data suggest an assembly code that
defines preferred oligomerization modes of the B-repeat region of Aap and a slip-grip model for
initial contact and firm intercellular adhesion during biofilm formation.
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INTRODUCTION

Staphylococcus epidermidis is a commensal gram-positive bacterium of the skin and is the
staphylococcal species that most frequently colonizes humans [1]. Furthermore, its frequent
occurrence in the skin microbiome makes it a prime candidate for hospital-acquired
infection. Coagulase-negative Staphylococci (CONS), of which S. epidermidis is the
predominant species, are the most common cause of bloodstream and device-related
infections [2,3]. The primary virulence factor for S. epidermidis is its ability to form robust
biofilms [4]. Biofilms are specialized colonies of cells typically adherent on a surface (either
biologic or abiotic, such as an implanted device) that are highly adhesive and cohesive.
Formation of a biofilm renders S. epidermidis infections nearly impossible to eliminate
without removing the device [5]. This is due to the fact that S. epidermidis cells in a biofilm
evade phagocytic killing [6] and are in a quiescent mode of growth that is less sensitive to
antibiotics [7,8].

During the formation of a biofilm, individual S. epidermidis cells first adhere to the surface;
S. epidermidis can attach directly to plastic or glass or indirectly via host matrix proteins [9].
The Staphylococci then associate with one another, accumulating to form a tightly woven
community of cells [8]. The biofilm bacteria can also secrete an extracellular matrix
primarily comprised of the linear polysaccharide poly-N-acetyl-glucosamine (PNAG) and
modified derivatives as well as extracellular DNA [9]. In addition to extracellular matrix,
cell wall-attached proteins of S. epidermidis such as the accumulation-associated protein
(Aap) are critically important in mediating intercellular adhesion within a biofilm [10].
Highlighting the importance of protein-mediated biofilm formation, it was recently
demonstrated that S. epidermidis infection in a rat catheter model was dependent on the
expression of Aap, but independent of PNAG [11].

Aap was initially identified as a protein essential for the accumulation of bacterial cells into
a biofilm on a glass surface [12]. It is a long, thread-like protein covalently attached to the
cell wall at its C-terminus by sortase A, via the threonine residue in the LPXTG motif of
Aap [13,14]. Aap is comprised of multiple distinct functional regions. The N-terminal A-
domain, containing unstructured repeats followed by a lectin domain, plays an important
role in the initial attachment of cells to the surface [11,15,16]. However, the primary
functional domain for the accumulation of cells into a biofilm is the B-repeat domain [17],
comprised of 12-17 nearly identical, 128-amino acid repeats [18]. Each repeat is further
divided into two subdomains: a 78-amino acid G5 subdomain and a 50-amino acid
subdomain interspersed between each G5 that we term the spacer domain (also called the E
domain [19]). We previously characterized a protein construct (Brpt1.5) comprised of the C-
terminal intact B-repeat and capping G5 domain “half repeat’ [20]. Biophysical
characterization revealed that Brpt1.5 is an elongated protein capable of self-assembly in the
presence of ZnZ*. Further data from biophysical experiments and biofilm growth assays
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indicated that longer B-repeat constructs assembled at progressively lower zinc
concentrations, and that the full-length B-repeat region from Aap can assemble at
physiological (low micromolar) levels of Zn2* [20]. Taken together, these experiments led to
a model in which tandem B-repeats mediate intercellular adhesion via modular assembly of
individual domains along the length of the B-repeat region of Aap. Due to the high sequence
identity between Aap B-repeats, it was initially assumed that each repeat was equally
capable of assembly.

Subsequently, the crystal structure of Brpt1.5 was solved in the presence of Zn2* in four
different crystal forms revealing an unusual, elongated fold and illustrating the configuration
of the anti-parallel dimer and zinc-coordinating residues of this construct [21]. Each G5
domain in these structures is comprised of two successive three-stranded B-sheets connected
by triple-helix-like regions; the spacer domain has a similar, but abbreviated, fold [21]. The
[B-sheets are essentially free-standing and are stabilized by the formation of an unusual
“hydrophobic stack” formed by the interdigitation of side chains contributed by upstream
and downstream loops at interdomain interfaces. The stack is made up of central
phenylalanine and proline side chains surrounded by three uncharged polar residues.
Mutation of the lynchpin phenylalanine residue to alanine caused a significant reduction in
protein stability, equivalent to loss of the entire downstream G5 domain [21].

As predicted by the biophysical studies, dimeric Brpt1.5 crystallized in the presence of Zn2*
with two anti-parallel protein chains coordinating the Zn?* jn trans and forming dimer
interfaces via surrounding residues. The Zn2*-binding sites on each Brpt1.5 protomer are
comprised of similar regions within the N-terminal and C-terminal G5 subdomains. In both
cases, the coordination site is on the face of the second B-sheet of each G5. In the case of the
N-terminal G5 site, this is at the interface between the G5 and spacer subdomains. In the
case of the C-terminal G5, there is no downstream spacer subdomain, so the equivalent
second B-sheet occurs near the terminus of the protein. In each of the four structures, zinc is
tetrahedrally coordinated by three residues, with the fourth position coordinated by water (or
a crystallization solute). In two of the structures, the three residues involved were D21 and
H75 in the N-terminal G5 and E203 in the C-terminal G5. In the third structure, zinc was
coordinated by E19 and H75 in the N-terminal G5 and D149 in the C-terminal G5. In the
fourth structure, we observed two different zinc coordination schemes in two
crystallographically distinct dimers. In one dimer interface, zinc was coordinated by E75
from one protomer coupled with D149 and E203 from the second protomer. The second
dimer interface resembled the original coordination scheme with D21, H75, and E203
serving as ligands.

A study by Corrigan et al. showed that cell-surface expression of five or more intact B-
repeats from the S. aureus ortholog SasG (S. aureus surface protein G) supported biofilm
formation, whereas expression of one, two, or four B-repeats was insufficient [22]. Using
our Brpt1.5 dimer structure as a template, we modeled a zinc-induced dimer of five intact B-
repeats with a C-terminal cap (i.e., Brpt5.5). The model revealed a rope-like, anti-parallel
twisting of the two Aap protomers that would originate from adjacent cells [21]. The model
indicated that inclusion of five intact B-repeats was the minimum length to allow a full 360°
twist of the two protein strands, which may explain the length dependence for biofilm
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formation. This model was based on the assumption that each B-repeat was equally capable
of zinc-induced self-assembly given the high sequence identity between repeats, thus
forming a continuous, adhesive filament.

Comparison of the amino acid sequence of all twelve B-repeats and the capping G5 domain
half-repeat from Aap (based on the RP62A strain) reveals that each shows 89-100%
sequence identity. However, in five of the twelve repeats (2, 3, 6, 7 & 8 — hereafter referred
to as “variant repeats”) there is a set of eight residues in the G5 domain that replaces the
consensus sequence (Figure 1A-B). Interestingly, several of the variant amino acids were
non-conservative substitutions replacing small non-polar residues with large charged amino
acids (e.g., V—K, A—K) (Figure 1B). These substitutions occur together, such that each B-
repeat contains one of two different sequence ‘cassettes’ that define it as a consensus or
variant repeat. Although some of these variant amino acids are relatively distant from one
another in primary sequence, they all are closely apposed in the three-dimensional structure
of Brptl.5, near the zinc binding site, the dimer interface, and the hydrophobic stack (Figure
1C). We have directly assessed the effect of the variant cassette on B-repeat structure,
stability, and zinc-induced assembly using biophysical and structural approaches. We find
that the conserved substitution of these residues in the B-repeat fold impacts both zinc-
induced self-assembly and the intrinsic stability of the G5 fold, both of which have
important functional implications for Aap in biofilm formation.

MATERIALS AND METHODS

Alignment of B-repeats from strains of Staphylococcus epidermidis

Protein sequences for Aap were retrieved from the National Center for Biotechnology
Information for the following Staphylococcus epidermidis strains: National Collection of
Type Cultures (NCTC) 11047 (Accession no. HM587132), RP62A (Accession no.
AJ249487), 1457 (Accession no. KJ920749), 5179 (Accession no. AY359815), and ATCC
12228 (Accession no. NP_763730). The individual B-repeats from each sequence were
aligned to each other using T-Coffee server [23] to determine the number and location of
variant and consensus repeats (Supplementary Figure S4).

Protein Expression and Purification

Four constructs were designed with conserved (C) or variant (V) B-repeat sequences in
either N- or C-terminal positions or both, as described in more detail in Results. Note that
G58SpG513” contains a Thr in position 202, whereas G511SpG513* contains Val at this
position (see Figure 1D). Although the difference at this position was not intentional,
subsequent data shows no functional effect of this substitution. Each construct was
synthesized as a G-block by Integrated DNA Technologies, Inc. Single G-blocks were
cloned into LifeTechnologies pENTR D-TOPO entry vector and then recombined into a
pMAL-derived destination vector containing both Hisé and maltose binding protein fusion
tags. BLR(DE3) competent cells (LifeTechnologies) were transformed with this vector and
grown at 37° C in 1L LB broth to an absorbance of 1.0-1.2 at 600 nm. Cultures were
induced overnight with 250 uM IPTG at 20° C. Cells were harvested by centrifugation and
resuspended in 20 mM Tris pH 7.4, 300 mM NaCl. Resuspended pellets were frozen and
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stored at -80° C. Thawed pellets were lysed by sonication in an ice bath and cell debris from
the lysate was pelleted by centrifugation. Clarified lysate was filtered (0.2 micron) prior to
loading onto a Ni-NTA column. Protein was eluted with 20 mM Tris pH 7.4, 300 mM NacCl,
1 M imidazole. His6 and MBP fusion tags were removed by tobacco etch virus protease
cleavage. Cleaved protein was filtered (0.2 micron) and cleaved fusion tags were captured on
a Ni-NTA column. Superdex75HiLoad 26/600 (GE Healthcare) was used as a final
purification step.

Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) experiments were performed using a Beckman-Coulter
ProteomeLab XL-I Protein Characterization System with an An-60 Ti four-hole rotor or an
An-50 Ti six-hole rotor. For analysis of low-concentration assembly in the presence of zinc,
protein samples were dialyzed for 24 hours in 20 mM Tris (pH 7.4) and 150 mM NacCl
containing 0 or 5 mM ZnCl, and concentrations were adjusted to 8 pM using dialysis buffer;
absorbance data was collected at 230 nm. For analysis of high-concentration assembly in the
presence of zinc, protein samples were dialyzed for 24 hours in 20 mM Tris pH 7.4, 150 mM
NaCl, 5 mM ZnCl, and adjusted to 80-85 uM using dialysis buffer; absorbance data was
collected at 280 nm. All sedimentation velocity experiments were run at 20° C and 48,000
rpm. Sedimentation velocity data were analyzed using Sedfit [24]. Equilibrium experiments
were performed at 20,000 rpm, 24,000 rpm and 32,000 rpm. Protein samples were dialyzed
for 24 hours in 20 mM Tris pH 7.4, 150 mM NaCl, 5 mM ZnCl, and concentrations were
adjusted using dialysis buffer. Absorbance data was collected at 235 nm, 280 nm and 290
nm with protein at loading concentrations ranging from 7 to 103 pM. Raw sedimentation
equilibrium data were trimmed using WinReEdit and globally fitted to a monomer-dimer
equilibrium model using WinNonlin (www.rasmb.org/software), as previously described
[20,21,25]. Buffer density and viscosity and protein partial specific volumes were calculated
using the program SEDNTERP (www.rasmb.org/software).

Circular Dichroism

Circular dichroism (CD) wavelength and thermal denaturation data were collected on an
AVIV model 215 spectrophotometer. For comparative stability analysis, protein samples
were dialyzed into 20 mM Tris pH 7.4, 150 mM NaF for 24 hours and were adjusted to 45
UM using dialysis buffer. Thermal denaturation measurements were taken at 210 nm using a
0.05 cm pathlength cuvette. Data collection was at temperatures between 20-80 °C with

1.0 °C steps and 2 minutes between steps for equilibration. Fits for thermal denaturation data
were determined using SigmaPlot according to the method previously described [21,26].
Each of three experiments was fitted independently. Each reported T, is an average of the
three individual fits with standard deviation. For each construct, a single representative fitted
dataset has been plotted.

X-ray Crystallography

G58SpG513" construct—Protein was crystallized at 18 mg/mL by vapor diffusion
hanging drop in 100 mM sodium acetate (pH 5), 175 mM CaCl,, and 22% polyethylene
glycol (PEG) 6000. Crystal was transferred to a stabilizing solution of 100 mM sodium
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acetate pH 5.0, 200 mM CacCly, 25% PEG 6000 for 30 minutes. It was then transferred to a
solution of 100 mM sodium acetate pH 5.0, 250 mM CacCl,, 25% PEG 6000, 5% PEG 400
for two minutes. Finally, prior to freezing, it was soaked for 70 minutes in 100 mM sodium
acetate pH 5, 200 mM CaCl,, 25% PEG 6000, 15% PEG 400. Data were collected to 2.3 A
at Advanced Photon Source (APS) Northeast Collaborative Access Team (NE-CAT) 24-1D-
C on a Pilatus 6M detector. Data were processed using XDS [27]. The structure was solved
by molecular replacement with an N-terminal truncated monomer from the previously
solved Brptl.5 structure 4FUP [21] using Phaser [28]. The structure was built in Coot [29]
and refined using BUSTER [30]. BUSTER autoNCS was used while building the core of
each monomer in the asymmetric unit but was not used when building the termini [31]. The
final G58SpG513™ model includes chain A residues 14-35, 71-143 and 163-199; chain B
includes residues 16-34, 72-147, and 159-202.

G58SpG513 construct—Protein was crystallized at 7 mg/mL by vapor diffusion hanging
drop in 100 mM sodium acetate (pH 5), 100 mM CacCl,, 20% PEG 6000. The crystal was
transferred to a stabilizing solution of 200 mM sodium acetate pH 5.0, 200 mM CaCly, 25%
PEG 6000 and was cryoprotected in 100 mM sodium acetate pH 5.0, 200 mM CaCl,, 30%
PEG 6000, 5% ethylene glycol. Data were collected remotely on the SSRL beamline 12-2 to
1.9 A as part of the 2014 RapiData X-ray crystallography course at Brookhaven National
Laboratory. Data were collected on a Pilatus 6M detector. The structure was solved by
molecular replacement with a refined model of Brpt1.5 G58SpG513” using Phaser and was
built and refined as described above with the addition of several rounds of refinement using
PHENIX [32]. The final G58SpG5!3 model includes chain A residues 11-40, 65-141, and
165-196; chain B includes residues 17-33, 72-146, and 159-203.

G511SpG513 construct—Protein was crystallized at 20 mg/mL by vapor diffusion
hanging drop in 100 mM sodium acetate(pH 5), 250 mM CaCl,, 24% PEG 6000. Crystal
was soaked for one minute in 100 mM sodium acetate pH 5, 200 mM CaCl,, 30% PEG
6000, followed by a two minute soak in 100 mM sodium acetate pH 5, 200 mM CaCls, 30%
PEG 6000, 15% PEG 400 for two minutes. Finally, the crystal was soaked for five minutes
in 100 mM sodium acetate pH 5, 200 mM CaCl,, 30% PEG 6000, 20% PEG 400. Data were
collected on APS GM/CA beamline 231D-B to 3.3 A as part of the 2015 CCP4 X-ray
crystallography workshop at APS. Structure was solved by molecular replacement with a
refined model of Brpt1.5 G58SpG513” using Phaser and was built and refined as described
above with the addition of several rounds of refinement using PHENIX [32]. The final
G511SpG513 model includes chain A residues 14-33, 70-146, and 165-199 as well as chain
B residues 17-27, 73-145, and 160-202. Crystal structure images were displayed using
MacPyMOL: PyMOL Enhanced for Mac OS X (Copyright © Schrédinger, LLC) and
Chimera [33].

Electrostatic Calculations

For electrostatic calculations the full-length, original consensus structure G512SpG513
(4FUN) was used as a model for each of the constructs described in this work (G5MSpG513,
G58SpG513, G511SpG513*, G58SpG513™) in order to investigate the entire fold, including the
termini. Amino acid side chains in 4FUN were mutated to match the sequence of these
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constructs and, whenever possible, rotamer orientations were determined using the crystal
structures described in this work. The biological unit in 4FUN is an anti-parallel dimer with
a zinc ion at each of the two dimer interfaces. Zinc was removed from the pdb file prior to
electrostatic calculations so that the isopotential maps generated represent the electrostatic
character as it is experienced by the divalent cation. Electrostatic isopotential maps were
calculated using the program DelPhi [34] with a grid size of 450, interior dielectric of 4,
exterior dielectric of 80 and salt concentration of 150 mM. Surface charges from the 4FUN
models and the calculated isopotential maps were displayed using Chimera with surface
electrostatics displayed at —10/+10 and isopotential maps displayed in volume viewer at
-2/+2.

Constructs Designed to Assess Functional Consequences of Repeat Variation

The Brptl.5 construct from strain RP62A used in previous studies contained the 12t full
repeat and the 13t G5 subdomain, which comprises the capping half-repeat (Figure 1A).
Both of the G5 domains included in this original construct contain consensus residues. This
construct has been fully characterized by X-ray crystallography and biophysical studies
[20,21]. Crystallographic data confirmed an antiparallel, Zn?*-induced dimer and clearly
identified the residues responsible for coordinating zinc at the dimer interfaces. The
constructs in the current study were designed to assess the effect of incorporating the
conserved variant residues in either or both of the N-terminal and C-terminal G5
subdomains of a Brpt1.5-length construct (Figure 1D). All constructs tested here follow the
pattern of G5 domain-spacer-G5 domain (G5SpG5), with G5 combinations including
consensus-consensus (CC), consensus-variant (CV), variant-consensus (VC), and variant-
variant (VV). For the consensus (C) B-repeat sequence, we used repeat 11, which better
represents the general consensus (the 12t repeat contains several divergent residues
compared to the other consensus repeats). The consensus C-terminal cap uses the native 13t
G5 domain (half-repeat) from the RP62A strain, which contains a few divergent residues
that may be important for its role as a C-terminal capping domain. Thus, the control
construct used in this study is G51SpG513 (CC), which is nearly identical to the original
construct used for previous biophysical and crystallization studies (G512SpG513). For the
variant (V) B-repeat sequence, we used repeat 8, which is the variant B-repeat closest to the
C-terminal cap. This results in a variant-consensus (VC) construct designated G58SpG513,
To test the effect of the variant sequence in the C-terminal position, the variant residues were
simply swapped into the capping 13" G5 domain, designated G513". The resulting final
constructs analyzed were G511SpG513* (CV) and G58SpG513* (VV). These four constructs
allowed us to test the impact of the variant versus consensus sequences on zinc-mediated
assembly and intrinsic stability as well as positional effects of the N-terminal versus C-
terminal position of the G5 domains.

The Variant G5 Sequence Negatively Impacts Zinc-Mediated Assembly of Brptl.5

Sedimentation velocity AUC experiments confirmed that each construct sedimented as a
single species with a sedimentation coefficient essentially identical to that of the previously
characterized construct (G512SpG513) (Table S1). Each of the Brpt1.5 constructs was
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monomeric in the absence of zinc at a loading concentration of 8 uM, with a sedimentation
coefficient of 1.53-1.57 S (Figure S1A). When analyzed in the presence of 5 mM ZnCly, the
consensus construct (G511SpG13, CC) assembled into a dimer as expected when tested at 8
UM loading concentration. However, under the same conditions the constructs with the
variant cassette in either the N-terminal G5 (G58SpG513, VC), the C-terminal
(G511SpG513*, CV) or in both G5 positions (G58SpG513*, VV) remained monomeric
(Figure 2A). Thus, while the consensus construct (G51SpG13, CC) showed zinc-induced
assembly at a protein concentration of 8 UM, each construct with a variant repeat was
incompetent to assemble under these conditions.

We repeated the same experiments at ~80 uM protein to determine whether these variant
constructs were in fact assembly-incompetent or merely had a reduced propensity for zinc-
mediated dimerization. As expected, each construct at 80 pM was monomeric in the absence
of Zn?* (Figure S1B). In the presence of 5 mM ZnCl,, both G58SpG51%” (VV) and
G511SpG513* (CV) constructs remained monomeric while the consensus construct
(G511SpG513, CC) formed a dimer. The sedimentation coefficient distribution for the N-
terminal variant cassette construct (G58SpG513, VC) showed a significant shift toward a
faster-sedimenting species, indicating a reaction boundary representing a monomer-dimer
equilibrium (Figure 2B). However, the sedimentation coefficient for this VC construct (2.15
S) in the presence of Zn2* was significantly lower than for the CC construct (2.68 S),
indicating only partial assembly or possibly formation of a dimer with a less compact
conformation than the CC construct.

To better understand the self-assembly of the G58SpG513 (VC) construct and to
quantitatively compare it to G511SpG513 (CC), sedimentation equilibrium AUC experiments
were conducted. Analysis of the CC and VVC constructs at loading concentrations ranging
from 7 uM to 103 uM in the presence of 5 mM ZnCl, confirmed that both constructs were in
a monomer-dimer equilibrium with dissociation constants of 12.3 uM for the consensus
construct (G511SpG513, CC) (Figure 2C) and 46.8 uM for the N-terminal variant repeat
construct (G58SpG513, VC) (Figure 2D). The equilibrium constants indicate that for
G58SpG513 (VC) at 80 uM, the weight fraction of dimer would be 59% (compared to 73%
for G511SpG513), so the difference in sedimentation coefficients observed for VC compared
to CC in Figure 2B can be explained by reaction boundaries exhibiting differing extents of
dimerization rather than a different conformation of the dimer.

Characterization of these constructs by analytical ultracentrifugation uncovered several
important differences in their competence for zinc-mediated self-assembly. Incorporation of
the variant amino acids in the C-terminal G5 domain renders Brptl.5-length constructs
assembly-incompetent. On the other hand, as long as the C-terminal G5 has the consensus
residues Brptl.5 is assembly-competent, but the dissociation constant is nearly 4-fold
weaker with an N-terminal variant G5. These data highlight the importance of the C-
terminal capping G5 subdomain for the function of the B-repeat region of Aap.

Variant G5 Sequence Confers Position-Dependent Stabilization of the Protein Fold

The finding that the C-terminal variant repeat renders Brpt1.5 assembly-incompetent led us
to question whether the variant sequence altered secondary structure or influenced thermal
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stability of the variant constructs. Far-UV CD spectra demonstrated that all four constructs
have similar secondary structure content consistent with the original G512SpG513 construct,
with 41-45% B-sheet and 48-51% coil reported after deconvolution by the KD2 algorithm
[35] on the DichroWeb server [36,37]. Thus, these data indicate that there were no overall
changes in the G5 domain secondary structure conferred by the variant repeat, whether in
the N-terminal or C-terminal position (Figure S2).

Circular dichroism thermal denaturation experiments demonstrated that the presence or
absence of the variant residues in the N-terminal G5 does not affect the stability of the
protein (Figure 3). Proteins were analyzed at 210 nm at temperatures ranging from 25-70°C
and the data were fitted to a two-state unfolding model and plotted as fraction folded as a
function of temperature. The Ty, for G511SpG513, CC (43.7 + 1.0 °C) and G58SpG513, VC
(43.8 £ 0.5 °C) were comparable both to one another and to the previously published T, for
G5125pG513 (45.3 °C) [21]. Quite unexpectedly, introduction of the variant residues into the
C-terminal G5 had a stabilizing effect, increasing the T, by 5-7 degrees Celsius in both
cases (for G511SpG513*, CV: Ty, = 50.0 + 0.8 °C; for G58SpG513*, VV: T, = 49.3

+ 0.5 °C). This effect was independent of whether the variant amino acids were present in
the N-terminal G5, showing a striking position-dependent effect of the variant residues.

X-ray Crystallography of Monomeric Brptl.5 Constructs

In order to understand the structural basis for position-specific effects of the variant
sequence substitutions within the G5 domains, X-ray crystal structures were solved for three
of the four constructs described in this study. Previously published structures of Aap B-
repeat constructs were all crystallized in the presence of ZnCl, to capture the dimeric
assembly. In contrast, the current structures were crystallized in the absence of zinc to
observe the monomeric structures, since the constructs with variant repeats have diminished
or complete loss of zinc-induced dimerization. The two structures containing variant repeats
in either the N-terminal G5 (G58SpG513, VC) or both N-and C-terminal G5s (G58SpG513™,
VV) were crystallized and diffraction data were collected to 1.9 A and 2.33 A, respectively.
The consensus construct (G511SpG513, CC) was also crystallized and was solved to 3.34 A.
In each case, the asymmetric unit contained two parallel, offset copies of the B-repeat
protein, but none of these formed the anti-parallel dimer observed previously in the presence
of Zn?*,

The central region of each molecule, encompassing the spacer subdomain and its adjacent
interfaces with the G5 domains, exhibited well-resolved electron density with B-factors for
most residues ranging between 20-50 A2. However, due to the inherent flexibility in the B-
repeat fold and the lack of stabilization from zinc-induced dimerization, the electron density
became progressively less well-defined toward both the N- and C-termini of the constructs.
Accordingly, the B-factors increased in the regions of poorly-resolved density, often
exceeding 100 A2, This disorder was most extensive in the N-terminal G5 domain; the first
B-sheet in each N-terminal G5 domain could not be resolved in any of the constructs. The C-
terminal G5 was also disordered but to a lesser degree. Multiple attempts to improve the
quality of the electron density were unsuccessful, so models were built and refined using the
regions of well-defined density (Figure 4A). Importantly, despite the missing regions of each
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model, the conserved variable residues in the N-terminal G5 domain were located in high-
quality electron density, allowing analysis of the structural implications of these residue
substitutions (Figure 4B-C).

Conserved Variant Residues

Each chain from the current study was superposed onto the single chain from the
asymmetric unit of the G512SpG513 structure (PDB 4FUN [21]). The local alignment and
side chain orientations within the Zn2* binding site were similar overall (Figure 4B).
However, the two structures with variant N-terminal G5 subdomains have differences in both
the identity and orientation of the side chains (Figure 4B). The overarching difference
observed when the variant sequence is present is a redistribution of charged and polar
residues and reduced clustering of negatively-charged side chains near the zinc binding site.
Notably, there is a swap of side chains: consensus residues D21 and N23 are instead N21
and D23 in the variant sequence. This switch allows hydrogen bonding to occur between
N21 and E75 in the variant G5 (Figure 5A, B). In the variant G5, A25 is exchanged for a
lysine that introduces a positively charged residue in the place of a non-polar one within a
highly electronegative region. The introduction of a charged residue in the variant sequence
also occurs with T28E. In general, the zinc-binding site in the consensus repeat is made up
of a dense cluster of acidic residues, but in the variant repeat the density of clustered acidic
residues is effectively decreased by interspersed positive charges. Further, at position 30, the
lysine in the consensus G5 is exchanged for an arginine in the variant G5. Whereas the
consensus lysine extends outwards from the sheet and into the solvent, the arginine is
oriented in the opposite direction, either perpendicular to the B-sheet (in the case of
G58SpG513), or even further inward towards the other strands in the sheet (in the case of
G58SpG513™) (Figure 5B). The inward-facing orientation of the arginine brings it into salt
bridge distance with E75. Because E75 in the center strand is also hydrogen-bonded to N21
on the upper strand, in the variant G5 a bonding network is formed by N21-E75-R30 across
the entire face of the p-sheet (Figure 5B, D). An additional change from a non-polar to a
charged amino acid occurs at position 32 where V32 is replaced by K32 in the variant G5.
Because K32 is oriented toward the upper strand of the S-sheet, it is within salt bridge
distance of E19 on the upper strand. The final two differences between consensus and
variant G5 subdomains occur at positions 74 and 75 in the central -strand. Position 74 is on
the back side of the B-sheet, facing away from the zinc-binding site. In the consensus G5,
this is a threonine and in the variant G5 it is a valine. Finally, H75 in the consensus repeat is
replaced with E75 in the variant repeat. This is an important zinc-ligating residue in the
dimeric Brptl.5 structures; we showed previously that an H75E point mutant in the
G5125pG513 construct was fully competent to dimerize in the presence of Zn2* [21]. The
sequence changes described here for the N-terminal consensus and variant G5 domains
(Figure 5A, B) are recapitulated in the C-terminal domains (Figure 5C, D). The only
exception is a difference between the N- and C-terminal consensus G5 domains, where
position 75 is a histidine in the N-terminus and a glutamate in the C-terminus. This means
there is one fewer hydrogen bond in the C-terminal arrangement (Figure 5C). Comparison of
the bonding networks in two consensus structures and two variant structures are fully
detailed in Figure S3.
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Variant G5 Amino Acids Alter Protein Surface Electrostatics

As described above, the variant G5 contains several charged residues that replace non-polar
amino acids present in the consensus G5, including positive residues incorporated into the
electronegative region surrounding the zinc binding site. To understand how these changes
might affect the electrostatic potential in the region of the Zn?* binding site and the
hydrophobic stack, we used the program DelPhi to calculate electrostatic isopotential maps
[34]. Since some regions from the monomeric structures presented here were not well
resolved in electron density, we built models of each intact construct using G512SpG513
(PDB 4FUN) as a template, mutated to mimic the four constructs in this study, guided by the
structural data on the well-resolved regions of the monomeric constructs. Each construct was
then superimposed onto the Zn2*-induced G512SpG513 dimer to analyze the electrostatic
potential in the dimer interface. The isopotential map for each protomer was superimposed
on a surface representation of the structure (Figure 6). The dimer interface of each protomer
is shown in a ‘flip-book’ view, with each protomer rotated 180° to illustrate the contacting
surfaces (Figure 6A). The zinc-binding site on each protomer is indicated by a green circle.

For the consensus construct (G51SpG513), the zinc-binding site exhibits strong
electronegative potential in both the N-terminal G5 (protomer A) and in the C-terminal G5
(protomer B) (Figure 6A). For the G511SpG513™ (CV) construct the N-terminal G5 has the
consensus sequence, but the C-terminal G5 has the variant amino acids. The introduction of
V160K coupled with the inward-facing orientation of R158 results in the introduction of
basic residues in this region of protomer B, diminishing the electronegative potential (Figure
6B). The reverse is true for G58SpG513 (VC) where the acidic patch surrounding the zinc-
binding site is retained in the C-terminal G5 of protomer B, but the electrostatic
characteristics of the N-terminal G5 of protomer A are altered (Figure 6B). Finally, when
both N- and C-terminal G5 subdomains have the variant residues, as is the case for
G58SpG513”, both zinc-binding sites have encroaching basic patches adjacent to one
another, resulting in diminished electronegative potential on both sides of the prospective
zinc-binding site (Figure 6B).

DISCUSSION

Position-specific effects of the variant cassette

Our studies indicate that the presence of the variant sequence in the C-terminal G5 has a
marked effect on the biophysical characteristics of the construct. Using sedimentation
velocity AUC we demonstrated that G511SpG513 (CC) and G58SpG513 (VC) are competent
for zinc-mediated assembly. However, both G511SpG513* (CV) and G58SpG513* (VV), the
constructs with the C-terminal G5 variant sequence, were incompetent for zinc-mediated
assembly at the concentrations tested. Further, we measured circular dichroism thermal
denaturation to demonstrate that these same two constructs were stabilized compared to
G511SpG513 (CC) and G58SpG513 (VC). From these findings it is apparent that the variant
sequence has a more profound effect when located in the C-terminal G5 than it does in the
N-terminal G5.
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Structural basis for position-specific Zn?* dimerization effects

Analytical ultracentrifugation sedimentation equilibrium experiments demonstrated a four-
fold difference between the dimerization constants of G51SpG513 (CC) and G58SpG513
(VC). This difference in affinity indicates that while the N-terminal G5 variant sequence
does affect zinc-mediated dimerization, it does not render the construct assembly-
incompetent as the C-terminal variant sequence does. Our previous work demonstrated the
importance of electrostatics in the Zn2*-binding site: lowering the pH from 7.4 to 6.0 leads
to the protonation of 3 ionizable residues and loss of dimerization [20]. Furthermore, the
crystal structure of Brptl.5 (G512SpG5!3) showed a dense cluster of acidic residues in the
region of the Zn2* ligation site. Alanine substitution of E19, D21, D149, E203, or D21/D149
together reduced dimerization in each case, confirming the importance of this cluster of
acidic residues [21].

By calculating isopotential maps using DelPhi, we are able to visualize why the variant
sequence is more detrimental to zinc-mediated assembly when positioned in the C-terminal
G5. When the consensus sequence is present in either the N- or C-terminal G5, the large
acidic patch is present near the zinc-binding site, as observed for the G512SpG513 construct.
When the variant sequence is present in the N-terminal G5, several electropositive charges
are introduced. However, the large acidic patch is not completely disrupted by the
introduction of these charges. Part of the reason for this is because the electronegative
charges making up the acidic patch are not limited to those in the consensus/variant
sequence. The interface between the N-terminal G5 and the spacer is created by two loops.
One of these loops is donated from the N-terminal G5; this is the loop that contains the
predominant number of either the variant or consensus residues. The second loop is donated
from the downstream spacer encompassing residues 106-116. Within this loop there are two
acidic residues D111 and E114. In addition to the two loops, the sequence connecting the G5
domain to the subsequent spacer domain (residues 76-80) contains two acidic residues (E79
and E80). The presence of these acidic residues in the connecting segment and in the loop
donated from the spacer help retain the acidic nature of the zinc-binding site. This is not the
case when the variant sequence is present in the C-terminal G5. Without the contributing
acidic residues from the spacer domain, the variant sequence disrupts the acidic patch in the
C-terminal G5.

Structural basis for position-specific stability increase by variant residues

Just as the lack of a downstream spacer affects Zn?*-induced dimerization observed when
the variant sequence is in the C-terminal G5 domain, its absence also plays a role in the
increased relative stability seen with a C-terminal variant G5. We previously showed the
major source of stability for Brpt1.5 is the hydrophobic stack at the interface between each
G5:spacer and spacer:G5 junction and that this stack is formed from residues contributed by
a loop from the G5 as well as a loop from the spacer [21]. In the N-terminal G5 of a Brpt1.5-
length construct, the variant sequence is immediately adjacent to the hydrophobic stack, and
one of the variant residues (D23N) is at the base of the hydrophobic stack. However, in the
C-terminal G5 there is no hydrophobic stack because there is no spacer subdomain to
contribute the second loop. This point is of utmost importance because it means that from a
folding/stability perspective, the N- and C-terminal variant sequences are in quite different
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environments. The region of interest in the N-terminus is, due to its proximity to the
hydrophobic stack, in one of the most stable segments of the protein. In contrast, at the C-
terminus, the region of interest is located in a segment of the protein that is metastable.

Using the N-terminal variant sequence from both the G58SpG513 (VC) and G58SpG513*
(VV) structures as a model, it is possible to infer how the variant amino acids stabilize the
fold in the context of the C-terminal G5. While there are few opportunities for cross-strand
side chain interactions with the consensus sequence, the variant sequence optimizes the
number of stabilizing interactions among the amino acids in the final p-sheet of the C-
terminal G5. Two of these interactions center on the zinc-coordinating residue E203. In the
variant sequence, E203 is within hydrogen-bonding distance of N149 and can also form a
double salt-bridge with R158. This forms a bonding network across all three strands of the
B-sheet. This network is absent in the consensus sequence because there is an aspartate
rather than an asparagine at position 149, and because K158 points away from E203 (unlike
R158 which points toward E203). In the variant sequence there is also a double salt-bridge
between E147 and K160, which spans the p-sheet. These stabilizing forces are present in the
N-terminal G5 as well as the C-terminal G5. However, when the variant sequence is present
in the N-terminal G5, the additional interactions do not contribute significantly, since that
region of the protein is already nearly optimized for stability. In the C-terminal G5, the local
environment lacks an intact hydrophobic stack and is metastable, so the additional bonding
network formed by the variant residues measurably increases stability. The formation of
bonding interactions across strands in the final p-sheet of the C-terminal G5 domain would
act in parallel with the ‘mechanical clamps’ described in the related protein, SasG [38].
These clamps consist of long stretches of hydrogen bonds between strands in the G5 domain
B-sheets identified in molecular dynamics simulations to provide resistance to tensile force.
Our work presented here shows that in the case of Aap, additional hydrogen bonds and salt
bridges from the variant residue side chains can further add to stability by forming inter-
strand bonding networks.

The assembly code for Aap self-assembly at the cell surface

The present work demonstrates that two consensus sequence G5 domains can assemble /n
trans around ZnZ* with the highest affinity, with approximately 4-fold higher affinity than
heterodimerization by consensus:variant G5 domains. In contrast, variant:variant
homodimers do not form, even at high concentration. Thus, there will be preferred points of
assembly along the Aap B-repeat region, located where consensus G5 domains occur
(Figure 7). In the case of Aap from S. epidermidis RP62A there are several potential
assembly modes with up to four strong (consensus:consensus) G5:G5 interfaces
complemented by up to eight weak (variant:consensus) interfaces. We propose a slip-grip
model for intercellular assembly in a S. epidermidis biofilm in which initial capture events
involve lower-affinity assembly with fewer G5:G5 interfaces (slip mode) when cells are
further apart and there is less overlap between the Aap B-repeat regions. These weaker
linkages can then reorder to form higher-affinity stable adhesion events when the cells are in
closer proximity and have greater overlap between Aap molecules and a greater number of
G5:G5 interfaces (Figure 7). The presence of two consensus G5 repeats in the middle of the
B-repeat region (repeats 4 and 5) surrounded by variant repeats limits the number of slip
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mode assembly configurations that can form, helping to reduce the dimensionality of the
intercellular assembly process.

Alignments of B-repeat sequences from several strains of S. epidermidis demonstrated that
both variant and consensus repeats are present in each of the strains analyzed (Figure S4).
The arrangement of variant and consensus repeats is very similar between strains NCTC
11047 and RP62A.. Each of these two strains have sequences for Aap with 12.5 repeats with
the variant repeats at positions 2, 3, 6, 7, and 8. However, the C-terminal capping half-repeat
is a consensus subtype in RP62A but a variant in NCTC 11047. The slip-grip model applies
equally well to these two strains. In the case of strain 1457, 6.5 repeats are expressed, all of
which are consensus except for the C-terminal capping half-repeat. Because there are no
variant repeats in segments that would overlap from adjacent cells of strain 1457, it is
expected that this strain would have no low affinity contacts and would be in constant grip-
mode. In strain 5179, of the 4.5 repeats only repeats 1 and 4 are consensus and the
remaining repeats are variant. Strain ATCC 12228 contains variant repeats at positions 2 and
4 and at the capping half-repeat. Both of these strains would fit with the slip-grip model, but
to a lesser degree than that of the longer Aap from RP62A and NCTC 11047. Several other
gram-positive bacteria including Streptococcus gordoniiand St. infantis, Corynebacterium
urealyticum, and Finegoldia magna all express cell surface proteins with multiple tandem
G5 repeats, although these lack spacer domains and instead feature short interdomain
linkers. It is an intriguing possibility that similar slip-grip models of intercellular adhesion
might apply to these proteins as well, although no functional data have been reported yet.

From a translational perspective, these findings suggest a preferred target region on Aap for
antibody or small-molecule therapeutics aiming to prevent S. epidermidis biofilms. We have
shown that the consensus repeats are required for Aap assembly because at the zinc-binding
site they have a 3D surface with unique structural and electrostatic characteristics.
Specifically, blocking this site in the consensus repeats would prevent both high-
(consensus:consensus) and low- (variant:consensus) affinity contacts. Only the variant repeat
binding sites would remain exposed, which are incompetent to form homomeric interactions.
In summary, the data presented here show that subtle amino acid substitutions within nearly
identical B-repeats of Aap tune the assembly properties of the G5 domain and could help to
facilitate ordered intercellular assembly of S. epidermidis during biofilm growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain ar chitecture of the Aap B-repeat region and sequence alignment of constructs
used in this study

A) Distribution of variant (blue) and consensus (purple) repeats from the B-repeat region of
Aap from S. epidermidis RP62A. The Brptl.5 construct is comprised of a complete repeat
(G5 and spacer subdomains) and a capping half-repeat. B) Sequence alignment of Aap B-
repeats from S. epidermidis RP62A. Alternative amino acids found in variant repeats are
highlighted in purple for consensus amino acids and blue for variant amino acids. Zinc-
coordinating residues are indicated by a green diamond. Note that residues E99, D100 and
V101 are present in some of the repeats but not others; however, these residues do not follow
the same pattern of repetition as the variant cassette so they were not included in this study.
C) The variant cassette residues encompass the dimerization interface and zinc-binding site
and are immediately adjacent to the hydrophobic stack. The positions of variant residues are
shown in cyan spheres in the N-terminal G5 and in orange spheres in the C-terminal G5 of
the G512SpG513 dimer (PDB 4FUN). Zoom-in view of the zinc-binding site also shows the
adjacent hydrophobic stack residues in white spheres. The residue at position 23 is part of
the hydrophobic stack and is also one of the variant residues (consensus = N23, variant =
D23). D) All sequences for constructs used in this study are compared to the first repeat
(most divergent, G51) and last full repeat (used in previous studies, G512SpG513, CC). The
consensus construct used in this study (G51SpG513, CC) contains the consensus sequence
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in both the N- and C-terminal G5 subdomains. The variant sequence is present in the N-
terminal G5 of both G58SpG513 (VC) and G58SpG513* (VV), but only the latter contains the
variant sequence in the C-terminal G5. The final construct (G511SpG513*, CV) contains the
variant sequence only in the C-terminal G5. Note that G58SpG513* contains a Thr in
position 202, whereas G511SpG513” contains Val at this position. Although the difference at
this position was not intentional, subsequent data shows no functional effect of this
substitution. Each construct is represented graphically where blue indicates a variant G5 and
purple indicates a consensus G5.
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Figure 2. Sedimentation velocity and sedimentation equilibrium AUC analysis of B-repeat

constructs

Four new Brptl1.5 constructs were analyzed by sedimentation velocity AUC to determine if
they were assembly-competent in the presence of zinc, as observed for the initial Brptl.5
construct, G512SpG513 (CC) [21]. In the presence of 5 mM Zn2*, only G511SpG513 (CC)
assembled at 8 uM protein (A). However, at 80 pM protein, both G511SpG513 (CC) and
G58SpG513 (VC) were assembly-competent in the presence of 5 mM Zn2* (B). G58SpG513”
(VV) and G51SpG513* (CV) did not assemble in the presence of Zn?* even at 80 uM (B).
Absorbance scans for sedimentation velocity data were collected at 230 nm for low
concentration samples (8 uM) and at 280 nm for high concentration samples (80 uM). All
experiments were conducted at 48,000 rpm, 20 °C and analyzed using Sedfit. To compare
the zinc-mediated assembly of G511SpG513 (CC) and G58SpG513 (VC), sedimentation
equilibrium experiments were done on protein concentrations ranging from 7 to 103 uM.
The globally fitted monomer-dimer KD for G51SpG513 (CC) was 12.3 pM (C) and the
calculated KD for G58SpG512 (VC) was 46.8 uM (D). The nearly four-fold difference in KD
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is consistent with the velocity experiments showing that G58SpG513 (VC) is not assembly-
competent at 8 uM but self-assembles at 80 M. Absorbance data were collected at 235 nm
(shown), 280 nm and 290 nm at speeds of 20,000 rpm, 24,000 rpm and 32,000 rpm. Raw
data were trimmed using WinReEdit and globally fitted to a monomer-dimer equilibrium
model using WinNonlin.
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Figure 3. CD thermal denaturation analysis of each B-repeat construct
Stability of the overall protein fold for each construct was determined using CD thermal

denaturation. Midpoints of the denaturation curves (T,) were similar for G511SpG513 (CC)
(blue T, = 43.7 £ 1.0 °C) and G58SpG513 (VC) (red Ty, = 43.8 + 0.5 °C), both of which
were comparable to the previously published Ty, of Brptl.5 G512SpG513 (CC). Interestingly,
the T, for constructs with a C-terminal variant G5 was elevated by 5-6 °C for G511SpG513*
(CV) (purple Tm = 50.0 0.8 °C) and G58SpG513” (VV) (green Ty, = 49.3 £ 0.5 °C).
Unfolding curves were collected at 210 nm between 20-80 °C and fits for two-state
unfolding were calculated using SigmaPlot.
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Figure 4. Crystal structures of G5115pG513 (CC), G585pG513 (VC) , and G585pG5L3* (VV)
A) Regions built into well-resolved density for G51SpG513 (CC) G58SpG512 (VC) and

G58SpG513”* (VV) superimposed onto monomers of G512SpG513 (CC) (PDB 4FUN; gray).
B) G511SpG513 (CC, blue), G58SpG513 (VC, red), and G58SpG513™ (VV, green) superposed
on the N-terminal consensus G5 from G512SpG513 (CC; PDB 4FUN). Consensus side
chains from 4FUN are shown in gray . C) 2Fo-Fc electron density for residues at the dimer
interface and hydrophobic stack in G58SpG513 (VC) and G58SpG513” (VV) is displayed in
gray mesh contoured at 1.3 sigma.
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A Consensus B Variant

Figure5. Differencesin side chain bonding networksin the consensus and variant G5 sub-
domains

Residues shown as white sticks are those that are in the variant cassette. Residues shown in
orange are key zinc-binding residues that are also part of the variant cassette. They indicate
the general position where zinc would bind. Residue E19 is colored in dark gray; it is not
part of the variant cassette but is an important side chain that interacts with variant residues.
A) Environment around the variant residues in the N-terminal G5 domain from the
consensus structure G512SpG513 (PDB 4FUO). Backbone is shown in blue cartoon
representation. Two bonding interactions (hydrogen bonds or salt bridges) are possible with
H75 in addition to the two side chain-backbone bonds between T28-A25 and D21-N23. B)
The same site in the N-terminal variant from G58SpG513 (VC), with backbone residues
shown in red cartoon representation. Compared to the maximum of four bonding
interactions between side chains in the consensus G5, the variant G5 can form up to seven
side chain bonding interactions. C) The C-terminal G5 domain from consensus structure
4FUO has one fewer side chain bond than the N-terminal domain. D) A model of the
predicted variant C-terminal G5, with backbone in gray cartoon representation and side
chain positions modeled as sticks based on the G58SpG5!3 N-terminal G5.
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F_igure 6. Predicted surface electrostatics for variant and consensusresidues at the Zn2+-binding
Site

The dimerization interface is displayed in “flip book” orientation with both protomers
rotated 180° to illustrate the contact surface. A) The presence of variant residues at the dimer
interface are shown in teal next to an electrostatic representation of the G51SpG513 (CC)
dimer interface. Additional residues that may contribute to local electrostatics are shown in
tan. The Zn2* binding site is illustrated with a green circle. Electrostatic changes that arise at
the dimer interface when the variant residues are present are illustrated in B) G51SpG513*
(CV), G58SpG513 (VC), and G58SpG513”" (VV). All panels were generated in Chimera
using surface representation colored by charge (negative=red, blue=positive), with surface
electrostatics ranging from -10 to +10. The isopotential maps are displayed in mesh
representation, colored by charge (red-blue) from -2 to +2.
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Figure 7. Schematic of the assembly code for the B-repeat region of Aap
Updated model of zinc-mediated assembly of Aap B-repeat regions on adjacent cells

accounting for the different assembly competencies of variant and consensus repeats. Top
panel shows the original model with identical, high-affinity dimerization interfaces along the
length of the B-repeat region of Aap. Gray boxes illustrate potential assembly modes that
involve at least one high-affinity (consensus:consensus) G5:G5: interface. The upper box
illustrates proposed ‘slip mode’ interactions with a limited number of G5:G5 interfaces; the
lowest gray box illustrates proposed ‘grip mode’ interactions with substantial overlap of the
B-repeat regions between the assembling Aap molecules and a higher number of G5:G5
interfaces. In each case, high-affinity (consensus:consensus) G5:G5 interfaces are portrayed
by a green line between repeats; low-affinity (variant:consensus) interfaces are indicated by
a gray line. In these illustrations, the 15t repeat is colored differently due to its divergent
sequence. Preliminary data indicates that G5! shows low-affinity dimerization, similar to the
variant repeats (data not shown).
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