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ABSTRACT: The adhesions between Gram-positive bacteria and their hosts are exposed to varying magnitudes of tensile forces.
Here, using an ultrastable magnetic tweezer-based single-molecule approach, we show the catch-bond kinetics of the prototypical
adhesion complex of SD-repeat protein G (SdrG) to a peptide from fibrinogen 8 (Fgf3) over a physiologically important force range
from piconewton (pN) to tens of pN, which was not technologically accessible to previous studies. At 37 °C, the lifetime of the
complex exponentially increases from seconds at several pN to ~1000 s as the force reaches 30 pN, leading to mechanical
stabilization of the adhesion. The dissociation transition pathway is determined as the unbinding of a critical f-strand peptide
(“latch” strand of SdrG that secures the entire adhesion complex) away from its binding cleft, leading to the dissociation of the Fgf}
ligand. Similar mechanical stabilization behavior is also observed in several homologous adhesions, suggesting the generality of catch-
bond kinetics in such bacterial adhesions. We reason that such mechanical stabilization confers multiple advantages in the

pathogenesis and adaptation of bacteria.

B INTRODUCTION

Gram-positive pathogenic bacteria produce cell wall-anchored
(CWA) surface proteins that are important for the bacteria to
colonize the host and promote infections.”> The most
prevalent CWA proteins are the microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs), which
are critical in bacterial “adhesion, invasion, and immune
evasion.”’ During colonization and infection, these
MSCRAMM-mediated adhesions are subjected to mechanical
forces associated with flow stress induced by the dynamic
oscillated blood pressure, airflow, and other hydrostatic
pressures.””” The tensile forces applied to a single adhered
bacterial cell span over a wide range of magnitude, from the
nanonewton (nN) range in the urinary tract needed to
withstand the high speed of urinary flow down to piconewton
(pN) in capillaries according to the reported shear stress.””
Many MSCRAMMs promote specific binding to the host
peptide ligand through a “dock, lock, and latch” (DLL)
mechanism, "' where the ligand is bound (dock) and buried
(lock) in between the two tandemly arrayed immunoglobulin
(Ig)-like folded domains, N2 and N3, in the N-terminal region
of MSCRAMMs. The ligand is further secured by a “latch”
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strand located at the C-terminal of the N3 domain, which
binds to N2 by f-strand complementation™'" (latch, Figure
1A), resulting in a unique adhesin—ligand complex. It has been
shown that MSCRAMM-mediated adhesion confers extreme
mechanical stability capable of withstanding large shear
force.'”””'® Recent single-molecule studies using atomic force
microscopy (AFM) reported rupturing forces of MSCRAMM
adhesion in the order of nN,'*'*'® reaching the mechanical
stability of covalent bonds.'”'® In the typical force loading
rates of 10*~10” pN s in the AFM experiment, the adhesion
complex exhibits slip-bond kinetics where the adhesion
stability decreases as the force increases in the nN force
range.lz’15 Steered molecular dynamics (SMD) simulations'
suggested directly pulling out the ligand through the latched
binding pocket as the rupturing transition pathway, which
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Figure 1. Force-dependent dissociation of the SdrG—Fgf} complex. (A) Illustration of Staphylococcus epidermidis binding to the fibrinogen surface
via an adhesion complex formed between the N2 and N3 domains of bacterial SdrG and the Fgf peptide ligand. The right panel shows the
molecular structure and the force geometry of the complex (N2: blue, N3: green, Fgf: orange). (B) Schematic diagram of the recombinant protein
construct tethered between a glass substrate and a superparamagnetic microbead. The right panel shows the domain map of the SdrG—Fgf protein
construct. (C) A representative bead height—time trace at 4.0 + 0.4 pN. The right panel shows an enlarged time trace. Raw data and smoothed data
are indicated by gray and red, respectively. (D) The histogram of the smoothed bead height shows four peaks corresponding to different structural
states of the tethered construct. (E) Normalized histogram of the lifetime of the SdrG—Fgf} complex at 4.0 + 0.4 pN (n = 134). An average lifetime
of 7 = 329.81 + 32.78 s was obtained by single exponential function fitting (black curve). (F) Force-dependent lifetimes of the SdrG—Fgf} complex
at 3.2 + 0.3 pN (open black squares, n = 64), 4.0 + 0.4 pN (open orange circles, n = 134), 6.5 + 0.7 pN (open blue up triangles, n = 257), 8.0 +
0.8 pN (open green down triangles, n = 186), 10.5 + 1.0 pN (open purple diamonds, n = 54), and 20.0 = 0.2 pN (open yellow left-triangles, n =
24). The average lifetime is indicated by black solid squares. The red solid line is the best fitting to the force-dependent average lifetime using Bell’s
model (eq 1). Error bars indicate the mean + standard error.

requires the breakage of the hydrogen network in a shear force
geometry (i.e., the applied force is along the direction of the
interaction interface).

The high resilience of MSCRAMM-mediated adhesion to
large stresses enables firm anchorage to a host surface, while its
mechanical stability under lower forces from pN to tens of pN,
also a physiologically important range, is still unexplored. It has
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been hypothesized that the MSCRAMM-mediated adhesion
may have a unique advantageous mechanical stabilization
property, a counterintuitive phenomenon in which the stability
of the complexes increases as the force increases, which is
referred to as catch-bond kinetics.">'*'®"*7>° The catch-bond
kinetics has been observed in various biomolecular systems in
both humans and bacteria.”' >®* However, due to the
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ultrastable MSCRAMM-mediated adhesions, direct explora-
tion of their mechanical properties at significantly lower forces
has been inaccessible to the previous AFM technologies. In
addition, there are potential desorption processes during
bacteria diffusion and spreading across surfaces, in which
detachment of the adhesion is required.”'”*”*° Tt is thus
imperative to investigate the mechanical responses and the
potential modulations of MSCRAMM-mediated adhesion
under lower forces.

In this work, using an ultrastable magnetic tweezer-based
single-molecule approach, we set to address several out-
standing questions related to the low-force mechanical
responses of MSCRAMM-mediated adhesions: (1) How is
the lifetime of the MSCRAMM-mediated adhesions regulated
by tensile forces? (2) Does the hypothesized catch-bond
kinetics exist at lower forces? (3) What are the molecular and
physical mechanisms governing the mechanical stability of the
MSCRAMM-mediated adhesions? By direct quantification of
the force-dependent lifetimes of a prototypical adhesin protein
complex formed between SD-repeat protein G (SdrG) from S.
epidermidis and the ligand peptide from the f chain of human
fibrinogen (Fgf3), as well as several homologous complexes, we
show that increasing force leads to drastically increased
lifetimes; thus, the catch-bond hypothesis is directly tested to
be true. The transition pathway over this low-force range (from
pN to tens of pN) is identified to be the unbinding of the
“latch” peptide away from the N2 binding cleft of SdrG,
different from that reported at the high-force range (nN
range)."” Analysis based on the Arrhenius law of kinetics and
the structural elastic property”’ of the identified transition
pathway reveals that the highly pre-extended “latch” structure
of the complex confers the observed catch-bond kinetics. In
addition, the highly sensitive temperature dependence of the
SdrG—Fgf complex is revealed, indicated by a drastically
decreased lifetime at the human body temperature (37 °C)
from that at 23 °C. Collectively, our studies provide insights
into the molecular and physical mechanisms underlying the
force-dependent stability and the mechanical regulation of
such MSCRAMM adhesion complexes, which may provide
multiple advantages in the adaptation of the bacterial adhesion
to the hosts.

B RESULTS

Catch-Bond Behavior in the Dissociation of the
SdrG—Fgf Complex. To reversibly probe the rupturing
events of the single-molecule SdrG—Fgf complex, a recombi-
nant protein construct was designed by linking the Fgf ligand
peptide to the N2 and N3 domains of SdrG through an
unstructured peptide linker (Figure 1B). The N1 and B
domains of SdrG that span the N2 and N3 domains are not
included, since structurally they do not clash with the SdrG—
FgB binding interface'® and thus should not affect the
mechanical stability of the SdrG—Fgf complex. The Fgf
ligand peptide is located at the N-terminus, followed by
biotinylated AviTag, a flexible unstructured peptide linker
(glycine-serine, GS linker), the N2 and N3 domains, and
finally SpyTag at the C-terminus. The construct was tethered
between a Neutravidin-coated superparamagnetic microbead
and a SpyCatcher-coated coverslig surface via a specific
covalent SpyTag—SpyCatcher bond™ and noncovalent Neu-
travidin—biotin interactions that confer strong mechanical
stability’®~*° (Figure 1B). An external force was applied to the
microbead using magnetic tweezers, subjecting the SdrG—Fgf}

complex to tension along both the C-termini of the ligand and
the N3 domain, mimicking the native force geometry.'”'>"®
Once the ligand was dissociated from SdrG, the bead height
would increase by an amount of AH, (equal to the extension
change of the protein construct from the released GS linker;
Figure S1), which was tracked at a nanometer resolution in real
time.

We found that the SdrG—Fgf} complex could rupture at pN
forces over a time scale of hundreds of seconds to hours at
room temperature (~23 °C). A representative bead height—
time trace obtained at 4.0 + 0.4 pN is shown in Figure 1C. The
three jumps of the bead height in the time trace correspond to
the extension changes from the released GS linker upon the
dissociation of SdrG—Fgp, followed by the successive
unfolding of N2 and N3 domains (Figures 1C and S1).
Similar representative time traces at different forces from 3.2 +
0.3 to 20.0 & 2.0 pN are provided in Figure S2. The histogram
of the bead height of the representative time trace in Figure 1C
is shown in Figure 1D, from which the step sizes of the
complex dissociation and domains’ unfolding were quantified.
Single-molecule measurements with force-jumping cycles
between 1.5 + 0.2 pN and different testing forces were
implemented to obtain rupturing events from multiple
independent tethers (N > 30; Figure S3). Combining with
control experiments, the rupturing signal of the complex was
confirmed and distinguished from the unfolding signals of the
N2 and N3 domains (Figures S4—S6 and Supporting Text 1).
We note here that our force calibration approach leads to a
force uncertainty of less than 10% (see the Supporting
Information).

The lifetimes of the SdrG—Fgf complex were obtained from
the time traces (Figure 1C) and plotted as histograms (Figures
1E and S7). The histograms can be well fitted by a single
exponential decay function, from which the average lifetime
(7) of the SdrG—Fgff complex at ~4.0 pN was determined to
be 329.81 + 32.78 s (Figure 1E; hereafter written as the means
+ standard error of the fitting unless otherwise indicated). The
average lifetime increases exponentially from 268.34 + 22.28
to 22 067.47 + 8333.96 s when the force is increased from 3.2
+ 0.3 to 20.0 & 2.0 pN (Figure 1F), respectively. The results
show the catch-bond behavior of the SdrG—Fgf complex,
where the adhesion complex is stabilized by increasing forces
over the low-force range. Due to the further drastically
increased lifetime of the complex (Figure S8 and Supporting
Text 2), we could not obtain enough number of rupturing
events to estimate the average lifetime at higher forces.

The obtained 7(f) could be well fitted by Bell's model
(Figure 1F)36’37

o(f) = g e IH/HT (M

where 7, represents the extrapolated zero-force lifetime, Ax" is
the transition distance, and kT is the Boltzmann constant
times the temperature. The best-fitting values of the
parameters are 7, = 97.24 + 1249 s and Ax* = —1.20 +
0.07 nm. 7, is close to the lifetime measured in the absence of
force from previously reported bulk experiments.'’ The
negative value of Ax® suggests a force-dependent increase in
the energy barrier (—fAx") that leads to the catch-bond
kinetics. The larger the absolute value of Ax*, the stronger the
effect of the catch-bond kinetics of the adhesion complex.
Effect of “Bulgy Plug” on the Stability of the SAdrG—
Fgp Complex. Two phenylalanines (Phel0 and Phell) with
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Figure 2. Effects of mutations on the ligand or the “latch” strand. (A) A sketch of the SdrG—Fgf complex under force. The Fgf ligand (orange) is
buried into the binding cleft between N2 (blue) and N3 (green) domains, where the phenylalanine side chains (gray) acting as a “bulgy plug” are
restricted by the locking strand (dark green). The complex is further secured by the “latch” strand (light green). (B) A structure showing the
hydrogen networks (red dotted line) between the Fgf ligand and N2 and N3 domains, where major six residues of the ligand involved in the
binding are highlighted. (C) Comparison of the average lifetimes of the complex formed between SdrG and FgfFO0 (gray, n = 0), FgfF1 (light
orange, n = 163), FgfF2 (orange, n = 134), and FgfF3 (dark orange, n = 52) at 4.0 = 0.4 pN. (D) Normalized lifetime histograms of the complex
formed between SdrG and Fgf} truncations at 4.0 + 0.4 pN, including FgfF2 (orange, n = 134), FESARG (brown, n = 126), FgffdN4 (purple, n =
135), and FgBdCS (green, n = SS). Dotted lines represent the best fitting of each normalized histogram to a single exponential decay function. (E)
Force-dependent average lifetimes of the complex formed between SdrG and FgfF2, FFSARG, Fg#dN4, FgdCS, FgfF1, and FgfF3 at 23 °C. The
dotted lines are best fittings to eq 1. (F) A structure showing the “latch” strand binds to the N2 domain, where the amino acids (residue 585-593)
of the “latch” strand involved in the complementation are labeled. (G) Comparison of the average lifetimes of the complex formed in various
protein constructs containing “latch” mutations at 4.0 + 0.4 pN, including SdrGwt (orange, n = 134), DS93A (lemon green, n = 162), GS92A +
DS93A (green, n = 164), SdrG_dC8 (light blue, n = 285), and SdrG_dC11 (gray, n = 0). (H) Force-dependent average lifetimes of the complexes
formed in the wild-type construct, DS93A, G592A + DS93A, and SdrG_dC8. The dotted lines are the best fittings to eq 1. All fitting parameters
involved in figure are listed in Table S1. Error bars of the lifetime indicate mean + standard errors.

benzyl side chains from the Fgf ligand are crucial for ligand
recognition and binding affinity of the complex.'’ Buried
behind the locking strand, the phenylalanine residue has been
described as a “bulgy plug” that intuitively stops the ligand
from wiggling through the narrow constriction under applied
force'” (Figure 2A,B). Previous results have revealed a
dissociation pathway of the SdrG—Fgf complex in the nN
force range, which involves directly pulling out the peptide
ligand from the binding pocket.” The measured force-
dependent dissociation only marginally depends on phenyl-
alanines, suggesting that the “bulgy plug” is not a dominant
contributor to high-force resilience."”

We found that the phenylalanines are critical for the low-
force mechanical stability of the SdrG—Fgf complex. Ligands
containing 0, 1, or 3 phenylalanines (F), respectively, termed
FgpF0, FgpFl, or FgpF3, were adopted into the protein
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construct by alanine replacement or by addition of an F, to
replace the wild-type ligand (FgfF2). It has been shown that
the FgfF3 mutant has a higher affinity, while the FgfF1
mutant has a lower affinity for SdrG compared to FgBF2."’
The probability of the complex formation after a certain
waiting time at 1.5 pN depended on the phenylalanines, where
no binding of FgfF0 to SdrG was observed even after hours of
incubation (Figure S9 and Supporting Text 3). The average
lifetime of the SdrG—FgfF1 complex decreased by about 7-
fold, while that of the SdrG—FgpF3 complex increased by
more than 2.5-fold compared to the wild-type complex at each
force (Figures 2C,E, S10, and S11). These results suggest that
the “bulgy plug” plays a critical role in the mechanical stability
of the SdrG—Fgf complex in the low-force range.

We also prepared a protein construct with the truncated Fgf3
ligand keeping the minimal six-residue peptide (FFSARG,

https://doi.org/10.1021/jacs.2c03961
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Figure 3. Temperature-dependent catch-bond kinetics. (A) A representative bead height—time trace at 4.0 + 0.4 pN at 37 °C. (B) Normalized
lifetime histogram of the SdrG—Fgf} complex at 4.0 & 0.4 pN at 37 °C (n = 1SS, from more than five independent tethers). The solid black curve is
the best fitting to the exponential decay function. (C) Comparison of the average lifetimes of the SdrG—Fgfl complex at 4.0 + 0.4 pN at different
temperatures. (D) Force-dependent average lifetimes of the SdrG—Fgf§ complex at different temperatures. The colored solid lines are the best
fittings to eq 1 at corresponding temperatures. All fitting parameters are listed in Table S1. Error bars of the lifetimes indicate mean + standard

errors.

Figure 2B) that is necessary for the high-affinity binding and
sufficient for the extreme mechanical stability withstanding nN
forces.”” The complex formed between truncated FgB and
SdrG showed similar mechanical stability to that of the wild-
type complex (Figures 2D,E and S12). Similar results were
obtained for the SdrG—FgBdN4 complex, where the four
amino acids NEEG at the N-terminus were truncated, and the
SdrG—FgfdC5 complex, where the five amino acids HRPLD
at the C-terminus were removed (Figures 2D,E, S13, and S14).

The insensitivity of the transition distances (slope of the
fitting lines in Figure 2E) to the perturbations on the Fgf
ligand (Table S1) suggests that the dissociation of the complex
in the low-force range is likely via a different transition pathway
from directly pulling out the ligand.

Dissociation Pathway via the “Latch” Strand Unbind-
ing. It has been known that the “latch” region secures the
ligand in the binding pocket and stabilizes the complex (Figure
2F), whose presence was shown to be crucial for binding
affinity'® but not high-force stability.'> We postulate that the
low-force rupturing of the complex follows a transition
pathway that involves the unbinding of the “latch” strand
from N2 (sequential breakage of the short-range interactions
between the residues), which leads to disruption of the ligand.
To test this hypothesis, we first investigated two mutated

16812

constructs by substituting the last one or two residues of the
“latch” strand involved in the binding to N2 with alanine,
which would gradually weaken the “latch” strand binding from
its C-terminus. Hereafter the two protein constructs are
referred to as DS93A and G592A + DS593A, respectively. The
lifetimes of mutated complexes formed in DS93A and G592A
+ DS93A are about 1/5 and 1/20 of that of the wild-type
SdrG—Fgfi complex, respectively (Figures 2GH, S15, and
S16). The magnitudes of the phenomenological transition
distances by fitting to Bell's model become shorter than that of
the wild-type complex, Ax* = —1.08 + 0.05 nm for DS93A and
Ax* = —0.87 + 0.10 nm for G592A + D593A (Figure 2H and
Table S1).

We next investigated two other constructs with half or total
truncated “latch” region (Figure 2G). Half truncation
(SdrG_dC8) on the “latch” region slowed down the complex
formation, while the total truncation (SdrG_dC11) resulted in
the loss of a stable complex formation (Figure S17, Supporting
Text 3). The force-dependent average lifetimes of the
SdrG_dC8 construct were about 10-fold less than that of the
wild-type complex (Figures 2G,H and S18), with a further
decreased magnitude of the transition distance (Ax* = —0.68
+ 0.04 nm, Table S1).
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Figure 4. Catch-bond kinetics in homologous adhesion systems. (A) Adhesion complex structures of five homologs of SdrG (SdrE, Bbp, CIfB,
CIfA, and FnbpA; N2 domain: blue, N3 domain: green) bound to their target peptide ligands (CFH, Fga, DK, and Fgy in orange). (B) The force-
dependent average lifetimes of the homolog complexes at 37 °C for SdrE—CFH (red circles), Bbp—Fga (black squares), and CIfB—DK (purple
diamonds) and at 23 °C for CIfA—Fgy (blue up triangles) and FnbpA—Fgy (green down triangles). The colored solid lines are the best fittings to
eq 1. All fitting parameters are listed in Table S1. Error bars of the lifetime indicate mean + standard errors.

Together, these results showed that the perturbations on the
“latch” strand change both the force-dependent lifetimes and
transition distances, confirming that the sequential unbinding
of the “latch” peptide of SdrG away from the N2 domain is the
transition pathway over the low-force range (Supporting Text
4).

Temperature-Dependent Mechanical Stability of the
Adhesion Complex. As bacterial adhesion is subjected to
changes in temperatures across a multitude of environmental
and physiological conditions, we next investigated the
mechanical stability of the SdrG—Fgf complex under human
body temperature, which is approximately 37 °C. The lifetime
of the wild-type SdrG—Fgf complex at 37 °C is much shorter
than that at 23 °C. A representative time trace obtained at 4.0
pN at 37 °C is shown in Figure 3A. The lifetimes from
multiple rupturing events are plotted as a normalized
histogram in Figure 3B. The average lifetime of the SdrG—
Fgff complex is determined to be 5.72 + 0.20 s (Figure 3B),
about 2 orders of magnitude shorter than that at 23 °C at the
same force (Figure 3C). More representative time traces at
forces from 3.0 to 30 pN at 37 °C and corresponding lifetime
histograms are provided in Figures S19 and S20, respectively.
The force-dependent average lifetimes of the complex at 37 °C
still show catch-bond behavior (Figure 3D). The extrapolated
zero-force lifetime, 7, = 1.97 + 0.34 s, and the phenomeno-
logical transition distance, Ax* = —0.89 + 0.06 nm, were
determined. It should be noted that at several pN, the average
lifetimes are in the order of a few seconds, indicating that the
SdrG—Fgp mediated adhesion is unstable at 37 °C. However,
the stability of this adhesion rapidly increases with increasing
force. At ~30 pN, the average lifetime already reaches 1000 s.
This result suggests that the SdrG—Fgf complex acts as a
highly dynamic mechanosensor, unstable at several pN forces
and mechanically stabilized when it senses elevated forces at 37
°C.

We also performed similar experiments under three other
temperatures of 26.5, 30, and 34 °C (Figures S21—523). The
force-dependent lifetimes monotonically decrease as the
temperature increases (Figure 3C,D). The best-fitting values
of 7, and Ax* are summarized in Table S1. The results show
that both 7, and the magnitude of Ax* gradually drop as the
temperature increases (Supporting Text S).

Generality of the Mechanical Stabilization in Homol-
ogous Adhesion Complexes. The DLL mechanism has
been reported in many homologous MSCRAMM systems
involving the “latch” strand structure.' To investigate whether
the catch-bond kinetics is a general feature among the “latch”
strand-containing MSCRAMMs, we quantified the force-
dependent average lifetimes of five homologous adhesion
complexes that mediate the adhesion between Staphylococcus
aureus and its host. The crystal structures of the five homologs
of SdrG (SD-repeat protein E (SdrE), bone sialoprotein
binding protein (Bbp), clumping factor A (CIfA), clumping
factor B (CIfB), and fibronectin-binding protein A (FnbpA)),
bound with the corresponding ligands (peptides from the
complement factor H (CFH) binding to SdrE, fibrinogen a
chain (Fga) binding to Bbp, dermokine (DK) binding to CIfB,
and fibrinogen y chain (F§7) binding to CIfA and FnbpA),
have been reported.”®”** Analogous to the SdrG—Fgfj
complex, these complexes are also under shear force geo-
metries (Figure 4A). The recombinant protein constructs were
prepared according to their respective native shear force
geometries and were investigated using magnetic tweezers.

Experiments performed at 37 °C for SdrE—CFH, Bbp—Fga,
and CIfB—DK revealed catch-bond kinetics for each of these
complexes (Figures 4B and $24—S28). The FnbpA—Fgy and
CIfA—Fgy complexes are unstable at 37 °C; thus, their lifetime
cannot be measured at our sampling rate. Instead, we
performed experiments for these two complexes at 23 °C
where they have longer lifetimes (Figures S27, $29, and S30).
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Figure S. Illustrations of the high-force dissociation pathway'® via directly pulling out the ligand and the low-force dissociation pathway via

unbinding of the “latch” strand from N2.

Similar catch-bond kinetics is also observed (Figure 4B). The
best-fitting values of 7, and Ax* are summarized in Table S1 in
comparison with SdrG—Fgf. These results show that the
catch-bond behavior over the low-force range among the
adhesions mediated by MSCRAMMs is a generic feature.

B DISCUSSION

In summary, using ultrastable magnetic tweezers, we have
investigated and characterized the low-force (pN to tens of
pN) mechanical stabilities of the SdrG—Fgf} complex alongside
its homologous systems. These adhesion complexes exhibit
catch-bond kinetics, where the complexes are stabilized by
increasing force. Through mutations on the ligand or “latch”
strand of the SdrG—Fgf complex, the low-force mechanical
stability of the complex is found to be dependent on the “bulgy
plug” of the ligand; additionally, the dissociation transition
pathway in this force range is identified to be the unbinding of
the “latch” strand peptide away from the N2 domain. The
average lifetime of the SdrG—Fgf adhesion complex is
sensitive to temperature, which decreases by 2 orders of
magnitude when the temperature is increased from 23 to 37
°C.

Bell's model fitting to the force-dependent average lifetimes
(z(f)) leads to negative phenomenological transition distances
Ax*, which provides an understanding of the observed catch-
bond behavior. However, it does not reveal the underlying
physical essence of the catch-bond kinetics. A recently reported
structural elastic theory®' highlights the importance of the
entropic extension fluctuation of biomolecules at pN to tens of
pN on the mechanical stability of biomolecular complexes. It
predicts catch-bond kinetics as a common feature for
transitions involving a pathway via unbinding of a pre-extended
peptide strand under a shear force geometry™ (Figure S31). As
the “latch” strand exhibits a highly pre-extended conformation
when it binds to the N2 domain, the observed catch-bond
kinetics could be explained by this theory. Indeed, the z(f) of
SdrG—Fgf could be reasonably fitted by the structural elastic
model, from which the most probable transition state structure
was identified, where most of the “latch” strand (seven to nine
amino acids from the last binding residue of the “latch” strand,
593D) is dissociated away from the N2 domain (Figure S31,
Table S2, and Supporting Text 6). Additionally, we have fitted
the force-dependent lifetimes of the adhesion complex in

DS93A and GS92A + DS93A, (Figure S31), resulting in a
gradually reduced number of bound residues between the latch
peptide and N2 (Figure S31, Tables S3 and S4, and Supporting
Text 6). While the structural elastic model provides a plausible
mechanism of the observed catch-bond kinetics, we do not
exclude other potential mechanisms such as force-induced
additional interactions along the transition pathway.

It has been known that MSCRAMM adhesions confer high
resilience to large stress, which plays a crucial role in enabling
stable anchorage of the bacterial cells to host sites, such as
artery/large vessel, respiratory tract, and urethra, which are
subjected to high flow stress. The forces from pN to tens of pN
investigated in our study belong to a previously less explored
physiologically relevant force range, related to bacterial
adhesion to the cell surface of capillaries or organs. The initial
anchoring of a bacterium to the blood vessel, which is needed
for bacterial spreading and infection to different organs,”* is
via a single adhesion complex (e.g, the SdrG—Fgf complex).
The initial anchorage subjects the complex to a tensile force
from a few pN to tens of pN, which can be estimated based on
the fluid shear stress in a range of S—100 dynes cm™” in
capillaries™” or by the Stokes equation considering the blood
viscosity (7 & S X 1072 Pa), blood flow speed (v ~ 1 mm s™"),
and the dimension of the bacterial cells (L ~ 1 um).*
Therefore, the mechanical stability of MMSCARM-mediated
adhesions quantified in the study is of physiological
importance.

The low-force mechanical stability of SdrG—Fgp and its
homologous complexes is unusual compared to many other
biomolecular complexes™*>**'~*! that also exhibit catch-bond
kinetics over a similar force range. Most known biomolecular
complexes exhibit a catch-to-slip kinetics switch when the
applied force exceeds a certain threshold value (switch force)
in the range of 10—30 pN (Table SS). The catch-bond kinetics
of SdrG—Fgf and its homologous complexes persists over the
tested force range (3—30 pN) with a constant slope and does
not show any drops at 50 pN, suggesting that the potential
switch force far exceeds 50 pN. Indeed, a switch force higher

than 300 pN is estimated by %(O’F — 1n/F) = 0 based on the
structural elastic force-dependent lifetime expression.” Such a

surprisingly high switch force is a direct result from the highly
pre-extended conformation of the “latch” peptide, where the
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end-to-end distance of the latch peptide bound on the N2
domain reaches >90% of the contour length. However, at the
predicted high switch force, potential elastic deformation of the
rigid protein domains may affect the transition kinetics
significantly. This effect is not considered in the simple
expression of the force-dependent lifetime; therefore, we
refrain ourselves from further discussion on the exact value of
the switch force.

The transition pathway at the low-force range via unbinding
of the “latch” strand is distinctly different from that at high
forces in the nN range, where the high-force dissociation
transition follows a pathway of directly pulling out the ligand
from the latched binding pocket."> The low-force dissociation
pathway starts from the “latch” strand detachment, which is a
reverse of the association process of SdrG—Fgf following the
DLL mechanism where the “latch” strand binds N2 as the last
step (Figure S). The existence of two pathways, one governing
the high-force dissociation kinetics and the other governing the
low-force dissociation kinetics, together provide a compre-
hensive and systematic understanding of the adhesion stability
across a wide physiologically relevant force range (Figure S).
Yet, a full understanding requires measuring 7(f) in the force
range of 10°—10° pN, inaccessible by currently available
technologies due to the ultralong lifetime, which warrants
future studies.

As important opportunistic pathogens, S. epidermidis is the
leading cause of medical device and implant-related
nosocomial infections,” while S. aureus causes both superficial
and invasive, potentially life-threatening infections.” During the
adhesion and invasion onto the surface of host cells or devices
that are immobilized with protein ligands, they are subjected to
a wide range of hydrodynamic flow stress. Besides surface-
immobilized ligands, there is a large fraction of soluble protein
ligands (fibrinogen, etc.). An important question is how
bacterial cells could avoid the binding by the soluble protein
ligands. In other words, what is the mechanism behind the
specific binding to the surface-immobilized ligands? The
seconds of lifetime of the SdrG—Fgf complex at 37 °C at
near-zero forces suggests that adhesion complexes formed with
these soluble ligands, which are not under tensile force, can
dissociate quickly. In sharp contrast, once attached to the
surface-immobilized ligands, the adhesion complex becomes
stabilized under flow-induced stress through the catch-bond
kinetics (Figure S32A). We propose that this mechanism
provides the specificity of the stable complexes formed on
surface-immobilized ligands and confers an elevated efliciency
of the MSCRAMM-mediated adhesion to the surface.

Through the catch-bond kinetics, these adhesion complexes
can resist the shear force in the range of tens pN to nN, which
is crucial for pathogen adhesion and infection (Figure $32B)."
Meanwhile, due to the seconds lifetime of the complex at pN
forces at the human body temperature, we propose that the
pathogens can dissociate from the ligand on the surface and
associate to a different site under low flow stress conditions
(Figure S32C), which would benefit the spreading and the
evasion of the pathogens.

The low-force mechanical stability of the bacterial adhesion
complexes investigated in this study requires mechanical
manipulation of a single tethered complex over a long-time
scale (hours to days) without losing the spatial resolution. This
is achieved by an in-house-made ultrastable magnetic tweezer
setup.””>” As piconewton forces are not only involved in
bacterial adhesion systems but also prevalent in force-bearing

mechanosensing cytoskeleton proteins of mammalian
cells,"* ™% the ultrastable magnetic tweezer technology can
be broadly applied to studies of the mechanical stabilities and
force-dependent interactions of biomolecules involved in
various biological processes.

B EXPERIMENTAL SECTION

Reagents and Materials. (3-Aminopropyl)triethoxysilane
(APTES), glutaraldehyde solution (70% in H,0), dithiothreitol
(DTT), bovine serum albumin (BSA), L-ascorbic acid, ampicillin,
isopropyl f-p-1-thiogalactopyranoside (IPTG), phenylmethylsulfonyl
fluoride (PMSF), biotin, mineral oil, PBS, and Tris buffer were
purchased from Sigma-Aldrich. Neutravidin biotin-binding protein
and Dynabeads M-270 Epoxy beads were purchased from Thermo
Scientific.

Gene Construction. The N2 and N3 domain genes of SdrG from
S. epidermidis (residue 274-597, Uniprot Q9KI13, PDB 1R17) and the
N2 and N3 domain genes from homologs: SdrE (residue 263-601,
Uniprot Q2FJ77, PDB SWTB), Bbp (residue 271-601, Uniprot
Q14U76, PDB SCFA), CIfA (residue 225-548, Uniprot: Q2GO015,
PDB 2VR3), CIfB (residue 212-541, Uniprot Q¢GDH2, PDB 4F20),
and FnbpA (residue 187-514, Uniprot P14738, PDB 4B60) from S.
aureus, as well as the short peptide ligand genes: Fga
(SKQFTSSTSYNRGDS, from human fibrinogen a-chain, Uniprot
P02671), Fgf# (NEEGFFSARGHRPLD, residue 6-20 from the N-
terminal region of human fibrinogen f-chain, Uniprot P02675), Fgy
(GEGQQHHLGGAKQAGDYV, from the C-terminal of human
fibrinogen y-chain, Uniprot: P02679-2), CFH from human comple-
ment factor H (RLSSRSHTLRTTCWDGKLEYP, Uniprot P08603),
and DK from human dermokine 10 (QSGSSGSGSNGD, Uniprot
Q6E0U4) were codon-optimized and synthesized for expression in
Escherichia coli as gBlocks gene fragments (Integrated DNA
Technologies (IDT)) with suitable overhangs. The genes of the
flexible GS linker were synthesized as gBlocks gene fragments. A
flexible FHI linker gene from human formin was obtained from our
previous work.”” Genes were cloned into pET151 vectors (ampicillin
resistance) with 6 X His-tag for purification, AviTag for biotinylation,
and SpyTag using the NEB HiFi assembly strategy (New England
Biolabs, MA). The construction of SpyTag-binding protein
SpyCatcher was referred to in previous works.”® The mutations,
truncations, or insertions on the ligands or the “latch” strand of SdrG
were introduced by the Site-Directed Mutagenesis kit (New England
Biolabs, MA). The complete sequences of all recombinant protein
constructs used are listed in the Supporting Information (the “Protein
Construction and Sequence” section).

Protein Expression and Purification. All protein constructs
were expressed in E. coli DE3 with biotin protein ligase (BirA) and
purified using a His-tag affinity column following the previous
protocol.’® Basically, the colonies transfected with each of the
corresponding plasmids were precultured in 10 mL of LB medium
containing 100 pg mL™' ampicillin at 37 °C overnight. The
precultures were then inoculated into 1 L of ampicillin-containing
LB medium and grown at 37 °C for around 4—6 h until the optical
density (ODgy,) reached ~0.6. Then, 0.4 mM IPTG and S0 uM
biotin were then added to the cultures, and the resulting mixture was
grown at 20 °C overnight. The biotin could be catalyzed by BirA to
conjugate to the AviTag of proteins in the cell. Bacteria were
harvested by centrifugation at 6000g, and pellets were stored frozen at
—80 °C until further purification.

In the purification steps, bacterial pellets were resuspended with
lysis buffer (50 mM Tris, 300 mM NaCl, pH = 7.4) including 1 mM
PMSF, and cells were mechanically lysed using a French press,
followed by centrifugation at 40 000¢ for 30 min. The resultant
supernatants were allowed to bind to the Co*>*-NTA column (Thermo
Scientific, DE) for 1 h. After repeated washes (wash buffer: S0 mM
Tris, 300 mM NaCl, 10 mM imidazole, pH = 7.4), the proteins were
eluted into elution buffer (50 mM Tris, 300 mM NaCl, 200 mM
imidazole, pH = 7.4). These proteins were further purified with gel
filtration chromatography (Superdex 200, Akta Pure system, GE
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Healthcare, MA). The protein-containing fractions were verified using
sodium dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis,
dialyzed into PBS buffer, and frozen in aliquots with 15% (v/v)
glycerol by liquid nitrogen to be stored at —80 °C for use. Protein
concentration was measured by spectrophotometry at 280 nm
(NanoDrop 1000, Thermo Scientific, DE).

Magnetic Tweezer-Based Single-Molecule Force Approach.
Single-molecule manipulation and measurement of the proteins were
performed on a homemade magnetic tweezer (MT) setup as
previously described.’” A novel antidrift procedure based on focal
plane adjustment by piezo was coupled into the home-written
Labview program, providing a steady applying force to the single-
molecule measurement for days without any drift. The protein
constructs were tethered between the Neutravidin-coated magnetic
beads and SpyCatcher-coated cover glass in the laminar flow channels.
Experiments were performed with a standardized solution (1 X PBS,
1% (m/m) BSA, 1 mM DTT, 10 mM L-ascorbate acid, pH = 7.4)
unless otherwise mentioned. The temperature of the experiment was
held at 23, 26.5, 30, 34, or 37 °C controlled by an objective heating
system (Bioptechs) and calibrated by a thermometer. The detailed
protocols of channel and microbead preparation, sample preparation,
magnetic tweezer setup, single-protein force-jumping experiment, and
force calibration were published in our previous studies’ and are
briefly shown in the Supporting Information.

Data Analysis. Raw time trace data were recorded at a sampling
rate of 200 Hz. In all of the figures of the main text and the
Supporting Information, the time traces were smoothed using the fast
Fourier transform (FFT) smooth function of OriginPro 9.0 unless
otherwise mentioned. The lifetimes (dwell times) of the dissociation,
the step sizes of the rupture of the ligand from the N2 and N3
domains, and the step sizes of the unfolding of the N2 and N3
domains were measured from the raw time trace data. Due to the
sampling rate, the time resolution of our experiment is around S ys.

The rupturing lifetimes (dwell times) for each adhesion complex
under specific force were collected and plotted as histograms. The y-
axis of the histogram was the count of the events observed in this
dwell time range (Supporting Figures). The corresponding histograms
presented in the maintext are converted to relative probability
densities. The number of the rupturing events (1) and the number of
the tethers (N) for each histogram were indicated in the figures and
legends.

The average lifetimes (7) of the dissociation of all of the adhesion
complexes under forces were fitted from the rupturing lifetime (f)
histograms using a single exponential decay equation, y(t) =
B* exp(—t/7), where y is the count or relative probability density of
the histogram and B is the amplitude of the histogram. The error bars
indicate the mean =+ standard error of the fitting.
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