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ABSTRACT: Various viruses and pathogenic bacteria interact with annexin A2
to invade mammalian cells. Here, we show that Staphylococcus aureus engages in
extremely strong catch bonds for host cell invasion. By means of single-molecule
atomic force microscopy, we find that bacterial surface-located clumping factors
bind annexin A2 with extraordinary strength, indicating that these bonds are
extremely resilient to mechanical tension. By determining the lifetimes of the
complexes under increasing mechanical stress, we demonstrate that the adhesins
form catch bonds with their ligand that are capable to sustain forces of 1500−
1700 pN. The force-dependent adhesion mechanism identified here provides a molecular framework to explain how S. aureus
pathogens tightly attach to host cells during invasion and shows promise for the design of new therapeutics against intracellular S.
aureus.
KEYWORDS: single-molecule experiments, Staphylococcus aureus, clumping factors, annexin A2, host invasion, catch bonds

Annexins are a group of human proteins that play multiple
functional roles, such as controlling membrane scaffold-

ing, promoting trafficking and vesicle organization, mediating
cell−cell interactions and, in the extracellular environment,
inducing fibrinolysis, coagulation, inflammation, and apopto-
sis.1−3 An important member of the family is annexin A2,
which is found in endothelial cells, epithelial cells, monocytes,
macrophages, and most cancer cells. While annexin A2 is
mostly present in the cytoplasm, it can also be found associated
with the plasma membrane. This protein is composed of a
variable “head” at the N-terminus and of a highly conserved
“core” domain located at the C-terminus4 (Figure 1a). The N-
terminal domain is a variable, intrinsically disordered region
that contains sites for post-translation modifications including
acetylation, serine/tyrosine phosphorylation, and for binding
to S100A10, a protein that forms heterotetramers with annexin
A2. The conserved C-terminal core domain is composed of
four homologous repeats of about 70 amino acids, each
consisting of a right-handed superhelix of five α-helices.5 The
core domain interacts with calcium6 and with many
biomolecules, including RNA,7−9 phospholipids,10−12 hepa-
rin,13 and F-actin.10,14

Viruses15 and pathogenic bacteria16 interact with surface-
exposed annexin A2 to favor colonization and invasion of host
cells. Annexin A2 bridges cytomegaloviruses to cell membranes
to enhance infection17−19 and binds to human papilloma virus
L2 capsid protein20,21 and Enterovirus type 71 for host cell
entry.22−24 Annexin A2 colocalizes with spike glycoprotein S2
protein of SARS CoV-2 suggesting a potential role of S2
protein in viral invasion.25 Intracellular annexin A2 is targeted

by the nonstructural protein 1 involved in the replication and
pathogenesis of avian influenza virus.26 Annexin A2 exposed on
mammalian cells serves as a specific ligand for Pseudomonas
aeruginosa, leading to its internalization.27 Together with
cellular proteins NHERF2, it forms a scaffold complex that
links adjacent Tir molecules during attachment of enter-
opathogenic and enterohemorrhagic Escherichia coli to host
cells.28 The ligand also mediates specific binding to
uropathogenic E. coli,29 Salmonella typhymurium,30 and
rickettsiae,31 and the community-acquired respiratory distress
syndrome toxin mediates annexin A2-dependent Mycoplasma
pneumoniae interaction with eukaryotic cells and determines
disseminated inflammation and tissue pathologies.32

There is also compelling evidence that Gram-positive
bacteria use annexin A2 for adherence and invasion. Pneumo-
coccal surface protein K expressed by uncapsulated Strepto-
coccus pneumoniae mediates bacterial adherence to epithelial
cells via direct interaction with annexin A2.33 S. pneumoniae
adhesin A is involved in the annexin A2-dependent attachment
and colonization of nasopharyngeal epithelial cells.34 Western
blotting, ELISA assays, and pull-down experiments showed
that recombinant Staphylococcus aureus clumping factor A
(ClfA; Figure 1b) interacts with annexin A2.35 ClfA and
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annexin A2 partially colocalize on the host cell plasma
membrane, but essentially concentrate in the cytosol,
indicating ClfA cellular uptake.35 These in vitro observations
suggest that ClfA binds to annexin A2 and that this interaction
plays a role in S. aureus invasion. Along the same line, S. aureus

has recently been shown to use ClfB to bind annexin A2 for
internalization by epithelial cells. Bacterial-associated annexin
induced F-actin rearrangement and ClfB was identified in
annexin-precipitated proteins from S. aureus lysates.36 Pretreat-
ment with recombinant ClfB triggered S. aureus internalization

Figure 1. Studying the binding of annexin A2 by clumping factors A and B. (a) Annexin A2 (339 residues) is composed of two major domains, the
amino-terminal domain or head region and the carboxyl-terminal core domain. The amino-terminal tail region is the site for post-translational
modification and encompasses the redox reactive cysteine residues (Cys-8) and the nuclear export sequence (Val-3-Leu-12) and an amphipathic α-
helix which binds to the S100A10 protein. The carboxyl-terminal core domain encompasses four predominantly α-helical repeatx each containing
70 amino acids. Each repeat segment contains five α-helices in which four helices are oriented antiparallel and the fifth one is lying perpendicular to
the other helices. The carboxyl-terminus core domain contains binding sites for heparin and RNA, calcium and phospholipids, plasminogen, and as
well as for F-actin. The binding sites for viruses and bacteria remain to be determined. (b) Schematic diagram of the domain organization of ClfA
(896 amino acid residues) and ClfB (933 residues) showing the ligand-binding A-region made of the N1N2N3 subdomains, the serine-aspartate
repeat region (Sdr), the wall-spanning domain (W), and the membrane anchor (M). (c) Annexin A2 exposure on thrombin-treated or -untreated
HUVEC cell monolayers was detected incubating the wells with an annexin A2 antibody (left). Host cell adhesion (center) and invasion (right)
were tested by incubating S. aureus cells with thrombin-treated HUVEC cell monolayers. Inocula, adherent, and internalized bacteria were
quantified by viable counting. Error bars show s.d. of the means from at least three determinations performed in triplicate (Student’s test: *, P <
0.05). (d) The strength and dynamics of single adhesin−ligand interactions were studied by single-molecule force spectroscopy (SMFS) in which
annexin A2-modified tips are used to register force−distance curves on S. aureus bacteria expressing exclusively ClfA or ClfB.
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Figure 2. Strength of single clumping factor−annexin A2 interactions in living S. aureus bacteria. (a, b) Adhesion force (left) and rupture length
(right) histograms obtained by recording force−distance curves in PBS between four different S. aureus ClfA(+) and ClfB(+) cells and AFM tips
functionalized with annexin A2, at a retraction velocity of 1 μm s−1. Insets show representative adhesive force profiles. (c) Representative force data
obtained with S. aureus lacking ClfA and ClfB. (d) Box plot of adhesion probability (left) and adhesion force (right) for ClfA(+) cells (n = 16 cells
from 3 independent cultures), ClfB(+) cells (n = 11 cells from 6 independent cultures), and ClfA/B(−) cells (n = 9 cells from 2 independent
cultures). P values were determined by Mann−Whitney test. *, P < 0.05 was considered as significant. If present, the arrow at the top left of a
histogram stands for the nonadhesive events.
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and the action of the adhesin was specifically blocked by
annexin antibodies.36 While annexin A2-binding by Clf
proteins appears to be important for host cell adhesion and
invasion, the molecular details of this interaction are unknown.
Here, we use single-molecule experiments on living bacteria to
demonstrate that ClfA and ClfB form very high strength catch
bonds with annexin A2, and that this force-enhanced adhesion
is a key mechanism in S. aureus host cell invasion.
We initially tested the ability of ClfA and ClfB to bind

surface-exposed annexin A2 for adhesion and invasion.
Bacterial cells from the S. aureus SH1000 strain expressing
either ClfA or ClfB (hereafter called ClfA(+) and ClfB(+) cells)
but not the adhesins FnBPA and FnBPB, were incubated with
HUVEC monolayers treated with thrombin as this molecule
triggers a much higher exposure of annexin A2 on the plasma
membrane (Figure 1c, left).37 Hence, experimental conditions
were used where the impact of adhesins such as FnBPA and B
is significantly reduced and the exposure of the Clf ligand
(annexin A2) optimized. Both ClfA(+) and ClfB(+) bacteria
attached to HUVEC cells in large amounts, while attachment
of bacteria lacking both adhesins was substantially lower
(Figure 1c, center). In internalization assays (Figure 1c, right),
we found that ClfA(+) and ClfB(+) bacteria invaded at
substantial levels, with a more pronounced invasion for
ClfB(+) ones. These observations show that annexin A2
binding by ClfA and ClfB is important for S. aureus adhesion
and invasion.
We sought to characterize the mechanical strength of the

interactions of ClfA and ClfB with annexin A2 using single
molecule force spectroscopy (SMFS; Figure 1d). Force−
distance curves were registered between AFM tips function-
alized with annexin A2 and living S. aureus bacteria. In Figure
2a and b we present the adhesion forces and rupture distances
obtained for representative ClfA(+) and ClfB(+) cells (including
cells from independent cultures; for data on more cells, see
Figure 2d, Figure S1). Most curves featured well-defined,
extremely strong adhesion forces, with a mean of 2005 ± 120
pN for ClfA (mean ± s.d., from a total of n = 1978 adhesive
curves from 11 cells) and 1932 ± 160 pN for ClfB (n = 1604
adhesive curves from 16 cells). While the magnitude of strong
forces slightly varied from one cell to another, their
distributions were always narrow, implying they originate

from the rupture of single protein complexes. A multimodal
force distribution is expected when a variable number of bonds
break simultaneously, which was not observed here. Strong
bonds ruptured at ∼200−400 nm, reflecting extension of the
intrinsically disordered C-terminal stalk domains of the
adhesins (residues 543−896 in ClfA and 541−874 in ClfB)
and of annexin (346 residues). The mechanically ultrastable A
domains of Clfs are unlikely to unfold. Of note, adhesion force
maps (Figure S2) documented heterogeneous distributions of
ClfA and ClfB at the bacterial cell surfaces, with the formation
of nanoclusters.
Several observations support the view that strong forces

result from specific dock lock and latch (DLL) interactions: (i)
∼2 nN forces were also observed with tips modified using an
NHS surface chemistry (Figure S3) rather than a PEG-
benzaldehyde linker; (ii) strong adhesion was missing on cells
lacking ClfA and ClfB (Figure 2c, Figure S4); (iii) strong
forces are in the range of that reported for prototypical DLL
interactions;38−42 (iv) binding was essentially abolished when
using an S. aureus strain (ClfAPY) expressing ClfA carrying
substitutions in key amino acids (specifically, Pro 336 and Tyr
338, both located in the N2 subdomain and concurring to the
hydrophobic environment of the trench) involved in DLL
binding (Figure 3, Figure S5).41

We next measured the strength of the Clf-annexin A2 bonds
(F) while varying the rate at which force is applied (loading
rate, LR, assessed from the force vs time curves). Figure 4a,b
shows the dynamic force spectroscopy (DFS) data registered
with retraction speeds ranging from 0.5 μm s−1 to 10 μm s−1

(data pooled from 9388 and 5312 adhesive curves on six
ClfA(+) and five ClfB(+) cells, respectively). In line with the
Bell−Evans (BE) theory,43 a semilog relationship was observed
between the most-probable forces and the LRs (Figures 4a,b),
yielding a position of the energy barrier that separates the
bound from the unbound state of xu = 0.063 and xu = 0.077
nm, and an off-rate constant at thermal equilibrium of koff0 =
3.49 × 10−12 s−1 and koff0 = 1.27 × 10−14 s−1, for ClfA and ClfB
respectively. The very low koff0 values illustrate the high
lifetime and mechanostability of the complexes.
The above results show that both adhesins feature similar

kinetic parameters for the high forces. However, ClfA, but not
ClfB, exhibited weaker intermediate forces, in the 1200−1700

Figure 3. Substitutions within the ClfA N2N3 binding trench show that ClfA and annexin A2 engage in a dock lock and latch interaction.
Representative adhesion force histograms with force curves (left inset) obtained in PBS between annexin-tips and two cells from the S. aureus
ClfAPY strain expressing ClfA carrying amino acid substitutions within the N2N3 binding trench that prevent DLL ligand-binding. Box plot (right
inset) showing that the adhesion probability of ClfAPY (n = 10 cells from 3 independent bacterial cultures) is dramatically reduced compared to the
ClfA(+) and ClfB(+) strains.
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pN range, that could also be described by the BE model, with
xu = 0.068 nm and koff0 = 3.47 × 10−9 s−1, values indicating a
lower bond lifetime. Sorting adhesion forces by discrete ranges
over LR clearly revealed the occurrence of a bimodal force
distribution for ClfA (Figure 4c). Earlier studies have shown
that besides the Fg γ-peptide N2N3 binding trench of ClfA,

there is a second binding site located at the top of the N3
domain which is critical for an overall high affinity Fg-ClfA
interaction.38,44 One could therefore argue that the inter-
mediate forces are associated with a second distinct binding
site on the adhesin. However, the lack of adhesion forces larger
than ∼500 pN observed with the S. aureus ClfAPY strain

Figure 4. Dynamic force spectroscopy of the clumping factor-annexin A2 interactions. (a, b) DFS plots showing the distribution of the rupture
forces vs loading rates between annexin A2-tip and ClfA(+) (a) and ClfB(+) cells (b). For ClfA(+) cells, data were pooled from n = 9388 force curves
from 6 cells from 4 independent bacterial cultures; ClfB(+) cells, from n = 5312 force curves from 5 cells from 3 independent bacterial cultures. The
red lines represent Bell−Evans model fit of the data, showing the expected loading-rate dependency. xu = 0.063 nm and koff0 = 3.49 × 10−12 s−1, xu =
0.077 nm and koff0 = 1.27 × 10−14 s−1, for ClfA and ClfB were extracted, respectively. For ClfA(+), a second fit at lower forces is shown (blue), with
xu = 0.068 nm and koff0 = 3.47 × 10−9 s−1. Error bar indicates s.d. of the mean value. (c, d) Histograms of force distribution for discrete ranges of
LRs, documenting an unusual bimodal force distribution for ClfA(+) (arrows).
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(Figure 3) allows us to rule out this possibility. Rather, we
argue that the intermediate forces reflect the rupture of DLL
complexes that are not tightly stabilized due to metastable
geometries.
The high lifetimes of the ClfA and ClfB interactions

estimated from the DFS data are in contrast with the moderate
lifetimes obtained from bulk affinity experiments,13,45−47 thus
indicating that unbinding occurs through a different pathway
under tensile loading. We hypothesized that the force-
dependent pathway may result from the formation of long-
lived catch bonds, as observed for SdrG and SpsD DLL
interactions.48,49 To test this, we used force-clamp spectros-
copy (Figure 5), where the adhesin−ligand bond was clamped
at forces ranging from 1100 pN to 1900 pN, while recording
the time that the adhesin and ligand stay in contact before the
bond ruptures spontaneously. The bond lifetime (τ) was

assessed from the persistent time extracted from the force vs
time curves (Figure 5a).
For ClfA (Figure 5b), mean lifetimes of 8.9, 9.8, 12.4, 11.5,

12.2, 12.9, 14.2, 12.1, and 7.8 s were obtained at clamping
forces of 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, and
1900 pN, respectively. For ClfB (Figure 5c), the lifetimes were
8.6, 13.5, 14.9, 15.1, 12.4, 12.2, 10.2, and 7.8 s at 1200, 1300,
1400, 1500, 1600, 1700, 1800, and 1900 pN. Hence, an
increase in lifetimes was observed in the 1100−1700 pN and
1200−1500 pN force ranges for ClfA and ClfB (Figure 5d)
reflecting a catch bond behavior. Beyond these critical forces,
the lifetimes switched back to lower values, as expected for slip
bonds. Intriguingly, ClfA exhibited a catch-slip transition more
complex than ClfB (Figure 5d), thus correlating with the DFS
plots and indicating that the ClfA−annexin A2 interaction is
indeed characterized by both intermediate and high forces.
Lastly, we note that survival plots (Figure S6), i.e., number of

Figure 5. Clumping factor−annexin A2 interactions feature catch-slip bond transitions. (a) Representative force−clamp curve (force vs time). The
bond lifetime is given by the constant force regime indicated by black dots arrow. (b, c) Box plots showing the lifetime data obtained from force vs
time for ClfA (b) and ClfB (c). ClfA, data pooled from n = 71, 71, 88, 87, 125, 140, 150, 154, and 167 curves for Fclamp = 1100, 1200, 1300, 1400,
1500, 1600, 1700, 1800, and 1900 pN, respectively, recorded on a total of 6 cells from 4 independent cultures. ClfB, data pooled from n = 67, 73,
112, 216, 225, 205, 219, and 186 curves for Fclamp = 1200, 1300, 1400, 1500, 1600, 1700, 1800, and 1900 pN, respectively, recorded on a total of 5
cells from 5 independent cultures. Circles are the mean values, lines the median, boxes the 25−75% quartiles, and whiskers the 10−90% interval.
Difference of distributions were determined using Dunn-Sidak multiple comparison test. *, P < 0.05. (d) Bond lifetimes measured at different Fclamp
showing the catch-slip transition for ClfA and ClfB.
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intact bonds versus time for the different Fclamp values, showed
that the survival probability decreased linearly (in a semilog
representation) for times smaller than ∼10 s, after which the
probability dropped nonlinearly.
Collectively, our results demonstrate high force catch bonds

between ClfA/B adhesins and annexin A2. A variety of
bacterial pathogens, including P. aeruginosa, E. coli, S.
typhymurium, rickettsiae, and S. aureus, interact with annexin
A2 on the surface of mammalian cells,27,28,30,31,35,36 yet the
molecular details of these interactions and their role in host cell
invasion have remained largely unexplored. This work
represents the first identification of a catch bond mechanism
used by a bacterial pathogen for host cell invasion, thus
highlighting the role of catch bonding in governing S. aureus
pathogenicity.
ClfA/B-annexin A2 complexes have a force resilience similar

to that of covalent bonds, and in the range of that reported for
staphylococcal DLL-interactions.38−40,42,48,49 Analysis of the
ClfAPY mutant strain demonstrates that the ∼2 nN binding
forces are associated with a DLL mechanism, in which the
adhesin N2N3 binding domains undergo conformational
changes under stress, enabling the formation of long-lived
bonds with its ligand. Adhesins are generally heterogeneously
distributed across the cell surface and localize in nanoclusters
that are likely to strengthen bacterial adhesion in vivo through
multivalent binding.50

ClfA/B-annexin A2 interactions exhibit catch−slip bond
transitions at critical forces of 1.5−1.7 nN. Below this
transition force, the bond is longer-lived with increasing
mechanical force (catch-bond behavior) while above it, the
bond weakens with further increasing force (slip-bond
behavior). The critical force is orders of magnitude larger
than that of all other cellular receptor−ligand bonds
investigated so far, e.g., FimH, PSGL-1 ligand, actin/myosin,
and T cell receptors (transition forces smaller than 10
pN).51−54 The bond lifetime and critical force of the catch−
slip transition are substantially larger than those of the DLL
SpsD-Fg interaction,48,55 which is indicative of a higher
mechanical stability. Notably, ClfA, but not ClfB, exhibit
both intermediate and high binding forces, indicating that the
adhesin forms DLL complexes that are not fully stabilized.
Perhaps, this unusual binding behavior explains the lower
capacity of ClfA to support host cell invasion.
Lifetime measurements generally follow an exponential

decay, which is not observed here. While this deviates from
classical catch-bond behaviors, we recently found that in the
case of the very strong interaction between the S. aureus
adhesin SdrE and complement factor H, lifetime values follow
exponential distributions for all clamping forces studied, except
for those matching the critical force at which the catch−slip
transition occurs.56 We believe this atypical behavior, similar to
what we observe in the present study, is related to the unique
binding strength and complexity of the mechanisms at play,
which are associated with a much higher mechanostability than
in typical receptor−ligand bonds. This is supported by the fact
that not only the critical forces we measured, but also the bond
lifetimes, are much larger than those reported for the DLL
interaction between the staphylococcal adhesin SpsD and its
Fg ligand.48 Formation of long-lived catch bonds is of
relevance in the early stage of invasion as surface-attached
bacteria experience mechanical cues induced by fluid flow and
cellular contacts.57−60 In vivo, annexin A2 is exposed to shear
stress associated with blood flow under specific physiological

conditions, e.g., when coagulation starts and prothrombin is
activated into thrombin.
Molecular dynamics (MD) simulations of staphylococcal

adhesins engaged in a DLL mechanism41,42,61,62 have shown
that the target ligand peptide is confined in a screw-like
manner in the adhesin binding pocket. Rupture of the complex
involves the simultaneous breakage of numerous hydrogen
bonds in a cooperative shear geometry, yielding an extreme
mechanical strength. We argue that the high mechanical
stability of the Clf-annexin complexes results from an intricate
hydrogen bond network between the ligand peptide backbone
and the adhesin. For SdrG, MD simulations revealed that a
catch bond mechanism explains the force-enhanced mechan-
ical strength and stability of the complex.49 While allowing for
thermal dissociation in a low-force regime,63 an entirely
different mechanical dissociation path emerged in a high-force
regime, revealing a complex mechanism that does not depend
on the peptide amino acid sequence.
An interesting question is how do our measured ligand-

binding forces compare with the anchoring strengths of the
adhesin and annexin proteins? ClfA and ClfB belong to a
family of adhesion proteins that are covalently attached to the
bacterial cell wall, the Microbial Surface Components
Recognizing Adhesive Matrix Molecules (MSCRAMMs), and
which target host extracellular proteins.64 Annexin A2 tightly
associates with the host plasma membrane via Ca2+-dependent
ionic binding to negative charged phospholipids.65 Notably,
this annexin can bind up to 12 Ca2+ ions, suggesting it engages
in multivalent interactions with the cell membrane. Other
interactions may play a role in membrane association, as some
annexins, like annexin A5, bind hydrophobic chains of
membrane lipids via insertion of a tryptophan residue into
the membrane,66 while annexin A13 can insert into membranes
through the N-terminal myristoylated domain.67 Therefore, it
is possible that similar hydrophobic bonds are involved in
binding annexin A2 to the host membrane. Membrane
anchoring of annexin A2 could also be reinforced by the
formation of heterotetrameric complexes with S100A10 and by
interaction with specific proteins and cholesterol-rich lipid raft
microdomains.68 In addition, self-association of the annexin
into oligomers results in stable clusters on plasma mem-
branes.69 These putative interactions are not mutually
exclusive, but may cooperate in the stabilization of the annexin
A2-membrane association.
Finally, it is tempting to speculate on the mechanism of

bacterial internalization triggered by the adhesin−annexin
interaction. The main S. aureus invasion process involves a
ternary bridge between bacterial FnBP adhesins, fibronectin
(Fn), and integrin α5β1 on human cells.70,71 Fn-binding by
FnBPs disrupts specific intermolecular contacts in the Fn N-
terminal domain resulting in structural rearrangements at sites
involved in integrin recognition.72 Then, endocytosis occurs
through clathrin-coated pits through rearrangement of the
cytoskeleton73 and F-actin polymerization.74,75 Aside from this
classical pathway, there are other secondary mechanisms of
invasion76 including the ClfA/B-annexin A2 system inves-
tigated here. Currently, the molecular details of annexin A2-
mediated invasion remain essentially unknown. An important
open question is whether binding of ClfA/B elicits molecular
changes in annexin A2, activating the internalization process, as
for the FnBP-Fn complex. Moreover, as annexin A2
participates in the organization of lipid rafts at sites of actin
recruitment,65 adhesin−annexin raft complexes could trigger a
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raft-dependent biochemical pathway in host cells. It is also
worth noting that E. coli strains infecting epithelial cells can
reorganize the cytoskeleton via annexin A2, which is known to
regulate actin dynamics at the bacterium contact.77,78 Annexin
A2 is recruited to the membrane adhesion site by E. coli, where
F-actin bundling activity is enhanced.79,80 Annexin A2 also
promotes cytoskeletal rearrangements during host cell invasion
by Salmonella,30 which is reminiscent of the FnBP-dependent
internalization mechanism. We therefore suggest that a similar
scenario may occur in which ClfA/B-annexin A2 complexes
induce cytoskeletal rearrangement and F-actin polymerization,
and the subsequent events leading in S. aureus internalization.
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