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ABSTRACT In biological adhesion, the biophysical mechanism of specific biomolecular interaction can be divided in slip and
catch bonds, respectively. Conceptually, slip bonds exhibit a reduced bond lifetime under increased external force and catch
bonds, in contrast, exhibit an increased lifetime (for a certain force interval). Since 2003, a handful of biological systems
have been identified to display catch bond properties. Upon investigating the specific interaction between the unique hydrophilic
domain (HD) of the human cell-surface sulfatase Sulf1 against its physiological glycosaminoglycan (GAG) target heparan sulfate
(HS) by single molecule force spectroscopy (SMFS), we found clear evidence of catch bond behavior in this system. The HD,
~320 amino acids long with dominant positive charge, and its interaction with sulfated GAG-polymers were quantitatively inves-
tigated using atomic force microscopy (AFM) based force clamp spectroscopy (FCS) and dynamic force spectroscopy (DFS). In
FCS experiments, we found that the catch bond character of HD against GAGs could be attributed to the GAG 6-O-sulfation site
whereas only slip bond interaction can be observed in a GAG system where this site is explicitly lacking. We interpreted the bind-
ing data within the theoretical framework of a two state two path model, where two slip bonds are coupled forming a double-well
interaction potential with an energy difference of DE z 9 kBT and a compliance length of Dx z 3.2 nm. Additional DFS exper-
iments support this assumption and allow identification of these two coupled slip-bond states that behave consistently within the
Kramers-Bell-Evans model of force-mediated dissociation.
INTRODUCTION
Noncovalent biological adhesion involves a multitude of
different aspects such as binding affinities, selectivities,
multidomain interaction, force and/or allosteric regulation,
and many different molecular materials. Biophysically, we
distinguish between slip and catch bonds. Whereas slip
bonds are weakened, catch bonds are strengthened by tensile
mechanical forces. Slip bonds were originally introduced by
Bell in 1978 and mathematically treated within the frame-
work of chemical reaction rate theory (1). Catch bonds
were conceptually introduced in 1988 by Dembo and co-
workers (2). The experimental proves of both slip bonds
and catch bonds are tightly connected to the biological
recruitment system P-selectin (PSel) and its P-selectin
glycoprotein ligand 1 (PSGL-1), where in 1995 the first
slip bond-like off-rate constant as a function of force was
published (3) and in 2003 the first evidence of catch bond
behavior at the single molecule level could be found as
well (4). In the meantime numerous examples of slip
bond-like interactions (5–17) could be demonstrated and a
handful of catch bond systems could be identified in cellular
and molecular force assays. Namely, catch bond behavior
could be found in PSel-PSGL-1 (4), FimH-mannose (18),
actomyosin (19), platelet glycoprotein Iba-von Willebrand
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factor (20), and integrins (21) thus verifying the general
concept of this most exciting and paradox discovery in
cell adhesion. Beyond its experimental findings a couple
of theoretical models were formulated helping to rationalize
this counterintuitive phenomenon (22–33).

In this study, we investigated the binding of the hydro-
philic domain (HD) of the human cell-surface sulfatase
Sulf1 to its natural GAG substrate heparan sulfate (HS)
(see Fig. 1, for involved molecules). Sulfatases (17 enzymes
in human) are sulfate ester cleaving enzymes, some of
which play an essential role in the postsynthetic regulation
of the sulfation status of GAGs, as holds true for the
endosulfatases Sulf1 and Sulf2. These two enzymes cata-
lyze consecutive 6-O-desulfatation of the highly sulfated
S-regions within the HS polysaccharide chain (see
Fig. 1 b, for its constituent disaccharide unit). The Sulfs
are crucial in many physiological and pathological pro-
cesses such as embryonic development, tissue homeosta-
sis/repair, and tumorigenesis, as they modulate cellular
signaling of numerous HS-dependent growth factors
(34,35). The extracellular sulfatase Sulf1 was first discov-
ered in 2001 by Emerson and colleagues searching for sonic
hedgehog (shh) responsive genes during the development of
quail embryo (36). Since then orthologs were characterized
in many organisms, including mouse and human, and an iso-
form, called Sulf2, was detected in most animal species
analyzed (37). In further studies we (38,39) and others
http://dx.doi.org/10.1016/j.bpj.2015.02.028
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FIGURE 1 Schematics of the used protein construct and glycosamino-

glycan structures. (a) MBP-HD fusion protein according to the linear amino

acid sequence. The maltose binding protein (MBP) part is sketched in yel-

low, N- and C-terminal regions of HD are colored dark blue, and the less

conserved inner region of HD is colored light blue. The basic cluster is

stained red (see (39) for further details). The fusion protein was purified

via its MBP-tag using amylose-affinity chromatography and analyzed by

SDS-PAGE (see Fig. S1). (b) HS-chains consist of 50 to 150 disaccharide

units. Distributed along the chain highly sulfated S-regions are established

biosynthetically, which represent the high-affinity interaction sites for HD.

These S-regions comprise up to eight consecutive disaccharides (60) of the

shown consensus structure with the N-sulfate as a uniform and the 6-O-sul-

fate as a predominant glucosamine modification (red). The uronic acid

mostly carries a 2-O-sulfate group (blue) and is C5-epimerized from glucur-

onic acid (GlcA) to iduronic acid (IdoA) (blue arrow). Along the entire HS

polysaccharide chain S-regions are separated by regions of little or no sul-

fation. (c) Heparosan N-sulfate, also called K5 N-sulfate (K5-NS) is the

N-sulfated variant of the HS precursor heparosan, i.e., a HS structure

with N-sulfation only. It consists of b-D-GlcA-(1/4)-a-D-GlcNS as

repeating disaccharide (30 to 40 units on average (61)). In comparison

with the HS S-region disaccharide structure shown in (b) K5-NS lacks

6-O-sulfation of glucosamine as well as 2-O-sulfation and C5-epimeriza-

tion of the uronic acid. To see this figure in color, go online.
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(40) could assign the specific and tight HS binding of
Sulf1/2 to their unique and genetically conserved HD
domain, which comprises 300 to 320 amino acids and is
highly charged under physiological pH conditions (27%
basic and 13% acidic residues). Interestingly, HD itself
comprises no catalytic site and therefore does not alter the
HS sulfation pattern. Nevertheless HD is critical for the
enzymatic activity of Sulf1 as it essentially recognizes
the D-glucosamine 6-O-sulfatation sites of the di- or trisul-
Biophysical Journal 108(7) 1709–1717
fated disaccharide repetition unit (uronic acid-glucosamine)
constituting the S-regions of HS (see Fig. 1 b). Furthermore,
Sulf1 lacking HD completely loses its enzymatic capabil-
ities (38,39). To extend our previous work on extracellular
proteoglycans such as marine sponge aggregation factors
(41,42) and aggrecans (12), we investigated the interaction
of Sulf1 against GAGs at the single molecule level, where
we functionally immobilized the HD of Sulf1 and its
counter ligand GAGs on opposing surfaces (flat gold surface
and AFM tip, respectively, see Fig. 2 a) and quantitatively
investigated their binding properties with single molecule
force spectroscopy (SMFS). A previous study from our
lab, including dynamic SMFS and, in addition, also
ensemble interaction and in vivo cell-surface association
experiments, led to the conclusion that, interestingly, HD
binding to HS involves at least two distinct binding sites
that dynamically cooperate to allow for a processive and
directed action of Sulf1 along the polysaccharide chain of
its HS substrate (39).

In this study we present detailed AFM-SMFS analyses of
theHD/HS interaction providing clear evidence that in a force
range of 10 to 18 pN catch bond type behavior can be
observed. Below 10 pN and beyond 18 pN the system yields
simple slip bonddissociation. In specific control experiments,
wherewe probed the interaction of HDwith the HS precursor
heparosan N-sulfate (K5-NS, Fig. 1 c), which essentially
lacks the 6-O-sulfation site, we could observe only slip
bond type of unbindingover the full force range. Furthermore,
we analyzed our catch bond lifetime data within the theoret-
ical framework of a two state two path binding potential
whose population is solely determined by equilibrium ther-
modynamics. With our approach we determined an energy
difference between the two binding states of approximately
DE ¼ 9 kBT and a compliance length of Dx ¼ 3.2 nm.
MATERIALS AND METHODS

Single-molecule force spectroscopy

All single-molecule force spectroscopy (SMFS) experiments were accom-

plished at room temperature in phosphate buffered saline (PBS) buffer at

pH 7.3. We used a commercially available AFM (MFP-3D Bio Asylum

Research, Goleta, CA). The system was operated in the readily imple-

mented constant velocity (distance ramping) or constant force (force clamp-

ing) modes, respectively. We used soft gold-coated silicon nitride force

probes with nominal force constants of k ¼ 0.03 N/m for dynamic force

spectroscopy (DFS) experiments and k ¼ 0.006 N/m for force clamp spec-

troscopy (FCS) experiments. Nevertheless, before each measurement the

cantilevers were calibrated using the thermal fluctuation method with an ab-

solute uncertainty of ~10% (43). The approach velocity and the dwell time

for all experiments were set to 3000 nm/s and 0.5 s, respectively. The trigger

forces for constant force were set in the range from 5 to 40 pN, whereas the

pulling velocities for constant velocity experiments were varied from 20 to

5000 nm/s. A sketch depicting the general setup and a typical dataset are

given in Fig. 2. We used custom-made MATLAB software to validate

and analyze the characteristic nonlinear single molecule force extension

curves in such a way that sporadic multiple rupture events and obviously

malformed force curves were excluded from the analysis. In force clamp



FIGURE 2 Experimental setup and performance of single molecule

force spectroscopy. (a) Typical AFM experimental setup design used to

probe interactions between GAG-chains and MBP-HD at the molecular

level. The GAG-chains (black lines) were coupled via PEG-NHS ester

disulfide linkers (green lines) to a gold-coated cantilever tip. The blue

structure represents the MBP-HD fusion protein immobilized on the gold

surface (for details about functionalization, see Materials and Methods).

(b) Characteristic force clamp data diagram displaying the force by means

of the cantilever deflection versus time for a single force clamp experi-

ment. The graph can be divided into four constant force regimes that are

illustrated by the pictograms. These represent the force-free cantilever

while approaching the surface, the surface dwell time, the constantly

loaded HD-GAG-complex (red) and the force-free cantilever after dissoci-

ation, respectively. The bond lifetime of an individual complex is given

by the constant force regime highlighted in red. To see this figure in color,

go online.
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experiments, we estimated the complex lifetime for a given load. As the un-

binding of a receptor ligand complex is of stochastic nature we acquired at

least 80 individual lifetimes for each clamp force to estimate the mean life-

time. The mean complex lifetime was determined either by calculating the

average, the root mean square (RMS) or by approximating the slope of the

logarithmic decay. As shown recently, variations among these procedures

are minute (44). In constant velocity experiments, the dissociation force

is estimated by the step height of the characteristic nonlinear force ramp.
In this study, several hundred unbinding events are plotted in a histogram

and the most probable dissociation forces Fmax were estimated by approx-

imation of a (bimodal) Gaussian distribution.
Protein expression and purification

For expression in Escherichia coli (E. coli), a pMAL-c5X plasmid (New

England Biolabs, Ipswich, MA) encoding the maltose binding protein-

HD (MBP-HD) fusion protein was used. Generation of this plasmid was

described recently (39). MBP-HD consists of an N-terminal (MBP)

sequence followed by the sequence of the HD from human Sulf1 (K417-

K735), as schematically depicted in Fig. 1 a. The MBP-HD construct was

expressed in E. coli Rosetta 2 (DE3) cells (Merck, Darmstadt, Germany).

Pelleted cells were lysed and cleared supernatants loaded on an amylose-

affintiy column (MBPTrap HP 5 mL, GE Healthcare, Little Chalfont,

United Kingdom) via the ÄKTAexplorer chromatography system (GE

Healthcare). After washing with running buffer (PBS pH 7.4), bound pro-

teins were eluted in one step to 100% elution buffer (PBS pH 7.4 with

10 mM maltose). Two milliliter fractions were collected and analyzed via

Bradford assay (Coomassie Plus Protein Assay Reagent, Thermo Scientific,

Waltham, MA), SDS-PAGE and Coomassie Brilliant Blue staining of SDS-

gels (45). A typical chromatography run and SDS-PAGE analysis is shown

in Fig. S1 in the Supporting Material.
Sample preparation

As substrates we used ultra-flat gold surfaces prepared according to the

template stripped gold (TSG) procedure (46). Both, substrates and cantile-

vers were modified with 1 mM PEG-NHS-ester disulfide linkers (Polypure

AS, Oslo, Norway) via thiol chemistry in water free DMSO. HS (from

Celsus), heparin (from Sigma Aldrich, St. Louis, MO), and N-sulfated

K5-polysaccharide (from Iduron, Manchester, United Kingdom) were fused

to the cantilever via a readily introduced amino group in coupling buffer

(0.2 M NaHCO3 pH 8.2). MBP-HD (100 mg/ml) was coupled to the immo-

bilized PEG-NHS-esters in PBS pH 7.3 with low surface concentration to

present only very few potential binding partners to the GAG-coated tip.

Even though, the overall interaction rate drops well below 10%, it signifi-

cantly suppresses the occurrence of multiple binding events (47). After in-

cubation, the immobilized substrate surfaces and cantilevers were rinsed

extensively with PBS.

Notably, in previous experimental series we analyzed the unspecific

adhesion of heparin which bears the highest specific charge of all used

GAGs to unmodified and MBP-covered gold substrates (39). We found,

that the interaction rates and adhesion energies where considerably lower

than those acquired for HD and heparin. Therefore, SMFS data sets of

HD and GAGs can be considered as virtually free of unspecific adhesion.
RESULTS AND DISCUSSION

Single molecule force clamp experiments—
constant force experiments

Sulf1-HD was expressed as a recombinant fusion protein
with (MBP-HD, Fig. 1 a) and purified via its MBP-tag using
amylose affinity chromatography (Fig. S1). We performed
single molecule AFM force clamp experiments with
MBP-HD (Fig. 2 a) against its physiological substrate HS
within a force range of 7.5 to 40 pN. To further elucidate
the significance and importance of the 6-O-sulfatation sites,
which are recognized by HD (39), we performed single
molecule force clamp experiments with Sulf1 HD also
against the HS precursor heparosan N-sulfate (K5-NS)
Biophysical Journal 108(7) 1709–1717



FIGURE 3 Catch bond behavior of HD interaction with its physiological

substrate heparan sulfate. (a) Estimation of the complex lifetimes for HD/

HS (left) and HD/K5-NS (right) complexes by means of typical data. The

negative inverse slope of the natural logarithm of the number of intact bonds

plotted versus time gives the complex lifetime. The evolution of bond sta-

bility in the catch regime (approximately 10 to 20 pN rising forces) exposes

a flattening of the plot slopes for rising forces (arrow) in case of HD/HS

catch bonds, while the plot slopes steepen for HD/K5-NS slip dissociation.

(b) Measured complex lifetimes for different HD substrates (HS and K5-

NS) under a constant external force in the range of 7.5 to 40 pN (scatter

plots). HS, the physiological substrate of HD, shows explicit catch bond

behavior in the force range of 10 to 18 pN. The dashed red and green plots

represent the slip dissociation from the individual binding states S1 and S2,

respectively. The force dependent population p1(f) and p2(f) of each state

allows for the life time approximation over the whole force range (inset).

The stability of complexes with K5-NS, lacking 6-O-sulfate, decreases

exponentially and can be modeled by a one state one path approach. To

see this figure in color, go online.

1712 Harder et al.
that completely lacks 6-O-sulfatation (Fig. 1 c). For each of
the systems, we investigated more than 1000 dissociation
events and individually measured the lifetime of the HD/
GAG complex while a constant (clamp) load was applied
(Fig. 2). According to N(t) ¼ N0 exp(�t/t), the average life-
time t was then estimated by logarithmically plotting the
number of intact bonds N(t) versus time and approximating
the (negative) linear slope to the dataset. In Fig. 3 a, we
exemplarily plotted these graphs for HD/HS and HD/K5-
NS for four distinct loading forces between 10 to 20 pN.
As can be rationalized from these figures, for HD/HS,
increasing clamping forces shifted the slopes to the ‘‘right,’’
whereas for HD/K5-NS slopes shifted to the ‘‘left.’’ Because
the negative slope can be attributed to the average lifetime
of the complex t, this evidence can be converted into a life-
time-force plot as displayed in Fig. 3 b. In this figure, for
HD/HS, one can immediately observe an increase of the
average lifetime in a loading force interval of 10 to 18
pN. This directly refers to the observation of catch bond
behavior in the given intermediate force interval. Below
and above this force interval the system behaves like a ‘‘reg-
ular’’ system, where bond weakening with increasing force
can be observed (slip bond character).

To test for the structural specificity of our finding, we
analyzed the interaction of HD with K5-NS. As expected
for the positively charged HD and K5-NS carrying evenly
distributed negative charges along the entire GAG chain,
we observed binding. However, no indication for a catch
bond character in the force range between 7.5 and 30 pN
was detectable. Instead, the average lifetime of the com-
plex was monotonously reduced with increasing force
throughout the whole force regime, hence indicating bond
weakening with increasing force, i.e., slip bond behavior.
To further validate the specific involvement of 6-O-sulfate
groups in catch bond interaction, we also conducted force
clamp experiments with HD against the 6-O-sulfated
GAG heparin, which is structurally closely related to the
S-regions of HS but lacks the distinct interspersed domain
structure along the polysaccharide chain (see the legend
to Fig. 1 b). Interestingly, also for heparin we found a
very similar catch bond signature in the force regime be-
tween 12 and 16 pN as shown in Fig. S2 in the Supporting
Material. These results clearly elucidate the role of GAG 6-
O-sulfation for the recognition process between Sulf1 and
its cognate HS substrate. To theoretically interpret our
experimental observations, we first considered the one state
two path model (25,30,48), which allows the most straight
forward way to quantitatively describe catch bonds. In
this model, an alternative dissociation pathway is intro-
duced along which the system can dissociate against low
external forces resulting in a tightened bond for larger
forces. At a certain critical force the system reaches its
maximum stability and switches to the slip dissociation
path. Accordingly, the dependence of the dissociation rate
k(f) on the applied force is given by
Biophysical Journal 108(7) 1709–1717
kðf Þ ¼ kc exp

�
fxc
kBT

�
þ ks exp

�
fxs
kBT

�
; (1)

where ks and kc are the dissociation rate constants for the slip
(s) and the catch (c) dissociation pathway, xs and xc are the
widths of the corresponding energy barriers, and kBT is the
thermal energy. Especially the catch bond characteristics of
P-Selectin/PSGL-1 has been approximated reasonably well
by this approach (25,30,49). Notably, this model implies
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brittle bonds at zero load as the complex lifetime decreases
for diminishing external forces. However, HD/HS (and HD/
heparin) complexes expose an increased bond life time and
slip dissociation for vanishing external force. Correspond-
ingly, a one state two path approach is not applicable to
our experimental data as it diverges in the low force regime.

More elaborate approaches have been reported that take
account of force-induced deformations (29), protein water
interfaces (50), fluctuating energy barriers (26), or two
bound states separated by an energy barrier (22,23,28,31–
33,48).

In this study, we followed the latter two state two path
approach by introducing a coupled, double-well energy
landscape with two well confined binding states S1 and S2
separated by the energy barriers E12 and E21, respectively
(Fig. 4). Both states individually obey slip bond characteris-
tics and dissociation can occur from either of the two states
depending on the external force. The total width of this bar-
rier is given by x ¼ x12 þ x21. The system can dissociate
either from the low force state S1 via x1 or from the high
force state S2 via x2 by crossing the corresponding barriers
E1 or E2, respectively (transition state). We can assume
that both binding states can be attributed to different molec-
ular conformations. Hence, it is reasonable to neglect
higher-order dissociation (e.g., S1 via x12 and x2) or dissoci-
ation from transition states when the conformational relax-
ation is fast compared with a single pulling experiment.
As protein folding dynamics are in the range of micro to
FIGURE 4 Two state two path model of HD/HS interaction. Flat and

two-dimensional (inset) representation of the proposed energy landscape

for HD/HS interaction. The occupancy of both bound states S1 and S2 is

governed by equilibrium thermodynamics. In the force-free state (black

plot) solely S1 is populated and dissociation can be observed from this state

only. On applying a force, the binding potential is tilted (red plot). In the

intermediate force (transition) regime, the system can flip between S1 and

S2 by surpassing the internal energy barriers E12 and E21, respectively.

Consequently, the observed unbinding events are a superposition of both

states. Increasing the force further depopulates S1 successively and only

dissociation from S2 can be observed. To see this figure in color, go online.
milliseconds (51–53), the upper temporal limit for HD
conformational dynamics can be estimated to be in this
range or even below. For comparison, the timescale of a mo-
lecular stretching experiment is in the range of seconds to
tens of milliseconds. Hence, the temporal evolution of the
external force can be assumed to be orders of magnitude
smaller than the conformational relaxation within the HD/
GAG complex. Consequently, the population of the states
S1 and S2 is in thermodynamic equilibrium at any time of
the experiment and can therefore be calculated by equilib-
rium thermodynamics. To estimate the (force dependent)
population of the two states we introduce the canonical
partition function Z(f) as a function of the external force:

Zðf Þ ¼ exp

�
E12 � fx12

kBT

�
þ exp

�
E21 � fx21

kBT

�
: (2)

With the energy difference DE ¼ E12 � E21 and the compli-
ance length Dx¼ x12� x21 of both states, we derive the pop-
ulation probability p1(f) and p2(f) of the states S1 and S2:

p1ðf Þ ¼
�
1þ exp

�
� ðDE� f DxÞ

kBT

���1

(3)

� �ðDE� f DxÞ���1
p2ðf Þ ¼ 1þ exp
kBT

: (4)

In line with the Kramers-Bell-Evans (KBE) model for slip
bonds (1,54,55), we define the total dissociation rate k(f)
as the probability weighted sum of the dissociation rates
from S1 and S2:

kðf Þ ¼ p1ðf Þk1exp
�
fx1
kBT

�
þ p2ðf Þk2exp

�
fx2
kBT

�
: (5)

Here, the state from which the system dissociates explicitly
depends on the applied force f, the shape of the binding poten-
tial landscape, parameterized by the compliance length Dx
and the energy difference DE between S1 and S2. Within
this theoretical framework one explicitly observes three
different dissociation regimes at low, medium, and high
forces: at low and high forces, solely S1 or S2 is populated
(Fig. 3 b, inset). Therefore, force clamp experiments within
these force ranges show dissociation of slip type (Fig. 3 b,
dashed plots), thus yielding the corresponding dissociation
rate constants (k1, k2) and bond lengths (x1, x2), respectively.
In contrast, when performing force clamp experiments at in-
termediate forces, the HD/HS complex can dissociate either
from S1 or S2. Hence, force clamp datasets obtained within
this force regime comprise individual complex life times of
both states and the average life time t is therefore a super-
position of S1 and S2. Consequently, the prolonged life times
of HD/HS at intermediate forces are caused by the increasing
population of the tighter bound state S2. By fitting the force
Biophysical Journal 108(7) 1709–1717
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dependent complex life time t (f) (the inverse of k(f)) to our
HD/HS catch bond data we found a very nice agreement
(Fig. 3 b, solid line plot) and could determine dissociation
rate constants of k1¼ 0.12 s�1 and k2¼ 0.24 s�1with reaction
lengths of x1 ¼ 1.23 nm and x2 ¼ 0.32 nm, respectively. The
energy difference between the two states was calculated to
DE ¼ 21.92 kJ/mol(z 9 kBT) with a compliance length of
Dx ¼ 3.2 nm. In contrast, the interaction of HD and K5-NS
is characterized by slip bond behavior where the bond stabil-
ity followed a simple exponential decay with increasing
external load corresponding to the force dependent decay
rate known from the KBE model:

kðf Þ ¼ k0 exp

�
f x

kBT

�
: (6)

By approximating the HD/K5-NS data correspondingly, we
can estimate a dissociation rate constant of k ¼ 0.61 s�1

with a reaction length of x ¼ 0.92 nm.
6-O-sulfate groups are evidently crucial for recognition

and binding of HD to GAGs as has been described earlier
by us and others (see Introduction). In this study, catch
bond behavior could also be specifically allocated to the
presence of 6-O-sulfate bearing GAGs (HS and heparin),
which strongly suggests interpreting this finding within
the framework of an allosteric model. Correspondingly,
the states S1 and S2 represent different protein conforma-
tions and, apparently, the 6-O-sulfate groups of the GAG
substrate serve as allosteric effectors that induce the force-
mediated tightening of the HD binding domain. Recently,
catch bond dissociation of adhesins, selectin, and actin
could be attributed to conformational transitions
(23,56,57). Even though the three-dimensional structure of
HD is so far unknown and allosteric effects have not been
reported to date, our findings strongly support a load-medi-
ated conformational switchover, which raises the question
of the physiological relevance. Very recently, Seffouh
et al. reported on the directed and processive 6-O-desulfata-
tion of HS by human Sulf2 (58), where the sulfatase binds to
the 6-O-sulfate groups of the HS S-region such, that the cat-
alytic center is positioned at the most upstream 6-O-sulfate
moiety. After desulfation, Sulf2 proceeds to the next down-
stream 6-O-sulfate. This processive action requires the pres-
ence of downstream 6-O-sulfates, which are bound by HD
(and thereupon presented to the catalytic center during pro-
gression). Reaching the S-region downstream end, the last
6-O-sulfate group is hardly desulfated (58). Within this
elaborated molecular interplay controlling catalytic process-
ing, i.e., S-domain recognition, positioned binding, sulfate
release (without Sulf getting lost from the GAG chain),
directed progression, etc., it seems that there is an essential
demand for allosteric effects with multiple (at least two)
contacts controlling bound states very likely. Conforma-
tional transitions and cooperative binding effects suggest a
mechanism that stepwise feeds 6-O-sulfates to the catalytic
Biophysical Journal 108(7) 1709–1717
site and possibly drags the enzyme along the GAG chain
(Fig. S3). It appears reasonable that this process is
controlled by the progressive release of 6-O-sulfates, which,
vice versa might also be induced when applying an external
load to the HD/HS complex. Moreover, the transition energy
barrier DEz 9 kBT is sufficiently small 1) to be in line with
our assumption of fast inner relaxation, and 2) have the
transformation be triggered by a comparatively small stim-
ulus that is equivalent to the energy of a typical hydrogen
bond (59). Interestingly, the transition energy barrier and
compliance length of HD/heparin catch bonds differ signif-
icantly from HD/HS catch bonds (see Supporting Material).
We attribute this to the lack of a discrete domain structure
(S-regions) in heparin. Evidently, the allostery-driven
conformational transition of HD is critical for the directed
catalytic release of 6-O-sulfates. In contrast, the interaction
of HD with the 6-O-sulfate lacking GAG K5-NS does not
expose any catch bond characteristics. Notably, the K5-NS
force life time plot (Fig. 3 b) exposes a small maximum at
18 pN that could indicate dissociation of catch type. There-
fore, we applied both models to the data and rated the results
with the Akaike Information Criterion (AIC) thereafter. We
found a minimized AIC value for the one state one path
model indicating, that the small peak at 18 pN can be attrib-
uted to stochastic scatter.
Dynamic force spectroscopy—constant velocity
simulations and experiments

To verify if our assumption of a two-state binding model is
correct and to investigate whether the catch bond nature
from the coupled two-state system gets also apparent in
AFM dynamic force experiments, we analyzed the interac-
tion of HD against HS in a series of constant velocity SMFS
experiments. Interestingly, the force versus loading-rate
plots acquired in earlier experiments showed neither any
discontinuity nor any evidence that could be attributed to
the effects described before (39). Hence, we performed sim-
ulations on the basis of our constant force data to estimate
the expectable evolution of the loading-rate dependent
dissociation force. According to the KBE model, a ther-
mal-induced decay (dissociation) can be characterized by
a first-order differential equation. Correspondingly, the tem-
poral evolution of bond survival at time t is described by

dpðtÞ
dt

¼ �kðf ðtÞÞpðtÞ; (7)

where p(t) is the bond survival probability at time t, and
k(f(t)) is the dissociation rate. To estimate the probability
density of the dissociation forces for a two state two path
binding potential, we inserted Eq. 5 into Eq. 7 and numeri-
cally solved the differential equation for loading rates be-
tween 1 and 105 pN s�1 and by using the fit parameters
DE, Dx, k1, k2, x1, and x2 for HD/HS from our force clamp
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experiments (for details, see Supporting Material). The
result is shown in Fig. 5. In this figure, the predicted proba-
bility density �dp(f) / df for dissociation at force f is plotted
versus the experimental loading rate r (on a logarithmic
scale) in gray scale. What can readily be discerned are
two coexisting slip bond binding states, visible as linear
areas (constant slopes) at high and low loading rates in
agreement with the KBE theory for slip bonds. In this graph,
vertical cross-sections can be attributed to (the well-known)
force histograms displaying the most probable dissociation
force at a fixed loading rate. Each of the two regimes can
theoretically be identified with the two anticipated binding
states (S1 and S2) of the two state two path model. Interest-
ingly, there is a certain intermediate loading rate interval
(102 – 104 pNs�1), where the two states S1 and S2 should
coexist and should be detectable by a bimodal force distri-
bution in the DFS force histograms.

When we first performed constant velocity experiments
with typical AFM pulling velocities of ~1 mm/s (39), typical
loading rates of r ¼ 104–105 pNs�1 were achieved (loading
rate ¼ pulling velocity � molecular elasticity). In these ex-
periments unimodal force histograms could always be de-
tected in agreement with the theoretical prediction. From
the simulation it becomes apparent that the ‘‘high force’’
state S2 and its depopulation path always had been probed
in DFS. To probe also the ‘‘low force’’ state S1, we had to
reduce the experimental loading rates considerably (by
several orders of magnitudes), which we implemented by
reducing the experimental AFM pulling velocities down to
20 nm/s (which is really slow for AFM operation and makes
a stable microscope and tedious analysis necessary). In
agreement with our numerical simulation, we found
bimodal dissociation force distributions for small and me-
dium loading rates and unimodal distributions at high
loading rates (Fig. 5, inset). We estimated the distribution
maxima where the low and high force peaks represent pre-
dominant dissociation from S1 and S2, respectively, and
matched these with the predicted probability density
(Fig. 5). Beside the fact that theoretical and experimental
data show significant overlap, one can observe a super-
position of both states within a transition regime (r ¼
102 �5 � 103 pNs�1) as the complex dissociates either
from S1 or S2 each within a characteristic dissociation force
range. In addition and as a further control we analyzed the
experimental DFS data according to the KBE model:

Fmax ¼ kBT

xi
ln

xi r

kBT ki
; (8)

where Fmax and r are the most probable dissociation force

and the loading rate, respectively. The fit parameters xi
and ki correspond, as defined before, to the widths of the en-
ergy barriers and the dissociation rate constants for escaping
from the states Si (i ¼ 1,2). We obtained dissociation rate
constants of k1 ¼ 0.05 s�1 and k2 ¼ 0.15 s�1 and reaction
lengths of x1 ¼ 1.12 nm and x2 ¼ 0.38 nm, respectively.
These results show a good match with the data obtained
from the force clamp experiments. Furthermore, the transi-
tion regime with two well-defined coexisting states supports
our postulation of two coupled binding (slip) states.
CONCLUSIONS

In a series of SMFS experiments at constant forces and pull-
ing velocities, we investigated the interaction between the
HD of the human sulfatase Sulf1 and various GAGs with
different sulfation patterns. Focusing on the interplay be-
tween HD and its physiological GAG substrate HS, we
found explicit catch bond characteristics that can be inter-
preted as the successive transition between two slip bond re-
gimes. We modeled this by introducing a double-well
energy landscape with two slip dissociation pathways. The
small transition forces and energy barriers are in line with
our assumption that the system remains in thermal
FIGURE 5 Dynamic single molecule force

spectroscopy-numerical simulation and experi-

mental results. Force versus loading rate graph

for HD/HS complexes. The predicted probability

density �dp(f)/df for unbinding at force f is plotted

in gray scale. This data was calculated using the

experimental results obtained from force clamp

experiments. Typical experimental DFS dissocia-

tion force histograms (normalized) illustrate the

evolution from bimodal to unimodal force distribu-

tions for increasing pulling velocities (inset). Force

distribution peaks estimated from DFS experi-

ments are superimposed on the probability density

where the low and high force peaks are colored

blue and red, respectively. To see this figure in

color, go online.
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equilibrium at any time of the experiment. Therefore, the
occupation probability of both bound states can be calcu-
lated according to a canonical ensemble. The catch bond
characteristic arises from a successive shift of the thermody-
namic population probability of both bound states. As a
consequence, this model explicitly suggests an allosteric
transition of the HD binding site with the 6-O-sulfate groups
serving as allosteric effector. Consistent with recent findings
regarding the oriented enzymatic Sulf activity, we can
sketch the role of HD within the directed 6-O-deslufation
of HS: the interplay between multiple cooperative binding
sites and conformational transitions hint on a directed allo-
stery-driven mechanism that successively feeds 6-O-sulfate
groups to the catalytic center and simultaneously drags the
sulfatase along the GAG chain. Moreover, the clustering
of 6-O-sulfates to well-confined S-regions within the HS
chain appears to be essential for recognition, binding, and
transitional switchover. In contrast, the solely N-sulfated
K5-NS polysaccharide dissociates in a slip bond manner
and therefore allostery-driven conformational transitions
can be excluded. Additionally, we could predict and prove
the two state two path concept for HD/HS dissociation
behavior in dynamic SMFS experiments true, in full consis-
tency with our force clamp experiments.
SUPPORTING MATERIAL

Supporting Materials and Methods and three figures are available at http://

www.biophysj.org/biophysj/supplemental/S0006-3495(15)00227-1.
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16. Walhorn, V., C. Schäfer,., D. Anselmetti. 2011. Functional character-
ization of a supramolecular affinity switch at the single molecule level.
Nanoscale. 3:4859–4865.
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teoglycan mechanics studied by single-molecule force spectroscopy
of allotypic cell adhesion glycans. J. Biol. Chem. 281:5992–5999.

42. Jarchow, J., J. Fritz,., X. Fernàndez-Busquets. 2000. Supramolecular
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