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Introduction

The extent and fate of many biological processes are drastically
affected by the stresses and strains that are exerted during
their development.[1–3] To understand the behavior of these
processes, force as a physical variable must also be taken into
account.[4] A mechanical tension can alter the functional states
of proteins and activate processes. In the case of PECAM-1 for
instance, mechanical tension switches on the binding of this
protein with a kinase.[5] Likewise, it promotes the exposure of
binding sites that serve as nucleation centers for the self-as-
sembly fibronectin into a fibrillar form.[6]

Disulfide bonds are believed to have been added during
evolution to enhance the stability of proteins that function in
fluctuating cellular environments. Recent evidence indicates
that disulfide bonds can be more than inert structural motifs
and that they can act as switches for different protein func-
tions.[7] The switching capabilities of the coupling of disulfide
redox equilibria with a mechanical force have been addressed
by Discher and colleagues in a vascular cell-adhesion protein.[8]

The chemical kinetics of disulfide reduction under an external
force have been more recently investigated by Fernandez and
colleagues.[9]

Angiostatin (ANG) is a multimodular protein that contains
ACHTUNGTRENNUNGdisulfide bonds and is located on the basement membrane
where different reductases are present,[10] and mechanical
stretching forces are constantly being developed.[11] This com-
bination of mechanochemical stress and redox conditions in
the in vivo ANG environment makes this protein an ideal
model system for addressing the issue of the possible trigger-
ing of biochemical signals by the combination of mechano-
chemical forces and redox equilibria.

ANG is an extracellular fragment of plasminogen, and is
composed of five highly homologous, tandem kringle domains
(K1–K5). All of them contain three internal disulfide bonds,
which define a triple-loop topology like that displayed in

Figure 1.[12] It is in clinical trials as an antitumor agent because
of its ability to inhibit angiogenesis.[13,14] However, the deter-
ACHTUNGTRENNUNGmination of the inhibition mechanism at the molecular level
ACHTUNGTRENNUNGremains a very open challenge.

We wish to propose a novel mechanism by which the triggering
of a biochemical signal can be controlled by the hierarchical cou-
pling between a protein redox equilibrium and an external me-
chanical force. We have characterized this mechanochemical
mechanism in angiostatin, and we have evidence that it can
switch the access to partially unfolded structures of this protein.
We have identified a metastable intermediate that is specifically

accessible under thioredoxin-rich reducing conditions, like those
met by angiostatin on the surface of a tumor cell. The structure
of the same intermediate accounts for the unexplained antian-
giogenic activity of angiostatin. These findings demonstrate a
new link between redox biology and mechanically regulated pro-
cesses.

Figure 1. The triple-loop topology of an ANG kringle domain (K4) defined by
the three internal disulfide bonds (black). The two critical noncovalent inter-
actions that control the mechanochemical unfolding of the ANG domains
are the hydrogen bonds connecting the N and C termini (light gray) and a
short b-sheet.
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Here we show how redox and
mechanical switches can be cou-
pled in ANG to generate a
higher level of switching com-
plexity.

Results and Discussion

ANG acts within the extracellular
matrix (ECM).[15] It also binds cell-
surface receptors, like focal ad-
hesion integrin avb3, angiomotin
and cell-surface F1-ATPase
(ref. [16] and references therein)
in actively migrating endothelial
cells. In this environment, stress-
es of the order of 5.5 nNmm�2

are generated.[17] It has been
proven that these stresses are able to unfold ECM multimodu-
lar proteins, like fibronectin.[3] Because of the covalent disulfide
bonds in its kringle domains (Figure 1), ANG can be mechani-
cally unfolded under those stresses only under reducing condi-
tions. Incubation of ANG with increasing concentrations of a
reducing agent, like dithiothreitol (DTT) leads to the reduction
and sequential opening of its internal disulfide bonds in the
different domains: first, Cys1–Cys78 only, then Cys22–Cys61
and Cys50–Cys73, in sequence, as reported in a previous
paper.[18]

We have studied the mechanical unfolding of the ANG do-
mains in their different redox states at the simulation level by
the steered molecular-dynamics (SMD) approach,[19] and at the
experimental level by new experiments following the single-
molecule force spectroscopy (SMFS) methodology, which is
based on atomic force microscopy (AFM).[18,20–25] Because of
the setup of the SMFS experiments (see below), the simula-
tions addressed only the K2, K3 and K4 domains, and did not
allow us to obtain unfolding data for the two terminal K1 and
K5 domains.

Steered molecular-dynamics simulations of the angiostatin
mechanical unfolding under reducing conditions

The simulations showed that, when the three disulfide bonds
of the ANG domains are fully reduced, the mechanical unfold-
ing of K4 and K2, is controlled by the sequential rupture of
two critical sets of interactions: first the hydrogen bonds seal-
ing the C- to the N-terminal break, then a short antiparallel b-
sheet ruptures (Figure 1). The failing of the three hydrogen
bonds that sustain this b-sheet corresponds to the dominant
peak in the simulated force–elongation profiles (Figure 2A)
and to an energy barrier located at an elongation of 23�4 E
from the fully folded, native structure. This peak is preceded
by 13�2 E along the elongation coordinate by another peak
or hump (Figure 2A), which is due to the rupture of the set of
hydrogen bonds connecting the N and C termini. The structure
of this intermediate is shown in Figure 3.

The SMD simulations were also performed on the partially
reduced states of K2 and K4, in which their two internal
Cys22–Cys61, and Cys50–Cys73 bonds are not reduced. As
shown in Figure 4, their simulated force–elongation profiles do
not substantially change with respect to the totally reduced
state; the double humped profiles of Figure 2 are maintained,
despite the topological blockades due to the unreduced disul-
fide bonds (see Figure 5). In conclusion the simulations
showed that, when at least the most external Cys1–Cys78
bond is reduced, the mechanical unfolding of K2 and K4 is
controlled by a double-well, free energy landscape like that
shown in Figure 2B, which has a metastable intermediate,
whose structure is depicted in Figure 3.

In the case of K3, the rupture of the five hydrogen bonds
connecting the N and C termini and the failing of the b-sheet
occurred without any relaxation into an intermediate in be-
tween. (see Figure 2A). The intertwining of these two ruptures
in K3 is due to the greater number of hydrogen bonds con-

Figure 2. Force–elongation profiles of the A) K2, K3 and K4 ANG domains, and the corresponding B) double- or
C) single-well free-energy landscapes that can be inferred from the SMD simulations on the K2–K4 or K3 domains.

Figure 3. Structure of the partially unfolded and partially reduced interme-
ACHTUNGTRENNUNGdiate that is mechanochemically populated in the K2 and K4 domains. The
side chains evidenced are those involved in the hydrogen bonds between
the N and C termini that break apart in the first unfolding step.
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necting its N and C termini: there are five instead of
two or three, as in the case of K2 and K4, respective-
ly. In the case of K3, the rupture of the fifth hydrogen
bond takes place when the b-sheet is already under
tension.

Stretching single angiostatin molecules under re-
ducing conditions by the experimental SMFS meth-
odology.

When single molecules of ANG are experimentally
stretched by the SMFS methodology, force curves
with sawtooth shaped peaks like that in Figure 6 are
recorded. Therein, each peak corresponds to the un-
folding of one single domain.

As demonstrated by a previous study,[18] the state
of reduction of the relevant domain can be assigned
to one of the three reduction stages based on the
contour length increments of each peak with respect
to the previous one: I (Cys1–Cys80 opened), II (Cys1–
Cys80+Cys22–Cys63 opened) and III (Cys1–Cys80+

Cys22–Cys63+Cys51–Cys75 opened). This is made
possible by the fact that as the reduction of the di-
sulfide bonds proceeds, a larger portion of each
module can unfold under the external force, and the
distance between the peaks increases, as also shown
by different authors in other proteins with internal di-
sulfide bonds.[8,9,18,26]

About 50% of the recorded peaks exhibit either a
shoulder or a double tip at their crests, like that in
Figure 6C–F. This statistic is maintained for all three
reduction states. The length increment between the
two tips, or between the tip and the shoulder, ranges from 10
to 20 E, and their force is approximately equal (ratio 1st/2nd
tip: 0.95�0.15). Therefore, the profile of these double-tipped
peaks matches the energy profile that results from the simula-
tions, and is shown in Figure 2B for the K2 and K4 domains.

The assignment of these double-tipped peaks to K2 and K4
is confirmed by the frequency of their occurrence, which is in

accord with the expected mechanochemical population of the
intermediate that was identified by the SMD simulations of
those two domains. The other peaks with a single-tipped
shape fit the case of K3, which according to the same simula-
tions, should not have any on-path intermediate.

Our previously reported study on this molecule[18] was per-
formed by pulling the ANG molecules deposited on a polystyr-

Figure 4. The double-humped force-elongation profiles obtained
by SMD simulations of the K4 domains in the (I–III) reduction
stages (see text). The double-well energy landscape inferred in
Figure 2B for the completely reduced case therefore applies also
to the other reduction stages.

Figure 5. Snapshots of the SMD simulation of the mechanical unfolding of the K4
domain with A) only the most external disulfide bond unlocked (state I) B) all three disul-
fide bonds reduced (state III). In both cases the first barrier to mechanical unfolding is
connected to the rupture of the hydrogen bonds between the N- and C-termini. The
second barrier is due to the general disruption of the protein core. This takes place in B
with the full unzipping of the b strands that is made possible by the reduction of all the
three disulfide bonds. The S�S bridge in A allows only a distortion and twisting of the b-
sheet. On the other hand, this distortion is sufficient to disrupt the core structure of the
protein through its invasion by solvent.
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ene surface at one velocity only. We have now modified the
methodology of sample preparation and have adopted the so-
called dynamic approach of the SMFS methodology.[24,27–29] In
fact, when a pulling force is applied to a folded protein, the
dominant energy barrier that confines the folded structure is
lowered. The most probable unfolding force therefore decreas-
es with increasing applied force.[27,28,30] The decrease of the
force depends on the pulling velocity, that is, on the loading
rate of the external force. The dynamic approach of the SMFS
methodology is based on the study of this dependence.[24,27–29]

This methodology makes it possible to locate the dominant
barrier and estimate the folding lifetime extrapolated at zero
force.

Normally the SMD simulations are used to provide an atom-
istic interpretation for the experimental SMFS force extension
data. In this case, due to intrinsic limitations of these data (see
below), the SMFS dynamic approach data have been used to

support the energy landscape depicted by the SMD simula-
tions. We recorded and analyzed about a thousand force
curves under different reducing conditions and at different
pulling speeds (from 100 nms�1 to 5600 nms�1). All the peaks
were then assigned to the I, II, or III state of reduction (see Ex-
perimental Section, and Figure 7), and each data set, corre-

sponding to each state was analyzed separately. For each pull-
ing velocity, a histogram like that in Figure 7 was obtained,
and the most probable unfolding forces, corresponding to
each of the three peaks, that is, to each different reduced
stage, were reported vs. the natural logarithm of the loading
rate (Figure 8).

For the reduction stage III, an energy barrier at an extension
of 16�8 E (as shown in Figure 8B) was mapped from the
slope of the linear dependences of the force upon the loading
rate (Figure 8A). The fit of the experimental unfolding data by
Monte Carlo simulations[31] confirmed the value of the energy
barrier position, and estimated a lifetime, extrapolated at zero
force, of the order of 1010 s, which is consistent with those re-
ported for domains with b-sheet structures.[32] This 16�8 E po-
sition most likely results from the limited capability of the dy-
namic SMFS to resolve the two barriers that were found by the
SMD simulations, and to confine the intermediate identified in
K2 and K4 at about 10 and 23 E. This lack of resolution of the
SMFS data is likely due to the intrinsic limitations we have met
in the curve analysis, which come from the dissimilar structures
of the domains.

Figure 6. A) and B) Typical ANG force–elongation curves (black) recorded by
AFM-based single-molecule force spectroscopy. The worm-like chain lines
are colored according to the state of reduction (I, II and III) that can be as-
signed to each unfolding peak. The last peak of all curves is the detachment
peak (fit line in gray). The corresponding unfolded portion of the kringle
domain is colored in red in the 2D sketches over the fitting lines. C) to F) Un-
folding curves showing typical double-tipped unfolding peaks (arrows) re-
vealing the population of the on-path intermediate predicted by SMD simu-
lations with the structure reported in Figure 3. Scale bars (in the center) are
100 pN (vertical) and 10 nm (horizontal). The last peak of each curve is the
detachment peak. The large vertical portion visible at the left of C, D and E
is the final part of the unspecific adhesion signal, and is not related to pro-
tein unfolding. All the scale bars are 100 pN (vertical) and 10 nm (horizon-
tal).

Figure 7. A triple Gaussian function with three peaks centered at 12.5, 21
and 30 nm fits the distribution of the unfolding length increments of the un-
folded domains, obtained from the contour length increment of each single
peak with respect to the previous one. According to Bustanji et al.[18] these
values are in good agreement with the unfolding lengths expected for the
three (I–III, see text) thiol–disulfide reduction stages (about 13.5, 20 and
28 nm). These stages are sketched on the top of each relative band with the
portion of the domain accessible to mechanical unfolding (and, therefore,
corresponding to the observed average length increment) shaded in dark
gray.
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The dynamic-force spectroscopy analysis for the reduction
states I and II (see Figure 8C and D) locates the barrier at ex-
tensions of 10�8 and 8�4 E, respectively. The barrier position
is therefore almost cut in half when the reduction of the disul-
fide bonds is not complete. The simulations suggest that, in
the reduction states I and II, the b structure is partially blocked
by the two internal S�S bonds (Cys22–Cys61, and Cys50–
Cys73; see Figure 1), and the nature of the second and final
unfolding barrier is markedly different from that of state III : the
strands of the b-sheet are not fully broken apart, as in the case
of that latter state, but rather distorted, with the residues 14–
22 fully exposed to the solvent (see Figure 5).

In conclusion, we should expect that when a molecule of
this protein experiences a force, once at least the Cys1–Cys78
disulfide bridge has been reduced, an intermediate becomes
populated in the K4 and K2 domains (Figure 3). This structure
does not correspond to any intermediate in K3.

Stretching ANG in a condition that mimics the redox envi-
ronment met by this protein on the surface of a tumor cell.

The physiological significance of the states and the structures
identified by the above study of the unfolding energy land-
scapes of the different reduction states of ANG domains, with
regard to their antiangiogenic activity, is linked to the possibili-
ty that the same protein experiences in vivo the conditions
that are required to reach them. We therefore translated the
SMFS experiments to conditions mimicking the in vivo environ-

ments that this protein experien-
ces on the surface of a tumor
cell.

Due to the absence of in vivo
studies, and because of the ex-
treme difficulty of assigning a
ACHTUNGTRENNUNGreduction state in that environ-
ment, there is considerable ex-
perimental uncertainty on the
physiological reduction state of
angiostatin kringle domains. We
have seen how the SMFS can
make this kind of assignment
possible[18] in vitro, but not
under in vivo conditions. We
therefore carried out SMFS in
vitro experiments aimed at re-
producing the redox environ-
ment that is possibly met by
ANG on the surface of a tumor
cell.

Human thioredoxin (hTRX) is a
widespread disulfide reductase
present in the extracellular
space[10] and it is active in alter-
ing the thiol–disulfide equilibri-
um of cell surface proteins.[33,34]

Its reducing activity is ensured
by the concurrent extracellular secretion of thioredoxin reduc-
tase (TRXR).[35] Furthermore TRX is greatly overexpressed on
the surface of highly metastatic tumors.[36,37]

We performed the pulling experiments after having treated
ANG with hTRX at a concentration of 20 mm, which is of the
same order of magnitude as that found on the surface of
mammalian tissues.[37] After this treatment, we blocked the re-
duced state by treating the sample with iodoacetamide. Force
curves with the characteristic sequence of saw-tooth peaks,
like those previously obtained with DTT (see Figure 6) were ob-
tained. From the length increments in the force curves record-
ed after the treatment with hTRX, the statistical distribution of
the reduction stage of each unfolded kringle domain was ob-
tained (see Figure 9). This histogram demonstrates that under
those conditions, this enzyme almost selectively reduces the
Cys1–Cys78 disulfide bond. The coupling of this reducing
enzyme to mechanical stress can therefore lead to the inter-
mediate structure of Figure 3.

This result strongly indicates that the ANG kringle domains
can be present in vivo, not only with their native, fully oxidized
and folded structure, but also with a series of partially reduced
and partially unfolded structures, including that in Figure 3. If
we empirically assume that these structures can act as the an-
tiangiogenic active forms of this protein rather than the native
one, as commonly believed so far, a set of puzzling activity
data can be accounted for, which has been so far unexplained.
As explained in the following two paragraphs, one can both
explain by using this assumption the triggering mechanism of
the cell antimigratory activity of several fragments of ANG, and

Figure 8. According to the dynamic approach of the SMFS methodology, the most probable unfolding forces that
correspond to the kringle domains in their three reduction stages (I, II and III) were reported vs. the natural loga-
rithm of the loading rate in A (stage III), C (stage I) and D (stage II). The energy landscape extrapolated from the
plot in A is sketched in B.
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propose a cooperative binding mechanism of ANG to the en-
dothelial cell surface ATPase.

Mechanochemical tuning of the binding of ANG with
ATPase.

The binding of ANG K1–K5 with the endothelial cell surface
ATPase has been recently proposed to mediate its antiprolifer-
ative activity by triggering caspase-mediated endothelial cell
apoptosis activation.[38] A simple structural rationale for the
binding of ANG to a single ATPase a-helix has been proposed
by Geiger and Cnudde.[16] The docking was based on the krin-
gle’s ability to bind a-helices.[12,16,40] According to these authors
the binding could be sustained by the interactions between
exposed helices in the a and b subunits of ATPase, and the
surface containing the LBS binding sites of the kringle do-
mains.

By performing docking simulations[39] between ATPase, and
a stretched and partially reduced (see below) ANG K2–K3 frag-
ment, we found that a cooperative binding between ATPase
and adjacent kringle domains can be settled. An increased
binding affinity should result from this mechanically-induced,
two-site interaction (see legend of Figure 12). The simulations
showed that when the K2–K3 fragment is stretched, once its
external disulfide bond has been reduced, its elongation takes
place first at the expense of K3 only (Figure 10). K2 starts un-
folding only after the opening of K3, and then reaches the
ACHTUNGTRENNUNGintermediate conformation described above (see Figure 3). In
this elongated structure of K2–K3, the Glu221 and Arg220 resi-
dues of K2 are at an average distance of 51 E from the Asp309
and Lys311 of K3 (Figure 10).

The 51 E distance makes it possible to those two ANG sites
to bind in concert to the residues Lys496–Glu499 in chain A
and Lys472–Asp471 in chain E of F1-ATPase (Figure 11A and
Figure 12). Those ANG binding sites are instead only 12 E
apart in the native structure of the K2–K3 fragment,[12] thus
preventing its concerted binding to ATPase to take place.

Mechanochemical tuning of the exposure of the K4 frag-
ments with the highest antimigratory activity.

The binding of ANG to an ectopic, plasma membrane form of
ATPase, is one of the mechanisms postulated for its antiangio-
genic activity, even if certainly not the only one.[14,16,38] By the
same mechanically induced elongation process that can make
it possible for the K2–K3 fragment to settle a two-site binding
to F1-ATPase, the metastable intermediate of the K4 domain
(see Figure 3) becomes thermally populated. This intermediate
can account for a set of puzzling data on the cell antimigratory
activity of several fragments of ANG.

Among its five kringle domains, K4 is the one with the high-
est activity,[41] and its linear K4-A and cyclic K4-C fragments

Figure 9. The distribution of the unfolding contour lengths obtained by me-
chanically unfolding ANG previously incubated with human thioredoxin. The
peak at 12 nm fits the estimated 13.4 nm elongation that corresponds to
the reduction of the Cys1–Cys78 disulfide bond only.

Figure 10. Mechanically stretching the K2–K3 fragment. SMD simulations
show that when the K2–K3 fragment with the Cys1–Cys78 disulfide bonds
reduced in both domains is mechanically stretched, the unfolding starts in
K3 first (A). The five hydrogen bonds connecting the C and N termini are
broken first. Afterwards, because of the rotation of one of the two strands
of the b-sheet with respect to the other, the three hydrogen bonds that sus-
tain this sheet fail (B). The unfolding of K2 starts at this point and reaches
the conformation of its intermediate (C). In the meantime the conformation
of K3 remains almost unchanged with respect to that in (B). The folding of
the two more internal topological loops of the two domains is prevented
by the Cys22–Cys61 and the Cys50–Cys73 disulfide bonds, which are not
ACHTUNGTRENNUNGreduced. The preserved integrity of the folding of most sections of the two
domains is confirmed by the RMSD values of the structures of the K2 and
K3 domains as in (C), with respect to their native structures: 0.8 E and 2.2 E,
respectively. The resolution of the structure (1KI0) used in the simulations is
in fact of the same order of magnitude as these two values.
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showed even higher activity than the entire K4 domain[42] (Fig-
ure 11B). These two fragments are partially buried in the
native structure of the kringle. In the intermediate form, how-
ever, the opening of the C–N termini ensures accessibility to
the most active linear fragment K4-A, and to the K4-C loop. It
should be mentioned, that the looped conformation of the K4-
C fragment, which is apparently required for its antimigratory
activity, is in this intermediate that is preserved by the integrity
of both the b-sheet and the other two Cys22–Cys61 and the
Cys50–Cys73 disulfide bonds (see Figures 3 and 10). We should
therefore expect that whenever the reduction has gone
beyond the rupture of these latter disulfide bonds, a decrease
in activity might result. This prediction is confirmed by the ac-
tivity data reported by Ji et al. .[41]

Conclusion

In conclusion, the SMFS experiment carried out with hTRX indi-
cates that the ANG kringle domains can be present in vivo not
only in their native, fully oxidized and folded structures, but
with a series of partially reduced and partially unfolded struc-
tures, including that of the intermediate in Figure 3. We pro-
pose that these structures act as the active antiangiogenic
forms of this protein, rather than the native one, as commonly
believed so far. In Figure 13 a model is proposed for the me-
chanochemical control of the triggering of antiproliferative
and antimigrative activities of ANG through the production of
those partially reduced and partially unfolded structures. This
model follows closely a general model for the combined
action of redox and mechanical switches that we have recently
hypothesized.[43]

The mechanochemical paradigm proposed here has broad
implications for redox biology. It applies in particular to other
kringle fragments of multimodular proteins, like prothrombin,
apolipoprotein(a) and hepatocyte growth factor, whose role in
angiogenesis has been proved.[14,44] Moreover it also applies to
the main components of the basement membrane-like throm-
bospondin-1, laminin or perlecan, which, like ANG, are com-
posed of independent modules containing internal disulfide
bonds[45–47] and experience mechanical stresses in vivo.

Experimental Section

Force spectroscopy experiments with DTT. A drop of purified an-
giostatin K1–5 (ANG; Calbiochem) solution (20 mL, 0.5 mm) in HEPES
buffer (pH 7.4), previously incubated with DTT (100 mm ; 2 h, 37 8C;
which is more than enough to reduce all kringle disulfide
bonds[18,48]) was deposited on a clean glass surface that had been
rinsed with water, acetone and ethanol, drawn through a Bunsen
flame and rinsed again. In the previous paper[18] we used a poly-
styrene surface as a substrate for the deposition of ANG. We
switched to glass to avoid possible artifacts due to the possible
pulling of polystyrene chains from the surface.

After a deposition time of 30 min, the sample was then inserted
into a fluid cell. The force spectroscopy experiments were per-
formed in micro filtered PBS buffer with DTT (100 mm) with a
Nanoscope IIIa multimode atomic force microscope (AFM; Digital
Instruments) using sharpened silicon nitride (Si3N4) tips (from Park

Figure 11. A) Mechanochemically induced binding of the b subunit (in blue)
and the a subunit (in brown) of the F1-ATPase with the K2–K3 fragment (in
magenta), which was elongated according to the energy landscapes in
Figure 2 B and C, and the structure in Figure 10. Amino acid numbering
refers to the crystal structures used in the simulation. B) Topology of the K4
domain that indicates the fragments (K4-A: red and K4-C: blue) whose anti-
migratory activity is higher than that of the full domain, according to ref.[42]

Figure 12. Binding energies and specific interactions that sustain the K2 and
K3 binding to ATPase. The two most critical amino acid binding determi-
nants of the docking showed in Figure 11A are for K2: Glu221–Lys496, and
Arg220–Glu499, whereas for K3 they are: Asp309–Lys472, Asp471–Lys311,
and Asp471–Arg312. The K2 and K3 amino acids are numbered following
the 1KI0 structure in the Protein Data Bank; the ATPase amino acids are
numbered following the 1BMF structure in the PDB. The docking energies
were calculated according to S. Liu et al.[55] Binding energy values of �4.99
and �5.20 Kcalmol�1 were obtained for the interaction of ATPase with K2 or
K3 in their native structure, respectively. When a K2–K3 fragment is in its
native form, only one of those two interactions can be settled: either with
K2 or with K3. When K2–K3 is instead in the elongated form shown in Fig-
ACHTUNGTRENNUNGures 10C and 11A, its binding to ATPase can be sustained by the interac-
tions with both domains. The single binding-energy values were found to in-
crease to �5.14 and �5.61 Kcalmol�1 for K2 and K3 respectively, leading to
an overall estimated binding energy of �10.75 Kcalmol�1. In conclusion, the
elongation of the K2–K3 fragment not only increases the ANG–ATPase bind-
ing affinity, by making possible a concerted binding of both domains, but it
also increases the binding affinity of each of them.
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Scientific), at room temperature. Cantilever spring constants were
measured by their thermal spectrum (range between 40 and
60 pNnm�1). The loading rate values reported in Figure 8 were
computed by taking into account that they are related to the pull-
ing speed through the elasticity of the bridge, which is composed
of by both the molecule under stress, and the AFM cantilever.
After analyzing the experimental data,[49] we estimated that an
equivalent spring constant of 27�3 pNnm�1 can be assigned to
the bridge for the speed range that we used.

Force spectroscopy experiments with thioredoxin. ANG (0.13 mm)
was incubated for 30 min at 37 8C with an activated human thiore-
doxin (hTRX; from Calbiochem) solution (20 mm, ANG/hTRX molar
ratio about 1:150). After the reduction, ANG was alkylated for
30 min in the dark by adding iodoacetamide (from Fluka) at a 5–
10 mm final concentration in order to avoid the oxidation of hTRX-
reduced Cys residues, and to block hTRX activity. ANG was finally
purified from hTRX and iodoacetamide by using YM-30 ultra free
Microcon (from Millipore; 4 8C). We found that this simple purifica-
tion step was enough to avoid interference in the force spectros-
copy experiments, due to engagements of the residual hTRX
rather than ANG molecules. One drop of the final solution (0.5 mm)
was used for the force spectroscopy experiments, following the
protocol described above, but without DTT in the fluid–cell buffer.

The activation of the enzymatic site of hTRX was obtained by incu-
bation with DTT (from Sigma–Aldrich; 1 h, 37 8C, 1 mm) in HEPES
buffer (pH 7.4). The activated hTRX was purified by using YM-3
ultra free Microcon (from Millipore) at 4 8C (final DTT concentration
below 50 mm). Control force spectroscopy experiments performed
with DTT at 50 mm ruled out any detectable reduction of ANG,
which would have been contributed by the DTT.

Force spectroscopy raw data analysis. The unfolding force curves
were selected by keeping only those clearly presenting the saw-
tooth profile that is characteristic of angiostatin single-molecule
mechanical unfolding for analysis.[18] More specifically, the mea-
sured curves showed a) from 2 to 4 peaks (1–3 unfolding peaks
plus final detachment); b) peaks whose height was similar besides
the case of the last peak that must be the highest (or at least as
high as the others) ; c) no indication of plateaus or other features
superimposed on the sawtooth profile.

We observed no significant evidence of the two-stage unfolding
described for disulfide-bonded domains,[8] probably because in our
case the disulfide bonds are already naturally accessible to the sol-
vent; however we cannot completely rule out that some sporadic
occurrence of these effects might have entered our statistics.

The selected curves have been analyzed by a custom MatLab pro-
gram which performs a double-parameter fit on each unfolding
peak. The fit function is a worm-like chain,[50] and the two fitted pa-
rameters are the persistence length (range of variation from 3.5 to
7 E) and the contour length. The fit is not normally performed on
the entire peak profile: it is advisable in fact to exclude the final
part of the peak, because it can be affected by small enthalpic de-
viations from the entropic elasticity profile. The implemented anal-
ysis software allows one to directly select the fit interval on the
curve plot.

Dynamic single-molecule force spectroscopy analysis. The single
unfolding peaks have then been separated into three classes
ACHTUNGTRENNUNGaccording to their contour length increase: I (12.5�4 nm), II (21�
2.5 nm) and III (30.5�3 nm), according to their triple Gaussian dis-
tribution (see Figure 7). Only the peaks that belonging to one of
these three classes have been used for dynamic SMFS analysis. For
the amount of data used for each class, see the Supporting Infor-
mation.

Monte Carlo simulations : Monte Carlo simulations of the stretch-
ing experiments were performed according to a previously pub-
lished procedure.[23] See the Supporting Information for details.

Steered molecular dynamics simulations. SMD simulations were
performed according to ref.[19] The kringle domain was solvated
with the TIP3 water model, and the energy of the system was mini-
mized. After this, the kringle–water box was heated over 10 ps and
then equilibrated with a thermal bath at 300 K for another 10 ps.
The SMD simulation was performed with a time step of 1 fs, a uni-
form dielectric constant of 1, and a cut-off of Coulumb forces with
a switching function from 10–13 E. The molecular dynamics were
carried out using the CHARMM19 force field, and by fixing the C-a
atom of one terminus and applying an external force to the other
C-a terminus. For each kringle, 5 different simulations were per-
formed at 1 Eps�1 pulling speed. The pulling direction was chosen
along the vector from the fixed atoms to pulled one. The value of
the spring constant k was set to 10 KBTE

�2, corresponding to the
thermal fluctuation of constrained C-a at 300 K. Simulations with
these values of k and v correspond to pulling with a stiff spring in
the drift regime. The K2 and K3 structures have been extracted
from the human K1–3 protein structure[12] (PDB ID: 1KI0, http://

Figure 13. An example model of how force and oxidation state can work in
tandem for an enhanced antiproliferative and antimigratory activity of ANG.
The reducing environment met by ANG on the surface of highly metastatic
tumors[36,37] is able to reduce the most external disulfide bonds of its kringle
domains. This reduction creates the possibility that the mechanical stress
that is constantly being developed in the ECM environment, where ANG is
located,[11] can mechanically unfold a topological loop of 40 amino acids.
The resulting partially elongated, and partially unfolded structure of ANG
(see Figure 3) can activate new binding capabilities and trigger new bio-
chemical signals, as shown for the cases of a K2–K3 fragment and the K4
kringle domain. The hierarchical activation of those two switches can lead
i) to an enhanced binding of a K2–K3 fragment to ATPase and therefore to
an increased antiproliferative activity of ANG (see Figure 11A); ii) to a more
efficient exposure of the two segment chains that ensure, through the inter-
action with still unknown receptors, antimigratory activities higher than that
of the native K4 full domain (see Figure 11B).
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www.rcsb.org); the K4 structure from the structure labeled 1KRN in
the PDB.[51] The SMD simulations were carried out with NAMD
2.5,[52] and the solvated kringle domains were obtained by using
the TIP3 water model with the GROMACS 3.0 program.[53] Both pro-
grams were executed on a double processor Intel Xeon 2.4 GHz
machine with the Debian GNU/Linux operating system.

Protein–protein docking simulation. According to the procedure
described in the previous section, the crystal structure of K1–3,
with only one disulfide bond reduced for each kringle, was solvat-
ed in water and its energy minimized. The whole system was
heated and equilibrated at 300 K and then a SMD simulation of
500 ps was performed. For the docking procedure, only a fragment
of the K2–3 of 1KI0 structure was considered. The stretched K2–K3
fragment was obtained after 140 ps of steered molecular dynamic
simulation. The two subunits of F1 ATPase were extracted selecting
the chains A and E of the crystal structure labeled 1BMF in the
PDB.[54] Docking of the ANG fragment to the ATPase was per-
formed by using Z-DOCK.[39] Patches of 10 E radius centered on
the relative binding sites were considered.
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Hierarchical Mechanochemical
Switches in Angiostatin

A novel protein signaling switch based
on the coupling of redox conditions
and mechanical stresses upon a disul-
fide bond is reported. Single-molecule
experiments and simulations on angios-
tatin (a protein with antitumor activity)
indicate that this switching mechanism
can control the access to partially re-
duced and partially unfolded structures
(see figure) ; these are proposed herein
to be the active forms of angiostatin,
rather than the native one, as common-
ly believed so far.
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