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P
roteins located in the extracellular
matrix perform important functions in
cell signaling, motility, adhesion, cell�

cell interaction, and antigen recognition.1

These proteins are generally exposed to
mechanical forces that are believed to trigger
chemical and structural alterations crucial for
their function.2�4 In addition, many of these
proteins are key players in diseases such as
cancer metastasis, viral infections, and ner-
vous disorders, but it is not known how
mechanical force relates to medical condi-
tions associated with these extracellular pro-
teins. Understanding the effect of force on
cell-surface proteins may have profound im-
plications in physiology and medicine.5,6

A relevant cell-surface protein is the clus-
ter of differentiation 4 (CD4), a four-domain
protein that serves as a mechanical anchor
of HIV-1. The virus initiates infection when
the viral glycoprotein gp120 interacts with
CD4 on the surface of T-cells.7,8 Upon gp120
binding to CD4 a cascade of conformational
changes occurs in the gp120�CD4 complex
that facilitates interaction with a secondary

surface coreceptor (CCR5 or CXCR4), expos-
ing the membrane-anchored gp41 subunit
for final membrane fusion.9�11 Structural
studies of the gp120�CD4 complex using
X-ray, cryo-electron tomography or the-
oretical modeling have provided relevant
information about the conformational
changes;10,12�14 however, the key factors
that trigger these large structural adjust-
ments as well as their implications are
still under debate. Similarly, the precise
mechanisms by which some antibodies
block HIV-1 infection,15,16 or the underlying
mechanism by which oxidoreductases en-
zymes seem to regulate the redox state of
disulfide bonds in CD4 and gp120 during
infection are yet to be defined.17 We sug-
gest thatmechanical force can trigger struc-
tural and chemical alterations on CD4 and
gp120 that may be relevant for the initial
interaction of virus and host cell.
Here, we have used a combination of

single-molecule force spectroscopy experi-
ments and analysis on HIV-1 infectivity data
to investigate the effect of force on domains
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ABSTRACT Cell-surface proteins are central for the interaction of cells with

their surroundings and are also associated with numerous diseases. These

molecules are exposed to mechanical forces, but the exact relation between force

and the functions and pathologies associated with cell-surface proteins is unclear.

An important cell-surface protein is CD4, the primary receptor of HIV-1. Here we

show that mechanical force activates conformational and chemical changes on CD4

that may be important during viral attachment. We have used single-molecule

force spectroscopy and analysis on HIV-1 infectivity to demonstrate that the

mechanical extension of CD4 occurs in a time-dependent manner and correlates with HIV-1 infectivity. We show that Ibalizumab, a monoclonal antibody

that blocks HIV-1, prevents the mechanical extension of CD4 domains 1 and 2. Furthermore, we demonstrate that thiol/disulfide exchange in CD4 requires

force for exposure of cryptic disulfide bonds. This mechanical perspective provides unprecedented information that can change our understanding on how

viruses interact with their hosts.
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1 and 2 of human CD4. Our findings show that
mechanical extension of CD4 domainsmay occur with-
in a broad range of forces. We also show that mechan-
ical forces may be relevant to better understand the
mechanism by which antibodies block HIV-1, as well as
the process of thiol/disulfide exchange on CD4 assisted
by oxidoreductases enzymes.

RESULTS

Nanomechanics of CD4D1 and CD4D2 Revealed by Single-
Molecule Force Spectroscopy. To investigate the effect of
force on CD4 modules, we constructed a polyprotein
composed of domains 1 and 2 of CD4 bracketed by
dimeric handles made of the 27th domain of human
cardiac titin used as molecular fingerprint, (I27)2-
CD4D1D2-(I27)2 (Figure 1a). We used an atomic force
microscope (AFM) to stretch the CD4 construct at a
constant speed in the force extension mode. Mechan-
ical unfolding of I27 modules provides a clear finger-
print distinguished by the unfolding force of ∼200 pN
and contour length (ΔLc) of∼28 nm for eachmodule.18

This approach allows us direct identification of any
other unfolding event that can be attributed to CD4
modules. A typical force�extension trace resulting
from the unfolding of (I27)2-CD4D1D2-(I27)2 shows
two peaks corresponding to CD4 domains prior to
the unfolding of the four I27 modules (Figure 1b).

The contour lengths measured are 10 ( 1 nm and
16 ( 4 nm for CD4D1 and CD4D2, respectively
(Supporting Information, Figure 1) which are in close
agreement with the maximum theoretical values for
unfolding up to their disulfide bonds (12 and 20 nm,
respectively, considering 0.4 nm/residue). We have
measured mean unfolding forces of 101 ( 30 pN for

CD4D1 and 119 ( 32 pN for CD4D2 at a pulling speed
of 400 nm/s (Figure 1c,d). The mechanical stability of
proteins depends on the speed at which the proteins
are stretched. We do not really know what the pulling
speed could be in a biological context such as the
interaction of an HIV-1 particle with CD4; therefore, we
do not really know the force that CD4 experiences. For
this reason, we performed experiments at a much lower
pulling speed, 10 nm/s. At this speed we measured an
unfolding force of 57( 21pN forCD4D1and75( 23pN
for CD4D2 (Supporting Information, Figure 2).

We observe that the unfolding of CD4D2 normally
occurs prior to the unfolding of CD4D1 even though
the unfolding force of CD4D1 is lower (Supporting
Information, Figure 3). This hierarchical behavior sug-
gests a protective role of CD4D2 over D1. Both domains
act in unity,19 sharing structural elements that confer
mechanical rigidity.

To investigate the time scale at which the mechan-
ical extension of CD4D1D2 occurs, we used the force�
clamp technique, which allows the application of a
well-controlled force to a single polyprotein over a
period of time.20 We applied a double-pulse force
protocol that allows the separation of the unfolding
of CD4D1D2 from that of I27 domains. We first applied
a force-pulse of 20�100 pN to trigger the extension of
CD4D1 and CD4D2.Wemeasured a step size of∼13 nm
for CD4D2 and∼8 nm for CD4D1 (Supporting Informa-
tion, Figure 4). A second pulse of 150 pN was applied
for 4s to unfold I27 modules, ∼24.5 nm (Figure 1e),
which is used as a molecular fingerprint.21 We have
accumulated numerous unfolding traces of CD4D1D2
at different forces from 20 to100 pN, from where we
can obtain the unfolding rate at a given force. As a first

Figure 1. Nanomechanics of Human CD4. (a) Schematic representation of an AFM experiment of the polyprotein (I27)2-
CD4D1D2-(I27)2. The I27modules are used asmolecular fingerprint. The polyprotein is attached to a gold-covered coverslide
in one end and a cantilever tip in the other end. Notice the similarity between the artificial AFM experiments and the HIV-1
infection process (see the graphic in the Abstract section). (b) Force�extension curve of the polyprotein (I27)2-CD4D1D2-(I27)2.
Twopeaks corresponding to domains CD4D2 and CD4D1precede the unfolding of the four I27 domains. The curves are fitting to
theworm-like chainmodel fromwherewederive the contour lengthofCD4D1 (red) andCD4D2 (blue). (c) Histogramof unfolding
force for CD4D1 (n=132) and (d) CD4D2 (n=125). (e) Force�clamp traceof thepolyprotein (I27)2-CD4D1D2-(I27)2. Theunfolding
of CD4D1D2 is monitored at 50 pN, and the unfolding of I27 domains is monitored at 150 pN. (f) Exponential fitting to summed
and averaged unfolding traces of CD4D1D2 at different forces. From this fittingwe obtain the unfolding rate at a given force. We
use a single-exponential fit to provide an approximated idea of the time scale of the CD4D1D2 extension. (g) Force-dependency
of unfolding of CD4D1D2. An extrapolation to zero force predicts an unfolding rate of 0.08 s�1.

A
RTIC

LE



PEREZ-JIMENEZ ET AL. VOL. 8 ’ NO. 10 ’ 10313–10320 ’ 2014

www.acsnano.org

10315

approximation we have used single-exponential fits to
estimate the time scale for CD4D1D2 mechanical ex-
tension (Figure 1f and Supporting Information, Figure 5
for 20 pN). The force dependence of the rate of
unfolding of CD4D1D2 is shown in Figure 1g. The
extrapolation to low forces allows us to predict the
unfolding rates (0.08 s�1 at F = 0 pN). Therefore, the
mechanical extension of CD4D1D2 may occur even at
very low forces. At these low forces this extension may
proceed through intermediates. In fact, we have ob-
served some traces (∼5%) in which CD4D2 unfolds in
two steps (Supporting Information, Figure 6). We also
carried out experiments in the force�ramp mode in
which the force is changed linearly at a constant speed
(33 pN/s) allowing the separation of the different
unfolding events while controlling the force. We ob-
tained the distribution of the initial unfolding force of
CD4D1D2 which in this mode peaks at ∼80 pN
(Supporting Information, Figure 7). Although we have
not studied experimentally domains 3 and 4, they have
some structural similarities with domains 1 and 2. In
fact, computational analyses have shown that they
unfold at similar forces as those of domains 1 and 2
(data not shown). Similarly to D1 and D2, D3 and D4
also act as a unity sharing a continuous β-strand, but

are separated from domains D1 and D2 by a hinge-like
variability (pdb code: 1wiq). Although some residues
from D2 and D3 interact, the junction has been shown
to be highly flexible,22 and therefore no mechanical
rigidity is expected within that region.

Extension of CD4 Correlates with HIV-1 Infectivity. Inde-
pendent experiments measuring HIV-1 infectivity of
cells expressing variants of CD4 with extended linkers
can offer information regarding CD4 extensibility.
In recent work, Freeman et al.,23 expressed domains
CD4D1D2 directly tethered to the transmembrane
fragment of 293T cells throughout a flexible linker.
Several constructs with linkers of 5, 15, 30, and 45
residues (repeats of the pentapeptide GGGGS) were
designed and expressed in the surface of 293T cells. All
variants supported HIV-1 infection but with different
efficiency (Figure 2a). Using this data, we performed
some calculations to correlate infectivity and construct
extension. Considering a length of 0.4 nm/residue, the
total length of the unstructured linkers is 2, 6, 12, and
18 nm. The total extension of the CD4 construct is the
sum of the length of the linker plus the folded
CD4D1D2 domains which is ∼6 nm, as determined
from the CD4 X-ray structure (pdb: 1wip). The in-
fectivity was plotted against the predicted length

Figure 2. Correlation between HIV-1 infectivity and CD4 extensibility. (a) Schematic representation of CD4D1D2 plus linkers
tethered to cell membrane. The linkers are composed of repeats of the pentapetide GGGGS; one repeat for L1, three repeats
for L2, six repeats for L3, and nine repeats for L4. The relative infectivity (relative light unit, RLU) in SC42266 isolates is
indicated for each construct and CD4WT (data extracted from ref 23). (b) Plot of relative infectivity versus contour length of
CD4-linker constructs. The length of the constructs is estimated by adding the length of the folded domains to the length of
linkers (number of residues times 0.4 nm/residue). The black dot corresponds to CD4WT in the folded state. The red dot
for CD4WT considers two domains unfolded and two folded. The red line is simple exponential fit intended to guide the eye.
(c, d) Plots of infectivity versus extension calculated from the freely jointed chainmodel at 5 and 25 pN, respectively. Different
scenarios regarding domain unfolding are considered and indicated in the gray bars, from all domains folded to all domains
unfolded. The line is an exponential fitting to the empirical equation described in the text and in the Supporting Information.
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demonstrating a striking correlation with CD4D1D2-
linker length; longer linkers support higher infectivity
(Figure 2b). On the contrary, CD4WT infectivity does
not follow the correlation of the CD4D1D2-linker var-
iants (black dot in Figure 2b). However, if we consider,
for instance, that two CD4WT domains are extended
and two folded, the total extension is now longer.
The correlation is now consistent and can be fitted to
a single exponential (Figure 2b).

Nevertheless, it has to be considered that the
extension of a polypeptide under mechanical loads
depends on the force applied and is better described
by models of polymer elasticity such as the worm-like
chain (WLC) or the freely jointed chain (FJC). In addi-
tion, the mechanical unfolding of different domains
may occur independently which will impact the total
extension. Since we do not know the force that might
be acting on CD4, we applied the FJC model to predict
the extension of the CD4D1D2-linker constructs at
different forces: 5, 15, 25, and 40 pN (Supporting
Information, Figure 8). We considered different unfold-
ing possibilities, such as one or two unfolded domains
or even three or four unfolded domains for CD4WT.
By fitting an exponential, I(x) = I0� A exp[x(F)/x0], we
obtained an empirical correlation between the infec-
tivity, I(x), and the force-dependent extensibility, x(F),
in which CD4WT infectivity is considered an asymptote
that represents maximum infectivity (Figure 2c,d).
Here, I0 is the wild-type infectivity taken as 57.16
RLU;23 A is a fitting parameter that defines the folded
length at zero infectivity as x0ln(I0/A) ≈ 5.3 nm; and
x0 is a length-scale coefficient of the infectivity at a
given force. The force-dependent extensibility is de-
scribed by the FJC phenomenological model, x(F) =
xC[tanh

�1(Fa/kBT) �kBT/Fa], where xC is the molecule's
combined contour length for the contributions of all
the folded and unfolded domains, F is the applied
force, a is the Kuhn length, kB is the Boltzmann con-
stant, and T is the temperature (see Supporting Infor-
mation, Table 1 for fitting parameters). The different
scenarios for domain extension in CD4WT and
CD4D1D2-linker variants demonstrate that at least
2 or 3 unfolded domains are necessary to follow the
correlation at 5 pN and 25 pN (Figure 2c,d).

Mechanical Effect of HIV-1 Neutralizing Antibody Ibalizumab
on CD4 Domains. The calculations above suggest a cor-
relation between the extensibility of CD4 and HIV-1
infectivity. We reasoned that an increase in the me-
chanical stability of CD4 should prevent extensibility,
potentially blocking HIV-1 entry. The mechanical sta-
bility of a protein can be modified by introducing
mutations in specific locations;18 however, introducing
mutations is not reversible and the effect generally
goes in the destabilizing direction. A strategy that has
been proven successful in protein mechanical stabili-
zation is antibody binding.16 This is important consid-
ering that the use of antibodies is a common strategy

to fight HIV-1.15 We decided to test whether an anti-
CD4 antibody able to block HIV-1 infectivity can actu-
ally affect the mechanics of CD4 modules. We tested
the neutralizing antibody Ibalizumab, a humanized
monoclonal antibody that specifically binds in the
interface between CD4D1 and CD4D2 with very high
affinity, (KD= 8.25� 10�11M) ref 24, without interfering
gp120 binding. Ibalizumab has been shown to be
effective against a wide range of HIV-1 isolates;23

however, the critical factors that make Ibalizumab a
good inhibitor are not yet clear.24 The crystal structure
of CD4 bound to Ibalizumab (pdb: 3O2D) shows critical
residues that form the binding epitope in CD4.23

We performed experiments with (I27)2-CD4D1D2-
(I27)2 in the force�extension mode in the presence of
Ibalizumab (Figure 3a). The unfolding force of CD4D2 is
slightly higher than in the absence of Ibalizumab, 138(
23 pN, which represents an increment of ∼20 pN. For
CD4D1 the measured force was 100( 24 pN, similar to
that observed with no Ibalizumab (Figure S7). Surpris-
ingly, we observed that∼60% of the traces showed the
unfolding of the CD4 domains after the unfolding of
one, two, or even three I27 peaks (Figure 3b), a phe-
nomenon rarely observed in the absence of Ibalizumab
(Figure 3c). This observation contradicts the logic of the
force extension experiments in which one always ex-
pects the weaker domains to unfold first. From these
experiments it is clear that Ibalizumab has a mechanical
effect onCD4. However, it is difficult to assess the nature
of this effect because the unfolding force of the
CD4 domains is not much different than that without
Ibalizumab. Surprisingly, CD4 domains are able to sur-
vive up to three consecutive I27 unfolding events which
occur at forces of ∼200 pN. A possible scenario is that
CD4D1D2 is very mechanically stable when Ibalizumab
is bound, and only when the antibody leaves do they
undergomechanical extension at a force similar to their
normal unfolding force.

Interestingly, in the force�ramp mode the initial
unfolding force of the tandem CD4D1D2 in the pres-
ence of Ibalizumab very often occurred at eleva-
ted forces (we collected traces with CD4 unfolding at
∼250 pN) and as a single step of∼22 nm (Figure 3d,e).
This is consistent with the simultaneous unfolding of
domains both at high force and in sharp contrast with
experiments in the absence of Ibalizumab, in which we
observed one step for each CD4 domain (Supporting
Information, Figure 7). A histogram of initial unfolding
force demonstrates that the main peak of force shifts
from ∼80 pN for CD4 with no Ibalizumab to ∼150 pN
as a consequence of adding Ibalizumab (Figure 3f).
We suggest that this force might be the release force
of Ibalizumab indicating that CD4D1D2 only unfolds
when Ibalizumab unbinds. The phenomenon of a
release force in protein�protein interaction has been
already observed in other molecules exposed to me-
chanical forces such as catenin and vinculin.25
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We observed that in the presence of Ibalizumab,
CD4D1D2 often unfolds alongside with an I27 domain
(Supporting Information, Figure 10), indicating that
Ibalizumab release force is similar or slightly lower
than the unfolding force of I27, measured at 155 (
22 pN. This may explain, in part, the effect of Ibalizumab
in the force�extension traces. In this mode, the
unfolding of I27 may be accompanied by Ibalizumab
release, leaving CD4D1D2 free of antibodies for sub-
sequent unfolding. However, in force�extension the
force drops abruptly after I27 unfolding which allows
CD4D1D2 to unfold at their normal forces. Neverthe-
less, we still observed a high number of CD4D1D2
unfolding peaks before I27 at forces below the sug-
gested release force, which might correspond to
Ibalizumab-free polyproteins. We also tested whether
the release of Ibalizumab might be affected over time
by applying a multiforce protocol using three forces,
20, 60, and 150 pN, with different application times
(Supporting Information, Figure 11). We observed
that CD4D1D2 only unfolds when the force applied is
150 pN. It does not do it at 15 nor 60 pN, irrespective
of the time. From these experiments we infer that
Ibalizumab makes CD4 stronger.

Our experiments do not address if the increment
in CD4 mechanical stability is directly related to the
inhibiting power of Ibalizumab, but we suspect that
increasing mechanical rigidity in CD4 will have an

effect in the cascade of conformational rearrange-
ments necessary to bring the viral particle close to
the surface.

Mechanochemical Cleavage of CD4 Disulfide Bonds by Thior-
edoxin Enzymes. Besides introducing external mol-
ecules, a natural way of increasing mechanical resis-
tance is throughout disulfide bonds. Interestingly,
thiol/disulfide exchange by oxidoreductase enzymes
in both gp120 and CD4 seems to be important during
HIV-1 infection contributing to the conformational
changes in the gp120-CD4 complex required for mem-
brane fusion and infection.17,26 Importantly, inhibition
of oxidoreductase enzymes seems to prevent HIV-1
infection.27,28 In the case of CD4, thiol�disulfide ex-
change in CD4D2 seems to be carried out by thio-
redoxin enzymes (Trx).28 Surprisingly, the reduced form
of CD4D2 is the one preferred for HIV-1 to infect cells.
However, the disulfide bond in CD4D2 is buried and
therefore inaccessible to Trx enzymes.29 We reasoned
that force might trigger the mechanochemical cleav-
age of the buried disulfide bond.

In a previous work, we used force spectroscopy
to investigate the reduction of single disulfide bonds
under force catalyzed by Trx enzymes.30,31 We demon-
strated that force is required for exposure of cryptic
disulfides and also for regulation of the chemicalmech-
anisms utilized by Trx enzymes for disulfide bond reduc-
tion. Here, we have investigated themechanoenzymatic

Figure 3. Mechanical effect of the HIV-1 entry inhibitor Ibalizumab in human CD4. (a) Force�extension trace of (I27)2-
CD4D1D2-(I27)2 in the presence of Ibalizumab. The structure of the complex CD4D1D2-Ibalizumab is also shown. CD4D1D2
unfolding is detected in the third position after surviving the mechanical unfolding of two I27 modules. The lines represent
fittings to the WLC model. (b and c) Histograms of CD4 domains position in the trace in the presence and absence of
Ibalizumab, respectively. (d) Force�ramp trace of the (I27)2-CD4D1D2-(I27)2 polyprotein in the presence of Ibalizumab. The
mechanical extension of CD4D1D2 is detected after all I27 domains at a force of ∼250 pN. (e) Histogram of step size for the
unfolding of CD4D1D2 in force�rampmode and in the presence of Ibalizumab (n = 76). The unfolding of CD4D1 and CD4D2
are measured at 8.6 ( 0.7 nm and 13.3 ( 1.1 nm, respectively. We monitored a dominant peak at around 22.2 ( 0.9 nm
corresponding to the simultaneous unfolding of CD4D1andCD4D2. Compare this histogramwith the onewith no Ibalizumab
in Supporting Information, Figure 4. (f) Histogram of initial unfolding force of CD4D1D2 and in the absence (red, n = 37) and
presence (blue, n = 54) of Ibalizumab. A displacement toward higher force is observed when Ibalizumab is present.

A
RTIC

LE



PEREZ-JIMENEZ ET AL. VOL. 8 ’ NO. 10 ’ 10313–10320 ’ 2014

www.acsnano.org

10318

cleavage of disulfide bonds in CD4D1D2. We used
a two-pulse protocol to monitor the unfolding of
CD4D1D2 and I27 modules. In the presence of 10 μM
human Trx we observe extra steps following the
unfolding of the CD4 domains. The release of the
sequestered residues upon Trx reduction will lead to
an extra extension of ∼20 and ∼8 nm for CD4D1 and
CD4D2, respectively. We have observed such steps
following the unfolding of CD4 domains (Figure 4a,b
and Supporting Information, Figure 6). We have also
observed a number of traces showing the reduction
of disulfide bond in CD4D2 without the reduction
of CD4D1 (Supporting Information, Figure 12), which
might be due to different force dependence. Steps
corresponding to the unfolding of reduced CD4D1 and
CD4D2 at ∼29 and ∼22 nm, respectively, are barely
observed, indicating that disulfide bonds remain oxi-
dized and buriedwithin the structure of the domains in
the absence of mechanical exposure.

CONCLUSION

Our results show that the mechanical extension of
CD4 domainsmay occur within a broad range of forces.
The interaction of a virus with the cell surface has been
shown to be highly dynamic,32 but the forces involved
in the interaction of the virus and its receptor are
unknown. Mechanical forces may come from different
sources such as Brownian motion,33 cellular uptake
dynamics,32 viral surface movements, and cell�cell
interaction.34 We show that even at low forces me-
chanical extension of CD4 domains may occur at long-
er time scales. This might have implications in the
interaction of HIV-1 with T cells. Besides virus-to-cell
transmission, HIV-1 can also be transmitted cell-to-cell
throughout a virological synapse that seems to involve
gp120, CD4, and others adhesion proteins.35�37 In this

case, the interaction between cells could generate
mechanical forces in the proteins of the adhesion
junction that can reach 10�100 pN, or even higher.3,38

Therefore, the range of mechanical forces considering
both virus-to-cell and cell-to-cell transmission may be
enough to trigger mechanical extension of CD4 do-
mains in a time-dependent manner. Mechanical ex-
tensibility of CD4 domains increases the flexibility
which may facilitate the conformational rearrange-
ments and interaction with surface coreceptors.8,39

Successful infection requires proper attachment
starting with at least one single CD4 molecule. Partial
or total mechanical extension of CD4 domains may
help viruses to remain attached by acting as a shock
absorber that permits receptor ligation to the virus.
This mechanism has been already suggested for
CD4.24,40 Similarly, the shock-absorber mechanism
has been proposed for tenascin andMel-CAM,modular
proteins from the extracellular matrix that are impor-
tant in cell�cell interaction. These proteins undergo
mechanical extension to release tensile stress and
prevent cell detachment.3,38 Mechanochemical clea-
vage of CD4 disulfide bonds would also facilitate
structural adjustments and would help to increase
extension.
The experiments with Ibalizumab suggest a possible

connection between mechanical stability and HIV-1
entry. The interactions that the antibody establishes
with CD4 generate amolecular complexwith increased
mechanical stability. To the best of our knowledge, this
is the first experimental observation of protein me-
chanical alteration from a drug effective against viral
infection. This opens the door for considering new
strategies and treatments based on the manipulation
of the mechanics of proteins, namely mechanophar-
maceuticals. Molecules that increase the mechanical

Figure 4. Mechanochemical cleavage of human CD4D1D2 by Trx enzymes. (a) Mechanical unfolding of CD4D1 and CD4D2
(Unf) and subsequent disulfide bond reduction in both domains by 10 μMhuman Trx (Red). The reductions,∼8 nm for CD4D1
and ∼20 nm for CD4D2, occur after unfolding, which demonstrates that mechanical exposition of disulfides is required.
(b) Histogramof step size observed for the unfolding and reduction of CD4D1D2 by human Trx (n = 25). Threemain peaks are
observed. The first one at 8.0 ( 1.0 nm corresponds to both unfolding of CD4D1 and reduction of CD4D2 and it is higher
because it collects these two events. The second peak at 13.4( 0.7 nm is the unfolding of CD4D2, and the third one at 20.2(
1.8 nm corresponds to the reduction of CD4D1.
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stability of CD4 and also gp120 will introduce steric
constraints and rigidity that might be detrimental
for virus attachment and conformational changes.
This mechanical effect could also be achieved by
manipulating the redox state of disulfide bonds in
CD4 and gp120.
There are many viruses such as Epstein�Barr virus,

rhinovirus, and poliovirus using proteins with similar
features than those of CD4 also acting as mechanical
anchors. The reason why viruses prefer these multi-
modular Ig proteins might be related to their recogni-
tion and adhesive properties,41 but we hypothesize

that these proteins are crucial due to their unique
mechanical properties. The role of mechanical forces
has been experimentally tested in a small number of
cell-surface and cytoskeletal proteins but never in the
context of viral infection. We are aware that our results
are an initial approximation and further experimenta-
tion will be necessary to extend these studies to the
cellular level. However, we believe that this mechanical
view offers new avenues for a better understanding of
viral infections and also expands our knowledge about
the effect of force on the regulation of biochemical and
biological processes.

METHODS
Protein Expression and Purification. The gene encoding the

polyprotein (I27)2-CD4D1D2-(I27)2 was constructed as described
elsewhere.18 The insert (I27)2-CD4D1D2-(I27)2 is constructed
following a multistep cloning process using I27 and CD4D1D2
inserts with restriction sites BamHI, BglII, and KpnI. The final gene
was cloned into pQE80L vector (Qiagen) and transformed in
DH5R cells (Invitrogen). Protein expression was induced with
1 mM IPTG, and cells were incubated overnight in LB medium at
20 �C to avoid degradation. Cell pellets were disrupted using a
French press and the His6-tagged proteins were loaded onto a
His GraviTrap affinity column (GE Healthcare). The protein was
further purified by size exclusion chromatography using a Super-
dex 200 HR 10/30 column from GE Healthcare. The protein was
eluted in 10 mM HEPES at pH 7.2 containing 150 mM NaCl and
1 mM EDTA. The purified protein was verified by SDS-PAGE. The
sameprotocolwas used to express andpurify human thioredoxin
although expression was at 37 �C, and the cells used were E. coli
BL21 (DE3) from Invitrogen.

AFM Experiments and Data Analysis. We used a custom-made
atomic force microscope20 as well as a commercial version AFS-
1 from Luigs & Newmann, GmbH. Cantilevers were from Bruker,
model MLCT, with a typical spring constant of 15�20 pN/nm,
measured using the equipartition theorem. The buffer usedwas
10 mM HEPES at pH 7.2 containing 150 mM NaCl and 1 mM
EDTA. About 10 μL of the solution containing (I27)2-CD4D1D2-
(I27)2 protein was deposited on a gold-covered coverslide. We
allowed several minutes for protein adsorption. In the experi-
ment using Ibalizumab, the sample was first incubated for 1 h at
room temperature with an excess of antibody (proportion >1:5).
In the experiments with human Trx, about 100 μL of solution
containing Trx to a final concentration of 10 μM, 50 nM human
Trx reductase, and 2mMNADPHwas added to the CD4 solution.
Force�extension experiments were performed at 400 and
10 nm/s piezo movement speed. The data were analyzed using
the worm-like chain model of polymer elasticity. In the force�
clamp mode our AFM has a length resolution of 0.5 nm and the
feedback response is 5 ms. We use a three-pulse protocol in the
force�clamp experiments, first pressing the surface at 800 pN for
0.2 s, then retracting the tip at a stretching force of 20�100pN for
CD4 unfolding detection and finally increasing the stretching
force to 150 pN for I27 unfolding probe. The time of the second
and third pulses varies from 2 to 10 s. Data analysis was carried
out using Igor software (Wavemetrics). Summed and averaged
traces were fitted to single exponential functions. Figures were
prepared using Igor software and Adobe Illustrator.
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