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HIGHLIGHTS GRAPHICAL ABSTRACT

 HIV-1-PR plays a key role in the life cycle
of the human immunodeficiency virus.

» Complex (un)folding behavior was re- laser
vealed by single-molecule and MD bead
studies.
* HIV-1-PR unfolds either in a two-state —
manner or by populating an intermedi- pipette
ate state. B

* Folding of denaturated HIV-1-PR mono-
mer is a multi-pathway process.

* Folding information can guide rational
design of HIV-1-PR folding inhibitors.
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of the native state (N), and that of the ensemble of partially folded (PF) conformations the protein visits en
route to N, which collectively act as a long-lived state controlling the slow kinetic phase of the folding process.
Our results reveal a rich network of unfolding events, where the native state unfolds either in a two-state manner
or by populating an intermediate state I, while the PF state unravels through a multitude of pathways,

I:ﬁmo_r::(;tease underscoring its structural heterogeneity. Refolding of mechanically denatured HIV-1-PR monomers is also a
Single-molecule studies multiple-pathway process. Molecular dynamics simulations allowed us to gain insight into possible conforma-
Protein folding tions the protein adopts along the unfolding pathways, and provide information regarding possible structural
Intermediate states features of the PF state.
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1. Introduction

Human immunodeficiency virus type 1 protease (HIV-1-PR) is a
dimeric aspartyl protease, made of two identical monomers of 99
residues each, which plays an essential role in the life cycle of HIV
[1]. The virus expresses its protease embedded in a polyprotein,
where it is largely monomeric [2] and the monomer adopts a fold
very similar to that observed in the functional and mature dimer
[3-5]. The structures of the wild-type and variant HIV-1-PR forms
have been widely studied because of the importance of this enzyme
as a target for antiviral therapy [6,7]. Likewise, the maturation pro-
cess leading to the active dimer [8], comprising the folding of the
monomer, its cleavage from the polyprotein and the assembly of
the monomers into the dimer, has been intensively investigated as
each one of these steps could be potentially blocked to inhibit HIV
replication [9-11].

In spite of its small size, the folding process of the HIV-1-PR
monomer seems quite complex as compared to that of proteins of
similar length. Under biological conditions, it takes about 50 s to
reach its native conformation, not involving any proline isomeriza-
tion, and events occurring at least on two different time scales were
identified in stopped-flow fluorescence experiments [12]. The native
conformation itself appears more complicated than that of proteins of
similar size. In fact, if we quantify the complexity of the native topology
with the Plaxco's contact order CO [13], we find that compared to pro-
teins of similar size, such as ACBP (CO = 11), protein G (CO = 9), CI2
(CO = 10) and SH3 (CO = 10), the monomer of the HIV-1-PR has a
higher CO of 15.

Simulations have suggested the existence of multiple pathways in
the unfolding and refolding processes of HIV-1-PR monomer [14]. How-
ever, to date no experimental evidence of this complex folding scenario
has been provided. Several studies have examined the folding mecha-
nism of HIV-1-PR using a variety of ensemble techniques, such as differ-
ential scanning calorimetry [15], NMR [16], urea denaturation [17] and
sedimentation equilibrium studies [18]. Although these studies have
given information on the overall thermodynamics and kinetics of the
process, none has provided insight into the ensemble of folding routes
that the individual molecules follow to reach their native state (N), as
these experimental methods provide only averaged information. The
advent of single-molecule techniques, such as optical tweezers, has
made it possible to revisit protein folding with a new approach,
allowing us to go beyond the ensemble average and to dissect folding
mechanisms in unprecedented detail. Through mechanical manipula-
tion, it is possible to follow in real time the trajectories of individual
molecules and to describe the inherent heterogeneity of biological
processes that are stochastic in nature, such as the folding of a poly-
peptide chain into a functional protein [19-24]. Moreover, these
studies can be complemented by state-of-the-art molecular dynam-
ics (MD) simulations, which, through a comparative analysis with
the experimental data, can provide atomic details of the process
under investigation [25,26].

In this study, we used optical tweezers and MD simulations to shed
light on the HIV-1-PR folding mechanism. We manipulated a stable mo-
nomeric form of HIV-1-PR to show that it unfolds mainly along two tra-
jectories, sometimes populating a mechanically stable intermediate
state. Taking advantage of the slow folding kinetics of HIV-1-PR ob-
served by fluorescence and circular-dichroism experiments [12], we
were also able to manipulate partially folded (PF) conformations that
the molecule adopts along its journey to the native state. Our data indi-
cate that the PF state is long-lived, compact and structurally inhomoge-
neous, unfolding along a multitude of trajectories when mechanically
stretched. State-of-the-art MD simulations revealed the sequence of
events characterizing the unfolding and refolding trajectories, providing
insight into possible structural features of the intermediate states popu-
lated by the protein and suggesting a role for non-native contacts in the
unfolding process.

2. Results

In order to study the folding process of HIV-1-protease at the single-
molecule level while avoiding the complication of monomer/dimer
equilibria [27], the R87K substitution was introduced [28] in the Q7K/
C67A/C95A protease variant [29]. Cysteine residues were also intro-
duced at the N- and C-terminal ends of the protein by engineering the
L5C and N98C substitutions. Urea denaturation of the protease variant,
as monitored in solution by tryptophan fluorescence, was reversible
and well described by a two-step process (Fig. 1), as previously reported
for both the well-characterized dimeric, but inactive, HIV-1 protease
variant and the monomeric (inactive) protein form described by Noel
et al. [12]. However, the mutant is marginally stable (AG® = 9.84 +
1.34 kJ/mol) and prone to aggregation. Thus, suitable preparation pro-
tocols had to be set up to generate protein—-DNA chimeras for use in
single-molecule experiments (see Materials and methods for details).

Single monomers of HIV-1-PR were manipulated as depicted in
Fig. 2. The molecules were stretched and relaxed by moving the pipette
relative to the optical trap, while the applied force and molecular exten-
sion were measured as previously described [19,30]. As the protein un-
folds and refolds under tension its extension suddenly changes,
generating discontinuities (rips) in the stretching and relaxation traces
that can be analyzed to gain insight into the kinetic and mechanical
properties of the molecule [20]. We used this experimental approach
to explore the unfolding and refolding processes of native and partially
folded conformations of the monomeric HIV-1-PR.

2.1. The native state unfolds along two main pathways

To study the unfolding trajectories of the native state of monomeric
HIV-1-PR, experiments were performed in which the force applied on
the protein was first ramped (~5 pN/s) to 55 pN to induce the unfolding
of the molecule; then, it was decreased (~—5 pN/s) to 2 pN and kept
constant at such low value for 90 s, before the next stretching-
relaxation cycle started. In the absence of force the HIV-1-PR monomer
takes ~50 s to refold into its native state from a urea-induced denatured
state [12]. In the present experiments, the HIV-1-PR is given approxi-
mately twice as much time (90 s) to fold into N because under tension,
although very small (2 pN), folding is slowed down [32,33]. The force
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Fig. 1. Equilibrium folding properties of the L5C/R87K/N98C HIV-1-PR variant. Fluores-
cence emission of protease samples (2 uM in 20 mM sodium phosphate buffer, pH 6.0,
1 mM DTT) containing increasing (empty symbols) or decreasing (closed symbols) urea
concentration was measured at 25 °C at equilibrium (excitation light, 290 nm). The wave-
length of the maximum of the emission spectrum was plotted as a function of urea con-
centration. The curve shows the common fit to a two-state model (Eq. (1)) with a AG®
for folding of —9.84 4+ 1.34 kJ/mol and an m value of 2.85 4= 0.42 kJ/mol.
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Fig. 2. Experimental setup and structure of HIV-1-PR. A) Individual molecules were manipulated by means of DNA handles (~500 bp DNA molecules) covalently attached to cysteine
residues engineered at positions 5 and 98. Each DNA handle is tethered to a functionalized bead, as previously described [18,47]. B) NMR structure of the monomeric form of HIV-1-PR

(Protein Data Bank code 1BVG).

applied on the molecule is never lowered to zero, in order to avoid
direct contact between the polystyrene beads, which would generate
unwanted interactions between the tethering surfaces. The unfolding
events observed during the first stretching of the molecule, which cor-
responds to the unfolding of the native state, are indistinguishable
from those observed during subsequent stretching-relaxation cycles,
suggesting proper folding of HIV-1-PR during the 90 s wait period. It is
worth mentioning that these experiments are technically very challeng-
ing for two main reasons. First, the interaction between digoxigenin and
antibodies usually cannot stand forces larger than 25-30 pN. However,
in spite of its poor thermodynamic stability, HIV-1-PR monomer is a
mechanically resistant protein and force must be raised up to 55 pN to
ensure complete unfolding. As a consequence, in each experiment
many tethered molecules had to be tested to find one that could with-
stand such high tension for at least one cycle. Second, at 2 pN of force
the two tethering surfaces are quite close to each other and ina 90 s
period of time there is always a good chance that another molecule
gets tethered between them, causing the end of the measurement.

Under these experimental conditions, the HIV-1-PR monomer was
observed to unfold through two main mechanisms, as shown in Fig. 3.
In 64% of the cases, it unfolded in an all-or-none fashion, transiting
from N to the unfolded state (U) along a two-state unfolding pathway.
Other times (31%) it unfolded in a three-state manner, populating an in-
termediate state (I). Only rarely (5% of the cases) it unraveled through
different mechanisms (Figure S1). During multiple stretching/relaxa-
tion cycles, the same molecule is observed to take different unfolding
pathways (Fig. 3).

When the HIV-1-PR unfolds in a two-state fashion, it generates a sin-
gle discontinuity in the stretching trace at ~25 pN, which corresponds to
the sudden increase in the extension of the molecule as it passes from its
compact native state to its extended unfolded state (average rip width
d = 22 + 4 nm), left trace in Fig. 3B. The increment in contour length
(AL;) upon unfolding of the molecule was estimated by fitting the
force-extension curves to the worm-like chain model [36,37]. This

analysis yielded a AL of 30 £ 3 nm, which compares well with the
value of 31.5 nm expected for the complete unfolding of the molecule
(see Materials and methods). Analysis of the force distribution of the
two-state unfolding events (Fig. 3C) provided information on the
unfolding rate constant (k°,) and distance (x,) between the native
state and the transition state along the reaction coordinate [19,35].
However, it is important to notice that rate constants estimated through
optical tweezers experiments contain contributions from experimental
parameters, such as DNA handle length and bead size; thus, they cannot
be compared directly to rate constants of the free protein in solution
[35]. On the contrary, the estimated x%, value reflects an intrinsic prop-
erty of the molecule. The distance x, is a measure of the mechanical
compliance of the native state, i.e.: how much it can be deformed
along the pulling axis without crossing the transition state. The larger
is x*,,, the more pliant a protein structure is. Analysis of the force distri-
bution of Fig. 3C yielded a x*, of 1 + 0.1 nm, indicating that the compli-
ance of HIV-1-PR's native state is relatively large compared to that of
other all-B strand proteins [38-40]. This unusual pliability of the
three-dimensional structure, if maintained in the dimeric species,
might play a role during the catalytic activity of the enzyme, allowing
the protease to adopt the proper conformations to interact with its
substrates.

When the HIV-1-PR unfolds in a three-state manner (Fig. 3B, right
trace), it first populates an intermediate state I at ~25 pN (N-I transi-
tion; average rip width d = 17 & 4 nm), and then it transits into its
unfolded state at higher forces, (I-U transition; average rip width d =
7 + 3 nm). The partial unfolding of the protein into I results in a change
in contour length AL. of 22 4+ 4 nm, while the subsequent unfolding of
the intermediate state results in a AL. of 9 4+ 3 nm. The sum of the
two AL values (31 + 5 nm) is consistent with the full unfolding of
the protein. Assuming a value of 0.36 nm/residue, a AL. of 9 4+ 3 nm
for the I-U transition indicates that ~25 residues are structured in the
intermediate state [41]. Analysis of the unfolding force distributions
provided kinetic information on the unfolding transitions (Fig. 3).
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Fig. 3. Forced unfolding of the monomeric HIV-1-PR native state. A) Three superimposed stretching (red) and relaxation (blue) cycles acquired by manipulating one HIV-1-PR molecule at
100 nm/s (~5 pN/s). The molecule unfolded twice in a two-state manner, and once it populated an intermediate state I. B) Stretching traces from panel A) shifted laterally for clarity. The
native state (N) transits into the unfolded state (U) through an all-or-none transition on the left trace, while it populates an intermediate state (I) in the other case. C) Force distribution of
the two-state unfolding events (n = 105) fit to a probability distribution function [48], (red line, Eq. (2)), to estimate the position of the transition state along the reaction coordinate and
the zero force unfolding rate. The best fit (least squares) values gave x, = 1 & 0.1 nmand k% = 7 (£1) x 10~3s~ 1. D) and E) show the force distributions of the first and second unfolding
events along the three-state unfolding pathway (n = 46) and the corresponding fit to the probability distribution function (red lines). The best fit values gave x*, = 0.5 + 0.1 nmand k%, =
4(£1)x 10725~ for D),and x, = 0.5 & 0.1 nmand k°, = 6 (& 1) x 10> s~ for E). Force distributions of C), D) and E) were also linearized and analyzed as previously reported (Eq. (3))
[24,34]in F), G) and H) respectively. This analysis provided kinetic values quite similar to those reported above, that is x, = 1 + 0.1 nm and k%, = 8 (+1) x 103 s~ ! for F), x, = 0.7 &

0.1 nmand k% = 3 (£0.6) x 1072 s~ ' for G), and x, = 0.6 + 0.1 nm and k% = 5 (£0.7) x 10> s~ ! for H).

2.2. Partially folded conformations unfold along multiple pathways

During the ~50 s needed to fold, the molecule likely explores differ-
ent conformations before finding its native state. To gain insight into
this ensemble of partially folded conformations, we performed mea-
surements in which individual HIV-1-PR molecules were pulled before
they could reach their native state. In these experiments, a tethered
molecule was stretched and relaxed multiple times between an upper
and lower force value (55 pN and 2 pN, respectively), with no waiting
time at low tension. Under these conditions, the whole stretching-
relaxation cycle takes only 20 s to be completed. Thus, an unfolded
HIV-1-PR has no time to fold back into its native state before it is pulled
again, and the molecule is stretched while being in one of the many
possible partially folded (PF) conformations it adopts en route to N,
which collectively we call the PF state.

In these measurements, the HIV-1-PR monomer unfolds either
through an all-or-none transition (23% of the cases) or, more often, in
a three-state manner involving an intermediate state (71% of the
cases), as shown in Fig. 4. Only rarely (6% of the cases), it unfolds

through different mechanisms (Figure S1). The same molecule is ob-
served to take different unfolding pathways when stretched and re-
laxed multiple times (Fig. 4).

The sharp transitions characterizing the stretching traces indicate
that the PF state is a well-defined thermodynamic state, separated
from other states of HIV-1-PR by free-energy barriers. The AL associat-
ed with the two-state unfolding events (Fig. 4B, left race) was estimated
to be 31 4 3 nm, a value that is quite similar to that measured for the
unfolding of the native state, revealing a native-like extension of the
PF conformations. Similarly, the changes in contour length associated
with the three-state unfolding pathway were estimated to be 22 +
3 nm for the first transition, and 7 + 2 nm for the second one, summing
to a total AL; of 29 + 4 nm.

The ensemble of conformations associated with the PF state is, over-
all, less stable than the native state, unfolding mostly at 10 pN (Fig. 4C).
However, unfolding events at higher forces are also observed, resulting
in a broad force distribution. The shape and broadness of the force
distribution suggests a continuum of two-state unfolding pathways,
characterized by different kinetic barriers. Interestingly, the force
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Fig. 4. Forced unfolding of partially folded (PF) conformations of HIV-1-PR monomer. A) Two superimposed force vs. extension cycles acquired by stretching and relaxing one HIV-1-PR
molecule at 100 nmy/s. B) Stretching traces of panel A), where the molecule transits into the unfolded state either through an all-or-none transition (left trace), or by populating an inter-
mediate state | (right trace). C) Force distribution of the two-state unfolding events (n = 139). D) Force distribution of the first unfolding events along the three-state unfolding pathway
(n = 432).E) Force distribution of the second unfolding events along the three-state unfolding pathway (n = 432). Fit of these data to a probability distribution function (red line, Eq. (2))
[48] yielded X%, = 0.3 4 0.1 nmand ko = 3 (+0.5) x 10~2s~ . F) Plot of In[r In[1/N(Fr)]] vs. force for the force distribution of E), and corresponding fit (black lines, Eq. (3)) [34] yielding a

X, =04+01nmand kg =2 (£02)x 107257,

distribution of the first unfolding event along the three-state unfolding
pathway (Fig. 4D) has a shape similar to that of Fig. 4C. These similarities
suggest that the heterogeneity of the observed unfolding pathways
most likely reflects a heterogeneity of the initial states of such pathways,
indicating a high structural variability of the PF state. After crossing the
first barrier for unfolding, the molecule transits directly into the unfold-
ed state (23% of the cases), or is kinetically trapped into an intermediate
state that then unfolds at higher forces (71% of the cases). However, the
unfolding force distribution of the intermediate state (Fig. 4E) is not
scattered and can be well fitted by a two-state unfolding probability
function, suggesting a well-defined molecular conformation for the
intermediate.

2.3. HIV-1-PR monomer refolds through multiple pathways

Refolding of the monomeric HIV-1-PR is also a multi-pathway pro-
cess, where the molecule regains its original extension either gradually,
or through one or more transitions (Fig. 5). Notice that the refolding
events displayed in this figure do not lead directly to the native state

of the protein because, as mentioned above, folding into N is a very
slow process. Mechanically denatured HIV-1-PR monomers compact
into partially folded (PF) conformations that take at least 50 s to transit
into the native state [12]. This PF-N transition is not detected in our
measurements, implying that the change in extension involved in the
associated folding process is too small to give rise to a noticeable signal
in our recordings. These results indicate that the PF state is similar in
compactness to the N state. The shape of the force distributions of
Fig. 5D, E and F reveals the presence of multiple refolding pathways as-
sociated with the refolding events shown in Fig. 5B and C. No correlation
has been noticed between type of refolding trajectory and type of
unfolding events observed in the following stretching trace.

2.4. Molecular dynamics simulations

State-of-the-art ratcheted MD simulations of the mechanical de-
naturation of the HIV-1-PR monomer were carried out to gain insight
into the molecular states visited by the protein during forced
unfolding [42-44]. Starting from an equilibrated native-like
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Fig. 5. HIV-1-PR monomer refolds through multiple pathways. When the tension applied on a mechanically denatured HIV-1-PR monomer is relaxed, the molecule regains its original
extension through either: a gradual compaction without any sharp transition (55% of the cases, panel A); a single sharp transition associated with a AL. of 31 £ 4 nm (28% of the
cases, panel B), or a two-step process with a first (small, AL = 8 + 3 nm) and second (large, AL, = 26 + 5 nm) transition (12% of the cases, panel C)). Only rarely, it regains a compact
conformation through different trajectories (5% of the cases; Fig. S1). D), E) and F) show the force distributions of the refolding events indicated by *, # and #, respectively.

conformation with a reference distance between Cys5 and Cys98 of
2.1 nm, and using a biasing algorithm to make the simulations feasi-
ble in a reasonable amount of time (see Materials and methods for
details) we calculated 7 unfolding trajectories in explicit solvent at
a constant force of 20 pN. Snapshots of the molecular conformations
visited by the protein during the forced denaturation are displayed
in Fig. 6.

The first elements to lose structure are hairpin p1 (residues 10-23)
and the « helix (residues 87-93); then, (3 strand 83-87 is removed
from the 23-34 loop, leaving hairpins B2 (residues 43-58) and 33
(residues 59-75) as the only native secondary structure (see Fig. 2B).
Only at the end of the simulation, these two 3 structures are disrupted,
in an undefined order. The seven trajectories mainly differ from each
other for number and type of non-native interactions. Fig. 7 shows the
average number of non-native interactions as a function of the distance
d between Cys5 and Cys98. Two trajectories display the formation of a
limited number of non-native contacts (up to 5, points marked with
#), which do not involve well-defined regions of the protein. In the
other five trajectories, the number of non-native contacts can reach
values between 8 and 10 (points marked with *). The regions of the
chain involved in these contacts are more restrained, as shown in
panel B of Fig. 7 (see also Table S1 in the Supplementary materials). If
we assume that some non-native contacts can stabilize certain second-
ary and tertiary structures, then the observed heterogeneity along the
experimental unfolding pathways (Fig. 3), in terms of presence or
absence of an intermediate state, might reflect the variability in number
and type of non-native contacts forming during the forced unfolding
process. Moreover, by comparing the end-to-end distance d of the con-
formations displayed in Fig. 6 with the unfolding transitions (rips)
observed during the experiments (Fig. 3), we can propose that hairpins
32 and P3 are structured, at least to some extent, in the intermediate
state observed by optical tweezers. In fact, at d ~ 17 nm, corresponding
to the rip width of the N-I transition along the three-state unfolding
pathway (Fig. 3B), B2 and 33 are still partly formed, and surrounded

by the structure-less part of the chain, with which they make a variable
number of tertiary contacts.

Biased MD simulations were also carried out to gain insight into the
mechanism by which denatured HIV-1-PR monomers travel toward the
native state. Four refolding trajectories were simulated in explicit

[nm]

24

0.44 0.53

RMSD [nm]

Fig. 6. Molecular dynamics simulation of the forced unfolding of the HIV-1-PR monomer.
Snapshots of the molecular structures visited by the protein along the unfolding trajecto-
ries at increasing distance d between Cys5 and Cys98. The RMSD values indicate the struc-
tural variability within each set.
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Fig. 7. Non-native contacts forming during the forced unfolding of the HIV-1-PR monomer.
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and Cys98. Each color marks a different unfolding trajectory. The maximum number of
non-native contacts is around 5 (#) in two of them, while in the other cases it ranges be-
tween 8 and 10 (*). B) The horizontal bar highlights the secondary structures of the pro-
tein, while the red connectors indicate non-native contacts forming in at least 2% of the
time in a given trajectory.

solvent at a constant force of 5 pN, starting from fully-elongated
structures (right-most conformation in Fig. 6). None of the simulations
reached the native state of the protein. Rather, the molecules got
trapped into partially folded conformations, characterized by native
secondary and tertiary contacts in hairpins 32 and (33, and non-native
contacts between segments 24-34 and 83-93 (Fig. 8). The overall struc-
tures of these conformations are rather heterogeneous, displaying a
mutual RMSD of 0.47 nm. However, the distance between Cys5 and

Fig. 8. Molecular dynamics simulation of the refolding process of the HIV-1-PR monomer.
Four superimposed structures adopted by the protein at the end of refolding simulations
carried out at 5 pN. The trajectories ended with non-native conformations in which seg-
ments 24-34 (green) and 83-93 (blue) cannot build the native 3 sheet.

Cys98 is 1.3 £ 0.4 nm, which is essentially indistinguishable from that
measured in the native state (0.6 + 0.4 nm). Therefore, the trapped con-
formations displayed in Fig. 8 appear to share common features with
the PF conformations observed in single-molecule experiments, both
for their native-like extension and for their structural heterogeneity

3. Discussion

The monomer of the HIV-1-PR is a complex protein, with a non-
trivial B-rich native conformation and a particularly lengthy dynamics.
This complexity is not always apparent in bulk experiments, in which
the overall experimental signal is the average over a very large number
of molecules. In fact, the fluorescence signal recorded in the equilibrium
titration experiment shown in Fig. 1 is compatible with a simple two-
state model. Single-molecule force spectroscopy offers a powerful
approach for deciphering the intricacies of complex folding scenarios.
Through mechanical manipulation it is nowadays possible to follow
the actual dynamics of single molecules as they undergo their transfor-
mations, avoiding the inherent averaging of ensemble methods. In this
paper, we use optical tweezers and biased MD simulations to uncover
information inaccessible to more traditional experimental techniques.

The molecular states and unfolding/refolding pathways of HIV-1-PR
revealed by our studies are schematically depicted in Fig. 9. Starting
from the native structure, the protein can either unfold directly, or
through an intermediate state. Analysis of the force distributions of
the unfolding events (Fig. 3) suggests that the first kinetic barrier of
the three-state pathway is probably different from that of the two-
state pathway, both because of its position along the reaction coordinate
(x*, = 0.5 + 0.1 nm versus x*, = 1 + 0.1 nm, respectively) and its
height (K%, =4 (£1)x 10725 'versus k% = 7 (1) x 1073571, re-
spectively). These data support the idea that the bifurcation of the ener-
gy landscape of HIV-1-PR's native state does not take place after a major
kinetic barrier, common to both pathways, as reported for other pro-
teins [45]. Rather it takes place early on during the unfolding process
[20]. The structure of the intermediate state populated by the protein
is not known. However, the comparison of the rip width (~17 nm) of
the N-I transition of the three-state unfolding process (Fig. 3B) with
the extension of the molecular conformations visited by the protein
during the MD simulations (Fig. 6), seems to indicate that hairpins 32
and 33 are still at least partially structured in the intermediate state.

The heterogeneity of the unfolding pathways of the HIV-1-PR mono-
mer has been previously proposed by Bonomi et al. [14], from calcula-
tions of the free-energy surface of the protein with a structure-based

Fig. 9. Sketch of the unfolding/refolding pathways and molecular states populated by the
HIV-1-PR monomer. The native state unfolds along two main pathways, one involving an
intermediate state. The unfolded state follows multiple trajectories to refold first into a
structurally heterogeneous PF state, which then transits into the native state slowly. The
PF state can unfold either in a two-state manner or, more often, by populating an interme-
diate state.
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model. However, no specific intermediate state was observed. These
results agree well with our data if we consider that, according to our
MD simulations, the intermediate state could be stabilized by non-
native contacts, and thus could not be detectable in structure-based
models which, by definition, do not describe non-native interactions.
It should also be noticed, however, that the pathways described in
this paper apply only to the folding behavior of the molecule under ten-
sion. The folding pathways followed by HIV-1-PR free in solution
might differ.

Refolding of the mechanically denatured HIV-1-PR monomer into its
native state is a multi-path process characterized by partially folded
(PF) conformations that altogether act as a long-lived state controlling
the slow kinetic phase of the process. In approximately half of the fold-
ing trajectories, the PF state is reached without encountering any major
free-energy barrier (Fig. 5A). As a consequence, the overall folding
kinetics is presumably solely controlled by the large free-energy barrier
between the PF and the native state. In the other half of the cases, the
HIV-1-PR monomer folds toward the PF state by crossing different
kinetic barriers, thus generating broad refolding force distributions
(Fig. 5). The PF state is quite compact and its transition into the native
state is undetectable in our measurements. Nonetheless, despite this
experimental limitation, we were able to gain insight into this long-
lived state by pulling on it and generating unfolding events (Fig. 4).
The resulting broad and skewed distribution of unfolding forces
suggests that the PF state comprises a structurally heterogeneous set
of conformations that unravel through a multitude of unfolding
pathways. All MD simulations of the refolding process lead to trapped
non-native states that might share common features with the PF confor-
mations. They are characterized by a native-like arrangement of hair-
pins 32 and p3, but a non-native positioning of the hydrophobic core
of the protein. In the native conformation, the segment 83-86 is
inserted in the looped segments 21-24 and 31-34 to form a -sheet,
which is further stabilized by the 3-strand 74-78. In the conformations
displayed in Fig. 8 not only this B-sheet is not present, but also the rel-
ative positioning of segment 83-93 with respect to segment 24-34 is
such that the molecule has to swell to reach a native-like conformation.

Despite the heterogeneity of the PF conformations, in ~70% of the
unfolding trajectories the molecule populates an intermediate state
that unravels producing a well-defined force distribution. This interme-
diate state appears to have similar properties to those of the intermedi-
ate state observed when pulling on the native state (Fig. 3). The height
(k°,) and position (x*,) of the unfolding energy barriers are similar, and
the changes in contour length associated with their unfolding are within
the standard deviations. Likewise, their mechanical resistances are sim-
ilar, as shown in Figs. 3E and 4E. These similarities might reflect com-
mon structural features of the two intermediate states, where hairpins
P2 and P3 could be, at least partially, folded in both cases. However,
our results do not allow for definitive conclusions on this matter and
extracting detailed structural features of the two intermediate states
will require further dedicated experiments.

Being a key enzyme in the maturation of the human immunodefi-
ciency virus, the HIV-1-PR is the target of drugs used in anti-AIDS ther-
apy. In essentially all these therapeutic approaches, molecules are
designed to target the active site of the protease to inhibit its function.
However, being associated with the error-prone replication mechanism
of a retrovirus, the protease mutates under drug pressure, altering the
binding site of the inhibitors and generating, in the process, pharmaco-
logical resistance. The intermediate states revealed in our study can be
regarded as non-conventional targets for molecules that, by stabilizing
partially folded conformations, can block the maturation of HIV-1-PR,
thereby inhibiting production of mature viral particles. Much work re-
mains to be done to implement such a strategy. In particular, a system-
atic NMR study of the denatured state of the HIV-1-PR by itself, and in
presence of selected exogenous molecules might be very helpful in
this regard. Within this context, and in keeping with the fact that folding
inhibition can be viewed as an extreme form of allosteric inhibition, one

can refer to Kunze et al. [46] where it is reported that structure-based
computational screening of dynamic pockets of the HIV-1-PR has
allowed the identification of small molecules displaying robust
(IC50 ~ 10-20 uM) inhibition.

4. Materials and methods
4.1. Protein expression

Plasmid pJF19, a pXC35 derivative encoding the Q7K/C67A/C95A
variant of HIV1-1-PR was a kind gift of Dr. Celia Schiffer (University of
Massachusetts Medical School, Waltham, USA). Starting from this plas-
mid, a construct expressing the double cysteine, monomeric L5C/R87K/
N98C protein variant used in single-molecule experiments was generat-
ed with the QuikChange Multi Site-Directed Mutagenesis Kit (Strata-
gene) in conjunction with the following oligonucleotides:

oligol 5’-GCCGCAGATTACCTGCTGGAAACGCCCGC-3/,
oligo2 5'-CCGGTGAACATTATTGGCAAAAACCTGCTGACCCAG-3/,
oligo3 5'-GGCGCGACCCTGTGCTTTTAGGGATCC-3/,

where the codons introducing the L5C (oligo1), R87K (oligo2) and N98C
(oligo3) amino acyl substitutions are underlined. The mutagenic reac-
tion was performed according to manufacturer's instructions, while all
other required DNA handling steps were carried out according to
established protocols [47,48]. Both DNA strands of the insert of the
resulting plasmid were sequenced to confirm the presence of the de-
sired mutations and to rule out the introduction of unwanted ones.
The engineered protein was overproduced using the Escherichia coli
TAP106 strain as the expression host, under the growth and induction
conditions reported elsewhere [12,27].

4.2. Protein purification

The recombinant protein was isolated from inclusion bodies under
denaturing conditions, and stored frozen in dried form until needed.
Cells obtained from a 5 | culture were resuspended in 20 mM Tris-
HCI, pH 7.5, containing 1 mM EDTA, 1 mM 2-mercaptoethanol (buffer
A) and 0.2 mg/ml mg/ml lysozyme, and disrupted by applying five
cycles of 1 min sonication (Branson, Model 250 sonicator) on ice. After
centrifugation of the homogenate at 20,000 xg for 20 min at 20 °C, the
recombinant protein was purified from inclusion bodies according to
the protocol described in [49]. Briefly, inclusion bodies were washed
once with 2 M urea, 0.2% Triton X-100 in buffer A, once with 2 M urea
in buffer A, and twice with buffer A. For each washing, 5 ml of buffer
per gram of the initial cell pellet was used and the resuspended sample
was centrifuged at 20,000 xg for 30 min at 20 °C. The pellet was
dissolved in glacial acetic acid (60 mg/ml) and then diluted with 50%
acetic acid to a concentration of 12 mg/ml. After centrifugation at
45,000 xg for 30 min, the supernatant was passed through a 0.22 pm fil-
ter and chromatographed on a Sephadex G-75 Superfine column
(2.6 cm x 85 c¢m, 450 ml) equilibrated and eluted with 50% acetic
acid. Fractions containing homogenous protein, as judged by SDS-
PAGE, were pooled, brought to dryness under vacuum and stored at
— 80 °C. The resulting protein was monomeric as judged by dynamic
light scattering measurements and analytical gel filtration.

4.3. Protein preparation for single-molecule experiments

DNA handles were prepared essentially as described by [27,31]. The
following oligonucleotides were obtained from Primm srl (Milan, Italy)
and they were used to amplify a 558 bp portion of the pGEMEX-1
vector.

oligo4 5'Biotin-CAAAAAACCCCTCAAGACCC-3'.
oligo5 5’Digoxigenin-CAAAAAACCCCTCAAGACCC-3'.
oligo6 5'Thiol-GCTACCGTAATTGAGACCAC-3'.
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Handles (400-500 pg) were generated by PCR using ten 1.2 ml reac-
tion mixtures. The two types of handles were generated using oligo6
with either oligo4 or oligo5. The reaction mixture contained 0.5 M
oligo4 or oligo5, 0.5 uM oligo6, 0.04 ng/ul p-GEMEX, 0.025 U/ul Tag-
polymerase in PCR Buffer (Qiagen) 16.2 mM DTT, 1.5 mM MgCl,. Ampli-
fication was performed by applying 34 cycles consisting of denaturation
at 94 °C for 45 s, annealing at 67 °C for 40 s for oligo4 or annealing at
63 °C for 40 s for oligo5, and extension at 72 °C for 90 s.

After purification with a HiSpeed Plasmid Maxi Kit (Qiagen), the
DNA handles were attached to the protein by following the procedure
described in [27,31]. Considering the observed tendency of the protease
to aggregate at concentrations above 1 mg/ml, activation of cysteine
residues was carried out on the denatured protein, which was then
refolded before the attachment of the DNA handles.

The lyophilized purified protease (1 mg) was resuspended in 20 mM
Na-phosphate, pH 6.5, containing 1 mM DTT and 7 M guanidine-HCl
(200 ). After 30 min incubation at 25 °C the sample was diluted to
3 mg/ml protein concentration (270 pM) with 20 mM Na-phosphate,
pH 6.5, 1 mM DTT to lower the guanidine-HCl concentration to 4 M.
DTT was removed by centrifugal chromatography on Bio Spin P6
columns (Bio-Rad) equilibrated and eluted with 20 mM Na-
phosphate, pH 6.5, 4 M guanidine-HCI. The resulting protein (typically
80-100 uM) was reacted with 2- to 5-fold molar excess of
dithiodipyridine (DTDP) added from a 10 mM stock solution in
20 mM Na-phosphate, pH 6.5, 4 M guanidine-HCl, 15% (v/v) acetonitrile.
The reaction mix was incubated at room temperature for 30 min, which
was sufficient to bring about the complete derivatization of the protease
cysteine residues, as judged spectrophotometrically by monitoring
absorbance changes at 343 nm [27,31].

The sample was then diluted to a protein concentration of 0.33 mg/ml
with 20 mM Na-phosphate, pH 6.5, 4 M guanidine-HCI. Excess DTDP was
removed by dialysis at 4 °C against 0.1 M formic acid (two 1 I changes for
4 h each) and 30 mM formic acid, pH 2.8 (1 ], overnight). After centrifuga-
tion at 19,000 xg for 30 min at 4 °C to remove precipitated material,
protein refolding was started by sample dilution in 5 volumes of 10 mM
Na-acetate, pH 6.0, to shift the pH to 4.0, and dialysis for 4 h at 4 °C against
41 of 20 mM Na-phosphate buffer, pH 6.0, which was made partially
anaerobic by bubbling nitrogen gas. After concentration in centrifugal
filter units (Millipore) followed by centrifugation at 16,000 xg for
30 min at 4 °C, the protein (0.6-0.8 mg/ml) was stored in aliquots
at —80 °C.

Attachment of the DNA handles to the protein was performed as de-
scribed in [27] using an optimized DNA/protein ratio of 1:1 (mol/mol)
instead of the 5:1 ratio suggested in Cecconi et al. [27]. Attachment of
the DNA handles to the protein was verified by SDS-PAGE on 6% gels
prepared in TBE buffer. The coupling of protein—-DNA chimera to poly-
styrene beads was performed as described in Cecconi et al. [27].

4.4. Denaturation/renaturation studies

Protein was refolded as described above by skipping the cysteine ac-
tivation step. Protein folding and unfolding were studied by monitoring
fluorescence emission changes of protease samples (2 pM) in 20 mM
Na-phosphate buffer, pH 6.0, 1 mM DTT and decreasing or increasing
urea concentration at 25 °C with a Cary Eclipse fluorimeter (Varian; ex-
citation light, 290 nm). At least 5 spectra were recorded after reaching
equilibrium. The maximum wavelength of the emission spectrum was
plotted as a function of urea concentration and the data were fitted to
the two-state process equation:

A max obs = Amax F T (A max U—Amax F) * (€XP((—M +X + AG)/(RT)) (1)
/(14 (exp((—m =X + AG)/(RT))))

where AG® is the unfolding free energy, x is the denaturant concentra-
tion, R is the gas constant (8.314 J/(K = mol)), T is the absolute

temperature (283 K), m is a measure of the dependence of AG on the de-
naturant concentration, Amax r is the maximum wavelength of the na-
tive emission spectrum and Apyax u is the maximum wavelength of the
unfolded emission spectrum. This analysis yielded a AG® = 9.84 +
1.34 kJ/mol.

4.5. Optical tweezers experiments

Single-molecule manipulation experiments were performed using a
custom-built optical tweezers instrument with a dual-beam laser trap of
840 nm wavelength [25]. The experiments were conducted at room
temperatures in 10 mM Tris—HCl buffer, pH 7.0, 250 mM NacCl, 10 mM
CaCl, or in 20 mM Na-phosphate buffer, pH 6.0, with similar results.
DNA-protein constructs were manipulated between a 3.10 um
antidigoxigenin-coated bead (Spherotec) held in the optical trap, and
a 2.2 ym streptavidin-coated bead (Spherotec) held at the end of a mi-
cropipette by suction. The force applied to the molecule was varied by
moving the micropipette relative to the optical trap by means of a pie-
zoelectric flexure stage (MAX311/M, Thorlabs, Newton, NJ). The applied
force was determined by measuring the change in light momentum of
the laser beams leaving the trap [30], while changes in the extension
of the molecule were determined by video microscopy [30]. The mole-
cules were stretched and relaxed at a constant speed of 100 nm s~ ',
while force and molecular extension were recorded at a rate of 40 Hz.
Only those molecules that displayed the characteristic DNA
overstretching transition at 67 pN were used in the analysis [19].

4.6. Changes in contour length of HIV-1 PR

Theoretical changes in contour lengths (AL.) upon unfolding/
refolding of HIV-1 PR were calculated as described [19]. The distance be-
tween positions 5 and 98 in the native structure was measured using
the NMR structure of HIV-1-PR (Protein Data Bank code 1BVG).

4.7. Analysis of unfolding force distributions

Unfolding force distributions of two-state unfolding events were fit
to the probability distribution function [34]:

P(F):(kou /r) exp(inu /I<BT> ()
exp [— ((k%kﬂ)/(rxﬂ)) (exp(inu/kBT) —1)}

where k%, is the unfolding rate at zero force, r is the loading rate
(pN s—1), x¥, is the distance from the native state to the transition
state along the reaction coordinate, kg is the Boltzmann's constant
and T is the absolute temperature.

The same force distributions were also fit to the equation [25,35]:

In [rIn1/NCF 0]} = In (KukgT/ 6, + () kT ) F 3)

where N(F,r) is the fraction of folded molecules at force F and loading
rate r (pN s~ ). N(F,r) can be calculated by integrating the unfolding
force distributions over the corresponding range of forces. Eq. (3) can
be used to fit In[rin[1/N(F,r)]] vs. F graphs.

4.8. Simulations

Unfolding simulations were carried out with the Amber03 force field
[47], using a modified version of the GROMACS package [50,51] . The
system is solvated with 35,000 water molecules in a fixed box of sides
6 x 6 x 30 nm. The temperature is maintained at 300 K by Nosé-Hoover
thermostat [52].

First, we carried out a 100 ns MD simulation at constant forces of
8 pN, 16 pN, 22 pN and 35 pN. This time is much shorter than that
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needed for the system to undergo any consistent conformational
change. Thus, the simulations provided reference distances d between
the Cys5 and Cys98 positions. According to these simulations (Fig. S2),
the application of a force on the two cysteine residues up to 22 pN
sets the protein in a stationary initial conformation characterized by
varying average values of d, ranging from 0.2 nm (calculated with re-
spect to the native conformation) at 8 pN to 2.1 nm at 22 pN. Application
of a force of 35 pN does not increase the average value of d beyond
2.1 nm. Such increase of d is due to the fact that the termini of the
chain, which eventually, in the presence of another monomer, build
the dimeric interface of HIV-1-PR, are weakly stabilized in the mono-
mer, and consequently can be unraveled even by the application of
small forces (Fig. S3). Since the transitions observed in the optical twee-
zer experiments occur typically at forces of =20 pN or higher, we used
2.1 nm as the reference distance between the cysteine residues in the
native state.

The biasing scheme is that described in Ref. [25]. However, the ratch-
etis here applied both on the distance d between Cys5 and Cys98 and on
the RMSD to a fully-unfolded, linear conformation of the protein. The
biasing potential has thus the form

Usa) = 2 ka(pa(t)=min, , py (1))’
2k (o) —min,_, p, (1)) @
where
Pa(t)=(d(t)—30nm)*
and
p:(t) = RMSD(D))%,

the harmonic constants being k; = k. = 1 kJ/mol/nm?.

A contact between residues is defined if any pair of their atoms is
closer than 0.35 nm. Non-native contacts are calculated as contacts be-
tween residues which are separated by at least 3 other residues along
the chain [53], and which are at least 2 residues away from pairs of res-
idues which form native contacts. They are considered relevant if they
appear in at least 2% of the time in a given trajectory.
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