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Dimerization of HIV-1 protease (PR) subunits is an essential process
for PR’s acquisition of proteolytic activity, which plays a critical
role in the maturation of HIV-1. Recombinant wild-type PR (PR"")
proved to dimerize, as examined with electrospray ionization mass
spectrometry; however, two active site interface PR mutants
(PR™°A and PR®®7X) remained monomeric. On the other hand, two
termini interface PR mutants (PR'"“°** and PR%”/*°) took both mo-
nomeric and dimeric forms. Differential scanning fluorimetry in-
dicated that PR"“** and PR%”%° dimers were substantially less
stable than PR"" dimers. These data indicate that intermolecular
interactions of two monomers occur first at the active site inter-
face, generating unstable or transient dimers, and interactions
at the termini interface subsequently occur, generating stable
dimers. Darunavir (DRV), an HIV-1 protease inhibitor, inhibits not
only proteolytic activity but also PR dimerization. DRV bound to
protease monomers in a one-to-one molar ratio, inhibiting the first
step of PR dimerization, whereas conventional protease inhibitors
(such as saquinavir) that inhibit enzymatic activity but not dimer-
ization failed to bind to monomers. DRV also bound to mutant PRs
containing the transframe region-added PR (TFR-PRP?*N and TFR-
PRP25N-7A4) \whereas saquinavir did not bind to TFR-PR°** or TFR-
PRP2°N-7AA Notably, DRV failed to bind to mutant PR containing
four amino acid substitutions (V32l, L33F, 154M, and 184V) that
confer resistance to DRV on HIV-1. To our knowledge, the present
report represents the first demonstration of the two-step PR di-
merization dynamics and the mechanism of dimerization inhibi-
tion by DRV, which should help design further, more potent
novel Pls.

AIDS | thermal stability | two-step dimerization dynamics |
protease precursor

Dimerization of HIV-1 protease (PR) subunits is an essential
process for the acquisition of proteolytic activity of PR,
which plays a critical role in viral maturation in the replication
cycle of HIV-1 (1, 2). Thus, PR dimerization inhibition is likely
to abolish proteolytic activity and should serve as a promising
target for HIV-1 intervention. Structurally there are two inter-
faces, which operate in the efficient PR dimerization. One is the
termini interface, and the other is the active site interface (3, 4).
The termini interface comprises four antiparallel p-sheets in-
volving the first four amino- and carboxy-termini residues of both
subunits. Todd et al. (5) have reported that the binding force
generated by the termini interface contributes close to 75% of
the entire dimerization energy. Indeed, Ishima and others have
demonstrated that three amino acid substitutions (T26A, D29N,
and R87K), located at the active site interface, together with
C-terminal truncation of four amino acids (96-99), effectively
disrupted PR dimerization as examined with NMR spectroscopy
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(Fig. 1) (6-8). Various groups have tried to target the termini
interface in an attempt to intervene HIV-1 replication (9-12);
however, none of such efforts to disrupt the termini interface
interactions have led to clinical applications. On the other
hand, the most recently US Food and Drug Administration
(FDA)-approved PR inhibitor (PI), darunavir (DRV), is (to our
knowledge) the first to be shown to block the dimerization of
HIV-1 PR, as examined with the intermolecular FRET-based
HIV-expression assay (Fig. S1) (13). Furthermore, a combina-
tion of four amino acid substitutions in the proximity of the
active site interface (V32I/L33F/154M/184V), which emerged
in PR when HIV-1-infected individuals were heavily treated with
multiple PR inhibitors (PIs) and failed such treatment and when
HIV-1 was selected in vitro in the presence of increasing con-
centrations of DRV (14), has been shown to decrease the di-
merization inhibition activity of DRV (Fig. 1 and Fig. S1B) (15).
However, the dynamics of dimerization of PR subunits, as well as
the molecular mechanism of DRV inhibition of PR dimerization,
remain to be elucidated.

Here we generated a variety of recombinant PR species with
various amino acid substitution(s) and/or deletions introduced
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Fig. 1. Locations of major amino acid substitutions examined in the present
study. V32I, L33F, 154M, and 184V are associated with HIV-1's DRV resistance.
T26, D29, and R87 are known to be critical for PR dimerization. D25N is
inserted to inactivate the enzymatic activity of HIV-1 PR.

and examined whether such mutated PR species interacted and
dimerized using electrospray ionization mass spectrometry (ESI-
MS) (16, 17). We also asked how PIs, including DRV, interacted
with such various PR species and blocked the dimerization of
PR subunits. The present data demonstrate that intermolecular
interactions of two monomers occur first at the active site in-
terface, generating weakly dimerized subunits (transient dimers),
and that interactions at the termini interface subsequently occur,
generating stable dimers. The ESI-MS data also show that DRV
binds to PR monomers in a one-to-one molar ratio and inhibits
the first step of PR dimerization, whereas conventional PIs (such
as saquinavir) fail to bind to monomers. To our knowledge, the
present report should represent the first demonstration of the
two-step PR dimerization dynamics and the mechanism of di-
merization inhibition by DRV.

Results

The ESI-MS spectra of PRYT and PRP*™ revealed four peaks
of differently charged ions in the range of mass/charge ratio (m1/z)
of 1,500-2,500 (Fig. 2 A4 and B). Because +5 charged monomer
ion and +10 charged dimer ion have the same m/z (m/z =
2,164.77 as calculated with their average mass in the case of
PRP>N), the greatest peak detected at m/z 2,164.51 was de-
termined to represent two forms, a PR monomer and PR dimer,
thus being [PRP®NP* and [2PRPZN]'* (Fig. S24). In the

present report hereafter, we designate a monomer and a dimer
ion of PR¥ as [PRX]Y and [2PRX]Y, respectively, where X
denotes an amino acid substitution(s) and Y denotes a charge
of ion. To determine whether the detected ions represented
monomers and/or dimers, we examined multiply charged iso-
topologue clusters of PRP*N using the Solarix FT-ICR MS
(Bruker Daltonics) and analyzed the difference in m/z ratios of two
adjacent isotope peaks (Am/z) because monomer and dimer
PRP?*N jons with the same m/z show different Am/z values in
order of their charges (Figs. S2 and S3 and Table S1) (18). The
results of isotopologue ion analysis, illustrated in Fig. S3 4
and B, demonstrated that the ions observed at m/z 1,546.39 and
1,803.94 in Fig. S24 were +7 and +6 charged monomer PRP*N
ions ([PRP#N]™* and [PRPZN]*), respectively. The ions detected
at m/z 2,164.51 in Fig. S24 represent a mixture of +5 charged
PRP*N monomers and +10 charged PRP>N dimers, designated
as [PRPZNP and [2PRP#N]'%*) respectively, as shown in Fig.
S3D, where “2PR” denotes a cluster of PR dimers. The ions at m/z
1,967.84 and 2,404.91 in Fig. S24 represent +9 and +11 charged
PRP®N dimers ([2PRP*N]M* and [2PRP#N]**), respectively, as
shown in Fig. S3 C and E.

We also constructed three mutated PR species containing
amino acid substitutions at the active site (PRD”N, PRT204,
and PR®¥X), a C terminus-truncated mutant (PR""“***), and a PR
carrying L97A and F99A substitutions g’RW/9 ) (6, 19). In Fig. 2C,
two PRP#N dimer ions ([2PRP*N]'™* and [2PRP“N°") were
detected, whereas no dimer ions were detected with PR™** and
PR®¥’X (Fig. 2 D and E). Additional analyses of the isotopologue
ion peaks with PR™%* and PR®®¥ confirmed the absence of di-
mer ions (Fig. S4 A-F and Table S1). Importantly, two PR"4
dimer ions ([2PR"C%A]''* and [2PR'"“?>4]°F) were identi-
fied, although PR"““*** monomer ion ([PR"“**1°%) was found to
be a major peak (Fig. 2F). Two dimer ions were also detected
in the case of PR*"°, as shown in Fig. 3C. Considering that
[PRYTP*4+[2PRVT]'%* representing monomers+dimers was
found to be a major peak together with a minor peak of [PRV']**
in Fig. 24, the PR'"“** and PR?"*? species were thought to
have a significantly reduced but persistent ability to dimerize in
comparison with PR™T. Taken together, the data strongly sug-
gest that the PR dimerization process consists of two distinct steps:
(i) initial albeit weak intermolecular interactions occurring in the
active site interface, constructing unstable or transient dimers, and
(i) subsequent interactions in the termini interface, resulting in
the complete and tighter PR dimerization (Fig. 4).

In an attempt to examine the thermal stability of PR™" and
various mutated PR species mentioned above, we conducted
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differential scanning fluorimetry (DSF) (20). As illustrated in
Fig. 5, the order of thermal stability was PRWT > PRP?N
PRDN §, pR3233/54/84 § pRI799 _ pRT26A  pRRE7K  pRI-CISA
(Tm; 53.37 > 52.18 > 51.02 > 50.17 > 48.22 ~ 48.12 > 47.02 >
44.46 °C, resgectively). The difference in T, values (ATy,) be-
tween PRP>N and PRP?N (1.16 °C) was less than AT,, between
PRP#N and PR3 (7.72 °C), indicating that in terms of thermal
stability, PRP®N s closer to PRP?*N compared with the most
unstable PR"“*2, Thus, PRP®N monomer subunits are likely to
interact at the active site interface and subsequently, at the termini
interface, forming stable dimers. The DSF data, however, showed
that T,, value of PR?”%? (48.22 °C) was quite low compared
with that of PRV (53.37 °C) and PRP®N (51.02 °C), sug-
gesting that PR°”®? dimers are likely to be unstable. The T,,
value of PR"“** was further lower (44.46 °C), suggesting that
PR'"“4 dimers are also likely to be unstable (Fig. 5 4 and B).
Taking the ESI-MS and DSF results together, one can presume
that the present ESI-MS assay detects both unstable (transient)
and stable dimers. Furthermore, the present DSF data indicate
that the stability of PR and PR'"A dimers was lower than
that of PRPZN dimer (dimer dissociation constant; Kp = 1.3 pM),
suggesting that the K values of transient dimers were higher
than 1.3 pM (21). Thus, the present DSF data corroborate the
above ESI-MS data showing that the HIV-1 PR dimerization
process undergoes two steps (Fig. 4).

We previously reported that DRV inhibits not only proteolytic
activity but also PR dimerization, whereas two FDA-approved
anti-HIV-1 drugs, saquinavir (SQV) and nelfinavir (NFV), have
no dimerization inhibition activity as examined with the FRET-
based HIV-1 expression system (Fig. S14) (13). To analyze the
mechanism of the PR dimerization inhibition by DRV, we
therefore examined the binding properties of DRV, SQV, and
NFV with PRY" (Fig. 6 A-D). The ESI-MS spectrum of PR
without drugs showed four peaks derived from differently
charged ions, [PRWT]* [2PRWT]'™, [PRWTP++[2PRWVT]10F,
and [2PRYT]* (Fig. 64). In the presence of DRV, four addi-
tional peaks appeared, ([PR™'+DRV]*", 2PRV'+DRV]'’",
[PRYT+DRV]’*, and [2PRVYT+DRV]’*) (Fig. 6B). Additional
analysis of the isotopologue ion peaks with PRP?*N in the
presence of DRV confirmed the identity of monomer and dimer
ions, as shown in Fig. S3 F-I and Table S2.

On the other hand, the binding of SQV to PRV yielded only
two additional peaks, [2PR™"+SQV]'** and [2PR™"+SQV]’* (Fig.
6C), indicating that SQV binds only to PR™T dimers, not to

12236 | www.pnas.org/cgi/doi/10.1073/pnas.1400027111

respectively.

monomers. In the presence of NFV, as in the case of SQV, two
additional peaks, [2PRVT+NFV]'** and [2PRVT+NFV]’*, were
identified (Fig. 6D). The relatively weak intensity of SQV- and
NFV-bound PR™7 dimers is presumably due to their relatively low
binding affinity to PR™", as previously demonstrated by Dierynk
et al. (22). Taken together, these data indicate that SQV and NFV
bind to PR™T dimers but not to monomers, and DRV inhibits PR
dimerization by binding to PR monomers in a one-to-one molar ratio.

Highly DRV-resistant HIV-1 isolates we previously generated
in vitro (14) had acquired a unique combination of four amino
acid substitutions (V32I/L33F/I54M/184V), and DRV had de-
creased its binding to PR monomers containing such four amino
acid substitutions (Fig. S1B) (14, 15). We therefore examined
whether such four amino acid substitutions altered the binding
profiles of DRV with PR, using ESI-MS. The ESI-MS spectrum
of PR¥33/%84 refolded in the absence of DRV showed four

PR dimerization undergoes two steps

In the Absence of DRV

2nd step

Ensuing intermolecular
interactions at the termini

vj\"’v Initial intermolecular
. interactions at the active site
interface

interface
If PR subunits escape from DRV’s

a) monomer binding and dimerize,
= 1"}: DRYV binds to dimers

oy T

DRV binds to PR monomers and/or dimers

Fig. 4. The HIV-1 PR dimerization process undergoes two steps, and DRV
inhibits the first step of PR dimerization by binding to PR monomers. PR
subunits initially interact at the active site interface, generating unstably
dimerized PR subunits, and subsequently the termini interface interactions
occur, completing the dimerization process, generating stable PR dimers.
DRV binds in the proximity of the active site interface of PR and blocks
PR subunits dimerization. If PR subunits escape from the DRV’'s monomer
binding and dimerize, DRV binds to PR dimers.
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peaks derived from five differently charged ions, [PR3¥3¥5%8415+ " Discussion

R32/33/54/84 11+ PR32/33/54/84]5++ [2PR32/33/54/84] 10+

s , and
[2PR3%3354/84)9+ (Fig. 34). However, in the presence of
DRYV, only a substantially low peak representing DRV-bound
PR¥#3¥5%8% dimers, [2PR¥¥¥#4LDRV]'™, was detected at m/z
2,230.05, and no DRV-bound PR monomers were detected
(Fig. 3B). Thus, it seems that the loss of binding affinity to
PR3?¥3¥84 in the monomeric form is greater than that in the
dimeric form. Furthermore, we determined whether DRV binds to
a mutated PR containing two substitutions (L97A/F99A; PR?"*),
which play important roles for the termini interface interactions but
have no association with DRV resistance. The ESI-MS spectrum of
PR””*” without DRV showed four peaks, [PR?”*|°+, [2PR”"*°]"'*,
[PR7*4[2PR”°'**, and [2PR”°|’* (Fig. 3C). However, in
the presence of DRV, four additional peaks appeared, [PR?”*°+
DRV, [2PR”*+DRV]'*, [PR”*+DRV]’*, and [2PR""*+
DRV’ (Fig. 3D). Thus, 197 and F99 are not critical for DRV’s
monomer binding. The present data showed that the current
ESI-MS method we used in this study is useful in detecting
DRV’s specific binding to PRVT,

Finally, we asked whether DRV had an ability to bind to the
PR precursor protein, Gag-Pol polyprotein, which is produced
through the frame-shifting process in the Gag-encoding gene
translation (Fig. S5 4 and B) and subsequently maturates after
the due excision through autoproteolysis (23-26). To examine
the DRV binding to the PR precursor protein, a transframe
precursor form of PR containing D25N substitution, TFR-
PRP>N, was constructed (Fig. S5C). In the absence of drugs,
TFR-PRP®N  generated [TFR-PRP*N)'** [TFR-PRPZN]’*,
[TFR-PRP®NJ®* and [TFR-PRP*N"* (Fig. 3F), indicating that
TFR-PRP?N fajled to dimerize, in line with the NMR data
reported by Ishima et al. (19). In the presence of DRV two
additional peaks, [TFR-PRP®N+DRV]®** and [TFR-PRP*N+
DRV]’*, appeared (Fig. 3F), indicating that DRV bound to
TFR-PRP*N monomers. In this regard, Agniswarmy et al. (27)
have shown that the addition of C terminus four amino acids
(PISP) to TFR-PR increases thermal stability of DRV-bound
TFR-PR. In the present study we generated TFR-PRPZN7AA,
which contained an additional seven N terminus amino acids
of reverse transcriptase (7AA; PISPIET) at the C terminus of
TFR-PR®>N. The ESI-MS revealed that TFR-PRPZN7A4
formed dimers (Fig. S64), suggesting that the addition of the
seven amino acids allowed TFR-PRP>N7A4 to dimerize, probably
by giving TFR-PRP®N7A4 proper conformation. The ESI-MS
then showed that DRV binds to both TFR-PRP*N7A4 monomers
and dimers (Fig. S6B). These results strongly suggest that the loss
of dimerization ability of TFR-PRP*N resulted in the loss of
DRV’s dimer binding.
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In the present study we constructed three “active site interface
PR mutants” (PRT 6A PRPPN and PRR®7X) and two “termini
interface PR mutants” (PR"“*# and PR®”*") and determined
their ESI-MS profiles. In the ESI-MS spectra, the peaks of PRP*N
monomers ([PRP*N]** and [PRP?*N|"+) were greater than those of
PRYT ([PRW']*" and [PRV']"*) (Fig. 2 4 and C). The peaks of
PRP?N monomers ([PRP?*N]°* and [PRP*N]"*) were also greater
than those of PRP?N dimers ([2PRP*N]’* and [2PRP#N]!1H)
(Fig. 2C). The same was true for the cases of PR""*** and PR”"*
(Figs. 2F and 3C). These findings suggest that the dimers represent
small components in the three mutated PR species. However, as
assessed using the FRET-based HIV-1 expression assay, PRP*N
dimerization was apparently completely disrupted (13). Of partic-
ular note, the FRET-based system determines the FRET signal
(CFP fluorescence after Bphotobleaching/CFP fluorescence before
photobleaching: CFP*'® ratio) in one cell at one time, accu-
mulates ~20-30 cells’ data, and obtains the average of the CFP*/8
ratios. Then, if the average value is greater than 1.0, it is judged
that FRET occurred, indicating that PR dimerization took place
within the cell. However, there is variability in the CFP*/® ratios
within the assay data, probably due to, but not limited to (i)
unequal expression of PR proteins; (i) uneven occurrence of
protein—protein interactions (i.e., dimerization); and (iii) differ-
ing compartmentalization of the expressed PR species within the
transfected cell population. Nevertheless, the FRET-based HIV-1
expression assay system only calls whether FRET occurred or did
not occur. Thus, the FRET-based HIV-1 expression assay system
inherently fails to identify the presence of a small amount of
dimers or monomers. Therefore, in the case of PRP®N, the FRET
signal was determined as “not detected” (13). However, the ESI-MS
system we used in the present study directly and more quanti-
tatively identifies PR monomers and dimers. Thus, the ESI-MS
system correctly recognized both a major fraction of PRP®N
monomers as well as a minor fraction of PRP*N dimers. Ac-
cordingly, increasing the expression of PRP?N by increasing the
amount of plasmid for transfection does not increase the specific
FRET-based signal, which we have confirmed in our initial con-
ditioning phase of the construction of the system. Both PRT24
and PRR¥’K failed to dimerize as examined with the FRET-based
HIV-1 expression assay, and no dimerized PR species were seen in
the ESI-MS spectra (Fig. S4 and Table S1). When we examined
the ESI-MS spectra of PR"C%A and PR, the peaks of +6
charged monomer ions were much greater than in the PR™T
spectrum; however, PR dimer species were also present (Figs. 2F
and 3C). Moreover, DSF analysis showed that PR"“*** and PR”""*
dimers were unstable (Fig. 5). Taking these data together, it is
strongly suggested that the PR dimerization process undergoes
two steps: (i) initial albeit weak intermolecular interactions oc-
curring in the active site interface, and (if) subsequent interactions
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occurring in the termini interface, resulting in the complete and
tight PR dimerization (Fig. 4).

In the present study, we also demonstrated that DRV binds to
PRW™T monomers as well as dimers, whereas other “conventional”
PIs, including SQV and NFV, bind only to dimers (Fig. 6 A-D),
confirming that DRV uniquely has dual activity against PR ™'
inhibition of PR™T dimerization and proteolytic activity as pre-
viously described (13). It is also noteworth¥ that the present data
clearly showed that DRV binds to PRY" monomer subunit in
a one-to-one molar ratio.

We have previously selected highly DRV-resistant HIV-1
variants (HIVDRVR) and identified that HIVpry® had acquired
a unique combination of four amino acid substitutions (V32I/
L33F/I54M/184V) in the proximity of the active site interface of
its PR (Fig. 1) (14). In the present data DRV virtually completely
failed to bind to PR****/*8* monomers, and only a small amount
of DRV-bound PR**?¥**8% dimers was identified (Fig. 3B).
However, L97A and F99A substitutions did not affect DRV’s
monomer and dimer binding (Fig. 3D). These results indicate
that the binding domain in PR monomers for DRV is located
distantly from the termini interface and is close to the active site
interface, in line with the results of computational results reported
by Huang et al. (28). Thus, the present ESI-MS analysis results
strongly suggest that DRV blocks the first step of the PR di-
merization process involving the active site interface, by binding
to PR monomers in a one-to-one molar ratio (Fig. 4).

We have shown that once stable PRYT dimers are formed,
DRV no longer disrupts the dimers, as examined using the
FRET-based assay (13). To ask whether DRV’s binding to PR
monomers yields sufficient force to block PR™T dimerization,
the determination of the binding affinity of DRV for the folded
monomers seems to be technically highly challenging. However,
the present ESI-MS data showed that the amount of DRV-
bound PR™T monomers seemed to be greater than that of DRV-
bound PRWT dimers (Fig. 6B). Moreover, we determined the
thermal stability of DRV-bound PRY”, which apparently con-
tains more DRV-bound PR™' monomers than DRV-bound
PR™T dimers (Fig. 6B). As illustrated in Fig. S7, PR™" was
found to be highly stable as examined using the differential
scanning fluorimetry (DSF), strongly suggesting that DRV fairly
strongly binds to PR " monomer. The DSF data also suggested
that DRV’s bindin&l to PR™T monomers should have sufficient
force to block PR™T dimerization, inhibiting the formation of
transient dimers. It is of note that if the formation of transient
dimers (first step of the dimerization process) is blocked by
DRV, the formation of stable dimers through the termini in-
terface interactions (second step of the dimerization step) no
longer occurs (Fig. 4). The determination of the exact binding
site of PR monomer for DRV awaits further investigation, such
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and 567.31, respectively.

as crystallographic analysis of PR monomer complexed with
DRYV and other dimerization inhibitors (13, 29, 30).

Louis et al. (24) have recently demonstrated that among
nine FDA-approved PIs, DRV and SQV most potently block
the autoproteolytic processing of the precursor construct
(TFR-PR). Davis et al. (26) also demonstrated that among six
FDA-approved HIV-1 PIs, DRV and SQV most potently block
the initial step of autoproteolytic processing of Gag-Pol poly-
protein by embedded dimerized PR. These data strongly suggest
that DRV and SQV bind to TFR-PR, although the dynamics
of the DRV binding remain elusive (26). In the present work
DRV bound to TFR-PRPZN7A4 monomers and dimers (Fig.
S6 A and B), in line with the data by Louis et al. (24), and our
data strongly suggest that DRV blocks the autoproteolytic pro-
cessing of Gag-Pol polyproteins through binding to the PR
precursors (monomers and dimers) within the Gag-Pol poly-
protein, contributing to DRV’s potent antiretroviral activity
against HIV-1. As for SQV, which has a greater K, value (1.2 X
10~ M) for binding to PR™T than DRV (4.1 x 107 M) (22),
Sayer and Louis (31) have shown that D25N substitution sub-
stantially decreases SQV’s binding affinity to PR. Indeed, the
present ESI-MS data also showed that SQV fails to bind to
PRP>N TFR-PRP®N, and TFR-PRP®N7AA (Fig. S6C and S8
A-C). Thus the levels of SQV binding to these PR mutants
carrying D25N substitution do not seem to be sufficient to be
detected by ESI-MS.

A few groups have reported PR dimerization inhibitors tar-
geting the terminal interface of PR (9-12). However, none of
such inhibitors have been of clinical utility, probably because PR
dimers, once formed, are highly stable to “de-dimerize” with the
potent dimerization forces in the termini interface (13). On the
other hand, the active site interface interactions play a critical
role for PR dimerization, but the dimers formed are thought
to be relatively unstable. Thus the development of new di-
merization inhibitors targeting the active site interface would be
highly suitable. It is also noteworthy that the ESI-MS approach is
more quantitative than the FRET-based HIV-1 expression system,
and we demonstrated two features: (i) DRV binds to PRV
monomers and dimers, whereas (i7) DRV binds only to TFR-
PRP?N monomers. Thus, ESI-MS analysis is useful in analyzing
how PR monomers and dimers act in the presence or absence of
dimerization-targeting drugs. The new findings demonstrated in
the present study should help understand the mechanism of
HIV-1 PR inhibition and should also help develop novel and
more potent PlIs.

Materials and Methods

Vector Construction. The expression vectors containing the HIV-1 PR gene
(PET-TFR-PRy4-3, PET-PRyi43, and pET-PR'™94) were constructed by using
the In-Fusion HD Cloning Kit (Clontech). The other mutants (PR, PRP?*N,

Hayashi et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400027111/-/DCSupplemental/pnas.201400027SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1400027111

PRT26A pRD29N pRRE7K pR32/33/54/84 4nd TFR-PRP?*N) were generated using

the PrimeSTAR mutagenesis protocol (TaKaRa). More details are described in
SI Materials and Methods.

FRET Procedure. The generation of the FRET-based HIV-1 expression system
using CFP- and YFP-tagged HIV-1 PR-encoding plasmids we previously
reported (13) is described in S/ Materials and Methods.

Protein Preparation. The protein expression using plasmids we generated was
induced by addition of 1 mM isopropyl p-p-thiogalactopyranoside. PR was
purified by using buffer A (20 mM Tris, 1 mM EDTA, and 1 mM DTT), and
buffer A containing 2 M Urea was used. The expressed PR was solubilized
with 50 mM formic acids (pH 2.8). The unfolded PR refolded with a neu-
tralizing buffer [100 mM ammonium acetate, pH 6.0, 2% (vol/vol) metha-
nol]. More details are described in S/ Materials and Methods.

Thermal Stability Analysis Using DSF. In the DSF analysis, the final concen-
tration of refolded PR mutants was 7-10 pM. SYPRO Orange (Life Technol-
ogies) was then added to the PR solution (final concentration of SYPRO
orange: 5x) (20). Thirty microliters of the PR solution was successively heated
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from 25 °C to 95 °C, and changes of the fluorescence intensity were docu-
mented by the real-time PCR system 7500 Fast (Applied Biosystems). More
details are described in S/ Materials and Methods.

Analysis with ESI-MS. MS spectra of PR®?*N with and without DRV were
obtained using a Bio-Tof-Q ESI quadrupole time-of-flight mass spectrometer
(Bruker Daltonics). For the isotopologue ion peak analysis, high-resolution
mass spectrometry was performed on a Bruker SolariX 9.4T FT-ICR MS (for
PRP?>N) or a Bruker SolariX 7T FT-ICR MS (for PR™®* and PRR®’X). More
details are described in S/ Materials and Methods.
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