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Triggering HIV polyprotein processing by light using
rapid photodegradation of a tight-binding protease
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HIV protease (PR) is required for proteolytic maturation in the late phase of HIV replication

and represents a prime therapeutic target. The regulation and kinetics of viral polyprotein

processing and maturation are currently not understood in detail. Here we design, synthesize,

validate and apply a potent, photodegradable HIV PR inhibitor to achieve synchronized

induction of proteolysis. The compound exhibits subnanomolar inhibition in vitro. Its photo-

labile moiety is released on light irradiation, reducing the inhibitory potential by 4 orders of

magnitude. We determine the structure of the PR-inhibitor complex, analyze its photolytic

products, and show that the enzymatic activity of inhibited PR can be fully restored on

inhibitor photolysis. We also demonstrate that proteolysis of immature HIV particles

produced in the presence of the inhibitor can be rapidly triggered by light enabling thus to

analyze the timing, regulation and spatial requirements of viral processing in real time.
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H
IV-1 protease (HIV-1 PR) is among the best-studied
enzymes in biochemistry. This 99 amino acid long
homodimeric aspartic PR plays a pivotal role in the viral

replication cycle1. PR is synthesized as part of the viral Gag-Pol
polyprotein. Approximately 125 molecules of Gag-Pol co-
assemble at the plasma membrane with B2,500 molecules of
the main structural polyprotein Gag to create an immature virion.
In the assembled immature particle, the PR domain of Gag-Pol
cleaves Gag and Gag-Pol at nine distinct sites to create the
mature, functional subunits. Proteolytic processing results in a
dramatic rearrangement of the particle core termed maturation,
which is a prerequisite for HIV-1 infectivity. Consequently,
inhibitors of HIV-1 PR are powerful virostatics. Due to major
efforts from both academia and industry 10 specific HIV-1
PR inhibitors are currently available for antiretroviral therapy
(for review, see ref. 2).

While the structure and the enzymatic properties of HIV-1 PR
in vitro are well characterized, key questions concerning
proteolytic maturation remain unanswered. Virological studies
from many groups indicate that the maturation process needs to
be tightly controlled. Not only inhibition, but also premature
activation of PR is detrimental for virus replication3, and blocking
or even partially inhibiting processing at one of the cleavage sites
strongly reduces HIV-1 infectivity4. According to current
understanding, Gag proteolysis occurs when the polyprotein has
already assembled into a tight hexameric lattice, but it is unclear
what prevents premature proteolysis and how PR is activated
once the immature virion has been assembled5. Furthermore, the
sequence, timing, and topology of cleavage events during particle
maturation remain largely unclear. The key obstacle in dissecting
this complex process is the asynchronous formation of mature
HIV-1 particles in tissue culture, since any virus population
harvested from culture media constitutes an ensemble of particles
in different stages of polyprotein processing and maturation.
Overcoming this fundamental obstacle requires an experimental
tool for triggering HIV-1 PR activity at a defined moment, thus
inducing and synchronizing the viral maturation process.

Several approaches can in principle be used to achieve
synchronization. Temperature-sensitive PR mutants have been
developed to analyze individual steps of the replication cycle of
picorna and other viruses6. However, attempts to prepare
temperature-dependent mutants of HIV-1 PR have met with
limited success. Although several HIV-1 PR mutants with
temperature-dependent differences in proteolytic activity have
been reported, none of these allowed switching from a non-active
to an active enzymatic state, which would be required to trigger
HIV-1 maturation7,8.

Alternatively, one may induce proteolysis by wash-out of a
specific PR inhibitor from immature particles produced in the
presence of the inhibitor. We have recently explored this strategy
by systematic testing of a panel of available and experimental PR
inhibitors and found that PR activation can indeed be
accomplished by inhibitor wash-out, provided that inhibitors
with a high off-rate are used9. With a half-time of 4-5 h, the
kinetics of proteolysis were slow, however, and morphologically
mature virus particles and virus infectivity were not recovered9.
Accordingly, inhibitor wash-out does not appear to trigger
functional maturation and more efficient and faster induction of
proteolysis inside the immature virion may be needed.

A possible way to overcome this limitation is the use of caged
compounds that are released on irradiation with light of a specific
wavelength. The release of effector molecules by light-induced
cleavage of inactive precursors is well-established in chemical
biology. Following pioneering studies describing photocaged
cAMP and ATP10,11, photocaged small molecules acting as
secondary messengers, for example, calcium12 and nitric oxide13,

as well as caged hormones14,15, neurotransmitters16,17, nucleic
acids18,19 and diacylglycerols20 were developed. Whole proteins
have also been caged to analyze signalling and other regulatory
events in the cell (for example, refs 21,22; for recent reviews
covering caged small molecules, see refs 23–25).

To trigger the activity of an enzyme in the absence of a specific
small molecule activator would require a caged version of the
enzyme of interest. However, caging of a large biomolecule
presents a major technical challenge. Furthermore, the caged
protein must be delivered into the cell (for example, by
microinjection), and would compete with the endogenously
expressed protein26. In the specific case of HIV-1 PR, the enzyme
is part of a polyprotein which needs to be incorporated into the
nascent virus particle, rendering this strategy not feasible.

An alternative to protein caging is the use of a photolabile
enzyme inhibitor that could be inactivated by light, to trigger
enzyme activity. An effective photodegradable enzyme inhibitor is
characterized by a substantial decrease in inhibitory activity on
photolysis, and a few examples for this strategy have been
published. Li et al.26 connected two peptidic inhibitors of two
distinct domains of Src kinase via a photodegradable linker.
Separation of the bivalent inhibitor into two compounds, each
binding the target with lower affinity, reduced inhibitory potency
by B50-fold. Porter et al.27 developed a mechanism-based
approach to analyze activation of a serine PR. Photolysis of a
covalent adduct in the active site of the PR led to PR activation.

The wealth of structure-activity data accumulated on purified
HIV-1 PR and its inhibitors renders HIV-1 polyprotein
processing and maturation an excellent target for the develop-
ment of a specific photoinactivatable inhibitor. We thus set out to
develop a method to activate HIV-1 maturation by photode-
gradation of a specific and potent PR inhibitor. Here we describe
the design, synthesis, validation and application of a subnano-
molar HIV-1 PR inhibitor that is cleaved on irradiation by 405-
nm light. After irradiation, the inhibitor’s potency decreases by 4
orders of magnitude, leading to nearly full restoration of enzyme
activity and to rapid induction of polyprotein processing in
assembled HIV-1 particles in tissue culture.

Results
Kinetic analysis of inhibitor and its photodegradation product.
The design of a photoinactivable inhibitor of HIV-1 PR (1)
was based on the structure of the PR inhibitor ritonavir (RTV;
Fig. 1a)28. Compound 1 contains a photolabile 7-diethylamino-
4-(hydroxymethyl)coumarin group connected via a carbamate
linker to a RTV fragment (Fig. 1b), and is a tight-binding
inhibitor of HIV-1 PR, displaying subnanomolar inhibition
potency (Ki¼ 170±20 pM, for detailed synthesis see
Supplementary Fig. 1). The degradation fragment 2 displayed
only weak inhibitory activity, with a Ki value of 3.2±0.3 mM
(Fig. 1b). The other product of photolysis, the coumarin group,
did not show any inhibitory activity at a concentration of 10 mM.
The identities of the photodegradation fragments of compound 1
were confirmed by independent measurement using analytical
high-performance liquid chromatography (HPLC; Supplementary
Fig. 2).

Determination of binding mode into HIV-1 PR. To investigate
the binding modes of compounds 1 and 2, we co-crystallized both
with HIV-1 PR and determined the corresponding structures at
resolutions of 1.6 Å and 1.4 Å, respectively. Both crystals were of
identical space group (P61), and contained one PR dimer in the
asymmetric unit. The structures were refined with two inhibitor
molecules bound in alternative orientations related by 180�
rotation with 50% relative occupancy. The quality of the electron
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density map for residues 35–60 for 35–45 for HIV-1 PR-1 and
HIV-1 PR-2 complex, respectively, was limited, suggesting that
these regions of flaps are partially disordered. The electron
density for the remaining part of the protein as well as com-
pounds bound to the active site were of good quality enabling
unambiguous modelling (Supplementary Fig. 3).

The crystal structures revealed that compounds 1 and 2 both
occupy enzyme subsites S2, S1, S10 and S20. In addition,
compound 1 interacted with the S3 enzyme subsite through the
coumarin moiety. The extent of interactions with S3 residues was
rather limited, however, and the coumarin moiety protruded
from the enzyme active site cavity (Fig. 2a). The suboptimal
interaction in the S3 pocket, compared with the interaction of the
P3 moiety of RTV, is likely to contribute to the 10-fold difference
in Ki values for RTV and compound 1. Binding of the P20, P10

and P2 substituents of compound 1 was similar to that of RTV
(Fig. 2b), whereas differences were observed for interactions in
the S1 and S2 pockets. In the HIV-1 PR-compound 1 complex,
the carbamate between the coumarin moiety and the inhibitor
formed a hydrogen bond with the Asp29A side chain, similar to
the interaction of the corresponding group of RTV.

Interestingly, the positions and conformations of moieties
common to compound 1 and 2 as well as their interactions within
the S2 to S20 subsites were quite different (Fig. 2c). The largest
difference was observed in the P1 and P20 moieties, where the
extent of interactions was much lower for compound 2 compared
with compound 1. This might provide a structural explanation for
the observation that compound 2 displayed a low inhibitory
activity against HIV-1 PR, considering that it occupies the S2 to
S20 enzyme binding subsites. In addition, compound 2 differs
from compound 1 in that it has a free terminal amine group,
which is charged at lower pH and likely repulsed from the
enzyme cavity. In support of this hypothesis, acetylation of the
free amine of compound 2 led to a major increase in inhibitory
activity.

Reactivation of HIV-1 PR by photolysis of compound 1. To
evaluate the efficacy of photodegradation, we analyzed the
restoration of HIV-1 PR activity that had been inhibited by
compound 1 (Fig. 3a) on irradiation at 405 nm. For irradiation,
two lasers with outputs of 130 mW and 170 mW, respectively,
were used in parallel. First, we tested a standard cuvette set up, in
which 8 nM purified recombinant HIV-1 PR (final concentration
of compound 1: 10 or 100 nM; Fig. 3b) in 1 ml cleavage buffer
was irradiated. At the lower concentration, irradiation led to a
significant restoration of enzyme activity (65% compared with the
uninhibited enzyme reaction). At the higher concentration of
compound 1, however, PR reactivation was limited even after
prolonged irradiation (only 35% activity after 5 min of

irradiation). We reason that the product of photodegradation
(compound 2) interferes with degradation of compound 1 in this
set up, because the absorption spectrum of compound 2 is almost
identical to that of compound 1. Therefore, we investigated a
number of alternative irradiation set ups, and obtained optimal
results when the inhibitor solution was irradiated while being
pumped through a thin glass capillary at which the two lasers
were focused (Fig. 3c). This set up ensured homogeneous irra-
diation throughout the sample and prevented absorption of light
by the released coumarin product. At a flow rate of 15 ml min� 1,
up to 75% of original PR activity was recovered, despite an
inhibitor concentration 4 orders of magnitude above its Ki value
(Ki¼ 170 pM, inhibitor concentration 100 nM). Considering that
compound 1 is a tight-binding inhibitor (see Fig. 3a) and 75% of
the PR activity was restored, we estimate that up to 98% of
compound 1 was degraded.

Reactivation of HIV-1 PR inside immature virions. Based on
these results, we analyzed whether photodegradation of com-
pound 1 can be used to trigger HIV-1 PR activity inside intact
immature HIV-1 particles produced in tissue culture in the pre-
sence of the inhibitor. PR-mediated cleavage of the Gag poly-
protein yields the mature structural proteins and two small spacer
peptides (Fig. 4a), and different rates of cleavage at individual
sites result in the generation of characteristic processing inter-
mediates29. First, we assessed the inhibitory potency of
compound 1 on HIV-1 Gag polyprotein processing in virus
producing cells. For this, particles were purified from the
supernatant of HEK293T cells transfected with an HIV-1
proviral plasmid and incubated in the presence of various
concentrations of compound 1. Gag processing was efficiently
inhibited with B50% reduction in Gag cleavage at B500 nM
compound 1 (Fig. 4b). Previous studies had indicated that
infectivity is severely impaired at concentrations where
polyprotein processing is only inhibited to a minor extent30,31.
Accordingly, compound 1 inhibited HIV-1 replication in the
MT-4T-cell line with an EC50 of 8.1 nM, although almost no
effect on Gag processing could be seen at this concentration
(Supplementary Fig. 5). Compound 1 was soluble and
noncytotoxic at a concentration of 2mM in 0.5% DMSO
(CC50¼ 7.3 mM for MT4, CC50450mM for HEK293T cells; for
more detailed information see Supplementary Chapter 5).

Having established conditions for the inhibition of HIV-1
polyprotein processing by compound 1, we proceeded to prepare
immature particles for in situ activation of PR. For this, virus
particles were produced in transfected HEK293T cells grown in
the presence of 2 mM inhibitor. The experimental set up is
schematically illustrated in Fig. 5a. Particles collected from
inhibitor-treated cells were either subjected to inhibitor wash-out
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Figure 1 | A photolabile inhibitor of HIV-1 PR and its degradation triggered by light. (a) HIV-1 protease inhibitor Ritonavir; (b) Photodegradable

inhibitor of HIV-1 PR (compound 1) and products resulting from photolysis (compound 2 and coumarin derivative). Inhibition constants determined

as in Fig. 3a are shown for each compound.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7461 ARTICLE

NATURE COMMUNICATIONS | 6:6461 | DOI: 10.1038/ncomms7461 | www.nature.com/naturecommunications 3

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


by two subsequent ultracentrifugation steps (Fig. 5b), or only
filtered to remove cell debris (Fig. 5c). In both cases, samples were
then either irradiated (405 nm) in a glass capillary (Fig. 5b,c,
bottom panels) or passed through the capillary in the absence of
irradiation (Fig. 5b,c, top panels).

Wash-out of compound 1 in the absence of irradiation resulted
in slow PR activation and Gag processing (Fig. 5b, top), with
kinetics closely resembling those observed in our previous study
(Fig. 5d)9. In contrast, mature CA was produced much more
rapidly in the irradiated sample (Fig. 5b, bottom), yielding B30%
mature CA within 15 min (Fig. 5d). Gag processing remained
incomplete, however, with B50% unprocessed or partially
processed products remaining at 6 h of incubation. Direct
irradiation of particle-containing culture medium without prior
ultracentrifugation allowed us to process samples much more
rapidly, thereby protecting sample integrity and PR activity. In
this set up, no induction of proteolysis was observed in the
absence of irradiation even after prolonged incubation (Fig. 5c,
top). In contrast, irradiation of culture medium without any
inhibitor removal resulted in rapid PR activation and virtually
complete Gag processing (Fig. 5c, bottom). The irradiated sample
exhibited a level of Gag processing comparable to that observed
for an uninhibited control virus after B2 h of incubation, yielding
an apparent half-time of B20 min for Gag processing (Fig. 5e).

Discussion
This report demonstrates that a photodestructible inhibitor can
be used to trigger HIV-1 PR activation and polyprotein
processing in situ inside the assembled immature virus. This
was accomplished by design, synthesis and validation of a
photolabile tight-binding inhibitor of HIV-1 PR (Ki¼ 170±20
pM) that demonstrates a 4-order-of-magnitude loss of potency
on irradiation with a 405 nm laser. The inhibitor thus served as a
photocage for HIV-1 PR activity and allowed initiating HIV-1
polyprotein processing within the assembled virion in a
controlled manner. Analysis of Gag processing kinetics under
these conditions revealed that the mature CA subunit was
released with a half-time of B20–30 min, which is substantially
faster than the half-time of 4–5 h observed using an optimized
inhibitor wash-out strategy9. The direct comparison between
wash-out and photodestruction of the newly described inhibitor
(Fig. 5) clearly showed that much more rapid activation is
accomplished by photodestruction. Furthermore, processing rates
were not enhanced by including a wash-out step prior to
irradiation, demonstrating the effectiveness of photodestruction.

At first glance, the half-time of 20–30 min measured in the
experiments shown in Fig. 5 appears rather slow. It needs to be
considered, however, that the experiments with immature virus
do not directly measure the kinetics of PR activation by
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Figure 2 | Comparison of binding mode of compounds 1 and 2 to HIV-1 PR. (a) Two views of the HIV-1 PR-1 complex (PDB code 4U7Q). The protein is

shown in cartoon representation with a transparent surface, while the inhibitor atoms are represented by spheres. The coumarin moiety protrudes from the

enzyme active site cavity. (b) Superposition of 1 (pink carbon atoms) and RTV (ritonavir; grey carbon atoms) bound in the HIV-1 PR active site.

(c) Superposition of 1 with 2 (in green, PDB code 4U7V) bound to HIV-1 PR (PDB code 1HXW (ref. 28)). (b,c) Residues interacting with 1, 2 and RTV

are indicated in the corresponding colours for individual enzyme subsites. Residues forming polar interactions are highlighted in bold italics. To identify

non-polar interactions, the cut-off for distance between any atom of residue and any atom of inhibitor was 4 Å. For polar interaction, the cut-off for

distance between hydrogen bond donor and acceptor was 3.5 Å. Active site aspartates are shown in stick representation.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7461

4 NATURE COMMUNICATIONS | 6:6461 | DOI: 10.1038/ncomms7461 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


photodestruction, as the biochemical experiments shown in
Fig. 3, but rather reflect the production of mature CA by
processing of the Gag polyprotein assembled in a tight hexagonal
lattice. Although HIV-1 proteolytic maturation presumably
involves only the viral PR and its substrates Gag and Gag-Pol
in the relatively defined environment of the virus particle, the
reaction entails at least 66 distinct substrates, intermediates or
products, and numerous competing intermolecular interactions
occurring simultaneously32. Arrangement of the substrate in a
multimeric lattice presents further constraints that likely reduce
processing rates. The time course of this complex reaction in the
virus is currently unknown, and our current study provides an
upper time limit for HIV-1 polyprotein processing. Estimates for
the period required for polyprotein processing in retroviruses in
the literature are based almost exclusively on indirect and very
limited evidence and range from a few minutes up to several
hours33 for completion of proteolytic maturation. Modelling
based on simplified assumptions from in vitro data yielded an
estimate of 30 min for completion of HIV proteolysis32, which
would be in good agreement with our results. We want to
emphasize, however, that our results provide an upper limit for
the half-time of Gag proteolysis, assuming instantaneous and
complete photodestruction and concomitant PR activation inside
the immature particle. Conceivably, authentic polyprotein
processing may be even faster, while the slower rates of Gag
proteolysis reported in a previous study33 are clearly inconsistent
with our results.

The possibility to trigger HIV-1 PR activity by light in precisely
defined time and space enabled us to induce HIV-1 polyprotein
processing inside the native immature virion, and to analyze the
timing, regulation, spatial requirements and kinetics of Gag
proteolysis in real time. This system now provides the
opportunity for a targeted analysis of HIV-1 maturation, which
should eventually lead to an understanding of the dynamics of
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this crucial step in the HIV-1 life cycle. We suggest that a similar
approach, that is, design of specific photolabile inhibitors that can
be photolysed to inactive products, thus triggering enzymatic
activity, can be used for photocaging of other regulatory PRs to
analyze their roles in situ.

Methods
Chemical synthesis. The synthesis of all intermediates and their full chemical
analyses are described in the Supplementary Information. All compounds tested in
biochemical assays were of at least 99% purity. All peaks in NMR spectra for all
compounds were assigned using standard 2D NMR techniques (COSY, HMBC,
HSQC).

Compound 1: Compound 2 (20 mg, 31.3 mmol, 1.0 equiv.) was dissolved in
0.5 ml tetrahydrofurane along with 16 ml þN,N-Diisopropylethylamine
(93.9 mmol, 3.0 equiv.). (7-(Diethylamino)-2-oxo-2H-chromen-4-yl)methyl(2,5-
dioxopyrrolidin-1-yl) carbonate (13.5 mg, 34.4 mmol, 1.1 equiv. (for preparation,
see Supplementary Information) was added in one portion, and the reaction was
stirred overnight. The crude product obtained after removal of all volatiles was
purified on preparative scale HPLC (gradient 50–100% acetonitrile in 30 min.
Rt¼ 16 min). Yellow powder was obtained on lyophilization (10 mg, isolated
yield¼ 35%). Analytical HPLC (gradient 2–100% in 30 min, flow rate 1 ml min� 1;
Rt¼ 25.5 min). 1H NMR (500 MHz, DMSO-d6):d 9.05 (d, J¼ 0.8, 1H, N-CH-S),
7.86 (q, J¼ 0.8, 1H, S-C-CH-N), 7.79 (d, J¼ 8.7, 1H, CH-NH-Val), 7.45 (d, J¼ 9.7,
1H, Val-NH-COO), 7.45 (d, J¼ 9.1, 1H, C-CH-CH-C-N-Et2), 7.23-7.07 (m, 10H,
2� Ph), 6.91 (d, J¼ 9.4, 1H, NH-CH-CH-OH), 6.68 (dd, J¼ 9.1, 2.5, 1H, C-CH-
CH-C-N-Et2), 6.55 (d, J¼ 2.5, 1H, C-CH-C-N-Et2), 6.08 (t, J¼ 1.3, 1H, O-C(O)-
CH-C), 5.25 and 5.25 (2� dd, J¼ 16.1, 1.3, 2� 1H, O-CH2-coumarin), 5.11 and
5.16 (2� d, J¼ 13.0, 2� 1H, O-CH2-thiazole), 4.15 (bm, 1H, CH-NH-Val), 3.80
(bm, 1H, NH-CH-CH-OH), 3.78 (dd, J¼ 9.2, 7.3, 1H, NH-C(O)-CH(iPr)-NH),
3.59 (td, J¼ 6.7, 2.1, 1H, NH-CH-CH-OH), 3.42 (q, J¼ 7.0, 4H, CH2-CH3), 2.69
(bdd, J¼ 13.5, 4.9, 1H, CH2-CH-NH-Val), 2.67 (bd, J¼ 7.6, 2H, CH2-CH-NH-
C(O)o-thiazole), 2.59 (bdd, J¼ 13.5, 8.0, 1H, CH2-CH-NH-Val), 1.85 (dsept,
J¼ 7.3, 6.8, 1H, -CH(CH3)2), 1.45 (m, 2H, OH-CH-CH2-CH-NH), 1.11 (t, J¼ 7.0,
6H, CH2-CH3), 0.76 and 0.79 (2� d, J¼ 6.8, 6H, -CH(CH3)2). 13C NMR
(125.7 MHz, DMSO-d6):d 161.01 (NH-(O)CVal-NH), 155.92 (O-C-CH-C-N-Et2),
155.79 (thizaole-O-C-N), 155.74 (N-CH-S), 155.53 (Val-NH-C(O)-O), 152.07
(Val-NH-C(O)-O -CH2-C), 150.58 (C-N-Et2), 143.21 (S-C-CH-N), 139.640 (i-Ph-
CH2-CH-NH-thiazol), 138.86 (i-Ph-CH2-CH-NH-Val), 134.29 (S-C-CH-N),
129.19 and 129.52 (2� o-Ph), 128.18 and 128.03 (2� m-Ph), 126.00 and 125.94
(2� p-Ph), 125.50 (C-CH-CH-C-N-Et2), 108.91 (C-CH-CH-C-N-Et2), 105.43 (C-
CH-CH-C-N-Et2), 104.63 (O-C(O)-CH-C), 97.05 (C-CH-C-N-Et2), 69.15 (HO-
CH), 61.16 (O-CH2-coumarin), 60.57 (NH-C(O)-CH(iPr)-NH), 57.37 (C(O)O-
CH2-thiazole), 55.73 (NH-CH-CH-OH), 47.30 (OH-CH-CH2-CH-NH), 44.20
(CH2-CH3), 39.53 (Val-NH-CH-CH2-Ph), 38.29 (OH-CH-CH2-CH-NH), 37.34
(CH2-CH-NH-C(O)o-thiazole), 30.55 (CH(CH3)2), 19.43 and 18.33 (2�CH3),
12.50 (CH2-CH3). HRMS (m/z; ESIþ ): calculated for C43H51O8N5S [MNa]þ

820.33506; found 820.33470.

Purification of HIV PR. The recombinant PR was overexpressed in Escherichia coli
BL21(DE3) RIL (Novagen). Protein expression and isolation of inclusion bodies
were carried out as previously described34. Inclusion bodies were solubilized in 67%
(v/v) acetic acid and refolded by dilution into a 25-fold excess of water, followed by
overnight dialysis at 4 �C against water and then against 50 mM MES (pH 5.8), 10%
(v/v) glycerol, 1 mM EDTA and 0.05% (v/v) 2-mercaptoethanol. The PR was
purified by cation exchange chromatography using MonoSFPLC (Pharmacia). The
enzyme was stored at 70 �C until further use34.

Inhibition of HIV-1 PR. Ki values were determined by spectrophotometric assay
using purified recombinant HIV-1 PR and the chromogenic substrate KARVN-
leNphEaNle-NH2. Data were analyzed using the Morrison equation35.

Crystallization experiments. The HIV PR-compound 1 complex was prepared by
mixing the enzyme with an equimolar amount of 1 dissolved in DMSO. The
protein was pre-concentrated to 4 mg ml� 1 by ultrafiltration using Microcon-10
filters (Millipore, Billerica, MA, USA). The complex was then centrifuged for
25 min at 16,000 g to reduce the number of crystallization nuclei. Crystals were
then grown by the hanging drop vapour diffusion technique at 19 �C. The crys-
tallization drops contained 2 ml protein-inhibitor complex and 1 ml reservoir
solution (0.2 M lithium sulfate, 0.1 M phosphate/citrate pH 4.2 and 20% (w/v) PEG
1000; JSCGþ condition 6). The HIV PR-compound 2 complex was prepared by
incubation HIV PR with fourfold molar excess of 2 for 30 min and it was then
concentrated to a protein concentration of 4 mg ml� 1 by the above described
procedure. Crystals were grown as described above. The reservoir solution was
0.2 M magnesium chloride, 0.1 M Tris pH 8.5 and 20% (w/v) PEG 8000. For
diffraction measurements, crystals were soaked in reservoir solution supplemented
with 25% (v/v) glycerol and cooled in liquid nitrogen. The diffraction data col-
lection and structure refinement are described in Supplementary Information in
chapter 3.3.

Photolysis of the inhibitor. Irradiation was performed in two distinct set ups.
Cuvette set up. A 1 ml reaction mixture (8 nM purified recombinant HIV-1 PR

in cleavage buffer—100 mM sodium acetate, 0.3 M NaCl, 4 mM EDTA, pH 4.7,
various concentrations of inhibitor) at 4 �C was irradiated with two defocused
405 nm lasers (130 and 170 mW) in a quartz cuvette for various periods of time.
The cuvette was then equlibrated to 37 �C, and the enzymatic reaction was started
by adding 4 ml of 3.8 mM chromogenic substrate (KARVNleNphEaNle-NH2)27. The
enzyme activity (and thus the efficacy of photodegradation) was followed by the
decrease in absorbance at 305 nm.

Capillary set up. Two 405 nm focusable lasers (130 and 170 mW, checked for
both intensity and wavelength before use) were used for irradiation in a capillary
set up. The solution (either purified HIV-1 PR or a suspension of immature
virions) was linearly pumped through a 250 mm glass capillary (Hirschmann ring
caps) at which both laser beams were focused (for an illustrative photo, see
Supplementary Fig. 4). To 47.5 ml of cleavage buffer (100 mM sodium acetate, 0.3 M
NaCl, 4 mM EDTA, pH 4.7) on ice, 2ml of 4 mM HIV-1 PR and 0.5 ml of 200mM
compound 1 were added. The solution was irradiated at different flow rates, diluted
in a 1 ml cuvette with 950 ml of cleavage buffer (100 mM sodium acetate, 0.3 M
NaCl, 4 mM EDTA, pH 4.7, 37 �C) and the enzymatic reaction was started by
adding 4 ml of 3.8 mM chromogenic substrate.

Analysis of photodegradation products. The photodegradation of the inhibitor
was analyzed with an analytical Jasco PU-1580 HPLC (flow rate 1 ml min� 1,
invariable gradient 2–100% ACN in 30 min, Watrex C18 Analytical Column, 5 mm,
250� 5 mm), and the retention times were compared with those of synthetic
standards (the degradation product was also an intermediate during synthesis of
compound 1).

Plasmids and cell cultures. Proviral plasmid pNL4-3 (obtained through the NIH
AIDS Reagent Program from Dr Malcolm Martin) has been described before36.
Plasmid pCHIV, which encodes all HIV-1 NL4-3 proteins except Nef, but lacks
both long terminal repeat regions required for infectivity, has also been described37.
HEK293T cells were kept in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) supplemented with penicillin/streptomycin and 10%
foetal calf serum at 37 �C, 5% CO2. For the analysis of inhibitor activity on viral
particle processing, HEK293T cells were transfected with pNL4-3 using calcium
phosphate, and inhibitor was added at the indicated concentrations. At 48 h post
transfection, supernatants were harvested, cleared by filtration through a 0.45-mm
filter and concentrated by ultracentrifugation through a 20% (w/w) sucrose
cushion.

Photoactivation of HIV-1 PR in situ. HEK293T cells were seeded in six-well plates
in high-glucose, phenol red-free DMEM supplemented with penicillin/strepto-
mycin and 10% foetal calf serum. On the following day, cells were transfected with
plasmid pCHIV37 using polyethyleneimine according to standard procedures.
A final concentration of 2 mM compound 1 or DMSO (vehicle) was added to the
tissue culture medium at the time of transfection. At 44 h post transfection,
tissue culture supernatants were harvested, adjusted to pH 6.0 using PR buffer
(50 mM MES, pH 6.0, 150 mM NaCl, 2 mM DTT, 1 mM EDTA). Alternatively,
supernatants were harvested, filtered, inhibitor was removed by two successive
ultracentrifugation steps through a 20% sucrose cushion and the particle pellet was
resuspended in PR buffer. In both cases, samples were then split into two aliquots,
one of which was subjected to ultraviolet irradiation using the capillary set up
described above, whereas the control aliquot was pumped through the capillary set
up without ultraviolet irradiation. Subsequently, samples were incubated at 37 �C,
and 20ml aliquots were taken before incubation (t¼ 0) and at t¼ 15, 30, 60, 90 and
360 min. At these time points, the processing reaction was stopped by addition of
SDS sample buffer and heat treatment (5 min, 90 �C).

Analysis of HIV polyprotein processing by immunoblot. Samples were
separated by SDS–PAGE (17.5%; acrylamide:bisacrylamide 200:1), and proteins
were transferred to a nitrocellulose membrane by semi-dry blotting. HIV-1
Gag-derived proteins were detected using rabbit polyclonal antiserum raised
against HIV-1 CA, followed by fluorescently labelled goat-anti rabbit secondary
antibody (LiCor). Quantification of anti-CA reactive bands was performed using
an infrared imaging system (LiCor Odyssey) and Image Studio Lite software.
Data were analyzed with GraphPad prism.

References
1. Krausslich, H. G. et al. Activity of purified biosynthetic proteinase of human

immunodeficiency virus on natural substrates and synthetic peptides. Proc.
Natl Acad. Sci. USA 86, 807–811 (1989).

2. Pokorna, J., Machala, L., Rezacova, P. & Konvalinka, J. Current and novel
inhibitors of HIV protease. Viruses 1, 1209–1239 (2009).

3. Krausslich, H. G. Human immunodeficiency virus proteinase dimer as
component of the viral polyprotein prevents particle assembly and viral
infectivity. Proc. Natl Acad. Sci. USA 88, 3213–3217 (1991).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7461 ARTICLE

NATURE COMMUNICATIONS | 6:6461 | DOI: 10.1038/ncomms7461 | www.nature.com/naturecommunications 7

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


4. Wiegers, K. et al. Sequential steps in human immunodeficiency virus particle
maturation revealed by alterations of individual Gag polyprotein cleavage sites.
J. Virol. 72, 2846–2854 (1998).

5. Debouck, C. et al. Human immunodeficiency virus protease expressed in
Escherichia coli exhibits autoprocessing and specific maturation of the gag
precursor. Proc. Natl Acad. Sci. USA 84, 8903–8906 (1987).

6. Krausslich, H. G., Nicklin, M. J., Lee, C. K. & Wimmer, E. Polyprotein
processing in picornavirus replication. Biochimie 70, 119–130 (1988).

7. Manchester, M., Everitt, L., Loeb, D. D., Hutchison, 3rd C. A. & Swanstrom, R.
Identification of temperature-sensitive mutants of the human
immunodeficiency virus type 1 protease through saturation mutagenesis.
Amino acid side chain requirements for temperature sensitivity. J. Biol. Chem.
269, 7689–7695 (1994).

8. Konvalinka, J. Structural and molecular biology of protease function and
inhibition. J. Cell Biochem. 56, 117–177 (1994).

9. Mattei, S. et al. Induced maturation of human immunodeficiency virus. J. Virol.
88, 13722–12731 (2014).

10. Engels, J. & Schlaeger, E. J. Synthesis, structure, and reactivity of
adenosine cyclic 30,50-phosphate benzyl triesters. J. Med. Chem. 20, 907–911
(1977).

11. Kaplan, J. H., Forbush, 3rd B. & Hoffman, J. F. Rapid photolytic release of
adenosine 5’-triphosphate from a protected analogue: utilization by the Na:K
pump of human red blood cell ghosts. Biochemistry 17, 1929–1935 (1978).

12. Ellis-Davies, G. C. Neurobiology with caged calcium. Chem. Rev. 108,
1603–1613 (2008).

13. Makings, L. R. & Tsien, R. Y. Caged nitric oxide. Stable organic molecules from
which nitric oxide can be photoreleased. J. Biol. Chem. 269, 6282–6285 (1994).

14. Cruz, F. G., Koh, J. T. & Link, K. H. Light-activated gene expression. J. Am.
Chem. Soc. 122, 8777–8778 (2000).

15. Lin, W., Albanese, C., Pestell, R. G. & Lawrence, D. S. Spatially discrete,
light-driven protein expression. Chem. Biol. 9, 1347–1353 (2002).

16. Breitinger, H. G., Wieboldt, R., Ramesh, D., Carpenter, B. K. & Hess, G. P.
Synthesis and characterization of photolabile derivatives of serotonin for
chemical kinetic investigations of the serotonin 5-HT(3) receptor. Biochemistry
39, 5500–5508 (2000).

17. Callaway, E. M. & Yuste, R. Stimulating neurons with light. Curr. Opin.
Neurobiol. 12, 587–592 (2002).

18. Mikat, V. & Heckel, A. Light-dependent RNA interference with nucleobase-
caged siRNAs. RNA 13, 2341–2347 (2007).

19. Shah, S., Jain, P. K., Kala, A., Karunakaran, D. & Friedman, S. H. Light-
activated RNA interference using double-stranded siRNA precursors modified
using a remarkable regiospecificity of diazo-based photolabile groups. Nucleic
Acids Res. 37, 4508–4517 (2009).

20. Nadler, A. et al. The fatty acid composition of diacylglycerols determines local
signaling patterns. Angew. Chem. Int. Ed. 52, 6330–6334 (2013).

21. Hiraoka, T. & Hamachi, I. Caged RNase: photoactivation of the enzyme from
perfect off-state by site-specific incorporation of 2-nitrobenzyl moiety. Bioorg.
Med. Chem. Lett. 13, 13–15 (2003).

22. Chang, C. Y., Fernandez, T., Panchal, R. & Bayley, H. Caged catalytic
subunit of cAMP-dependent protein kinase. J. Am. Chem. Soc. 120, 7661–7662
(1998).

23. Riggsbee, C. W. & Deiters, A. Recent advances in the photochemical control of
protein function. Trends Biotechnol. 28, 468–475 (2010).

24. Brieke, C., Rohrbach, F., Gottschalk, A., Mayer, G. & Heckel, A. Light-
controlled tools. Angew. Chem. Int. Ed. 51, 8446–8476 (2012).

25. Lee, H. M., Larson, D. R. & Lawrence, D. S. Illuminating the chemistry of life:
design, synthesis, and applications of "caged" and related photoresponsive
compounds. ACS Chem. Biol. 4, 409–427 (2009).

26. Li, H., Hah, J. M. & Lawrence, D. S. Light-mediated liberation of enzymatic
activity: "small molecule" caged protein equivalents. J. Am. Chem. Soc. 130,
10474–10475 (2008).

27. Porter, N. A., Bush, K. A. & Kinter, K. S. Photo-reversible binding of thrombin
to avidin by means of a photolabile inhibitor. J. Photochem. Photobiol. B 38,
61–69 (1997).

28. Kempf, D. J. et al. ABT-538 is a potent inhibitor of human immunodeficiency
virus protease and has high oral bioavailability in humans. Proc. Natl Acad. Sci.
USA 92, 2484–2488 (1995).

29. Sundquist, W. I. & Krausslich, H. G. HIV-1 assembly, budding, and
maturation. Cold Spring Harb. Symp. Quant. Biol. 2, a006924 (2012).

30. Muller, B. et al. HIV-1 Gag processing intermediates trans-dominantly interfere
with HIV-1 infectivity. J. Biol. Chem. 284, 29692–29703 (2009).

31. Kaplan, A. H. et al. Partial inhibition of the human immunodeficiency virus
type 1 protease results in aberrant virus assembly and the formation of
noninfectious particles. J. Virol. 67, 4050–4055 (1993).

32. Konnyu, B. et al. Gag-Pol processing during HIV-1 virion maturation: a
systems biology approach. PLoS Comput. Biol. 9, e1003103 (2013).

33. Dale, B. M. et al. Cell-to-cell transfer of HIV-1 via virological synapses leads to
endosomal virion maturation that activates viral membrane fusion. Cell Host
Microbe 10, 551–562 (2011).

34. Saskova, K. G. et al. Enzymatic and structural analysis of the I47A mutation
contributing to the reduced susceptibility to HIV protease inhibitor lopinavir.
Protein Sci. 17, 1555–1564 (2008).

35. Richards, A. D. et al. Sensitive, soluble chromogenic substrates for HIV-1
proteinase. J. Biol. Chem. 265, 7733–7736 (1990).

36. Adachi, A. et al. Production of acquired immunodeficiency syndrome-
associated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J. Virol. 59, 284–291 (1986).

37. Lampe, M. et al. Double-labelled HIV-1 particles for study of virus-cell
interaction. Virology 360, 92–104 (2007).

Acknowledgements
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