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ABSTRACT: HIV protease plays a central role in its life cycle
leading to release of functional viral particles. It has been
successfully used as a therapeutic target to block HIV
infection. Several protease inhibitors (PIs) are currently being
employed as a part of anti-HIV therapy. However, the
constant genetic drift in the virus leads to accumulation of
mutations in both cleavage site and the protease, resulting in
resistance and failure of therapy. We reported the use of a
quantum dot (QD)-based protein probe for the in vivo
monitoring of HIV-1 protease activity based on fluorescence
resonance energy transfer. In the current study, we
demonstrate the utility of this approach by quantifying the
in vivo cleavage rates of three known protease and cleavage
site mutations in the presence or absence of different PIs. The
changes in ICs values for the different PIs were similar to that
observed in patients, validating our assay as a rapid platform
for PI screening.
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Introduction

Since the early 1980s, millions of individuals throughout the
world have been infected with human immunodeficiency
virus (HIV; UNAIDS, 2010). Many biochemical events
critical to HIV replication have been used for therapeutic
intervention (Brik and Wong, 2003; Dayam and Neamati,
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2003; Imamichi, 2004). Among them, the HIV protease
(HIV-1 Pr), which is essential for releasing the individual
protein subunits from the translated polyproteins (Navia
et al., 1989), was quickly recognized as an important target.
Although many protease inhibitors (PIs) are currently
approved for patient treatment (Craig et al., 1991; Robinson
etal., 2000; Sham et al., 1998; Vacca et al., 1994; Virgil, 2010),
over 50% of the patients who achieve initial viral suppression
with PIs will eventually experience treatment failure because
of the rapid emergence of drug-resistant HIV-1 variants
(Grabar et al., 2000). The resistance occurs due to multiple
mutations in both the protease and the cleavage sites that alter
PI binding, resulting in a loss of efficacy (Ali et al., 2010;
Menéndez-Arias, 2010; Wensing et al., 2010). Continual
success in future treatments depends on the development of
new antiviral agents that maintain efficacy against drug-
resistant viral strains.

High throughput assays have been developed to identify
new HIV Pls, and the majority of them are in vitro assays
based on purified enzymes and peptido-mimetic substrates
(De Clercq, 2002; Randolph and DeGoey, 2004). Cell-based
assays are considered a better alternative since they can be
used to identify PIs with different modes of action under the
native intracellular environment along with their preliminary
toxicity profile (Cheng et al., 2006; Fuse et al., 2006; Roh et al.,
2010). Unfortunately, establishment of a different genetically
modified cell line for all the mutated protease and cleavage
site combinations remains a formidable task. For rapid
screening, a simple platform that introduces a protease-
specific probe into living cells is preferred. Our laboratory has
previously generated a programmable protein module for the
in vivo monitoring of HIV-1 Pr activity based on fluorescence
resonance energy transfer (FRET) using HeLa cells trans-
fected with the HIV proviral plasmid pNL4-3.HSA.R-E-
(Biswas et al., 2011). Cleavage of the protein probes results
in changes in FRET, which can be used to indicate the
intracellular protease activity.
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In this work, we have extended the applicability of this
cell-based assay to address the major hurdle in PI-based
HIV therapy—resistance due to multiple mutations within
the protease and the cleavage sites (Ali et al., 2010;
Menéndez-Arias, 2010; Wensing et al., 2010). The ability to
rapidly survey new PIs that are effective against these new
variants is of great practical interest. The modular design of
our method obviates the need for major redesign when
targeting a new protease mutant or cleavage sequence,
making this an ideal platform for identifying new PIs
for drug-resistant HIV variants. In this paper, we demons-
trate the feasibility of this approach by quantifying the in
vivo cleavage rates of three known protease and cleavage
site combinations in the presence or absence of different
PIs. These mutations are widespread among patients
undergoing HIV therapy and are identified as leading
candidates to drug resistance by altering the hydrolysis rate
of HIV-1 Pr.

Materials and Methods

Materials

TOPO capped Qdot™ 545 ITK™ Organic Quantum Dots
(Qdot 545), Alexa Fluor™ 568 C5 maleimide (Alexa 568) and
Tris-(2-carboxyethyl) phosphine (TCEP) were purchased
from Life Technologies. Dihydro lipoic acid (DHLA) was
purchased from Sigma—Aldrich. HeLa cells were obtained
from American Type Culture Collection. Autoclavable
minimum essential medium (MEM) was from Irvine
Scientific. Cell culture grade NaHCO;, HEPES, nonessential
amino acids, penicillin, and streptomycin 1-glutamine was
purchased from HyClone, Thermo Scientific. Fetal bovine
serum (FBS) was purchased from Sigma—Aldrich. Restriction
enzyme, ligase and polymerase enzymes were obtained from
New England Biolabs (NEB).

Plasmid Construction and Protein Expression

The pET-H-MA/CA-ET expression vector coding for H-MA-
ET was used (Biswas et al., 2011). To generate the NC-pl
cleavage site protein module, two overlapping oligos were
ordered from Integrated DNA Technologies (IDT) with
sequences CAT GGG CCA TCA CCA TCA CCA TCA CAC
CGA ACG CCA GGC GAA CTT TCT GGG CAA AAT TTG
GCC GTG CCA and TAT GGC ACG GCC AAATTT TGC
CCA GAA AGT TCG CCT GGC GTT CGG TGT GAT GGT
GAT GGT GAT GGC C. The two oligos were mixed at
equimolar concentrations and annealed together by heating
to 95°C for 5min and cooling gradually. The MA-CA
fragment was removed by digesting pET-H-MA/CA-ET with
Ndel and Ncol and the annealed DNA fragment was similarly
digested and ligated overnight to obtain pET-H-NC/p1 WT-
ET. A similar procedure was followed to obtain the mutant
cleavage site variants using oligos CAT GGG CCA TCA CCA
TCA CCA TCA CAC CGA ACG CCA GGT GAA CTT TCT
GGG CAA AAT TTG GCC GTG CCA and TAT GGC ACG
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GCC AAATTT TGC CCA GAA AGT TCA CCT GGC GTT
CGG TGT GAT GGT GAT GGT GAT GGC C, resulting in
plasmid pET-H-NC/pl M2-ET. Protein expression and
purification by repeated thermal cycles were carried out
similar to our previous report using Escherichia coli BL-21
(DE3) (Novagen, Madison, WI) as the host (Biswas
et al,, 2011). The protein purity was confirmed through
SDS-PAGE gel electrophoresis and the protein concentration
was determined by measuring the absorption at 215 nm.

To generate the protease mutant, the protease region (PR)
of the pNL4-3. HSA.R-E- was amplified by using primers:
PR-EcoRI/Sphl Forward: 5 AGTGAATTCGCATGCAGG-
GCCTATTGCACC 3’ and PR-Xbal/Agel Reverse: 5 TCTA-
GACCGGTTCTTTTAGAATCTCCC 3'. The amplified
product was digested with EcoR1 and Xbal and cloned into
corresponding restriction sites of pBlueScript —SK+ (Stra-
tagene, La Jolla, CA) resulting in plasmid pBSk-PR. The
protease mutations identified were introduced into pBSK-PR
using the Quickchange Site-Directed Mutagenesis Kit
(Stratagene) using the manufacturer’s instructions. Primers
for mutagenesis were ordered from Integrated DNA
Technologies (IDT). Primers V82A Forward: 5'-tattagtag-
gacctacacctgecaacataattggaagaaatctg-3’ and V82A Reverse
5’-cagtattagtaggacctacacctgtcaacataattggaagaaatctgttg-3' were
used for introducing the V82A mutation. Primers L90OM
Forward 5'-cataattggaagaaatctgatgactcagattggcetgeac-3’ and
L90OM Reverse 5'-caacataattggaagaaatctgttgactcagattggctg-
cacttt-3' were used for introducing the L90M mutation.
The mutated DNA fragments were digested with Sphl and
Agel and ligated back into the pNL4-3.HSA.R-E- digested
with the same enzymes. The mutations were confirmed by
sequencing and large scale DNA preparation of the mutants,
pNL4-3-V82A and pNL4-3-L90M, was performed using the
Qiagen Maxi Prep Kit.

Alexa Labeling of Protein Modules

The labeling of proteins with Alexa Fluor™ 568 C5 maleimide
(Life Technologies) and the labeling efficiency determination
was carried out as per the vendor instructions. Purified
proteins were resuspended in 50 mM potassium phosphate
buffer (pH 7) at a final concentration of 200 uM along with
10-fold excess TCEP in a final volume of 1,000 L. The
solution was incubated at room temperature on a rotator for
6h and 10-fold excess Alexa 568 maleimide was added
followed by incubation at room temperature for 2h on a
rotator. The solution was then transferred to a 4°C
refrigerated rotator and incubated for 16h. At the end of
incubation period the unreacted dyes were removed by two
thermal precipitation cycles. The degree of labeling was
estimated by

A; _ Mol Wt of the protein

Moles of dye
~ Moles of protien

E mg protien/mL

where A, is the absorbance value of the dye at 568 nm and E is
the molar extinction coefficient of 92,000cm M~ ".
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Conjugation of Alexa-Label Protein Modules to Quantum
Dot and FRET Analysis

Conjugation of Qdot™ 545 ITK™ Organic Quantum Dots
(Life Technologies) to the Alexa-labeled proteins was carried
out in HEPES (pH 8) buffer overnight at room temperature.
The TOPO-capped CdSe/ZnS QD 545 obtained in decane are
initially flocculated and resuspended in toluene as per
manufacturer’s instructions followed by water solubalization
by exchanging the TOPO cap with DHLA. 300 nM of DHLA-
capped QDs were mixed with the required molar ratio of
Alexa-labeled proteins, resuspended in 10 mM HEPES buffer
(pH 8.2), and incubated at room temperature on a rotator for
12 h. The conjugation was confirmed by measuring the FRET
efficiency using a fluorometer by exciting at 430 nm and
recording the spectrum from 500 to 700 nm.

Intracellular Probe Delivery and Inhibitor Evaluation

HeLa cells were cultured in T-50 flasks using 1x minimum
essential medium (Gibco) at 37°C and 5% CO,. HIV
infection and production of the HIV protease is achieved
through a plasmid system (pNL4-3.HSA.R-E-) with sequence
of wild-type HIV-1 strain (HXB2). The probe delivery and
transfection with the proviral vector was done similar to
previously reported (Biswas et al., 2011). Cell imaging was
performed with a Axio observer zl1 motorized inverted
microscope (Ziess). The objective used was LD Plan-Neofluar
20x/0.4Ph2CorrWD =8.4M27 from Ziess. Fluorescent
probes were detected by using two different filter sets; QD
filter consisting of a D436-nm exciter, a D535/50-nm emitter,
and a 475nm-dichroic long pass beam splitter (Chroma
Technology) and FRET filter consisting of ET450/50%,
ET595/40 m and T495LPXR, 25 mm diameter excitation and
emission filters, 25.5 x 36 mm® dichroic. Images were
acquired by using the Axio-vision software from Ziess and
fluorescence images were analyzed by using Image-Pro PLUS
analysis software (Media Cybernetics).

For the inhibitor experiments, cells after probe delivery were
incubated with growth media containing respective concen-
trations of PIs for 4 h following which transfection was carried
out. After transfection, the replaced growth media also con-
tained PIs at required concentrations. The percentage inhibi-
tion efficiency was calculated from the quantified FRET/Qdot
values for three random regions according to the equation:

% Inhibition efficiency
o FRET ratioinhibitor — FRET ratiOno inhibitor
FRET ratioconiol — FRET rationg inhibitor

Results and Discussion

Probe Design and FRET Characterizations

The probe design is illustrated in Figure 1 (Biswas et al,
2011). The N-terminus contains a hexahistidine tag that is
used to conjugate to the QD surface through metal affinity
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Figure 1. Protein probes employed in this work. A: Presence of active HIV-1 Pr
disrupts FRET resulting in an increase in the QD emission and a corresponding
decrease in the Alexa emission. B: The different cleavage sequences employed in this
work.
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interactions. Incorporation of an elastin like polypeptide
(ELP) domain facilitates purification by reversible thermal
precipitation (Kim et al., 2005). A unique cysteine residue is
incorporated between the cleavage sequence and the ELP
domain for conjugation of Alexa dyes through thiol
malemide reaction. This alexa dye acts as fluorescence
acceptor. Finally, a tat peptide sequence is inserted for
intracellular delivery (Brooks et al., 2005). In the presence of
HIV-1 Pr, the probe is cleaved and the QD and Alexa dye are
separated resulting in the disruption of FRET.

The protein module (H-MA-ET) containing the MA/CA
cleavage sequence was purified and labeled with Alexa 568 as
reported previously (Biswas et al., 2011), and subsequently
conjugated to DHLA-capped CdSe-ZnS QDs (QDsys)
because of the favorable spectral overlap with Alexa 568.
Successful conjugation was first confirmed by agarose gel
analysis and a clear shift in the QD mobility was detected
(Fig. 2C). Assembling an increasing number of labeled H-
MA-ET (n) onto the QDs reduced their emission, while a
corresponding increase in the Alexa emission was observed
(Fig. 2A). By analyzing the QD-protein complexes by SDS—
PAGE, we demonstrated that virtually all added H-MA-ET
proteins were conjugated to QDs with n up to 40 as very little
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Figure 2. Characterization of QD-Alexa-labeled H-MA-ET conjugation. A:
Fluorescence spectra obtained by conjugating an increasing number of labeled H-
MA-ET to QD. The resulting FRET (Alexa/QD) ratio is shown in the inset. B: SDS-PAGE
analysis of protein—-QD complexes (C) and the unconjugated Alexa-labeled H-MA-ET
(P). Only unconjugated proteins migrated into the gel and detected under UV light. C:
Confirmation of QD conjugation with Alexa-labeled H-MA-ET at different ratios (n)
through changes in migration pattern of the conjugates in a 1% agarose gel.

unconjugated proteins were detected (Fig. 2B). Because the
FRET (Alexa/QD) ratio is well correlated with the number of
Alexa-labeled H-MA-ET per QD, changes in the FRET ratio
can be used to reflect the number of conjugated proteins
removed because of protease cleavage.

In Vivo FRET Characterization and Probe Cleavage

To test whether we can capture a similar change in the FRET
ratio in vivo, different protein—QD conjugates were delivered
into HeLa cells (Fig. S1). Fluorescence images captured were
quantified and expressed as the whole-cell FRET ratio using
image analysis tools. Similar to the in vitro results, a gradual
increase in the in vivo FRET ratio was detected when the
number of labeled H-MA-ET per QD was increased. By
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estimating the intracellular protein concentrations based on
the probe concentration, the number of cells per well, and the
average volume of HeLa cell at confluency, a correlation
between the in vivo FRET ratio and the concentration of
intact protein per QD was established (Fig. 3A). This serves as
the standard curve for calculating the cleavage of intact H-
MA-ET for in vivo experiments.

To quantify the in vivo cleavage, probes with an H-MA-ET
to QD ratio of 40 were delivered to HeLA cells. Following
transfection with the HIV proviral plasmid pNL4-3.HSA.R-
E-, fluorescent images for the untransfected and the
transfected cells were captured temporally under a fluores-
cence microscope (Fig. S3). While the fluorescence signal
remained unchanged for untransfected cells, a gradual shift
toward the QD fluorescence was detected for the transfected
samples due to probe cleavage by HIV-1 Pr (Fig. 3C). In

A 5 B an
) e 35 § ¥ = 0.0053x + 36.448
ar 2130 R = 0.0031
35 f -
2 3 F 225
z o
E 25 p 220
w o L s
£, : c1s
1 y = 0.115x + 0.0882 £10
R* = 0.9955 2 ® Untransfected
0.5 25 | ofranstected
] 2o ]
o 20 W = o 5 10 15 20 25
In vivo protein concentration, mM Time, h

C Untransfectéd

D 40
=
E 35
c
o 30
lﬁ
© 25
-
g2
g
15
3 ™ ‘\* X Untransfected
© 10 ONCp1 WT transfected
; BMACA transfected
c 5T #NCpl M2 transfected
- D A i A A
1] 10 20 30 40 50
Time, h

Figure 3. Invivo characterization of QD-conjugated probes. A: A calibration plot
correlating the whole-cell FRET ratio to the in vivo protein concentration. B: Cleavage
of intracellular QD probes (H-MA-ET) by HIV-1 Pr. C: In vivo cleavage of H-MA-ET
probes. The composite merged DIC, QD, and Alexa images are shown for transfected
or untransfected cells. D: Changes in the intact probe concentration with time of (1) H-
MA-ET conjugate, (2) H-NC-WT-ET conjugate, (3) H-NC-M2 conjugate, and (4) probe in
untransfected wells. The measurements are average of three independent
experiments.
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contrast, the fluorescence signal for a similar probe
containing the West Nile Virus (WNV) protease cleavage
sequence (H-WNV-ET) remained unchanged even for
transfected cells, validating the specificity of the approach
(Fig. S3). The fluorescence images were quantified and used
to determine the intact probe concentrations and the
corresponding in vivo cleavage rate (Fig. 3B).

Quantitative Analysis of In Vivo Probe Cleavage

Since the intracellular probe concentration of 38 mM is far in
excess of the reported K, of all the cleavage sites (Cheng et al.,
1990; Feher et al., 2002; Tozsér et al., 1991), the in vivo
cleavage rate can be used to compare the k., value of different
target sequences. To test this feasibility, a new protein module
containing the NC/pl cleavage sequence (H-NC-WT-ET;
Fig. 1), which has a reported 20-fold lower k., value
compared to the MA/CA site, was generated (Maschera et al.,
1996). A similar calibration curve for the whole-cell FRET
ratio was obtained as described above (data not shown).
Intracellular cleavage experiments were conducted and the in
vivo cleavage rate was determined (Fig. 3D, trace 3). The
calculated rate of 22 nM/s for H-NC-WT-ET is roughly 13-
fold lower than that observed using the MA/CA sequence
(284 nM/s), consistent with the reported difference in k.,
(Feher et al., 2002). This result confirms the ability of our
method to quantitatively assess the in vivo cleavage rate of
different target sequences. Because the NC/p1 site is the rate-
limiting step in HIV polyprotein processing, it is the most
frequently mutated cleavage site found in parallel with
protease mutations in drug-resistant HIV variants (Bally
et al., 2000; Wondrack et al., 1993). Mutations at this site act
to compensate the loss of viral fitness by increasing the
catalytic efficiency. To demonstrate that our assay is useful for
screening PIs for drug-resistant HIV variants, a new protein
module (H-NC-M2-ET) containing a commonly detected
mutation (A431V) in NC/p1 was constructed (Fig. 1). The
QD probes were delivered into HeLa cells and fluorescence
changes were captured. The calculated hydrolysis rate for this
probe was fourfold higher compared to the wild-type Nc/pl
(trace 2, Fig. 3C) in accordance with the reported differences
in the k., value (Feher et al., 2002).

Drug Screening Using a Combination of Cleavage Site
and Protease Mutations

To further demonstrate the versatility of our system, we
incorporated two separate point mutations into the protease
region of the proviral vector, pNL4-3.HSA.R-E- (HXB2).
Both mutations are known to be associated with the NC-pl
cleavage site mutation (A431V) in many drug-resistant HIV
variants (Nijhuis et al., 2006; Zhang et al., 1997). Viruses with
the V82A mutation are known to be highly resistant to one
particular PI Indinavir with a reported 20-fold increase in the
1Cs¢ value (Kolli et al., 2009). The L90M mutation, on the
other hand, confers resistant to all PIs and is one of the few
known mutations to provide more than a 10-fold change in
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the ICsq value for Saquinavir (Kolli et al., 2009). These two
mutations were introduced separately into the proviral
protease region by site directed mutagenesis (Fig. 4A), and
the functionality of the two mutant proteases was first
confirmed by detecting the in vivo cleavage of the MA/CA
probes. The wild-type protease (HXB2) and the two mutants
(V82A and L90M) hydrolyzed the MACA substrate with
similar rates (Fig. S4) indicating that the two mutants
remained functional upon transfection. To verify that our
assay can effectively capture the decrease in PI efficacy, in vivo
cleavage experiments were conducted in the presence of
increasing concentrations of the two PIs—Indinavir and
Saquinavir using either the wild-type or mutant protease in
combination with the mutant H-NC-M2-ET probe. By
quantifying the in vivo cleavage rates, a marked difference in
the inhibition efficacy was detected between the wild type and
mutant proteases (Fig. 4B). The calculated IC5, values for the
wild-type protease are in accordance with the literature
reports (Kolli et al., 2009). More importantly, both protease
mutants were shown to significantly impair the inhibition
efficiency (Table I), indicating that our reported assay is
suitable in evaluating the in vivo efficacy of different PIs in the
presence of a combination of cleavage site and protease
mutations.

In summary, we reported here a highly modular assay for
the in vivo evaluation of HIV-1 Pr activity. Because of the ease
of introducing mutations into both the HIV-1 protease and
the cleavage sites, the reported QD-based assay is ideal for the
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100 = LOOM|{mutant)
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Figure 4. In vivo assessment of inhibitor efficiency using a combination of
cleavage site and protease mutants. A: The wild-type (HXB2) and mutant (V82A and
L90M) HIV-1 proteases employed in the study. B: The in vivo inhibition efficiency of
Indinavir or Saquinavir against either the wild-type or mutant protease using the H-NC-
M2-ET probe.




Table I. The reported and measured ICs, values for the different
protease and cleavage site mutations.

Reported ICsq Measured 1Cs,

HXB2 + Indinavir 20nM 10nM
V82A + Indinavir 10-20-fold increase >10-fold increase
HXB2 + Saquinavir 5nM 5nM
L90M + Saquinavir 4-10-fold increase 10-fold increase

expedited discovery of new PIs against drug-resistant HIV
variants.

This work was supported by a grant from NSF (CBET1129012).
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