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Fig. 1. Domain structure of HIV-1 Rev and sequences of Rev- and Rex-derived pep-
tides. (A) Diagrammatic representation of HIV-1 Rev. The functional domains and
regions of HIV-1 Rev are depicted. (B) Sequences of Rev-derived, Rex-derived and
RSG-P2G4 peptides. The Rev- and Rex-derived peptides were synthesized based
on the HIV-1n14.3 (GenBank Accession No. AF324493) and HTLV-1 MT-2 (GenBank
Accession No. L03561) sequences, respectively. The protein transduction domain
(PTD; YGRKKRRQRRR), an amino acid sequence derived from HIV-1y.4.3 Tat protein
(aa 47-57), was added to the C-terminus of the peptides.

At least three properties seem to be required to antagonize Rev
function: cell permeability, nuclear localization and specific bind-
ing to HIV-1 RRE or Rev. In this regard, Rev M10, a Rev mutant
lacking the nuclear export activity, efficiently suppresses HIV-1
replication through a dominant-negative effect on Rev function
(Malim et al., 1989a). However, it has several obstacles to overcome,
such as immunogenicity, chemical synthesis and administration,
for clinical application. In contrast, small peptides may be ideal
for overcoming such obstacles. Harada et al. (1996, 1997) designed
and examined artificial arginine-rich peptides as Rev antagonists
in biochemical binding assays. The crystal structure of Rev/RRE
has been reported (Jain and Belasco, 2001). Based on this structure
(Jain and Belasco, 2001; Jiang et al., 1999), we designed peptides
of 17 and 21 amino acids derived from the RRE-binding domains
of Rev and Rex proteins, designated Revss.sg and Rexy.,1, respec-
tively, and examined their anti-HIV-1 activities. These peptides
contain an arginine-rich domain, which not only binds to the
RRE but also imparts cell permeability and nuclear localization
(Futaki et al., 2001). Notably, it has been reported that arginine-
rich peptides, e.g., ALX40-4C (N-a-acetyl-nona-D arginine), show
anti-HIV-1 activity via antagonistic effects against CXCR4 (Doranz
et al., 1997). We hypothesized that the arginine-rich RNA-binding
domains of Rev and Rex inhibit both the entry of HIV-1 through
CXCR4 and the production of progenitor HIV-1 by interrupting the
function of Rev in the early and late phases of the replication cycle.

In this study, we tested this hypothesis by synthesizing Rev- and
Rex-derived peptides based on their RNA-binding domains, as well
as RSG-P2G4, an arginine-rich peptide that interacts with the RRE
(Harada et al., 1997), and by evaluating their antiviral activities as
bifunctional inhibitors that target Rev and CXCR4.

2. Materials and methods
2.1. Reagents
AZT was purchased from Sigma (St. Louis, MO). Amprenavir

(APV) was kindly provided by Dr. H. Mitsuya (Kumamoto Univer-
sity, Kumamoto, Japan). AMD3100 was a kind gift from Dr. S. Shigeta

(Fukushima Medical University, Fukushima, Japan). TAK-779 was
obtained from the AIDS Research and Reference Program, Divi-
sion of AIDS, National Institute of Allergy and Infectious Disease
(Bethesda, MD). All peptides used in this study were chemically
synthesized by Fmoc-solid-phase peptide synthesis on a Rink
amide resin as reported previously (Futaki et al., 1997). A phycoery-
thrin (PE)-conjugated mouse anti-human CXCR4 MAD (12G5) was
purchased from BD Bioscience Clontech (San Jose, CA).

2.2. Cells and viruses

Two laboratory strains, HIV-1yg and HIV-1g,, that mainly
interact with CXCR4 and CCR5 as coreceptors, respectively, were
used in this study.

MT-2 cells were grown in RPMI 1640 medium (Sigma, St. Louis,
MO). PM1-CCR5 cells, which are CCR5-transduced PM1 cells, and
PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells, which are PM1-CCR5
cells persistently infected with HIV-1y3 or HIV-1p,, respec-
tively, were maintained in RPMI 1640 medium supplemented with
G418 disulfide (0.5mg/ml; Nacalai Tesque, Kyoto, Japan). Hela
CD4/CCR5/LTR-B-galactosidase (MAGI/CCR5) cells (Vodicka et al.,
1997) were kindly provided by Dr. J. Overbaugh through the AIDS
Research and Reference Program. MAGI/CCRS5, 293T and NP-2 cells
were maintained in Dulbecco’s modified Eagle’s medium (Sigma).
All media were supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 100 U/ml penicillin and 50 pg/ml streptomycin.

2.3. Determination of anti-HIV-1 activity

The anti-HIV-1 activities of the peptides in the early phase
of the replication cycle were determined by the MAGI assay
as described previously (Nameki et al, 2005). The inhibitory
effects of the peptides in the late phase were evaluated using
PM1-CCR5 cells persistently infected with HIV-1. Briefly, PM1-
CCR5/IIIB or PM1-CCR5/Ba-L cells were washed three times and
resuspended at 4 x 10 cells/ml with the peptides in the RPMI
1640-based medium. After 48 h, the amounts of viral p24 anti-
gen present in the culture supernatants were measured using a
RETRO-TEK HIV-1 p24 Antigen ELISA Kit (ZeptoMetrix Corporation,
Buffalo, NY). The cytotoxicities of the peptides were evaluated by
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay as described previously (Kodama et al.,
2001).

2.4. Flow cytometric analysis of the antagonistic effects on CXCR4

MT-2 cells were resuspended in phosphate-buffered saline
(PBS) containing 1% FCS and preincubated with peptides at 4°C for
30 min. PE-conjugated anti-CXCR4 MADb (12G5) was then added and
incubated at 4 °C for a further 30 min. The cells were washed three
times, fixed with 1% formaldehyde and analyzed using an EPICS XL
flow cytometer (Beckman Coulter, Miami Lakes, FL).

2.5. Evaluation of the anti-HIV-1 effects of intracellular
expression of Rev peptides

We constructed pCI-Rev-IG vectors encoding various Rev
mutants, an internal ribosomal entry site (IRES) and neomycin
phosphotransferase (G418") under the control of a cytomegalovirus
(CMV) promoter as shown in Fig. 4. The pCI-Rev-IG plasmids were
transfected into MT-2 cells using the TransIT transfection reagent
(Mirus Bio, Madison, WI). After 16 h, the transduced MT-2 cells were
subjected to G418 selection, and further cultured in the presence
of G418 (0.5 mg/ml).

Rev-transduced MT-2 cells were resuspended in 96-well plates
(3 x 103 cells/well) and incubated with HIV-1yp. After 5 days, the
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cytopathic effects were determined by the MTT assay as described
previously (Kodama et al., 2001).

2.6. Subcellular localizations of Rev and Rex peptides

To evaluate the subcellular localizations of Rev and Rex peptides,
we constructed pReVpeprige-EGFP and pReXpepige-EGFP vectors
expressing C-terminally EGFP-fused peptides using pEGFP N1
(Clontech Laboratories Inc., Palo Alto, CA). The plasmids were trans-
fected into 293T and NP-2 cells using the TransIT transfection
reagent. After 48 h, the cells were fixed with 1% formaldehyde
and examined with a BioZERO fluorescence microscope (BZ-8000;
Keyence, Osaka, Japan).

3. Results
3.1. Arginine-rich peptides inhibit HIV-1y;g infection

The amino acid sequences of the peptides are shown in Fig. 1.
The peptides were examined for their anti-HIV-1 activities by the
MAGI assay (Table 1), which only detects anti-HIV-1 activity in the
early phase of the replication cycle up to the point of Tat inter-
action with the long terminal repeat (LTR) within 48 h post viral
inoculation (Uchidaetal., 1997). The reverse transcriptase inhibitor
zidovudine (AZT) inhibited both HIV-1y;g and HIV-1g,_, which use
CXCR4 and CCR5 as coreceptors, respectively, while AMD3100 and
TAK-779, which are specific antagonists of CXCR4 or CCR5 (Baba et
al., 1999; Donzella et al., 1998), only inhibited HIV-1,;3 and HIV-
1ga-L, respectively. All peptides showed anti-HIV-1 activity against
HIV-1yg, but not HIV-1g,1. Addition of the 5 amino acids AAAAC
(A4C), which stabilizes the a-helical structure (Lin et al., 2004), to
the C-terminus of Revsg 59 (Revis.50-A4C) enhanced the activity
against HIV-1j;g compared with the parental Revss.s59. The anti-
HIV-1 activity of Revs4.50-A4C was slightly enhanced by addition
of the protein transduction domain of HIV-1 Tat (Tat-PTD) to the
C-terminus (see Fig. 1B), which increases the intracellular delivery
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Table 1

Anti-HIV-1 activities of Rev- and Rex-derived peptides?®.
Compound ECsp® (uM)

HIV-1y8 HIV-1gat

Revis s 174025 >10
Revsas0-A4C 0.35+0.07 >10
Revs4.50-A4C-PTD 0.37+0.09 >10
Rexi.21 >10 >10
Rexi.21-PTD 2.5+076 >10
RSG-P2G4 224051 >10
AZT 0.022 +0.005 0.055+0.009
AMD3100 0.0038+0.0011 >100
TAK-779 >100 0.0030+0.0019

2 Anti-HIV-1 activity was determined by the MAGI assay that detects early phase
of HIV replication (Uchida et al., 1997). HIV-1y;;3 and HIV-1g,., are one of represen-
tative strains for CXCR4 and CCR5 tropic HIV-1.

b ECsp, 50% effective concentration. Data represent the means + SD of at least three
independent experiments.

of the conjugated protein or peptide (Nagahara et al., 1998). Rex;_.21
partially inhibited infection by HIV-1yp at 10 wM (approximately
40%) and its anti-HIV-1 activity was increased by addition of Tat-
PTD. Another arginine-rich peptide, RSG-P2G4 (Harada et al., 1997),
also only inhibited HIV-1yg infection.

3.2. Antagonism against CXCR4

It has been demonstrated that arginine-rich peptides bind to
CXCR4, resulting in inhibitory effects on the binding of the HIV-1
gp120 V3 loop to CXCR4 (entry inhibition) (Doranz et al., 1997;
Murakami et al., 1999). Our synthesized peptides contained an
arginine-rich motif in their sequences and blocked early-phase
infection only by the CXCR4-tropic HIV-1yyg virus. Therefore, we
investigated whether the anti-HIV-1 activities of these peptides
in the early phase were produced by CXCR4 antagonism using
flow cytometric analysis with an anti-CXCR4 monoclonal antibody
(MAD; 12G5). All the peptides, including Revs4.50-A4C, Revig.50-

control AMD3100
80 80
* 10 M
wuntrol no-compound ’ uM
’ .l'. "
o 3 o K
0 " \, 0 " %
100 1o! 10? 10° 10! 10%
Reviy s Reviys-AC Revyy-AC-PTD
L. |80 80 80
@ 100 pM 100 uM
< - ¥ 10 M 100uM 45 um
g '.'“"\' P
= A" y
@ K 2 5
[&] R o "\ by oo S
0 " 0 b 3 0 A .
100 10 102 100 10! 102 10° 10! 10?
Rex; ., Rev),-PTD RSG-P2G4
80 80 80
100 M 100 M 10 uM 100 uM
10 WM . o, 10 M
A P
P # % Y
< “"~ . 7 "x_?
0 = — 0 g 2 0 < -
100 10! 10? 100 10! 107 109 10! 10?

Fluorescence intensity

Fig. 2. Effects of the peptides on binding of a MAb against CXCR4 expressed on the MT-2 cell surface. MT-2 cells were resuspended in PBS containing 1% FCS and preincubated
with the peptides at 4°C for 30 min. PE-conjugated anti-CXCR4 MADb (12G5) was then added and incubated at 4°C for a further 30 min. The cells were washed three times,
fixed with 1% formaldehyde, and analyzed using a flow cytometer. A CXCR4 antagonist, AMD3100, was used a positive control. The results represent one of three independent
experiments. (*) Fluorescence without PE-conjugated 12G5 is shown. Arrowhead indicates the mean fluorescence intensity of the no compound control.
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Fig. 3. Inhibitory effects of the peptides on p24 production from persistently HIV-1-infected PM1-CCRS5 cells. PM1-CCR5 cells persistently infected with HIV-1yg or HIV-1ga..
(PM1-CCR5/IIIB or PM1-CCR5/Ba-L cells, respectively) were washed and resuspended at 4 x 10* cells/ml with the peptides (black bars: 10 wM; white bars: 1 uM), APV as a
positive control or AMD3100, TAK-779 or medium alone (control) as negative controls. After 48 h, the amounts of viral p24 in the culture supernatants were measured. The
results are expressed as the percentages of p24 relative to that of the control. The data represent the means +SD of three independent experiments.

A4C-PTD and Rex;y.51-PTD (data not shown), inhibited binding
of 12G5 in a dose-dependent manner as observed for AMD3100
(Fig. 2). Although Rex;.,1; showed only weak inhibitory activity
against HIV-1y;g at 10 wM (data not shown), it blocked the binding
of 12G5 sufficiently at 100 wM (Fig. 2). Relatively high concen-
trations of peptides were required to block binding of 12G5. It
is likely that numerous functional and non-functional CXCR4 for
HIV-1 infection may be expressed on the cell surface. In the CCR5
case, the antagonism observed in less than 20% of cell surface
expressed CCR5 appeared to be sufficient for inhibition of HIV infec-
tion (Maeda et al., 2004), since only that to functional CCR5 as
an HIV-1 receptor, including co-localization with CD4, appears to
be required. However, for a flow cytometer analysis, monoclonal
antibodies and small agents including peptides can recognize both
functional and non-functional, therefore, high concentration seems
to be needed. Actually, another peptide CXCR4 antagonist, T134
was also required high concentration to inhibit 12G5 binding in a
flow cytometry (Arakakiet al., 1999). These results indicate that the
arginine-rich peptides may inhibit infection by HIV-1y;g through
antagonism for CXCR4.

3.3. Inhibitory effects against viral production

In addition of the CXCR4 antagonism, the inhibitory effects of
the peptides in the late phase were independently evaluated using
persistently HIV-1-infected PM1-CCR5 cells. AMD3100, TAK-779
and the protease inhibitor APV were used as controls. The specific
CXCR4 or CCR5 antagonists AMD3100 and TAK-779, respectively,
had no inhibitory effects on viral production, whereas APV (1 uM)
effectively inhibited the production of viral p24 antigen from both
PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells (Fig. 3). Revs4_50, which
specifically binds to the RRE similar to intact Rev in vitro (Kjems
et al., 1992), showed no inhibitory effects on the production of
viral p24, whereas Revs4_50-A4C inhibited the production of p24
from both PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells. Addition of
Tat-PTD to Reviy 50-A4C, which provides cell permeability, hardly
enhanced the inhibitory effect. On the other hand, although Rex;_5¢
had no effect on the production of viral p24, Rex;_,1-PTD inhibited
the production of viral p24 from both PM1-CCR5/IIIB and PM1-
CCR5/Ba-L cells. RSG-P2G4, which interacts with the RRE more
tightly than Revsy4.50 (Harada et al., 1997), also inhibited the pro-
duction of p24 from both PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells.
However, the antiviral activities of Revs4.50-A4C, Revig 59-AsC-
PTD and Rex;.21-PTD were comparable to that of RSG-P2G4. None

of the peptides showed any cytotoxicity for 5 days, as evaluated
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays (data not shown).

3.4. Infectivity of secreted HIV-1

To address whether HIV-1 secreted from the persistently
infected PM-1 treated with peptides, maintains its infectivity, we
examined the infectivity of HIV-1 particles in the supernatant. To
avoid effect of CXCR4 antagonism by the peptides, we used HIV-
1g,. strain for the experiments. PM1-CCR5/Ba-L cells were washed
3 times and exposed to each peptide (10 wM) for 24 h. The super-
natant, which contains newly produced and secreted HIV-1g,., was
harvested and subjected to the titration with the MAGI cells and the
p24 assay. Revigsppac attenuated the infectivity compared to the
anticipated one by p24, while other peptides, Reviys9 and P2G4
showed moderately reduced infectivity (Table 2). However, both
Rex-derived peptides showed little changes in actual and antici-
pated infectivity. These results indicate that the peptides, especially
Revi4 50A4C, might sustain its binding to the RRE even in the virion
and/or during RT reaction after the next round of the new infection,
led to the reduced infectivity.

3.5. Anti-HIV-1 effects on intracellular expression of Rev peptides

The arginine-rich peptides inhibited the production of p24 in
PM1-CCR5 cells persistently infected with HIV-1 (Fig. 3). Next,
we evaluated the effects of intracellular expression of various Rev
mutants in MT-2 cells against HIV-1 infection using MTT assays.

Table 2

Peptide effect on infectivity of HIV-1g,.;.
Compound % of non-treated control Infectivity/p24

Infectivity p24

Revagsp 74 £ 11 119+ 16 0.62
Revag.s50-A4C 24 +1 67 +8 0.36
Rexi.21 121 +£ 43 93424 13
Rexj.21-PTD 74 £+ 30 82+15 097
RSG-P2G4 72 32 92+5 0.78

Infectivity and amount of p24 in the supernatant of PM1-CCR5/Ba-L cells exposed
to peptides (10 uM) were determined by the MAGI assay and a commercially avail-
able p24 kit, respectively. Each value was normalized by that of simultaneously
performed non-treated control as 100%. Data represent the means+SD of three
independent experiments.
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Fig. 4. Anti-HIV-1 activities of various Rev-transduced MT-2 cells. (A) Structures
of the pCI-Rev-IG expression vectors encoding various Rev mutants. The fragments
encoding Rev, Rev M10 (D7gL79), Revsy_so and Revay.s0-A4C were inserted into the
upstream of IRES-G418" under the control of the CMV promoter. Amino acid substi-
tutions at L7gE79 (wild type Rev)to D;gL79 (Revdominant-negative mutant, Rev M10)
diminish nuclear export of HIV mRNA (Malim and Cullen, 1991). (B) Effects of var-
ious Rev mutant transductions on HIV-1. MT-2 cells were transfected with various
Rev mutant-encoding vectors and subjected to G418 selection. The Rev-transduced
cells were infected with HIV-1y5. On day 5 post-infection, the cell viabilities were
determined by the MTT assay. The assays were performed in triplicate and the
means +SD are shown. The results are representative of three independent experi-
ments. *p <0.05, significant difference to the control by Student’s t-test.

To obtain such MT-2 cells, the cells were transfected with various
Rev expression vectors and then selected by G418. Although the
expression of Rev hardly affected the cell death caused by HIV-1
infection, transduction of Rev M10, a dominant-negative mutant of
Rev lacking NES activity, dramatically conferred resistance against
HIV-1 infection (Fig. 4). Transduction of Revs4_50 moderately pro-
tected the cells. However, Revs4_59-A4C-transduced cells became
more resistant to HIV-1 infection than Revi4_sg-transduced cells.
These results for the transduced cells are consistent with those
obtained for the persistently HIV-1-infected cells (Fig. 3). Therefore,
the intracellular expression of Rev peptides conferred resistance
against HIV-1 infection.

Control Rev Rev M10

4.1. Rev- and Rex-derived peptides act as dual antagonists
toward CXCR4 and Rev

In the present study, we have demonstrated that arginine-
rich peptides corresponding to the RRE-binding domains of HIV-1
Rev and HTLV-I Rex have dual inhibitory effects, namely CXCR4
antagonism and a dominant-negative effect for Rev function. Addi-
tion of A4C, which stabilizes the a-helical structure (Lin et al.,
2004), to Revss.5p enhanced the inhibitory effects toward both
CXCR4 antagonism and Rev function. It has been demonstrated that
Revss.50 forms an a-helical structure (Battiste et al., 1996; Tan et
al., 1993) and binds to the RRE more efficiently when its a-helicity
is increased (Tan et al., 1993). Short a-helical peptides (>20 amino
acids) are known to have unstable helical structures and their heli-
cal structure is stabilized as their length increases (Marqusee et al.,
1989). Hence, it is likely that the expected increase in a-helicity of
Revsy 50 by the addition of A4C resulted in enhanced CXCR4 antag-
onism and inhibition of p24 production at a post-transcriptional
step for HIV-1 genes. The Rev peptides lacked NES activity, similar
to the case of Rev M10, which is a trans-dominant repressor of Rev
function (Malim et al., 1989a; Malim and Cullen, 1991). Therefore,
the peptides may inhibit HIV-1 replication by competing with Rev
for binding to the RRE, similar to the case of Rev M10. We observed
that the Rev peptides, which contained a NLS, accumulated in the
nucleoli. Expression of Rev M10 inhibited the cell death caused by
HIV-1 significantly more efficiently than Revi4.50-A4C. This may be
the result of Revs4.50-A4C being able to inhibit only the Rev-RRE
binding step, whereas Rev M10 can inhibit multiple Rev functions

Revy, 5p-A,C Rex,

Revsy, 5

Fig. 5. Subcellular localizations of Rev and Rex peptides. 293T cells were transfected with PReVpeptide-EGFP and pReXpepiige-EGFP plasmids expressing Rev-, Rev M10-,
Revis.s0-, Revis.50-A4C- and Rex.21-EGFP fusion proteins and EGFP alone as a control. After 48 h, the cells were fixed and examined using a fluorescence microscope
(excitation: 488 nm). Fluorescent (upper panels) and corresponding phase-contrast (lower panels) images are shown. Scale bar: 10 um.
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by forming Rev-Rev M10 hetero-oligomers lacking NES activity
(Stauber et al., 1995). However, despite the higher potency of Rev
M10, its clinical applications are limited because it only differs from
Rev by two amino acids. In this regard, the short peptide Revszs_so-
A4Cis more well suited for clinical applications. In fact, enfuvirtide
(T-20), a similar 36-amino acid long peptide which inhibits HIV-1
fusion has been approved for the treatment of HIV infections and
its clinical efficacy and utility has been demonstrated (Lalezari et
al., 2003; Lazzarin et al., 2003).

Although addition of Tat-PTD may enhance the cell permeabil-
ity of the peptides, its effects on cell permeability may be limited
because the Rev and Rex peptides showed efficient cell perme-
ability, as previously described (Futaki et al., 2001). It has been
reported (Futaki et al., 2001) that peptides containing 6 and 8
arginine residues show efficient cell permeability. It is likely that
addition of Tat-PTD to Revs4.50-A4C or Rexy.21-A4C hardly affected
their cell permeability, as they already contained a large number of
arginines. Notably, Tat-PTD does not interact with the RRE (Harada
et al., 1996). On the other hand, Rex;_»; itself has sufficient cell per-
meability (Futaki et al., 2001), and addition of Tat-PTD to Rex;.;
enhanced its inhibitory activity likely through interactions with the
CXCR4 coreceptor. Specifically, although Rex;.»; showed a weak
antagonistic effect against CXCR4 by itself, addition of Tat-PTD to
Rexi.21 enhanced its antagonistic effect because Tat-PTD contains
an arginine-rich motif. These results indicate that the secondary
structure and/or arginine content of peptides may be important for
CXCR4 antagonism.

Since Rexjp; accumulated in the nucleoli and Rex binds to
the stem-loop III/IV/V region of the RRE, which is different from
the recognition site of Rev (stem-loop 1IB) (Ahmed et al.,, 1990;
Kjems et al., 1992), Rex;.,1-PTD probably inhibited the production
of viral p24 by interfering with an event after the Rev-stem-loop
1IB interaction, possibly Rev oligomerization. It is possible that the
increased size of Rexq,.21-PTD over Rex;.;; results somehow to
increased steric hindrance that prevents REV oligomerization. It is
also possible that the increased size of Rexy.1-PTD over Rexj.z1-
confers higher stability to the secondary structure of the peptide for
binding to the RRE or competing with the Rev function in Rex;.,1.
Binding of Rex;_31-PTD to the stem-loop III{/IV/V region, which is
different from the binding of Rev (Ahmed et al., 1990), also inhib-
ited p24 production, indicating that not only stem-loop IIB but
also the whole RRE structure may represent potential drug targets.
Moreover, it provides opportunities for combination therapies of
peptides that target different domains of RRE.

RSG-P2G4, another arginine-rich peptide which permeates the
cell membrane efficiently, (Harada et al., 1997), also inhibited
viral p24 production. RSG-P2G4 binds to stem-loop IIB of the RRE
(Harada et al., 1997), and therefore inhibited p24 production as
efficiently as the Rev peptides.

4.2. Petential of Rev antagonists as chemotherapeutic agents

In the early phase of the HIV-1 replication cycle, Tat protein
promotes production early proteins such as Tat, Rev and Nef, Since
Tat enhances viral transcription without controlling splicing, the
early proteins accumulate in the cells. One of the early proteins,
Rev, inhibits splicing of the transcripts and exports them to the
cytoplasm to generate late proteins including Gag, Pol, Env and pro-
genitor genomes, resulting in suppression of Tat and Rev expression
(Felber et al., 1990; Seelamgari et al., 2004). These decreases subse-
quently increase Tat expression, such that Tat and Rev cooperate for
efficient viral gene expression with a certain balance. This cooper-
ation plays an important role in the generation of progeny viruses,
suggesting thatinterference with this cooperation may be sufficient
for suppression of viral replication. Limited loss of Rev function
without full suppression of its activity may cause an imbalance

of Tat/Rev functions, resulting in dysregulation of viral expression
and the formation of incomplete viruses. Therefore, only partial
inhibitory effects of Rev inhibitors, rather than the full inhibition
observed for reverse transcriptase and protease inhibitors, may be
sufficient for effective viral suppression. In the state of Tat domi-
nance, infected cells will keep producing disproportionate amounts
of early proteins, such as Tat, Rev and Nef., Accumulation of such
proteins may be detrimental to an antigen-presenting cell, as it
may result in targeting by the host immune system, and elimina-
tion of infected cells. This would be a novel strategy for eliminating
HIV-infected cells using peptide-based therapies.

As with all potential anti-HIV therapeutics a concern regarding
Rev inhibitors is the development of resistance. However, it should
be noted that in this case there would be additional constraints that
are likely to affect the barrier to resistance. Specifically, introduc-
tion of mutations into the Rev coding region also influences the Tat
and/or Env sequences and possibly their functions, as both proteins
are simultaneously encoded with Rev. Furthermore, it is likely that
successful introduction of mutations might interfere with the bal-
ance of Rev/Tat, which would also reduce viral replication and lead
to possible elimination of the infected cells by the hostimmune sys-
tem. In the case of RRE mutations, we have clearly demonstrated
that the RRE and the gp41 N-heptad repeat (N-HR), one of the key
helical domains for virus fusion, are simultaneously encoded and
that mutations in the N-HR influenced RRE structure clearly affect
the replication kinetics of the virus (Nameki et al., 2005; Ueno et
al., 2009). These observations highlight a number of difficulties
that HIV-1 would have to overcome in order to develop resistance
against Rev inhibitors. Even if HIV-1 does acquire resistance, this
may result in deteriorating replication kinetics, since it will simul-
taneously alter the functions of other viral proteins, such as Tat and
gp41, and the RRE. Therefore, genetic barrier for resistance against
Rev inhibitors is expected to be high and Rev inhibitors may be able
to sustain antiviral activity during prolonged use.

5. Conclusion

We have shown that arginine-rich peptides derived from the
RNA-binding domain of HIV-1 Rev can act as dual-target inhibitors
that inhibit HIV-1 entry and viral production in the early and late
phases of replication. Targeting Rev for chemotherapy is a promis-
ing strategy because it is entirely distinct from current drug targets.
In addition, acquisition of resistance to Rev inhibitors may be lim-
ited because the Rev and RRE encoding regions simultaneously
encode Tat andfor Env. Furthermore, the Rev peptides inhibit a
completely different step of HIV-1 infection, the coreceptor CXCR4,
and may, therefore, exert synergistic effects. Moreover, inhibit-
ing Rev function may induce elimination of infected cells by the
host immune system, suggesting that Rev peptides may represent
the first inhibitors to enhance vaccine efficacy. Taken together,
the dual-target Rev peptides are attractive agents and our present
observations support their development as dual-target inhibitors
for the prevention of HIV-1 infection.
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Enfuvirtide is the first approved membrane fusion inhibitor against HIV-1. Although this drug is
effective against multi-drug resistant strains, the emergence of enfuvirtide-resistant strains has been
reported in patients who have received an enfuvirtide-containing regimen. Based on the high affinity of
synthetic HIV-1 gp41 C-terminal heptad repeat (C-HR) peptides to the counterpart trimeric
N-terminal heptad repeat (N-HR) coiled-coil structure, a novel screening approach has been
established to facilitate the identification of potent fusion inhibitors against wild-type and
enfuvirtide-resistant HIV-1. In this process, affinity selection using histidine-tagged N-HR peptides
with the sequences derived from wild-type and resistant strains efficiently captured potent

inhibitory peptides from a pool of highly water-soluble C-HR peptides with a-helix-inducible motifs.
A highly potent peptide was found from a single amino acid substitution observed in an enfuvirtide-
resistant variant as well as peptides with unprecedented modifications at the mutated site.

Introduction

Several inhibitors that block viral attachment and the fusion
process have been approved for the treatment of human immu-
nodeficiency virus (HIV) in the past decade. The first fusion
inhibitor, enfuvirtide (T-20), binds to the N-terminal heptad
repeat (N-HR) of the HIV-1 envelop glycoprotein gp4l,' and
prevents the formation of a fusogenic antiparallel coiled-coil
structure (known as the six-helical bundle) between N-HR and
the C-terminal heptad repeat (C-HR) (Fig. la).? Enfuvirtide is
effective even against the clinical strains that are resistant to
multiple drug classes such as reverse transcriptase inhibitors and
protease inhibitors used in highly active antiretroviral therapy
(HAART). However, the emergence of enfuvirtide-resistant
strains has been reported in patients receiving long-term enfu-
virtide treatment.®*

The primary evolution of enfuvirtide resistance occurs on gp41
N-HR, which attenuates the binding affinity with enfuvirtide,
resulting in decreased drug susceptibility.*® The major primary
mutations are V38A and N43D in the Leu33-Leu45 region of
N-HR. These mutations subsequently lead to a secondary
mutation appearing in C-HR, which can compensate the binding
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affinity between viral N-HR and C-HR for efficient gp4l
folding.® For example, N126K and S138A mutations have been
reported to enhance the resistance induced by enfuvirtide and
another inhibitory C-HR peptide, C34. These complementary
mutations, which occur at the face-to-face positions of N-HR
and C-HR verified by crystallographic studies,” can restore the
critical step required for viral infection into the target cells and
eliminate the inhibitory effect of exogenous enfuvirtide.
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Fig. 1 HIV-1 envelope protein gp4l and the amino acid sequences.
(a) Schematic representation of HIV-1 gp4l. FP: fusion peptide; TM:
transmembrane domain; CP: cytoplasmic tail. (b) Helical-wheel repre-
sentation of C34/SC35EK and enfuvirtide/T-20EK.
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Recently, several novel fusion inhibitors such as tifuvirtide
(T-1249)'° and sifuvirtide,"* which are effective against these
enfuvirtide-resistant viruses, have been reported. We have also
demonstrated a novel tailored design of fusion inhibitors based
on the enfuvirtide-resistant mutation to preempt this escape
strategy of HIV-1."2 Enfuvirtide analogues carrying a substitu-
tion corresponding to the secondary mutation were found to
exert potent anti-HIV activity against wild-type and enfuvirtide-
resistant strains with the primary mutations. Of interest, during
this observation, we found that enfuvirtide analogues with other
substitutions were also effective against these strains. Alterna-
tively, modification of a single residue in C-HR such as Q141L,
which is involved in the increased syncytium-forming ability of
the mutant virus,'® led to an increase in the anti-HIV potency of
inhibitor C34.'* These observations implied that the C-HR
sequence with substitutions, which were not spontaneously
elaborated by single nucleotide mutations from wild-type HIV-1,
could represent potent fusion inhibitors. Encouraged by these
results, the optimization of interactive residues of fusion inhibi-
tors against wild-type and enfuvirtide-resistant viruses was
undertaken.

Affinity selection-mass spectrometry (AS-MS) is a promising
methodology for compound screening, in which target molecule-
bound components are captured from a pool of candidates and
are identified by mass spectrometry. The successful applications
of this technique are exemplified by the identification of kinase
inhibitors' and antifungal natural products.’® This simple
selection process by virtue of the binding affinity can be a facile
alternative to functional bioassays, although the functions and
mechanisms of captured compounds for bioactivity cannot be
determined. For medicinal chemistry of HIV fusion inhibitors,
this approach should be suitable in the optimization of inhibitory
C-HR peptides such as T-20EK' and SC35EK.'® Taking
advantage of the trimeric N-HR coiled-coil as a target molecule,
a mixture of C-HR peptides with a single amino acid substitution
can be screened without using recombinant or clinical HIV
strains.!*? We envisioned that the competitive binding of C-HR
components would capture relatively more potent anti-HIV
peptides with higher affinity towards N-HR. Herein we report on
the affinity-based screening technology and sequence-activity
relationships for amino acid optimization in HIV-1 fusion
inhibitors directed against enfuvirtide-resistant HIV strains.

Results and discussion

T-20EK and SC35EK are characterized by repeated X-EE-XX-
KK motifs that stabilize the bioactive a-helix structure of enfu-
virtide and C34, respectively (Fig. 1a). Potential electrostatic
interactions between glutamic acid (Glu) and lysine (Lys) resi-
dues at 7 and i + 4 positions, respectively, are distinct from the
traditional stabilization with stapled covalent linkages.*"*
Consistent substitution of the residues located on the non-
interactive surface of the C-HR a-helix with Glu or Lys achieved
an enhancement in affinity toward the N-HR sequence and anti-
HIV activity. This process disclosed the indispensable residues in
C-HR for direct interaction with viral N-HR (Fig. 1b).%
Additionally, in contrast to native sequences of C-HR peptides
that are highly hydrophobic, substitution with charged amino
acids markedly improved the aqueous solubility of the peptides.

This design allowed us to prepare a homogeneous mixture of the
SC35EK derivatives and T-20EK derivatives at high
concentrations.

Initially, C-HR peptide libraries with a variety of canonical
amino acid substitutions at the positions to be optimized (Ser138
and GlInl4l) were prepared by a split-pool method. After the
construction of the C-terminal sequence using a standard Fmoc-
based solid-phase peptide synthesis approach, the resin was split
into fractions at position 138 or 141, where proteinogenic amino
acids except for cysteine were coupled in parallel. The 19
fractions were combined again and the N-terminal sequence was
constructed in one portion. All the protected peptide resins were
treated with a cocktail of deprotection reagents, and the crude
peptides were purified by reversed-phase HPLC to afford the
expected peptides.

Separately, in order to rationalize the selection process by
affinity-based technology and to investigate the sequence-activity
relationship, all C-HR peptides with a single substitution were
prepared in parallel and were evaluated for the biological and
physicochemical properties individually. The counterpart N-HR
peptides of the wild-type and enfuvirtide-resistant variants
(V38A and N43D) were also prepared. For affinity selection, the
histidine tag (Hise) sequence of the N-HR peptides was attached
on the N-terminus via an aminocaproic acid-glycine dipeptide
linker. This linker was incorporated to avoid the possible
disruption of N-HR and C-HR interaction by positively charged
Hisg-tag. Anti-HIV activities of all the C-HR peptides against
laboratory wild-type HIV-1yy 4.3 or the variants with enfuvirtide-
resistant mutations were evaluated using the MAGI assay.
Thermal stabilities of the potential six-helical bundles consisting
of N-HR and C-HR peptides were evaluated by measuring the
melting temperature (7y,) using the molar ellipticity value at
222 nm in circular dichroic (CD) spectra of N36/SC35EK or
N54/T-20EK mixture (Figure S1, ESIt).

The AS-MS protocol was optimized using SC35EK derivatives
(Table 1). A pool of SC35EKg;33x was incubated with a wild-
type N-HR peptide, N36 (10 uM) with an N-terminal Hisg-tag, in
HEPES buffer (pH 7.4). The potential six-helical bundles of
N36-SC35EKg)35x were captured by Ni-NTA agarose resin and
were subsequently eluted with 50% AcOH (Fig. 2a). The
captured components were separated and characterized by
LC-MS analysis, except that the peptides with Leu and Ile were
observed as overlapping peaks of the same mass-to-charge ratio
(Fig. 2b). The recovery rate in affinity selection for relative
binding ability to N36 was calculated from the detected signal of
[M + 3H]** and [M + 4H]* ions of each C-HR peptide by the
LC-MS analysis of captured peptides. Under the high concen-
tration conditions (10 pM each of SC35EKg;35x), several potent
peptides including a resistant variant-derived SI138A peptide
were captured in high recovery rates, while slightly less potent
peptides such as SC35EKg;3sr and SC35EKg 3gy were not
detected. In contrast, when the total concentration of the mixture
was nearly equal to the N36 concentration (0.6 pM each of
SC35EKgi3gx), there was no discernible difference in the
recovery rates of each peptide. The compound with the least
potent anti-HIV activity in the series, SC35EKg;3gr, was
recovered under this equimolar concentration conditions. This
recovery suggested that the method is not effective under lower
concentration conditions of C-HR peptides. A condition using

This journal is © The Royal Society of Chemistry 2010

Med. Chem. Commun., 2010, 1, 276-281 | 277



110

Table 1 Optimization of the affinity selection protocol

Recovery (%0)*
Concentration of SC35EKg;3gx/
M
X 10 6 1 0.6 ECs¢/nM® Tl°C¢

Ser 22.8 19.2 11.5 5.8
Ala 30.7 2255 11.5 5.3

1.0 £ 0.14 81.6
1.2+ 0.12 86.4

Asp 0.7 0.0 0.0 43 15+33 59.7
Glu 1.3 1.0 1.8 5.1 15+ 0.69 66.2
Phe 0.7 0.6 4.0 6.3 1.5+ 0.10 729
Gly 13.8 14.4 11.6 59 1.9 +0.26 79.1
His 0.9 0.6 24 5.7 1.9 + 0.57 62.9
Ile 4.7 7.67 11.39 6.99 1.3 +£0.54 84.6
Lys 0.2 0.1 0.0 3.6 82417 53.5

Leu 474 7.67

. 0.93 +£0.16 83.2
Met 8.9 133 12.5 6.8

068 +0.06  84.1

Asn 1.1 0.5 4.3 6.4 224047 69.0
Pro 0.4 0.2 0.1 4.5 35+£9.2 56.1
Gln 0.9 0.5 2.1 6.1 244079 65.9
Arg 0.3 0.1 0.0 25 280 + 47 52.3
Thr 9.0 12.8 11.7 5.7 1.8 +£0.27 79.7
Val 2.8 6.0 12.1 7.0 1.9 + 0.64 79.9
Trp 0.5 0.3 0.9 6.2 3.1 £0.52 66.4
Tyr 0.5 0.4 2.3 59 1.9 +£0.71 68.0

“ The recovery rate was determined from the relative detected signals of
[M + 3HP* and [M + 4HJ"* ions by LC-MS analysis. * ECsy was
determined as the concentration that blocked HIV-1yp4.3 replication
by 50% in the MAGI assay. To improve the replication kinetics, the
D36G mutation, observed in the majority of HIV-1 strains, was
introduced into the NL4-3 background used in this study. ¢ T}, values
were defined by the midpoint of the thermal unfolding transition state
measured by monitoring the molar ellipticity at 222 nm of N36/
SC35EKs; 35x mixture. ¢ Combined yield of 1381 and 138L derivatives.

1 uM each of SC35EKg3sx (total 19 uM of the mixture) for
affinity selection was selected for further experiments, in which
the recovery rate was found to positively correlate with the
stability of the six-helical bundle (Fig. 3a). Although an ideal
linear correlation was not observed between the logarithmic
ECs of anti-HIV activity and the recovery rate (Fig. 3b), the
peptides, which were captured in relatively high yields by affinity
selection, exhibited highly potent anti-HIV activity.
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Fig. 3 Correlation between the recovery rate and the thermal stability,
or the anti-HIV activity. (a, b) SC35EKg)3gx; (¢, d) T-20EKg33%x. R?
values for the correlation of SC35EKg33x data were calculated without
using the data points of S138R/K/P/D mutants (n = 15).

The optimized condition was applied for the selection of
T-20EKg 33x derivatives (Table 2). The anti-HIV activity of
T-20EKg;33x was found to be dependent on the amino acid type
at position 138. Substitution with aliphatic side-chain amino
acids such as Ala, Ile, Leu, Met and Val, displayed highly potent
anti-HIV activity, although significant stabilization of the N54—
T-20EKg)33x complexes was not observed. Gly- and Thr-
substitutions were also observed to increase potency. In contrast,
hydrophilic, charged and aromatic amino acid substitutions at
position 138 reduced binding with N54. In our previous study, it
was demonstrated that higher affinity with the N-HR sequence
and more potent anti-HIV activity of C34g,354 and T-20g;354
were due to the dominant contribution of larger desolvation free
energy of the hydrophobic side-chain.® The structure—activity
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Fig. 2 Affinity selection of the HIV-1 fusion inhibitors. (a) Protocol outlining the affinity selection of C-HR peptides using the histidine-tagged N-HR
peptide. (b) HPLC profile of a pool of SC35EK derivatives with a single amino acid substitution at position 138 [Cosmosil 5C18 AR-II column; linear
30-40% MeCN gradient over 40 min; flow rate, | cm® min~'; detection at 220 nm].
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Table 2 Recovery rate in affinity selection and anti-HIV activity of T-20EKgs3sx, and the thermal stability of the N54-T-20EKg; ;g% complex

X Recovery (%)* ECs/nM? Twl°CY X Recovery (%)? ECsy/nM® Tnl°CY
Ser 10.0 1.1+£02 78.8

Ala 10.0 03+0.1 80.1 Met 9.9 0.2+£0.1 79.0
Asp 1.5 330 £ 96 56.5 Asn 3.5 4.8+ 1.6 65.7
Glu 2.2 230 + 31 61.0 Pro 0.2 44 + 8 55.5
Phe 5.8 28 +0.2 64.6 Gln 22 79+ 34 60.0
Gly 9.6 04402 76.7 Arg 1.5 320 + 88 494
His 32 35+ 10 58.5 Thr 10.0 04+ 0.2 75.9
Ile 10.47 0.4 +0.1 79.7 Val 9.4 0.3+0.1 76.0
Lys 0.8 330 + 67 50.6 Trp 5.2 209 62.0
Leu 10.47 04 £03 77.6 Tyr 4.7 50+ 15 61.1

“ The recovery rate was determined from the relative detected signals of [M + 3H]** and [M + 4HJ** ions by LC-MS analysis. > ECs, was determined as
the concentration that blocked HIV-1y1.4.3 replication by 50% in the MAGI assay. To improve the replication kinetics, the D36G mutation, observed in
the majority of HIV-1 strains, was introduced into the NL4-3 background used in this study. ¢ Ty, values were defined by the midpeint of the thermal
unfolding transition state measured by monitoring the molar ellipticity at 222 nm of N54/T-20EKg;35x mixture. ¢ Combined yield of 1381 and 138L
derivatives.

Table 3 Peptide recovery in affinity selection, anti-HIV activity and thermal stability of the six-helix bundles of C-HR peptides against enfuvirtide-
resistant variants

SC35EK g 38x T-20EKg;38x

X Recovery (%0)° ECso/nM? Tl C¢ Recovery (%0)* ECso/nM? Tnl°C*
HIVys3s4

Ser 11.8 1.1 £03 72.6 9.3 34414 60.0
Ala 11.4 0.7+0.2 76.1 10.0 22+08 64.6
Leu 10.3¢ 0.8 £0.1 75.0 10.1¢ 34+ 1.6 57.5
Pro 0.4 340 + 61 56.3 0.0 >1000 49.7
Thr 10.8 0.8 +0.1 70.4 8.1 28 £ 12 57.8
Trp 1.0 22+ 5.6 64.6 7.7 >1000 53.2
HIVngsp

Ser 10.9 0.3+0.1 69.9 74 20+ 04 65.3
Ala 12.9 0.2 4+0.1 74.4 10.2 0.3 +£0.1 71.9
Leu 12.9¢ 02+£0.1 80.0 10.87 0.2+0.1 74.0
Pro 0.3 130 £ 52 55.6 0.3 430 £+ 160 55.0
Thr 94 03101 67.5 6.1 37+0.1 62.4
Trp 24 274+06 66.0 7.6 220 +17 61.4

“ The recovery rate was determined from the relative detected signals of [M + 3H]** and [M + 4H]* ions by LC-MS analysis. © ECsq was determined as
the concentration that blocked HIV-1yy 4.5 replication by 50% in the MAGI assay. To improve the replication kinetics, the D36G mutation, observed in
the majority of HIV-1 strains, was introduced into the NL4-3 background used in this study. ¢ Ty, values were defined by the midpoint of the thermal
unfolding transition state measured by monitoring the molar ellipticity at 222 nm of N36y35a/SC35EKg;38x, N36na3p/SC35EKs138x, N54vagalT-

20EKg138x 0F N54n43p/T-20EK g 35x mixture. ¢ Combined yield of 1381 and 138L derivatives.

relationship of T-20EKg)3gx can be partially rationalized by the
similar hydrophobic/hydrophilic properties of the side-chain.
The recovery rates of T-20EKg,3gx in affinity selection showed
good correlations with both anti-HIV activity and with thermal
stability of the complexes (Fig. 3c and 3d). The peptides captured
with more than 9% recovery yields exhibited sub-nanomolar
potency along with T, values >75 °C.

The anti-HIV activities of the series of peptides against
recombinant viruses with either the enfuvirtide-resistant V38A or
N43D mutation in N-HR were evaluated. The results of repre-
sentative C-HR peptides, which were obtained by a single
nucleotide mutation of HIV-1y 4.3, are shown in Table 3 and
Figure S2.1 From Ser138 encoded by the TCG codon in wild-
type NL4-3, Ala (GCG), Pro (CCG), Thr (ACG), Leu (TTG)
and Trp (TGG) are possible mutations; the other mutations are
silent (TCA, TCT, TCC) or a stop codon (TAG). The S138A
substitution in both SC35EK and T-20EK enhanced the thermal

stability of the N-HR/C-HR complex, indicating that this is
a favorable mutation in terms of gp4l folding of the resistant
virus.>* These peptides by mutant-directed design restored and
enhanced the anti-HIV activity against enfuvirtide-resistant
variants. The S138L peptide was also effective against both
V38A and N43D strains; however, no emergence of a clinical
variant having this mutation has been reported. Of interest,
resistant viruses are unlikely to necessarily use the best C-HR
substitution to complement the gp41 folding, presumably due to
the low replication kinetics. These results indicate that the
mutations observed in clinical variants can direct the position to
be optimized for inhibitor design but not the most appropriate
amino acids. In practice, several other substitutions by Ile and
Met, which are irrelevant to single nucleotide mutations from the
wild-type, also provided potent anti-HIV activity against the
resistant strains (Table S4, ESIT). In contrast, substitution with
Pro or Trp for both peptides significantly decreased the activity,

This journal is © The Royal Society of Chemistry 2010
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Table 4 Peptide recovery in affinity selection. anti-HIV activity and thermal stability of the six-helix bundles of SC35EK g 4x and T-20EKa1x

derivatives

SCISEK G 1x T-20EK(1a1x
X Recovery (1) EC/nM” T C Recovery (Vo) EC/mM” T C
Gin 10.1 2.6 +0.3 81.6 8.2 1.5+ 0.6 78.8
Ala 6.6 1.6 £ 0.6 76.1 5.6 2.7+ 0.3 70.4
Asp 4.5 294 0.1 75.1 8.2 35+0.7 71.4
Glu 4.3 24404 76.2 8.2 3.8+ 08 71.8
Phe 5.7 2.6+ 04 76.7 53 26409 64.0
Gly 38 23 +0.7 71.0 34 3.0 4006 66.2
His 4.3 20+ 0.5 72.6 37 3.0 £0.6 684
Ife §.2¢ 29+04 79.7 10.4¢ 0.8 =03 74.0
Lys 4.8 2.7 =05 69.2 4.8 3.8+03 65.3
Leu g.2¢ 2.7 +09 83.8 10.4¢ 0.5+ 0.2 77.4
Met 6.0 20=0.3 80.2 9.2 0.9 +0.1 74.6
Asn 4.0 25+ 0.3 73.4 4.4 36 +07 69.0
Pro 0.0 58 4+ 16 60.2 0.3 >1000 52.0
Arg 7.6 2501 71.5 7.2 1.5+ 0.3 68.9
Ser 4.0 2507 724 32 46+ 14 66.7
Thr 7.3 324006 76.7 6.9 2.1 +05 71.6
Val 6.2 221006 77.7 6.1 29+0.2 70.5
Trp 7.1 1.7+ 0.2 77.1 8.1 2.5=0.1 68.8
Tyr 5.5 224006 76.3 4.9 23409 67.7

“ The recovery rate was determined from the relative detected signals of [M + 3H]|" and [M + 4HT*" ions by LC-MS analysis. P EC<, was determined as
the concentration that blocked HIV-1y .3 replication by 50% in the MAGT assay. To improve the replication kinetics. the D36G mutation, observed in
the majority of HIV-1 strains. was introduced into the NL4-3 background used in this study. © 7, values were defined by the midpoint of the thermal
unfolding transition state measured by monitoring the molar ellipticity at 222 nm of N36/SC35EK 14y or NS4/ T-20EK 4y mixture. 4 Combined yield of

1411 and 1411 derivatives. * Combined vield of 141E and 141Q derivatives.

which is consistent with the results against the wild-type virus.
Lower stabilities of the six-helical bundle structure consisting of
S138T peptides and mutant N-HR peptides were shown, but
SC35EK g 3¢ was slightly more potent against both resistant
viruses compared with the parent peptide.

Using His-tagged N36 or N34 peptides with the V38A or
N43D mutation. affinity selection experiments were performed
for SC35EK g 34x and T-20EKg):ex including 19 components
(Table 3 and Table S4. ESI+). Eight SC35EK derivatives
captured in significantly high yields all showed potent anti-HIV
activity against the V38A mutant. Moderate recovery yields of
SC35EKg 3 and SC35EK ) 15y could result from potential false
positive and negative results of the selection. respectively.
Although T-20EK derivatives showed lower susceptibility
against the V38A mutant in the MAGI assay, an association
between the high recovery rate and more potent anti-HIV
activity was observed such as SI38A. SI381. S138L and S138M
derivatives  (Figures S3. ESIT).
also  obtained N43D  variants. SC35EKg agx
T-20EK g 1y which  exhibited
potent bioactivity. were recovered in moderate to good yields.
Overall favorable amino acids for position 138 of the wild-type
were uselul for designing C-HR peptides against V38A and
N43D variants and vice versa. suggesting that the essential

Similar correlations  were
and

subnanomolar

against
components.

binding mode around this position is conserved even after
acquiring the enfuvirtide resistance.

The structure -activity relationships of Q141 modifications
were also investigated (Table 4). All SC35EKg4x and
T-20EKax  peptides except for the QIU41P substitution
exhibited similar anti-HIV activity in the ECsy range of 1.6
3.2 nM and 0.51 4.6 nM. respectively. The significantly low 7,
values of QIl41P derivatives suggested that the sole proline

residue precluded the formation of a bioactive a-helix structure.
On the other hand. high potency of the other peptides indepen-
dent of any other acyclic amino acid substitution at position 141
may be attributable to the lower importance of the Q141 position
for the binding affinity between N-HR and C-HR than the S138
position. Among these, QI1411, QI41L and QIl41M peptides
formed slightly more stable complexes with N36 or N54 and were
captured at a relatively higher recovery rate by affinity selection.
These substitutions were found to contribute to subnanomolar
anti-HIV activity of T-20EK derivatives: however, these peptides
were less valid for SC35EK derivatives.

For both S138 and QI41 substitutions, it does not seem
possible to distinguish between variations of a few nM in anti-
HIV activity by affinity selection. This is particularly the case for
the selections regarding less effective residues such as Q141 of
SC35EK. In contrast. over a larger range of more than 2 orders
of magnitude of affinity variations of T-20EK derivatives, the
selection procedure correlated reasonably well with the anti-HIV
activity and six-helix bundle stability. In both sequences, highly
potent anti-HIV activity peptides were captured in good to high
yields.

Conclusions

In conclusion. we have presented an affinity sclection-mass
spectrometry method to explore novel HIV-1 fusion inhibitors.
Predicated on previous findings that the introduction of «-helix-
inducible X-EE-XX-KK motifs into inhibitory C-HR peptides
should improve peptide solubility in aqueous buffers and disclose
the interactive surface to be optimized. a pool of SC35EK and
T-20EK derivatives with a single modification at two interactive
positions were screened using N-HR peptides corresponding to
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wild-type and enfuvirtide-resistant strains. Through the
screening of position 138 on C-HR, it was demonstrated that
potent anti-HIV peptides could be obtained by substitutions with
resistance-related and resistance-independent amino acids. Since
a wide variety of synthetic peptides with any unnatural amino
acids or peptidomimetics could be employed as candidate
components, the system should be applicable to screening for
inhibitory a-helix peptides of coiled-coil interactions. The
structure-activity relationships of C-HR peptides presented
herein may also be suitable in the design of the next-generation of
fusion inhibitors. Additionally, since this process is considered to
reproduce the evolutionary process of HIV-1 gp41 to select the
appropriate folding partners in the presence of fusion inhibitors,
the sequence-activity relationships could facilitate understanding
of the underlying mechanisms of enfuvirtide resistance.
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The N348I mutation at the connection subdomain of HIV-1
reverse transcriptase (RT) confers clinically significant resis-
tance to both nucleoside and non-nucleoside RT inhibitors
{NNRTIs) by mechanisms that are not well understood. We used
transient kinetics to characterize the enzymatic properties of
N348I RT and determine the biochemical mechanism of resis-
tance to the NNRTI nevirapine (NVP). We demonstrate that
changes distant from the NNRTI binding pocket decrease inhib-
itor binding (increase K, p) by primarily decreasing the asso-
ciation rate of the inhibitor (k,, nvp). We characterized RT's
mutated in either p66 (p66yz451/P5 1) P31 (P66 +/P51y34s1)s
or both subunits (p66y3451/P51N3451)- Mutation in either subunit
caused NVP resistance during RNA-dependent and DNA-de-
pendent DNA polymerization. Mutation in p66 alone (p66y3,45;/
p51y,y) caused NVP resistance without significantly affecting
RNase H activity, whereas mutation in p51 caused NVP resis-
tance and impaired RNase H, demonstrating that NVP resis-
tance may occur independently from defects in RNase H func-
tion. Mutation in either subunit improved affinity for nucleic
acid and enhanced processivity of DNA synthesis. Surprisingly,
mutation in either subunit decreased catalytic rates (k) of
P66n3451/P5 1nzas1y P66Nzas/P5 1wty and p66yw1/P5lysas; with-
out significantly affecting affinity for deoxynucleotide substrate
(Kantp)- Hence, in addition to providing structural integrity
for the heterodimer, p51 is critical for fine tuning catalytic turn-
over, RNase H processing, and drug resistance. In conclusion,
connection subdomain mutation N348I decreases catalytic effi-
ciency and causes in vitroresistance to NVP by decreasing inhib-
itor binding.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) converts the viral single-stranded, positive sense
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RNA genome to a double-stranded DNA, which is integrated
into the host genome. To achieve this task, RT possesses mul-
tiple enzymatic activities, including both DNA-dependent and
RNA-dependent DNA polymerase activities and RNase H
activity. RT is a heterodimer composed of 66-kDa (p66) and
51-kDa (p51) subunits. p66 is 560 amino acids long and com-
prises the spatially distinct polymerase and RNase H domains.
The polymerase domain of p66 includes the fingers, palm, and
thumb subdomains that resemble a clasping right hand con-
nected to the RNase H domain through the connection subdo-
main. p51 contains the first 440 amino acids of p66 and is
derived by HIV-1 protease-mediated cleavage of an RNase H
domain from the p66/p66 homodimer. Because p51 of the het-
erodimer has no enzymatic function, it has been proposed that
its role is simply to provide structural support to p66.

HIV-1 RT has been a prominent target of anti-AIDS thera-
pies. There are two classes of approved drugs that target RT: the
nucleoside RT inhibitors {NRTIs)® and the non-nucleoside RT
inhibitors (NNRTIs). NRTIs mimic deoxynucleotide triphos-
phate (dANTP) substrates required for DNA synthesis. Once
integrated into the nascent viral DNA, NRTIs act as chain ter-
minators because they lack a 3'-OH group required for forma-
tion of a phosphodiester bond with the incoming nucleotide (1,
2). On the other hand, NNRTIs are non-competitive RT inhib-
itors with respect to either dNTP or nucleic acid substrates and
have been proposed to interfere with the chemical step of DNA
synthesis by altering the precise geometry of the polymerase
active site and by restricting the mobility of the p66 thumb
(3-9). NNRTISs bind at the NNRTI binding pocket (NNIBP), a
hydrophobic pocket at the base of the p66 thumb and close
(~10 A) to the polymerase active site, formed primarily by res-
idues from p66 and Glu-138 from p51. NNRTI binding results
in conformational changes that shift the “primer grip” and
overextend the p66 thumb (10). Both classes of drugs have been
successfully used as key components of highly active antiretro-
viral therapies in combination with protease, integrase, and
entry inhibitors. However, as is the case with all anti-AIDS
drugs, prolonged use inevitably leads to the emergence of drug-
resistant HIV strains.

RT uses two main strategies to develop NRTI resistance. The
first strategy involves a selective interference with the incorpo-

3 The abbreviations used are: NRTI, nucleoside RT inhibitor; NNRTI, non-nu-
cleoside RT inhibitor; NVP, nevirapine; NNIBP, NNRTI binding pocket; AZT,
azidothymidine; CSM, connection subdomain mutation.
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ration of NRTIs into viral DNA (11-15). The second mecha-
nism involves enhanced excision and removal of the chain ter-
minator from the 3’-end of the blocked primer using ATP as a
nucleophile (16 —18). Unblocking the primer terminus frees the
reactive hydroxyl group at the 3’-end of the primer and allows
for continued DNA synthesis. Typically, NRTI resistance muta-
tions are found at the NRTI- or ATP-binding sites (19-21).

NNRTI resistance is caused by mutations at, or close to, the
NNIBP (5) that have been shown to reduce inhibitor binding
through loss or change of contacts (22-25), through steric
interactions (25, 26), or by interfering with the entry of the
NNRTI because they change interactions at the entrance of the
NNIBP (27, 28).

Until recently, almost all clinically relevant NRTI and
NNRTI resistance mutations were found at the p66 fingers and
palm subdomains. Lately, an increasing number of mutations at
the connection subdomain and RNase H domain have been
shown to enhance resistance to azidothymidine (AZT) (29, 30).
We and others have recently shown that N348I is the first clin-
ically significant single amino acid mutation found to confer
resistance to multiple members of both NRTI and NNRTI
classes of inhibitors (31-33). N348I often emerges as a result of
AZT- and/or didanosine-containing therapy and is found in
combination with AZT excision-enhancing mutations (32, 34).
N348I is not a polymorphism; it appears in ~10% of treatment-
experienced individuals compared with less than 1% in treat-
ment-naive patients (31). N348] has also been detected at a high
frequency in patients receiving AZT/lamivudine (2',3'-
dideoxy-3'-thiacytidine) treatment, and it has been recently
suggested that N348I compensates for the antagonism between
M184V and excision-enhancing mutations (35, 36). In cell cul-
ture experiments, HIV harboring N3481 RT (HIV-1,.g,) is
resistant to NRTIs, including AZT and didanosine, and when in
combination with excision-enhancing mutations enhances
resistance to tenofovir (31, 32, 37), HIV-1,34g is also resistant
to NNRTIs, such as nevirapine (NVP), and to a lesser extent to
delavirdine (31-33). When in combination with the NNRTI
resistance mutation Y181C, N348I enhances resistance to the
second generation NNRTI etravirine (37).

Several studies have focused on the mechanism by which
CSMs confer resistance to NRTIs. Nikolenko et al. (30, 38) pro-
posed that a number of CSMs increase AZT resistance by
reducing template RNA degradation, thereby preserving the
RNA template and providing additional time for RT to excise
AZT monophosphate. Yap et al. (31) showed that N348I
reduces the rate of RNA template degradation by RT in either a
WT background or in the presence of excision-enhancing AZT
resistance mutations. Ehteshami et al. (39) proposed that CSMs
N348I and A360V enhance resistance to AZT through both
RNase H-dependent and -independent mechanisms. Specifi-
cally, addition of the CSMs N348I and A360V to the AZT-
resistant M41L/D67N/T215Y RT enhanced AZT resistance by
causing preservation of AZT-terminated RNA/DNA that can
be unblocked by RT with CSMs (39).

The mechanism by which CSMs confer resistance to
NNRTIs is largely unknown. Moreover, the effect of N348I on
the biochemical aspects of DNA synthesis is also not well
understood. Here we resolved the mechanism of NVP resis-
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tance using pre-steady state kinetics analysis to quantify NVP
binding and dissociation from wild-type (WT) and N348I
enzymes. We also determined how Ile-348 in p66 (Ile-348 )
or p51 (Ile-348 ;) affects other enzymatic properties of RT
relevant to drug resistance, including the efficiency of DNA
polymerization, RNase H activity, processivity of DNA synthe-
sis, and affinity for various substrates.

EXPERIMENTAL PROCEDURES

Enzymes and Nucleic Acids—We prepared subunit-specific
RT mutants by expressing the two subunits from a single plas-
mid, allowing ix situ folding and yielding proteins of superior
quality compared with those obtained from reconstitution of
separately expressed RT subunits. In our experience, this
method of RT expression is a critical factor for optimizing tran-
sient kinetics and crystallographic data. The p66 and p51
sequences of RT (BH-10) were cloned in the pETDuet-1 vector
(Novagen) using restriction sites Ppuml and Sacl for p51 and
Sacll and Avrll for p66. To produce mutant RT, sequences
coding for p66 and p51 were independently subcloned and
mutated using the QuikChange mutagenesis kit (Stratagene)
before being sequentially cloned into a pETDuet-1 vector.
Sequences coding for a hexahistidine tag and the 3C protease
recognition sequence were added at the N terminus of p51. RT
enzymes were expressed in BL21 Escherichia coli (Invitrogen)
and purified by nickel affinity chromatography and mono Q
anion exchange chromatography as described previously (40).
Oligonuclectides were purchased from Integrated DNA Tech-
nologies (Coralville, IA). All reactions, with the exception of
NVP susceptibility and RNase H assays, used Td,,/Cy3-Pd,, as
a template/primer. The Td;/Cy3-Pd,, template sequence
was 5 -CCATAGCTAGCATTGGTGCTCGAACAGTGAC-3'
(Tds,), and the 5" Cy3-labeled DNA primer sequence was
5'-Cy3-GTCACTGTTCGAGCACCA-3" (Cy3-Pd,,). For the
NVP susceptibility assays, a 100-base-long template (T4
described in Ref. 40) annealed to the Pd, 4 primer was used. For
the RNase H assays, a 22-base pair duplex (Cy3-Tr;,/Pd,,) con-
sisting of a 5' Cy3-labeled RNA template (Cy3-Tr;) of the
sequence 5'-Cy3-GGAAAUCUCUAGCAGUGGCGCCCGA-
ACAGGGACCU-3' annealed to a DNA primer (Pd,,) of the
sequence 5'-AGGTCCCTGTTCGGGCGCCACT-3’ was used
(39). Primers were annealed to templates at concentrations cor-
responding to a 1:3 molar ratio. Deoxynucleotide triphosphates
and dideoxynucleotide triphosphates were purchased from
Fermentas (Glen Burnie, MD). The concentrations of nucleo-
tides and nucleic acids were calculated spectrophotometrically
based on absorption at 260 nm.

Active Site Titration and Determination of K, py,—We
determined the active site concentrations of RT preparations
using pre-steady state burst experiments. We preincubated a
fixed concentration of RT (40 num; determined by absorbance
measurements) in RT buffer (50 mm NaCl and 50 mm Tris-HC],
pH 7.8) with increasing concentrations of Td,,/Cy3-Pd,; fol-
lowed by rapidly mixing with a solution of MgCl, (5 mm) and
dATP (50 um) in RT buffer (41) using an RQF-3 rapid quench-
flow instrument (KinTek Corp., Austin, TX) (all values are final
concentrations). Reaction mixtures were then incubated at
37°C for times spanning 0.005-5 s before quenching with
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EDTA (50 mm). Reaction products were resolved under dena-
turing conditions in polyacrylamide-urea DNA gels and quan-
titated by phosphorimaging and densitometry using Multi
Gauge V3.0 (FujiFilm). First the amounts of extended primer
(P) were plotted against time with GraphPad Prism 4, and the
data were fit to the following biphasic equation,

P=A( — e F) + k.t (Eq. 1)
where A is the amplitude of the burst phase that represents the
enzyme-DNA complex at the start of the reaction, &, is the
observed burst rate constant for ANTP incorporation, &, cor-
responds to the steady state rate constant, and £ is the reaction
time. Next, the active site concentration and template/primer
dissociation constant (K; ;) were determined by plotting the
amplitude (A) against template/primer concentration. The
data were fit by non-linear regression to a quadratic equation,

A= 0'5((Kd'DNA + [RT] + [DNA])

—/0.25(Ksona + [RT] + [DNA]Y® — ([RTIDNA])  (Eq.2)

where [RT] is the concentration of actively binding polym-
erase molecules. Subsequent transient state biochemical
experiments were performed using corrected active site
concentrations.

Pre-steady State Kinetics of dNTP Incorporation—The opti-
mal polymerase rates were obtained by pre-steady state kinetics
analysis using single nucleotide incorporation assays. A solu-
tion containing RT (30 nm), Td;,/Cy3-Pd, 5 (30 nm), and EDTA
(0.5 mm) in RT buffer was mixed with a solution of MgCl, (5
mu) and dATP (0.5-75 um) for reaction times ranging between
0.005 and 5 s before quenching with EDTA (50 mm). Reaction
products were resolved and quantitated as described above.
Burst phase incorporation rates and substrate affinities at indi-
vidual dATP concentrations were obtained from fitting the
data to the burst equation (Equation 1). To determine optimal
rates of ANTP incorporation (k) and dNTP binding to the
enzyme-DNA complex (K, 4arp), observed burst rates (k)
were fit to the following hyperbolic equation.

kobs = (kpol[dNTP])/(Kd-dNTp + [dNTP]) (Eq.3)

Single Turnover Processivity Assays—Processivity assays
were conducted under single turnover conditions as described
by Patel ez al. (42). Solutions containing Td,/Cy3-Pd, 5 (20 nm),
WT (40 nM) or mutant enzyme (60 nM p66y3451/P51N3451)> and
EDTA (0.5 mMm) in RT buffer were mixed with solutions con-
taining ANTPs (50 uMm) and MgCl, (5 mm) for varying times
(0.05-5 s) before quenching with EDTA (50 mum). Reaction
products were resolved and quantitated as described above. To
obtain the rate of Pd,; extension, results were plotted using a
one-phase exponential decay equation,

P = Ay(e frt)y 4+ C (Eq. 4)

where k. is the apparent rate of product (P) formation, A, is
the amplitude, ¢ is time, and C is a constant. The rates of nucle-
otide incorporation at individual positions along the template

were obtained by fitting data to a double exponential equation,
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P=A1—-e ™)+ (e +C (Eq.5)
where A is the concentration of 19-mer or higher length prod-
ucts, k, is the rate of product generation, k, is the rate of subse-
quent product elongation, and C is a constant.

RNase H Assays—RNase H assays were performed by incu-
bating RNA/DNA duplex Cy3-Tr,/Pd,, (100 nm) with RT (200
nMm) in RT buffer at 37 °C with MgCl, (6 mm). Reactions were
quenched after incubation (1-8 min) with equal volumes of
99% formamide containing trace amounts of bromphenol blue.
Reaction products were resolved in denaturing polyacrylam-
ide-urea DNA gels and quantitated as described above. The
primary RNase H cleavage product is mainly 18 nucleotides
from the 3'-end of the DNA primer (— 18 nucleotides}, and the
secondary cleavage product is mainly 12 nucleotides from the
3'-end of the primer (—12 nucleotides) as reported previously
(39, 43).

Nevirapine Susceptibility Assays—Drug susceptibility steady
state assays were carried out by measuring the extension of
Td,00/Pd, g in the presence of increasing concentrations of
NVP. Reactions of 50 ul containing RT (2 nm), MgCl, (5 mm),
Td, o/Pd,5 (10 nm), and ANTPs (0.8 um of each with 0.5 uCi/
nmol a-**P-labeled dTTP) in RT buffer were initiated by the
addition of MgCl, (6 mm), incubated at room temperature for
15 min, and terminated by the addition of EDTA (50 mm). Reac-
tion products were then passed through a charged nylon filter
using a vacuum manifold apparatus (Whatman, GE Health-
care). Extended primers, radiolabeled by the incorporation of
[32P]dTMP, bound to the membrane, whereas the unincorpo-
rated [a-®?P]dTTP was filtered through. Radioactive filters
were exposed to phosphor screens followed by phosphorimag-
ing and analysis using the Multi Gauge V3.0 software (FujiFilm).
Dose-response curves of triplicate samples were plotted using
GraphPad Prism 4 to determine ICy, values for NVP.

Gel-based NVP susceptibility assays were performed using
Td,,/Cy3-Pd,s or Try,/Cy3-Pd;3 (RNA template of corre-
sponding sequence). RT (20 nm) was preincubated with
increasing concentrations of NVP in RT buffer for 5 min at
37 °C before the addition of template/primer (60 nm), dNTPs (1
M), and MgCl, (5 mm). Reactions were allowed to proceed for
5 min at 37 °C before being quenched with EDTA (50 mm).
Reaction products were resolved on denaturing polyacrylam-
ide-urea DNA gels, and fluorescent bands corresponding to
full-extension products were quantified as described above.
IC,, values were derived from dose-response curves using
GraphPad Prism 4.

Nevirapine Binding Assays—Solutions of RT (30 nm active
sites), Td,,/Cy3-Pd;, (30 nm), and EDTA (5 mM) in RT buffer
were incubated with various concentrations of NVP for 10 min
at room temperature before initiating reactions with MgCl,
(0.5 mM) and saturating dATP (100 um). Reactions were
allowed to proceed for times between 0.005 and 5 s before
quenching with EDTA (50 mm). Reaction products were fit to
the burst equation (Equation 1) to calculate burst amplitudes
(A) for each data set. Burst amplitudes were then fit to the
following hyperbolic equation (44) to determine the dissocia-
tion constant for NVP (K, ,vp),

AL ON

VOLUME 285-NUMBER 49+ DECEMBER 3, 2010



Amplitude

1 ¥ L] L] L]
¢ 10 20 30 40 50 60 70 80
DNA {(nM)
FIGURE 1. Calculation of dissociation constants of WT and N3481 mutant
RTs for nucleic acid (K, pya). Enzymes (40 nm; as determined by absorbance
measurements at 280 nm) were preincubated with increasing concentrations
of Tds,/Cy3-Pd, s duplex DNA. The RT-DNA complex was rapidly mixed with
MgCl, and dATP and incubated for times spanning from 0.005 to 5 s before
quenching with EDTA (50 mwm final concentration). The burst amplitudes were
calculated for each concentration of DNA by fitting the corresponding time
courses to the burst equation (see “Experimental Procedures”). The ampli-
tudes were plotted as a function of the DNA concentrations and fit to a quad-
ratic equation. The fit of the data yielded the following K values for each
enzyme: WT (W), K;pna = 125 NM; p6603ae/P5 Tnzaa (D), Kypna = 9.9 NV
P66N3481/P5 Twr (@), Koo = 4.8 NM; and p66y,1/p5 T34 (O), Kyona = 54 nm.

TABLE 1
Pre-steady state RT kinetics

Kypna kpol Ky aate Kool Ky ante
nm s “M um~ 57!
wWT 12.5 244 09 1.3*+04 18.8
P66n3481/ PS5 1nzas 9.9 57x03 1.0*+03 5.7
P66n3481/ P51yt 4.8 8604 09+02 9.6
P66/ P5lzas: 5.4 84*03 08x04 10.5
[RTIMN
A = [RT] — (7 +C (Eq.6)
Kd—NVP + [,]

where [RT] is the concentration of actively binding polymerase
molecules, [/] is the concentration of inhibitor, and C is a
constant.

The apparent rate of NVP binding to RT (k,,, xvp) Was
obtained by premixing a solution of RT (30 nm) and Td,,/Cy3-
Pd;g (30 nm) in RT buffer with saturating NVP (40 um) for
increasing amounts of time (0.2-5 s). Reactions were then ini-
tiated by addition of MgCl, (5 mm) and saturating dATP (50
um), allowed to proceed for 0.2 s, and quenched with EDTA
(250 mm). Reaction products were resolved and quantitated as
described above and plotted with GraphPad Prism 4 using an
equation for one-phase exponential decay,

P= Ao(e —kapp.var) +C (Eq. 7)

where Pis the reaction product, A, is the amount of product in
the absence of NVP, ¢ is the preincubation time with NVP
before addition of MgCl,/dATP, and C is a constant.

The k,,,.nvp values obtained were next inserted into the fol-
lowing equation to derive the NVP association constant (K, nyvp)

(8).

kapp-NVP = kon—N\lP([NVP] + Kd—NVP) (Eq.8)

The &y nvp and K, vp values were then used to calculate the
NVP dissociation rate (kyg,vp) through the following
equation.
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FIGURE 2. Pre-steady state kinetics of dATP incorporation by WT (4) and
P66y345/P5 1n34e (B) RTs are shown. 30 nm RT (active sites) were preincubated
with 30 nm Td;,/Cy3-Pd, 5. Reactions were initiated by adding 10 mm MgCl, plus
varying concentrations of dATP (0.5 um, B 1 um, ;2.5 um, @; 10 v, ;20 pum, [
and 50 pm, O) before being quenched with EDTA. All stated concentrations are
the final concentrations after mixing. C, pre-steady state burst dependence of
dATP incorporation by WT () or p66yz4a//P5 1ns4e (L)) RTs. The first turnover
rates were obtained from the burst phases and were then fit to a quadratic equa-
tion as a function of dATP concentration. The WT enzyme displayed a K ga1p OF
1.3 = 0.4 um and a maximum incorporation rate of 24.4 + 0.9 s~'. The double
mutant RT (p66y34e/P5Tnz4e) Showed a similar Ky yamp of 1.0 + 0.3 um and a
reduced maximum incorporation rate of 5.7 + 0.3 s~ '. Error bars represent the
standard deviation between results of at least three experiments.

Kanve = Kotrwe/ Konwe (Eq.9)

Molecular Modeling—A molecular model of p66yz.e;/
P51yz4g; Was generated using starting protein coordinates from
the crystal structure of HIV-1 RT in complex with NVP (Pro-
tein Data Bank code 1VRT) (3). The coordinates were initially
processed by the Protein Preparation tool (Schrédinger Molec-
ular Modeling Suite, New York, NY), which deletes unwanted
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FIGURE 3. Pre-steady state kinetics of dATP incorporation by subunit-specific
mutant enzymes p66ys4a/P5 1y (A) and pb6,,1/p5134s (B} are shown. 30 nm
RT (concentration of active sites) and 30 nm Td,, /Cy3-Pd, s were preincubated
in RT buffer. Reactions were initiated by adding 10 mm MgCl, plus increasing
concentrations of dATP (0.5 um, I 1 um, ¥; 2.5 v, @; 10 um, €20 pv,  and
50 um, ) and quenched with EDTA. C, pre-steady state burst dependence of
dATP incorporation by the site-directed mutant enzymes. p66,345/P5 17 (@)
showed a K, yarp Of 0.9 = 0.2 um and a maximum incorporation rate of 8.6 =
0.45 . p66y1/P5 T yzag (O) showed a K, garp Of 0.8 = 0.4 um and a maxi-
mum incorporation rate of 8.4 = 0.3s . Frror bars represent the standard
deviation between results of at least three experiments.

water molecules, sets charges and atom type of metal ions, cor-
rects misoriented Gln and Asn residues, and optimizes hydro-
gen atom orientations. Amino acid side chains were substituted
as needed using the Maestro software (Schrodinger Molecular
Modeling Suite). To ensure that any observed changes in the
structure of the mutant were not due to the protocols used, the
WT structure was also treated in parallel using the same proto-
cols. Molecular dynamics simulations of the WT and p66,;,,/
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FIGURE 4. Single turnover processivity assays. 20 nm Td,,/Cy3-Pd,; was
combined with 40 nm RT in RT buffer before rapidly mixing with saturating
NVP (20 um) for varying incubation times (0.05-1 s). Next, MgCl, (10 mm) and
saturating dATP (50 M) were rapidly added, and reactions were allowed to
proceed for 200 ms before quenching with EDTA. Extension of the 18-mer
primer into 19-mer (A), 20-mer (B), and 21-mer products (not shown) by WT
(M), P66y345/P5 1 nsas (L)), P66y 345/P5 Ty (@), OF PE6T/PSTag (O) was
quantified to determine rates of product appearance and subsequent pro-
cessive extension of those products.

TABLE 2
Single turnover processivity (-fold change over WT)
19-mer 20-mer 21-mer Average
WT 1 1 1 1
POO 51/ P31 s 3.3 1.5 1.1 2.0
PO6 1/ P51t 1.8 0.89 1.1 1.3
PO6 -/ PB T i 2.9 0.76 1.2 1.6

P51, Mmodels were performed to obtain optimally stable
structures using the software Impact, interfaced with Maestro,
at constant temperature, and the OPLS_2005 force field. The
molecular dynamics simulations were performed for 1000 steps
with 0.001-ps intervals. The temperature relaxation time was
0.01 ps. The Verlet integration algorithm was used in the sim-
ulations. Visualization of the molecules, comparisons, and fig-
ure preparation were carried out using PyMOL.

RESULTS

Effect of N3481 on Enzyme-Template/Primer Complex
Formation—We determined the effect of N3481 on DNA/DNA
binding affinity using a pre-steady state kinetics assay where we
titrated the amount of nucleic acid that can be bound to, and
extended by, RT (Fig. 1). These experiments showed the K, |, 4
for the double mutant (p66,4,4,/P51ns4s1) to be 9.9 nay, slightly
lower than that for WT (12.5 nwm; Table 1). Subunit-specific
experiments were performed to further dissect the effect of the
mutation in either RT subunit. These experiments determined
the K, 1 values for po6. /P51y and po6y/p5lysag; tO
be 4.8 and 5.4 nm, respectively. Hence, the presence of either
lle-348,, or lle-348 -, resulted in an increased affinity for dou-
ble-stranded DNA. These results were consistent with gel shift
assays, which also showed that the mutant enzymes bind DNA/
DNA and RNA/DNA oligonucleotides slightly more efficiently
than does WT RT (data not shown).

Pre-steady State Kinetics of Single Nucleotide Incorporation—
Kinetics of pre-steady state dATP incorporation were deter-
mined as described previously (8). Both WT and p66.,,4,/
P51 sae €xhibited a biphasic pattern of nucleotide incorpora-
tion (initial burst phase followed by steady state phase; Fig. 2).
The kinetics constants (K., K; 441 and catalytic efficiency or
Koot/ Ky qarp) estimated from pre-steady state kinetic analyses
are shown in Table 1. The p66,, 444,/ P51 34 enzyme displayed
a ~4-fold decrease in &, relative to WT without a significant
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FIGURE 5. Effect of mutations on RNase H Activity. 100 nm Cy3-Tr,5/Pd,, DNA/RNA was incubated with 200
nm active RT for varying times (1-8 min) at 37 °C in RT buffer. Reactions were quenched with equal volumes of
99% formamide containing trace amounts of bromphenol blue. The control (no added MgCl,) shows the
full-length, uncleaved RNA template. The cleavage positions relative to the 3’ terminus of the DNA primer are

indicated to the left of the gel images.
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FIGURE 6. A, filter binding assay for NVP susceptibility. DNA/DNA duplex (10
nwm) was incubated with HIV-1 RT (2 nm) in RT buffer in the presence of varying
amounts of inhibitor. AlldNTPs were present at a final concentration of 0.8 um
each with 0.5 pCi of [a->?P]dTTP. Reactions were initiated by the addition of 6
mm MgCl, and quenched with EDTA. Products were passed through a
charged nylon filter using a vacuum manifold apparatus. 8, WT (M) RT dis-
played an ICs, of 187 * 3 nm, and p66y34e/P51n34s (L)) displayed an IC5, of
356 * 3 nm. In the case of the subunit-specific mutants, the p66y345/P5Twr
(@) enzyme displayed an ICs, of 401 = 4 nm, and the p66,,/p51ysas (O) RT
showed an IC,, of 448 *+ 2 nm. Error bars represent the standard deviation
between results of at least three experiments.

TABLE 3
NVP susceptibility (-fold resistance)

Filter binding Gel-based assay
assay, DNA/DNA DNA/DNA RNA/DNA
WT 1 1 1
P663481/ PO Lnzast 19 2.7 2
P663a81/P5 Lyt 2.1 1.9 2
P66y r/P51nzast 2.4 3.1 97

change in K, 4orp (Table 1). Hence, WT RT had a catalytic
efficiency (k,oi/K,; qarp) over 3-fold greater than the N348I
double mutant enzyme. Interestingly, the presence of lle-
348 66 or 1le-348 ;, did not affect affinity for dATP but did
decrease the turnover number (k) (Figs. 2 and 3 and Table 1).
Moreover, the decreases in catalytic efficiencies for Ile-348 ¢,
and Ile-348 5, appear to be additive (Table 1).

Single Turnover Processivity Assays—We applied a single turn-
over processivity assay developed by Patel et al. (42) to quantify
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relative processivities of DNA polym-
erization (Fig. 4). In this assay, we
monitored rates of consecutive nucle-
otide incorporations under single
turnover conditions where enzyme
dissociation from the nucleic acid
prohibits elongation of the primer
strand. The rate of single nucleotide
incorporation (k,) and the rate of pro-
cessive DNA synthesis (k,) were cal-
culated at several template positions
for each enzyme. The ratio of the rate
of processive DNA synthesis to the
rate of nucleotide incorporation (k,/
k) is referred to here as the pro-
cessivity index. Our experiments clearly demonstrated a repro-
ducible ~2-fold enhancement in processivity for p66ys.q:/
P51\3ag relative to the WT enzyme (Table 2). Moreover, both
lle-348 ¢ and Ile-348 5, slightly enhanced processivity. These
results were consistent with trap-based experiments performed in
our laboratory (data not shown) and by others (39).

RNase H Assays—To determine whether Ile-348  or Ile-
348 5, alters the RNase H activity of RT, we monitored time
course RNase H cleavages of 5'-Cy3-RNA/DNA. Cleavage pat-
terns produced by WT and p66y3461/P51nz4g; are similar to
those reported previously (39). The primary RNA cleavage typ-
ically occurs 17-18 nucleotides upstream from the polymerase
active site positioned at the 3" primer end. The enzyme then
repositions to make a secondary cleavage ~12 nucleotides
upstream from the 3’ primer end. Over time, the secondary
cleavage products are further processed into increasingly
smaller fragments. Our experiments demonstrated that both
the primary and the secondary cleavage activities of p66,;,e;/
P51ys4s Were slower than those noted for WT (Fig. 5). At
extended incubation times, we observed the accumulation of
secondary cleavage products in the case of p66y3451/P51n3as1
consistent with a more significant impairment of postsecond-
ary cleavages compared with the effects on primary cleavage
(Fig. 5). Interestingly, the secondary cleavage products in the
case of p66y3.5/P51\w+ appear comparable with WT. How-
ever, p66.y,1/p51ys4er generated cleavage products similar to
those of the double mutant p66,;3,5;/P51x34sr RT.

Nevirapine Susceptibility—Drug susceptibility assays have
shown that viruses harboring the N348I RT mutation are resis-
tant to NVP (31, 32). We found the NVP resistance of N348I to
be higher at the virus level in cell-based assays than with assays
using purified RT enzymes (Fig. 6), similar to the results
reported by Yap et al. (31) and Hachiya et al. (32). Our in vitro
filter binding and gel-based NVP susceptibility assays using
DNA/DNA or RNA/DNA substrates showed that p66y 34,/
P51s4g1 is ~2—3-fold resistant to NVP relative to WT (Fig. 6
and Table 3). Interestingly, both Ile-348 ., and Ile-348 5, con-
ferred NVP resistance in gel-based and filter binding assays
using either DNA/DNA or RNA/DNA substrates (~2-fold
resistance for p66y;4s/P5lwr and ~3-fold resistance for
P661/P51\34sr) (Table 3).

Determination of K, —The suppression of polymeriza-
tion burst amplitude by NVP represents the amount of inhibi-
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WT P66y34a/ P51 N3481 tor bound to the RT-DNA complex
:;g :;g (8). We therefore determined the
%0 20 dissociation constant of NVP (K, v p)
2 80 g 80 from various RTs by measuring
= ;g = ;g the effect of the inhibitor on the pre-
£ 50 g 50 steady state burst phase of polymer-
«0 w0 ization as described by Johnson and

= 30 >~ 30 .
20 20 co-workers (8). Burst amplitude
n 13 ] suppression values were plotted
"0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 oo Using 2 hyperbolic equation to
NVP(nM) NVP{nM) obtain K, \p (Fig. 7). The K, \vp
for WT RT was 0.08 um, whereas
o P66y348/PSTwr o P66y /P51 Nssa K nvp for p66ys4e1/P5lnaas Was
§00. 180 2-fold greater (0.16 um) (Fig. 7 and
90 20 Table 4), indicating a decreased
k- gg 3 33 affinity of pP66.34e1/P51lnaasr fOr
En_ 60 :—‘a 50 NVP. Additional experiments with
E 50 E 50 the subunit-specific mutant en-
° ;g ° ;g zymes showed that the binding
20 20 . 0 affinity of NVP for p66,3451/P51w+
e el » T wasreduced 1.5-fold relative to WT.
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NVP(nM) NVP(nM) P513as; Was similar to that of WT

FIGURE 7. Determination of NVP dissociation equilibria (K, yyp). Single nucleotide dATP incorporation
assays were performed under pre-steady state conditions. RT (30 nm active sites) was incubated with 30 nm
Tds,/Cy3-Pd, 5 and varying concentrations of NVP. Reactions were initiated by adding MgCl, (10 mm) plus

(Table 4).

Calculation  of and

kon»N vP

saturating dATP before being quenched with EDTA. The burst amplitudes for RT WT and p66y3,5/P5 1n3as: Kog-nve—The increased K -\vp for

were plotted against NVP concentration and fit to a hyperbolic equation (see “Experimental Procedures”). The
K .nvp for WT (H) was determined to be 0.08 = 0.01 pm, and the K yyp for p66yyz4e/P51n34e ((J) Was 0.16 = 0.04
M. The subunit-specific mutant enzyme p66ys4/P5 1w (@) had a K, e 0f 0.12 £ 0.02 um, and the K p of

P66 1/P51n348 (O) was 0.07 = 0.01 um.

TABLE 4
Kinetics of NVP binding
-Fold change relative to WT is in parentheses.

Kanve Kapp-nve konnve  Kogenve
M 57 10¢m 157! st
WT 0.08 +0.01(1) 23*06(1) 5.7 (1) 0.005 (1)
P66r3aet/P5resasr 0.16 + 0.04(2) 13 +04(0.6) 34(0.6) 0.005(1)
P66am/P5 Loy 0.12 + 0,02 (1.5) 2.0 +06(0.9) 50(0.9) 0.006(1.2)
P66 alp5Liae  0.07 + 001 (1) 06+ 0.1(025 15(03) 0.001 (0.2)
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FIGURE 8. NVP binding kinetics: apparent binding rates of nevirapine
(K.pp-nve)- RT (30 nm active sites) was first incubated in RT buffer with 30 nm
Td;,/Cy3-Pd, . This solution was rapidly mixed with an equal volume of sat-
urating NVP (40 um) for the indicated times before then being mixed with
saturating dATP (50 um) and MgCl, (10 mwm). The reactions were quenched
with 250 mm EDTA, pH 8.0. Reaction products were fit to a single exponential
decay equation to obtain observed binding rates. The k, ,, for RT WT (Hl) was
232065, the k,,, for p66ysae/P5 Tz () Was 1.3 £ 0.457 ", the k,,, for
p66,\,34,3|/p511\,‘,T (@) was2.0x0.6s ', andthek,,, for p66,y7/p51yz4g (O) Was
06=*+0.1s5"".
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PO66n3a81/P51nzagr  and  P66y3ag/
p5lyr demonstrated that the

mechanism of NVP resistance in-
volves differential binding of the
inhibitor. However, K, ,p is an equilibrium constant (K, \p =
Kogenvi!Konrovp) that does not distinguish whether the differ-
ences are due to a decreased rate of association (k,, \p) OF to
an enhanced rate of dissociation (kg np). T0 resolve the spe-
cific effects on NVP binding, we determined the &, p and
kogenvp for WT and mutant enzymes (Fig. 8 and Table 4). To
calculate k,, \p values, we first estimated the apparent rates of
NVP binding (k,,, nve)- The WT &, nvp was almost ~2-fold
larger than that of p66y345;/P51y34sr ad comparable with that
Of p66,y3451/P5 1 - However, the k., \vp for p66.y1/P51y341
was 4-fold slower than that of the WT (Fig. 8 and Table 4). We
then calculated k_,, \vp using our experimentally determined
Ky nypand &, \p values (Table 4). The k,,,, v p value for WT
was almost twice as high as that for p66y;,45,/P51y34s; (5.7 X
10*and 3.4 X 10* M ' s}, respectively). Interestingly, p66y, 1/
P51ns4er displayed the largest decrease in &, vp Without a
significant change in K, p.

Molecular Modeling—The molecular dynamics simulations
of WT and p66y 3451/ P5 1348 Models resulted in structures that
were highly similar to the starting coordinates (root mean
square deviation of Ca, ~1 A) (Fig. 9). The N348I substitution
interrupted a hydrogen bond network involving the amide
side chains of residues Asn-348, Gln-330, and GIn-340 (Fig.
9A, top inset). This change did not appear to significantly
affect the structure of the connection subdomain. However,
we observed a noticeable change at the floor of NNIBP in the
molecular model of the NVP complex with p66ys.e;/
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WT NNIBP floor
PBByaa/P5yses NNIBP floor

FIGURE 9. A, superposition of molecular models of WT RT (multicolored schematic; see below) and p66y34/
P51y348 RT (magenta schematic). The molecular models were constructed using molecular dynamics simula-
tions as described in the text. Overall, the structures are very similar (~ 1-A root mean square deviation for Ca),
but the mutations cause noticeable differences at the floor of the NNRTI binding pocket (indicated by an arrow
in inset C). In the connection subdomain of p66 (yellow), the N348| mutation affects the hydrogen bond net-
work between residues 348, GIn-340, and GIn-330. These changes appear to affect the geometry of the NNRTI
binding pocket, resulting in a decreased association rate (k,,,) of NVP (cyan spheres) with the N348I RT. Band C,
alternate views of the NNRTI binding pockets of WT and N348I RTs. When NVP (cyan sticks) is bound to RT, the
access to the NNRTI binding pocket is completely obstructed by the surrounding residues in the WT enzyme (B)
but not in N348I RT (C). The WT RT color scheme shown in A is as follows: fingers in blue, palm in red, thumb in
green, connection in yellow, RNase H in orange, and p51 in brown. Figures were made using PyMOL.

P51y3as; (Fig. 94, bottom inset, arrow) that may affect access
to this cavity.

DISCUSSION

Previous studies have shown that changes at regions distant
to the RT active sites can affect enzymatic functions (45-53).
Moreover, it has been shown that NNRTI resistance can be
conferred by mutation on residues of the p51 subunit alone
(54). The present study with subunit-specific N348] mutants
provides new mechanistic insights into how remote mutations
in either subunit affect enzyme activity and drug resistance. It
also establishes that, in addition to providing structural integ-
rity (55, 56), p51 is critical in fine tuning RT enzymatic
activities.

Based on simple primer extension assays, it was previously
reported that WT and N348I RTs have comparable polymerase
activities (31). However, our in-depth transient kinetics analy-
sis clearly demonstrated a significantly (>3-fold) decreased
catalytic efficiency for p66y3,4,/p51a4g:- This reduction in cat-
alytic efficiency is consistent with previous reports by us and
others that HIV-1,;3,¢; virus has a reduced replicative capacity
(32, 33). Hence, N348I imparts a fitness cost to the virus, plac-
ing it in the special category of “desirable” mutations that would
weaken the virus once acquired.

Interestingly, Ile-348 . and Ile-348 5, each decreased cata-
lytic efficiency, providing unexpected evidence that changes in
p51 can affect the catalytic step of DNA synthesis without
affecting INTP binding (Table 1). Wealso found that [le-348 ¢,
and Ile-348 5, each enhanced processivity (Fig. 4 and Table 2).
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Consistent with this finding, both
Ile-348 s, and Ile-348 5, slightly
enhanced DNA binding affinity
(Fig. 1 and Table 1). Mutation in
either subunit may improve RT-nu-
cleic acid interactions by changing
the positioning and/or flexibility of
enzyme regions that are in contact
with DNA. Such changes may not
significantly alter the K, y. but
could affect proper alignment of
DNA with dNTP substrates or sta-
bility of the catalytic complex. The
enhanced processivity of N3481 RT
may also contribute to NRTI resis-
tance as it is possible that this
property could provide more
opportunities for unblocking chain-
terminated primers or NNRTI dis-
sociation (38, 39). The molecular
details of these effects are not yet
fully understood and should be
addressed by structural studies of
N348I RT.

Regarding the effect of N348I on
RNase H function, we confirmed
a previously reported defect of
P66y3451/POlnsagr  IN processing
RNA/DNA (31, 39). Moreover,
using subunit-specific mutants, we were able to demonstrate
that the RNase H defect is due primarily to Ile-348 5, (Fig. 5),
further expanding our understanding of how p51 contributes to
multiple enzymatic functions.

Our reported increase in the NVP IC,, of p66,;3451/P51n3zas1
is consistent with values published elsewhere (2-3-fold
increase) (31, 57). These in vitro changes are smaller than those
observed in cell-based assays for viruses harboring the same
mutation (typically 7—8-fold and up to 27-fold) (31-34). Such
quantitative differences between enzymatic and cell-based esti-
mates of drug resistance are not uncommon. For example, the
excision-enhancing mutations cause up to 40-fold AZT resis-
tance in cell-based assays compared with typically ~2-fold
changes observed in enzymatic assays depending on the
sequence and length of the templates (longer templates provide
more opportunities for inhibition) (17, 18, 58-60). During
reverse transcription of the entire HIV genome in vivo,
sequence-specific effects on inhibitor susceptibility may also
contribute to stronger resistance. Importantly, the magnitude
of N348I resistance to NVP in vitro mirrors the observed
changes in K, p, indicating that the decreased binding of the
inhibitor accounts for the observed resistance in vitro.

Our work clearly shows that the mechanism of N348]I resis-
tance to NVP involves a straightforward decrease in binding
affinity for this inhibitor. Less clear is the role of RNase H in
NVP resistance. Nikolenko et al. (38) proposed that the
decrease in RNase H activity of CSMs preserves the RNA tem-
plate and provides more time for NNRTIs to dissociate from
the RT, resulting in the resumption of DNA synthesis and
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