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FIG. 2. GRL-216 and GRL-286 potently block the dimerization of HIV-1 protease. To examine whether GRL-216 and GRL-286 inhibited
HIV-1 protease dimerization, the FRET-based HIV-1 expression system was employed (23). COS7 cells were transfected with pHIV-PR,<Fr and
pHIV-PR~7 and exposed to various concentrations of either of the drugs, and the CFP*™ ratios (y axis) were determined at the end of a 72-h

culture. All average CFP*® ratios were less than 1.0 in the presence of
effectively blocked HIV-1 protease dimerization.

several passages with GRL-216 selection. It was found that by
passage 10, the virus had acquired the E107D substitution. By
passage 25 and beyond, V351, R275K, and the pl/p6 cleavage
site substitution L449F had emerged. By passage 50, V390D
emerged and persisted (data not shown).

We also determined the amino acid sequences of the gag
regions of each of the selected HIV variants by direct base
sequencing. Two amino acid substitutions were seen in com-
mon: the V351 substitution was identified in GRL-216-, GRL-
246-, and GRL-286-selected variants (by 25, 10, and 20 pas-
sages, respectively); and the L449F substitution, reported by
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FIG. 3. In vitro selection of HIV-1 variants resistant to GRL-216,
GRL-246, GRL-286, and GRL-396. HIV-1,,,; was propagated in
MT-4 cells in the presence of increasing concentrations of APV (),
GRL-216 (A), GRL-246 (H), GRL-286 ([), or GRL-396 (O). Each
passage of HIV-1 was conducted in a cell-free fashion. APV was
employed as a reference compound.

>0.1 pM GRL-216 and GRL-286, indicating that both compounds

Doyon et al. (7), was identified in GRL-216- and GRL-286-
selected variants (by 25 and 20 passages, respectively). Other
than these two amino acid substitutions, only sporadic substi-
tutions were identified in the gag region of the four variants
(data not shown).

Susceptibilities of mcPI-selected HIV-1 variants to various
PIs. We finally examined the susceptibilities of the four PI-
selected HIV-1 variants to six FDA-approved PIs along with
the four mcPIs using MT-4 cells (24) as target cells (Table 4),
as described previously. HIV,;¢ ps, Was substantially resistant
to GRL-216, with a 24-fold-greater EC5, (0.094 uM) than the
EC,, of GRL-216 against HIV-1y, ;. HIV,,¢ b5, was more
resistant to the other three mcPIs examined, with the fold
differences in ECsgs against HIV selected with GRL-246 at 1
BM (HIV,46, un)s HIVage s and HIVage 0 being 75,
>250, and 18, respectively. However, HIV,, ps, Was still sus-
ceptible to DRV, with the difference in the ECs, for HIV,,4.
pso relative to that for HIV-1, 4 ; being 3-fold. Interestingly,
all four PI-selected HIV-1 variants, including HIV,, 4 ps, were,
paradoxically, more susceptible to TPV by factors of 3.3 to 10
relative to the susceptibility of HIV-1y; 4.5 to TPV (Table 4),
suggesting that the combination of GRL-216 (and the other
three PIs as well) and TPV could exert complementarily aug-
mented activity against mcPI-resistant HIV-1 variants. It is not
clear at this time how the increased sensitivity to TPV was
brought about in those variants. The replication fitness of the
GRL-286-resistant variant was examined, and the variant was
found to be almost as replication competent as wild-type iso-
late HIV-1y, 4 5 (Fig. 5), suggesting that the possibly compro-
mised replication fitness of the GRL-286-resistant variant was
well compensated for by other amino acid substitutions.

Substitutions V82I and 184V prevent GRL-216 from block-
ing protease dimerization and play a role in HIV-1 resistance
to GRL-216. Our observation that the GRL-216- and GRL-
396-selected HIV-1 variants had acquired various amino acid
substitutions prompted us to examine whether such amino acid
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FIG. 4. Amino acid sequences of protease-encoding regions of HIV-1y 4 ; variants selected in the presence of GRL-216, GRL-246, GRL-286,
or GRL-396. The amino acid sequence of protease, deduced from the nucleotide sequence of the protease-encoding region of each proviral DNA
isolated at each time indicated, is shown. The amino acid sequence of wild-type HIV-1y, , ; protease is illustrated at the top as a reference.

substitutions affected the protease dimerization inhibition of
GRL-216. We generated in the setting of the FRET-based
HIV-1 expression assay (23) a pair of recombinant clones (one
with CFP and the other with YFP) containing one of the
following mutations: L1241, V821, 184V, V82I/I84V, or L10I/
L241/M46L/L63P/V821/184V. With 1241, V821, or 184V alone,
the protease dimerization-blocking activity of 0.1 uM GRL-
216 was not affected; however, with either sct of the V82I/184V
or L10I/L241/M46L/L63P/V82I/I84V substitutions, GRL-216
failed to block the dimerization (Fig. 6). Thus, the V82I and
184V substitutions prevented GRL-216 from blocking protease
dimerization and played a role in the emergence of HIV-1
resistance to GRL-216.

Structural analysis of interactions with GRL-216 with
HIV-1 protease. The crystal structures of GRL-216 (PDB ac-
cession number 3160) and DRV (PDB accession number
2IEN) (34) were analyzed to gain insight into the similarities
and differences in their interactions with HIV-1 protease (Fig.
7). Hydrogens were added to the coordinates obtained from
PDB and minimized with constraints on the heavy atoms in an
OPLS2005 force field using the Maestro (version 9.0) program
(Schrodinger, LLC).

The bis-THF component of GRL-216 forms a hydrogen-
bonding interaction with D29 and D30 of the protease. Hydro-
gen bond interactions with D25 and D25" and water molecule-
mediated hydrogen bond interactions with 150 and 150" were
also observed (Fig. 7A). These hydrogen bond interactions
were also observed for DRV (Fig. 7-B). The P2’ ligands of
DRYV and GRL-216 were different, and both of them formed
hydrogen bond interactions with different backbone atoms of
D30'. The oxygen atom in the methoxybenzene of GRL-216
formed a hydrogen bond with the backbone NH of D30’, while
the aniline nitrogen of darunavir forms a hydrogen bond with
the oxygen of the backbone carbonyl. While the polar interac-

tions of these molecules were similar, there appeared to be
subtle differences in the nonpolar interaction due to the pres-
ence of the macrocyclic ring in GRL-216.

The macrocyclic ring occupied more volume at the S1'-52’
binding cavity of the protease and formed more van der Waals
interactions with V82 and 184 than the corresponding isopro-
pyl group of the structurally related bis-THF-containing com-
pound DRV (Fig. 7C and D), strongly suggesting that the
binding of GRL-216 to V82 and V84 along with the polar
interactions described earlier significantly contribute to its ac-
tivity against HIV-1 protease. This finding should explain well
why the V821 and 184V substitutions emerged during the in
vitro selection process (Fig. 4). However, the observation that
the V82I and I84V substitutions prevented GRL-216 from
blocking protease dimerization cannot be explained by struc-
tural analysis of the interactions of GRL-216 with the mature
and dimerized protease discussed above. Elucidation of the
mechanism by which the V821 and 184V substitutions results in
the loss of the dimerization blockade of GRL-216 rcquires
detailed structural data on the interactions of GRL-216 and
the monomer protease subunit,

DISCUSSION

Macrocycles represent a group of functional moieties inher-
ent to a number of bioactive natural products.

We have designed and synthesized a series of PIs containing
functionalities (such as bis-THF) that interact with the amino
acid backbones of the catalytic site of the HIV-1 protease
along with flexible macrocyclic groups involving P1'-P2’ li-
gands for effective repacking of the altered PI-binding cavity of
protease that emerges upon side chain mutations in PI-resis-
tant HIV-1 variants (16). Here, we report on a novel potent PI,
GRL-216, which exerted potent activity against wild-type
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FIG. 5. Replication kinetics of GRL-286-resistant HIV-1. MT-4 cells (2.4 X 10%) were exposed t0 an HIV-15g,. 1, Or @ wild-type HIV-1y 4 5

preparation containing 30 ng p24 in six-well culture plates for 3 h, and the MT-4 cells were divided into three fractions, each of which was cultured
with or without GRL-286 (10* MT-4 cells/ml and drug concentrations of 0, 0.01, and 0.1 uM). The amounts of p24 were measured every 2 days

for up to 9 days.

inhibitors of protease, including DRV (23). We therefore
asked in the present study whether GRL-216 and GRL-286,
both of which contain the bis-THF moiety, like DRV does,
could block the dimerization of the HIV-1 protease in the
system. All average CFP*/® ratios proved to be less than 1.0 in
the presence of certain concentrations of GRL-216 and
GRL-286, indicating that both compounds effectively
blocked HIV-1 protease dimerization. It is thought that this
protease dimerization activity, along with protease catalysis-
inhibitory activity, should render GRL-216 and GRL-286
potent against diverse HIV-1 variants and cause a substan-
tial delay in the time to the emergence of resistance to the
compounds (Fig. 3).

The crystal structure of GRL-216 revealed that, as in the
case of DRV (16, 25), the bis-THF moiety of GRL-216 forms
strong hydrogen-bonding interactions with the backbones of
D29 and D30 of protease and the compound has good inter-

actions with D25 and 150, which should give GRL-216 signif-
icantly potent activity against diverse wild-type and multidrug-
resistant HIV-1 strains. However, the macrocyclic ring was
found to occupy more of the binding cavity of protease and
form more van der Waals interactions with V82 and 184 than
the corresponding isopropyl group of DRV (Fig. 7C and D).
This observation should explain why HIV-1 selected with
GRL-216 acquired V82I and 184V substitutions early in the
selection, although GRL-216 remained fairly potent against
HIV-1 variants containing these two substitutions (Table 4)
(34).

Of note, if GRL-216 and GRL-286 are directly compared
with DRV on the basis of the EC,s alone, the compounds do
not appear to possess significant advantages over DRV. How-
ever, HIV selected with the PIs examined in the present study
had increased susceptibility to TPV, suggesting that combina-
tion of such mcPIs and TPV may achieve synergism. Further-
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FIG. 6. GRL-216 fails to block protease dimerization with V82I and 184V substitutions. To examine whether an amino acid substitution(s)
emerged upon selection of HIV-1y, 43 with GRL-216, recombinant clones containing the L241, V821, 184V, V82I/I84V, or L10I/L24I/M46L/
L63P/V821/184V mutation(s) were generated in the setting of the FRET-based HIV-1 expression assay (23). With L241, V821, or I84V alone, the
protease dimerization-blocking activity of 0.1 wM GRL-216 was not affected; however, with either set of the V82I/184V or L10I/L24I/M46L/
L63P/V821/184V substitutions, GRL-216 failed to block the dimerization.
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FIG. 7. Interactions of GRL-216 with HIV-1 protease compared to those of DRV. (A and B) Selected hydrogen bond interactions of GRL-216
and DRV. Both inhibitors have hydrogen bond interactions with Asp29, Asp30, Asp25, and Asp25’ and water-mediated hydrogen bond
interactions with Ile50 and Ile50" in the flap. Both inhibitors form hydrogen bond interactions with different backbone atoms of Asp30’; GRL-216
forms a hydrogen bond with the NH, while DRV forms hydrogen bonds with the oxygen of the carbonyl. (C and D) The van der Waals surfaces
of GRL-216, DRV, and protease residues V82 and 184 are shown. The macrocyclic ring of GRL-216 appears to have greater van der Waals contact
with V82 and 184 than the corresponding isopropyl of darunavir. All figures were generated using the Maestro (version 9.0) program (Schrédinger,

LLO).

more, macrocycles represent a group of functional moieties
derived from natural products, and PIs might have advantages
over other PIs, including DRV.

In conclusion, the data obtained in the present study showed
that GRL-216, which has dual anti-HIV-1 activity, inhibition of
protease dimerization and the catalytic activity of HIV-1 pro-
tease, exerts potent activity against a wide spectrum of multi-
drug-resistant HIV-1 variants and that its macrocyclic moiety
contributes to its increased anti-HIV-1 potency compared to
that of its structurally related, bis-THF-containing PI DRV.
The present data suggest that macrocyclic moieties may play a
role in improving the anti-HIV-1 profile of PIs and in the
future may contribute to the design of anti-HIV-1 compounds.
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A series of stereochemically defined cyclic ethers as P2-ligands were incorporated in an allophenylnors-
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and represent promising lead compounds for further optimization.

© 2009 Elsevier Ltd. All rights reserved.

The introduction of protease inhibitors into highly active anti-
retroviral treatment (HAART) regimens with reverse transcriptase
inhibitors represented a major breakthrough in AIDS chemother-
apy.! This combination therapy has significantly increased life
expectancy, and greatly improved the course of HIV management.
Therapeutic inhibition of HIV-1 protease leads to morphologically
immature and noninfectious viral particles.”> However, under the
selective pressure of chemotherapeutics, rapid adaptation of viral
enzymes generates strains resistant to one or more antiviral
agents.® As a consequence, a growing number of HIV/AIDS patients
harbor multidrug-resistant HIV strains. There is ample evidence
that such strains can be readily transmitted.* Therefore, one of
the major current therapeutic objectives has been to develop novel
protease inhibitors (Pls) with broad-spectrum activity against mul-
tidrug-resistant HIV-1 variants. In our continuing interest in devel-
oping concepts and strategies to combat drug-resistance, we have
reported a series of novel Pls including Darunavir, TMC-126, GRL-
06579, and GRL-02031.°"% These inhibitors have shown exceed-
ingly potent enzyme inhibitory and antiviral activity as well as
exceptional broad spectrum activity against highly cross-resistant
mutants. Darunavir, which incorporates a (R)-(hydroxymethyl)-
sulfonamide isostere and a stereochemically defined bis-tetrahy-

* Corresponding author. Tel.: +1 765 494 5323; fax: +1 765 496 1612.
E-mail address: akghosh@purdue.edu (A.K. Ghosh).

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.11.123

drofuran (bis-THF) as the P2-ligand, was initially approved for
the treatment of patients with drug-resistant HIV and more re-
cently, it has been approved for all HIV/AIDS patients including
pediatrics® (Fig. 1).

Darunavir was designed based upon the ‘backbone binding’ con-
cept developed in our laboratories. Darunavir-bound X-ray structure
revealed extensive hydrogen bonding with the protease backbone
throughout the enzyme active site.'® The P2-bis-THF ligand is
responsible for its superior drug-resistance properties. The bis-THF
ligand has been documented as a privileged ligand for the S2-subsite.
Incorporation of this ligand into other transition-state isosteres also
resulted in significant potency enhancement.'' Besides 3(S)-THF,
and [3asS,5S,6R]-bis-THF, we have designed a number of other novel
cyclic ether-based high affinity ligands. Incorporation of these li-
gands in (R)-(hydroxyethyl)-sulfonamide isosteres provided Pls
with excellent potency and drug-resistance properties.®® We then
investigated the potential of these structure-based designed P2-li-
gands in a KNI-764-derived isostere designed by Mimoto and co-
workers.'? This PI incorporates an allophenylnorstatine isostere.
Interestingly, KNI-764 has maintained good activity against HIV-1
clinical strains resistant to several FDA-approved Pls. The flexible
N-(2-methyl benzyl) amide P2'-ligand may have been responsible
for its activity against drug-resistant HIV-1 strains as the flexible
chain allows better adaptability to mutations.'?'* The bis-THF and
other structure-based designed P2-ligands, make several critical
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Figure 1. Structures of inhibitors 1, 2, and 3b.

hydrogen bonds with the protein backbone, particularly with Asp-
29 and Asp-30 NH’s."! Therefore, incorporation of these ligands into
the KNI-764-derived isostere, may lead to novel PIs with improved
potency and efficacy against multidrug-resistant HIV-1 variants.
Furthermore, substitution of the P2-phenolic derivative in KNI-764
with a cyclic ether-based ligand could result in improved metabolic
stability and pharmacological properties since phenol glucuronide is
readily formed when KNI-764 is exposed to human hepatocytes
in vitro.!2

The synthesis of target compounds 3a—-e was accomplished as
described in Scheme 1. Our synthetic plan for carboxylic acid 7
(Scheme 1) involved the preparation of the key intermediate 5
through two different synthetic pathways. In the first approach,

OH
BocHN \/'\/OAC

o)
X

Na\/\/OH

07 'NH Me Ph

Scheme 1. Reagents: (a) H,, Pd/C, Boc;0, EtOAc; (b) Acz0, Pyr, DMAP; (c) LiCO3,
AcOH, DMF; (d) 2-methoxyprapene, CSA, DCM; (e) K;COs, MeOH; (f) RuCls, NalO,,
CCl,~MeCN-H,0 (2:2:3); (g) N-methylmorpholine, iBuOCOCI, 8a, THF.

known optically active azidodiol 4'4 was first hydrogenated in
the presence of Boc,0. The resulting diol was converted to § by
selective acylation of the primary alcohol with acetic anhydride
in the presence of pyridine and a catalytic amount of DMAP at
0°C for 4 h to provide 5 in 77% overall yield. As an alternative ap-
proach, commercially available optically active epoxide 6 was ex-
posed to lithium acetate, formed in situ from lithium carbonate
and acetic acid in DMF. This resulted in the regioselective open-
ing'”® of the epoxide ring and afforded compound 5 in 62% yield.
The alcohol 5 thus obtained was protected as the corresponding
acetonide by treatment with 2-methoxypropene in the presence
of a catalytic amount of CSA. The acetate group was subsequently
hydrolyzed in the presence of potassium carbonate in methanol to
afford the corresponding alcohol. This was subjected to an oxida-
tion reaction using ruthenium chloride hydrate and sodium perio-
date in a mixture of aqueous acetonitrile and CCly at 23 °C for 10 h.
This resulted in the formation of the target carboxylic acid 7 in 61%
yield. Amide 9a was prepared by activation of carboxylic acid 7
into the corresponding mixed anhydride by treatment with isobu-
tylchloroformate followed by reaction with amine 8a,'%"”
Synthesis of various inhibitors was carried out as shown in
Scheme 2. Deprotection of the Boc and acetonide groups was car-
ried out by exposure of 9 to a 1 M solution of hydrochloric acid
in methanol at 23 °C for 8 h. This provided amine 10 in quantitative

e
QW b s Tb

H 0

H 0.0 Ho
e . \n/ )
fOTC,, Y

CH 11d
o N 50
o LYY
Ph” 0” “NH Me
3b-e

Scheme 2. Reagents: (a) 1 M HCl, MeOH; (b) 11a, Et;N, CHCly; (c) 11b.g, EtsN,
CH,Cly; or, 11d,e, DIPEA, THF.
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yield. Reaction of 11a with amine 10 in CH,Cl, in the presence of
EtsN at 23 °C for 6 h, provided inhibitor 3a in 62% yield. The 3(S)-
tetrahydrofuranyl carbonate 11a was prepared as described previ-
ously.® Similarly, allophenylnorstatine-based inhibitors 3b-e
were synthesized. As shown, carbonates 11b,'° 11¢,” and 11d-e'®
were prepared as previously described. Reaction of these carbon-
ates with amine 10 furnished the desired inhibitors 3b-e in 45-
62% yield.

The syntheses of inhibitors 14a,b and 16a-c were carried out as
shown in Scheme 3. Inhibitors 14a,b, containing hydroxyethyl-
amine isostere were prepared by opening epoxide 6 with amine
8a in the presence of lithium perchlorate in diethyl ether at 23 °C
for 5 h to provide amino alcohol 12 in 64% yield. Removal of the
Boc-group by exposure to 1 M HCl in MeOH at 23 °C for 12 h affor-
ded amine 13. Reactions of amine 13 with activated carbonates 11a
and 11b afforded urethane 14a and 14b in 44% and 59% yields,
respectively. For the synthesis of inhibitors 16a-c, commercially
available (R)-5,5-dimethyl-thiazolidine-4-carboxylic acid was pro-
tected as its Boc-derivative. The resulting acid was coupled with
amines 15a—c in the presence of DCC and DMAP in CH,Cl; to pro-
vide the corresponding amides. Removal of the Boc-group by expo-
sure to 30% trifluoroacetic acid afforded 8b-d. Coupling of these
amines with acid 7 as described in Scheme 1, provided the corre-
sponding products 9b-d. Removal of Boc-group and reactions of
the resulting amines with activated carbonate 11b furnished inhib-
itors 16a-c in good yields (55-60%).

OH /—-'S
a H
6§ —— BocHN\/\/Nf
P 12 OF °NH Me
lb
OH FS
t4a b - HZN\/'\/Nr<
Ph” 13 07 NH Me
d M S
7 — BocHN\/\[(N
Me pr”  COP NH Me
HoN 9bR = OMe
9c R = NH,
R 9dR = CH,OH R
15a R = OMe
15bR= NHZ e
15¢ R = CH,OH
16a R = OMe
16b R =NH,
16¢ R = CH,OH

X 8bR=0Me
HN 8cR=NH,
8dR = CH,0H
0 NH Me

R

Scheme 3. Reagents: (a) 8a, Li(C10,), Et;0; (b) CF3COzH, CH,Cly; (c) 11a or, 11b,
EtsN, CHyCly; (d) N-methylmorpholine, isobutylchloroformate, 8b-d, THF; (e)
CF3CO,H, CH,Cly, then 11b, EtN, CH,Cl,.

Inhibitors 3a—-e were first evaluated in enzyme inhibitory assay
utilizing the protocol described by Toth and Marshall?° Com-
pounds that showed potent enzymatic K; values were then further
evaluated in antiviral assay. The inhibitor structure and potency
are shown in Table 1. As shown, incorporation of a stereochemi-
cally defined 3(S)-tetrahydrofuran ring as the P2-ligand provided
inhibitor 3a, which displayed an enzyme inhibitory potency of
0.2 nM and antiviral ICsg value of 20 nM. The corresponding deriv-
ative 14a with a hydroxyethylamine isostere exhibited over 400-
fold reduction in enzyme inhibitory activity. Introduction of a ster-
eochemically defined bis-THF as the P2-ligand, resulted in inhibi-
tor 3b, which displayed over 40-fold potency enhancement with
respect to 3a. Inhibitor 3b displayed a K; of 5.2 pM in the enzyme
inhibitory assay. Furthermore, compound 3b has shown an impres-
sive antiviral activity with an ICsg value of 9 nM. Inhibitor 14b with
hydroxyethylamine isostere is significantly less potent than the
corresponding norstatine-derived inhibitor 3b. Inhibitor 3¢ with
a (3a$, 5R, 6aR)-5-hydroxy-hexahydrocyclopenta[b]furan as the
P2-ligand has displayed excellent inhibitory activity, and particu-
larly, antiviral activity, showing an ICsp value of 13 nM. Other
structure-based designed ligands in inhibitors 3d and 3e have
shown subnanomolar enzyme inhibitory activity. However, inhib-
itor 3b with a bis-THF ligand has shown the most impressive
activity.

To obtain molecular insight into the possible ligand-binding site
interactions, we have created energy-minimized models of a num-
ber of inhibitors based upon protein-ligand X-ray structure of KNI-
764 (2).2! An overlayed model of 3b with the X-ray structure of 2-
bound HIV-1 protease is shown in Figure 2. This model for inhibitor
3b was created from the X-ray crystal structure of KNI-764 (2)-
bound HIV-1 protease (KNI-764, pdb code 1MSM?') and the X-ray
crystal structure of darunavir (pdb code 21EN?2), by combining the
P2-end of the darunavir structure with the P2’-end of the KNI-764
structure, followed by 1000 cycles of energy minimization. It ap-
pears that both oxygens of the bis-THF ligand are suitably located
to form hydrogen bonds with the backbone atoms of Asp-29 and
Asp-30 NH's, similar to darunavir-bound HIV-1 protease.'® Further-
more, the KNI-764-X-ray structure-derived model of 3b suggested
that the incorporation of appropriate substituents on the phenyl ring
could interact with Asp-29’ and Asp-30' in the S2'-subsite. In partic-
ular, it appears that a 4-hydroxymethyl substituent on the P2'-phe-
nyl ring could conceivably interact with backbone Asp-30’ NH in the
$2'-subsite. Other substituents such as a methoxy group or an amine
functionality also appears to be within proximity to Asp-29’ and
Asp-30' backbone NHs. Based upon these speculations, we incorpo-
rated p-MeO, p-NH; and p-CH,0H substituents on the P2’-phenyl
ring of inhibitor 3b. As shown in Table 1, neither p-MeO nor p-NH,
groups improved enzyme inhibitory potency compared to inhibitor
3b. Of particular note, compound 16a, displayed a good antiviral po-
tency, possibly suggesting a better penetration through the cell
membrane. Inhibitor 16¢ with a hydroxymethyl substituent showed
sub-nanomolar enzyme inhibitory potency but its antiviral activity
was moderate compared to unsubstituted derivative 3b. As it turned
out, inhibitor 3bis the most potent inhibitor in the series. We subse-
quently examined its activity against a clinical wild-type X4-HIV-1
isolate (HIV-1ggs104pre) along with various multidrug-resistant clin-
ical X4- and Rs- HIV-1 isolates using PBMCs as target cells.>® As canbe
seen in Table 2, the potency of 3b against HIV-lrrioapre
(ICs0 = 31 nM) was comparable to the FDA approved P, amprenavir
with an ICsq value of 45 nM. Darunavir and atazanavir on the other
hand, are significantly more potent with [C5y values of 5nM and
3 nM, respectively. Inhibitor 3b, while less potent than darunavir,
maintained 5-fold or better potency over amprenavir against HIV-
]MDRIC- HIV-IMDR/G, H[V‘1MDR[HVI and Hlv‘]MDR/MM' It maintained
over a 2-fold potency against HIV-1ypgs.. In fact, inhibitor 3b
maintained comparable potency to atazanavir against all
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Table 1
Enzymatic inhibitory and antiviral activity of allophenylnorstatine-derived inhibitors
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Entry Inhibitor K; (nM) 1C50™ (UM)
Lo R
=
LAY Y
H - O ~ (0]
9 _\/ Ph 0~ 'NH Me 1.01 0.53
O 16b
NH,
TP
LI Y
10 o _\/ %" 07 NH Me 031 023
(0]
16¢c
OH

¢ Values are means of at least three experiments.
" Human lymphoid (MT-2) cells were exposed to 100 TCIDs, values of HIV-1,4 and cultured in the presence of each PI, and ICsq values were determined using MTT assay.
Darunavir exhibited K; = 16 pM, 1Cs5o = 1.6 nM.

Figure 2. Structure of inhibitor 3b, modeled into the active site of HIV-1 protease, superimposed on the X-ray crystal structure of KNI-764. Inhibitor 3b carbons are shown in
green and KNI-764 carbons are shown in magenta.

/T\illjil\fiél activity of 3b (GRL-0355) against multidrug-resistant clinical isolates in PHA-PBMs.
Virus ICs (M)
3b (GRL-0355) APV ATV DRV
HIV-Tggsi04pre (Wild-type: X4) 0.031 £ 0.002 0.045+0.014 0.003 +0.003 0.005 +0.001

HIV-Tmpric (X4)
HIV-Typr/c (X4)
HIV-Typrm (X4)
HIV-Typrmm (R5)
HIV-Typrst (R5)

0.061 + 0.005 (2)
0.029 + 0.002 (1)
0.064 +0.032 (2)
0.042 £ 0.001 (1)
0.235 +0.032 (8)

0.346 +0.071 (8)
0.392 +£0.037 (9)
0.406 +0.082 (9)
0313 +0.022 (7)
0.531+0.069 (12)

0.045 +0.026 (15)
0.029 +0.020 (10)
0.047 +£0.009 (16)
0.040 +0.002 (13)
0.635 +0.065 (212)

0.010 + 0.006 (2)
0.019 +0.005 (4)
0.007 +0.003 (1)
0.027 +0.008 (5)
0.028 +0.008 (6)

The amino acid substitutions identified in the protease-encoding region of HIV-1ggs1g4pre, HIV-1¢, HIV-1¢, HIV-Tyyy, HIV-1;5; compared to the consensus type B sequence cited
from the Los Alamos database include L63P; L10I, [15V, K20R, L24l, M361, M46L, 154V, 162V, L63P, K70Q,V82A, L89M; L10I, V111, T12E, 115V, L191, R41K, M46L, L63P, A71T,
V82A, L90M; L10I, K14R, R41K, M46L, 154V, L63P, A71V, V82A, L90M; L10I, K43T, M46L, 154V, L63P, A71V, V82A, L90M, Q92K; and L10I, L24I, I133F, E35D, M36I, N37S, M46L,
154V, R57K, 162V, L63P, A71V, G73S, V82A, respectively. HIV-1ggsioapre Served as a source of wild-type HIV-1. The ICsq values were determined by using PHA-PBMs as target
cells and the inhibition of p24 Gag protein production by each drug was used as an endpoint. The numbers in parentheses represent the fold changes of ICsq values for each
isolate compared to the ICsq values for wild-type HIV-1ggsio4pre. All assays were conducted in duplicate, and the data shown represent mean values (+1 standard deviations)
derived from the results of two or three independent experiments. Amprenavir = APV; Atazanavir = ATV; Darunavir = DRV.

multidrug-resistant clinical isolates tested. The reason for its
impressive potency against multidrug-resistant clinical isolates is
possibly due to its ability to make extensive hydrogen-bonds with
the protease backbone in the S2 subsite and its ability to fill in the
hydrophobic pockets in the S1'-S2’ subsites effectively.

In conclusion, incorporation of stereochemically defined and
conformationally constrained cyclic ethers into the allophenyl-
norstatine resulted in a series of potent protease inhibitors. The
promising inhibitors 3b and 3c are currently being subjected to
further in-depth biological studies. Design and synthesis of new
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classes of inhibitors based upon above molecular insight are cur-
rently ongoing in our laboratories.

Acknowledgement

The financial support of this work is provided by the National

Institute of Health (GM 83356).

References and notes

1.
2,

3.

Sepkowitz, K. A. N. Eng J. Med, 2001, 344, 1764-1772.

Kohl, N, E.; Emini, E. A.; Schleif, W. A.; Davis, L. ].; Heimbach, J. C.; Dixon, R. A.F.;
Scolnick, E. M.; Sigal, I S. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 4686-4690.

(a) Pillay, D.; Bhaskaran, K.; Jurriaans, S.; Prins, M.; Masquelier, B.; Dabis, F,;
Gifford, R.; Nielsen, C.; Pedersen, C.; Balotta, C.; Rezza, G.; Ortiz, M.; de
Mendoza, C.; Kiicherer, C.; Poggensee, G.; Gill, ].; Porter, K. AIDS 2006, 20, 21-
28; (b) Grabar, S.; Pradier, C.; Le Corfec, E.; Lancar, R.; Allavena, C.; Bentata, M.;
Berlureau, P.; Dupont, C.; Fabbro-Peray, P.; Poizot-Martin, 1.; Costagliola, D.
AIDS 2000, 14, 141-149.

. Wainberg, M. A.; Friedland, G. JAMA 1998, 279, 1977-1983.
. (a) Ghosh, A. K. Kincaid, ]. F.; Che, W.; Walters, D. E.; Krishnan, K.; Hussain, K.

A.; Koo, Y.; Cho, H.; Rudall, C.; Holland, L.; Buthod, ]. Bioorg. Med. Chem. Lett.
1998, 8, 687-690; (b) Koh, Y.; Maeda, K.; Ogata, H.; Bilcer, G.; Devasamudram,
T.; Kincaid, J. F.; Boross, P.; Wang, Y.-F.; Tie, Y.; Volarath, P.; Gaddis, L.; Louis, |.
M.; Harrison, R. W.; Weber, I. T.; Ghosh, A. K.; Mitsuya, H. Antimicrob. Agents
Chemother. 2003, 47, 3123-3129; (c) Ghosh, A. K.; Pretzer, E.; Cho, H.; Hussain,
K. A.; Duzgunes, N. Antiviral Res. 2002, 54, 29-36.

. Yoshimura, K.; Kato, R.; Kavlick, M. F.; Nguyen, A.; Maroun, V.; Maeda, K,;

Hussain, K. A.; Ghosh, A. K.; Gulnik, S. V.; Erickson, |. W.; Mitsuya, H. J, Virol
2002, 76, 1349-1358.

. Ghosh, A. K; Sridhar, P. R.; Leshchenko, S.; Hussain, A. K.; Li, J.; Kovalevsky, A.

Y.; Walters, D. E.; Wedekind, J. K.; Grum-Tokars, V.; Das, D.; Koh, Y.; Maeda, K;
Gatanaga, H.; Weber, . T.; Mitsuya, H. J. Med. Chem. 2006, 48, 5252,

. Koh, Y.; Das, D.; Leshchenko, S.; Nakata, H.; Ogata-Aoki, H.; Amano, M.;

Nakayama, M.; Ghosh, A. K.; Mitsuya, H. Antimicrob. Agents Chemother. 2009,
53,997-1006.

12.

13.

14.

15.

16.

17.
18.

19,

20.
21.

22,

A. K. Ghosh et al./Bioorg. Med. Chem. Lett. 20 (2010) 1241-1246

. (a) FDA approved Darunavir on June 23, 2006: FDA approved new HIV

treatment for patients who do not respond to existing drugs. Please see: http:{/
www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/2006/ucm108676.
htm (b) On October 21, 2008, FDA granted traditional approval to Prezista
(darunavir), co-administered with ritonavicr and with other antiretroviral
agents, for the treatment of HIV-1 infection in treatment-experienced adult
patients. In addition to the traditional approval, a new dosing regimen for
treatment-naive patients was approved.

. Ghosh, A. K.; Chapsal, B. D.; Weber, 1. T.; Mitsuya, H. Acc. Chem. Res. 2008, 41,

78-86.

. Ghosh, A. K.; Ramu Sridhar, P.; Kumaragurubaran, N.; Koh, Y.; Weber, L. T.;

Mitsuya, H. ChemMedChem 2008, 1, 939-950.

Mimoto, T.; Terashima, K.; Nojima, S.; Takaku, H.; Nakayama, M.; Shintani, M.;
Yamaoka, T.; Hayashi, H. Bioorg. Med. Chem. 2004, 12, 281-293.

Yoshimura, K.; Kato, R.; Yusa, K.; Kavlick, M. F.; Maroun, V.; Nguyen, A.;
Mimoto, T.; Ueno, T.; Shintani, M.; Falloon, J.; Masur, H.; Hayashi, H.; Erickson,
].; Mitsuya, H. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 8675-8680.

Ghosh, A. K.; Thompson, W. }.; Holloway, M. K; McKee, S. P.; Duong, T. T.; Lee,
H. Y.; Munson, P. M.; Smith, A. M.; Wai,|. M.; Darke, P. L.; Zugay, ].; Emini, E. A.;
Schleif, W. A.; Huff, J. R.; Anderson, P. S. J. Med. Chem. 1993, 36, 2300-2310,
Ohmoto, K.; Okuma, M.; Yamamoto, T.; Kijima, H.; Sekioka, T.; Kitagawa, K.,
Yamamoto, S.; Tanaka, K.; Kawabata, K.; Sakata, A., et al Bioorg. Med. Chem. Lett.
2001, 9, 1307-1323.

Ikunaka, M.; Matsumoto, ].; Nishimoto, Y. Tetrahedron: Asymmetry 2002, 13,
1201-1208.

Iwona Kudyba, L; Raczko, ).; Jurczak, |. J. Org. Chem. 2004, 639, 2844-2850.
Ghosh, A. K; Duong, T. T.; McKee, S. P. Tetrahedron Lett. 1992, 33, 2781-
2784,

(a) Ghosh, A. K.; Leshchenko, S.; Noetzel, M. J. Org. Chern. 2004, 69, 7822-7829;
(b) Ghosh, A. K.; Gemma, S.; Takayama, ].; Baldridge, A.; Leshchenko-Yashchuk,
S.; Miller, H, B.; Wang, Y.-F.; Kovalevsky, A. Y.; Koh, Y.; Weber, L. T.; Mitsuya, H.
Org. Biomol. Chem. 2008, 6, 3703-3713; (c) Ghosh, A. K.; Gemma, 5.; Baldridge,
A.; Wang, Y.-F.; Kovalevsky, A. Y.; Koh, Y.; Weber, I. T.; Mitsuya, H. /. Med. Chem.
2008, 51, 6021-6033.

Toth, M. V.; Marshall, G. R. A. Int. ]. Pep. Protein Res. 1990, 36, 544-550.

Vega, S.; Kang, L-W.; Velazquez-Campoy, A.; Kiso, Y.; Amzel, L. M.; Freire, E.
Proteins 2004, 53, 594-602.

Kovalevski, A. Y.; Louis, ]. M.; Aniana, A.; Ghosh, A. K.; Weber, I. T. J. Mol. Biol.
2008, 384, 178-192.



©2010 The Japanese Society for AIDS Research

The Journal of AIDS Research

FBEHETS PSR DALRE

PURDOL [Thhho O HIVEREOEL XEHME ]
Perspectives of Anti-HIV Research

&5

BH1°, hH EED, #hs0Y, B ¥

0 A EE, B R

Masanori BABA", Hirotomo NAKATA®, Kaori ASAMITSU®, Atsushi KOMANO®,
Mika OKAMOTOV and Wataru SUGIURA®
Y BERBAZEAFRERFRAHERNMBER Y 1 VA FERFEHE L ~ ¥ —, ? Experimental
Retrovirology Section, Medicine Branch, NCI, NIH, USA, ¥ 2B AFAFREFHER G
FTFEYE, © ENERERERT S AHEt vy -, Y BUREEBEE YEEE Y ¥ —/EiL

RYERRFIART

3 C ®ic (BHE#H)

1985 FILHEHF LS 10 & » T, RO HIVHIRTH
3 zidovudine DS[EIE S W TUI%R, MBRWELEREIRE
¥, Fror7-€AEE 7L OHBREEEREHEE
KL, BusElBFEE - XML EERLx R
Foo EHORHIVESHE A2 &tk D, Thoti
AAEbELEHFRRESEILS N, T4 X3 TREORK]
5 [HIHFTRESBHRE ~&, TORERELERZS
KE-fe, —HT, BrOER=EHEERTI & ICX
3, ZEImMY 1 v 2HBEPEHEGS & ORESREC
O &> T/, HIVRER LS, TAZMILET
BICRIRET FE 5 v REELL BOBEBLY, TF
£S5 v REELBEonicid, RERENS DL TTA,
BRHEHBRVEEETHE LB RDON B, 2D,
02 >OMERRBEVICEESEREE - THEELT
W3, BETHE, ChoOR[EHRL FritRoMzE
MEHEEC 7o 77— CYHEEIBRFE SN E L L b,
AVF775—ERT A NVARBABBAENLE L, FiLv
LHIVELERLsh, BROBRBTERAINS LI
ot TO& DI, RBIICELARD S 54 HIV L
FETH D, HEOMEEY 1 VR ICESHENTHEL
12ELTh, Zhicxts 2ERE Y 1 v oREEHIE
TEBVWEBDONE, 2F 0, FEFEREWEY A V2D
Whwad [WitbIloZ | 3M50RIHR LEBohd, £
T, BRYvRYILTE, FIiLLW7To—FicEI{E
EEOWELEF—< & LT, TOBFICBVTHEAICH
BB ZT - TV AEFHFAE 4B, THTOOWHITR
BuowTHEELTESE, ivh sl HIVERED

EEERA  BEBE (T890-8544 FERET » T 8-35-1
BRERFAZEEEEFREAENMBELY 1 v
ZIREERIETIR 2~ ¥ —)

20104E 4 A 19 B4}

BOREHEOVWTEL TH,
#;LOIHIV EORNSTF WEF 2 BEER

FLOH HIV EBERICIABIL T2 20A RS 3,
BEOERLEUDTEENLTEY, BECEEELY
bt 1 LRI T 2RO EH 5 BN ER O,
FHREEEND T2 - A OMRETH 5, AiE HH
R OB RVEEMRIAEETH 3 etravirine (TMC125)
©7oF7—EAEKTH B darnavir, BE BFNTIRE
THIEA SN CCRIAEEN z ORERIcH - 5, iR
BN T 5 - BRI OBAEEZ 50, BHNATEL
TOT A VABIETFEYICE, SEERRICHET 5 RNase
H F x4 », Env, Gag, Tat, Rev, Vpr, Nef, Vpu, Vif#5&
7H 5B, RNase H F # 1 v PIAREEREHSE L, £01:
®, HEEDMERH A A =2 43I0 5 0ENSTITEESL
TZDRTHREELZHET 25, ENHFIHEEETHET 3
ROICHBEHT 20T L OREEMETS &2
EHFRI L5, MIEOF & L Tid Env BEEHERN S
%, BBIEEER Y~ b F BV A VADBEERETE
Mok - Tca S22 Ean s, HEER - FF -
B4 RABEZFENOFE LT, Gag-Gag, Tat-TAR,
Rev-RRE 3 & 48b 5, —F, HEAEIEH Y- b > —DETH#
EFEY DM & LT, Env-CCR5, Env-CD4, Gag-TsglOl,
Tat-Cyclin T1, (CycT1), Rev-CRM1, Vpu-Tetherin/BST-2,
Vif-APOBEC3G/F 72 &% 5, CCRS BIEE I T Zic ¥
Ihd, IhoORTHEMEEMFRRY A V2RI L - TH
ATH A, HAFAEZEECRBRUZHE HIVHER
DREETE S, 1, HEOERLMEHA =X a8 i
310, BEOER T Bttty 1 L =iz bRHE RIS
T& 5%, CCRS[AFEEDEHERNKINZZ T, SROFH
HIV RPEEEFBER A Y 4 VR EBEERFOHEEER
MBI 5 &5 RERIORARKC M S Z ENTFRENB,
FTHEIBETENGES T 3HEE~OPFIEV,
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HIV B(CH T3 CCR5 0N (hHAE)

CCR5 3 T BIEE@EMEED G ERELBRIER (G-
protein coupled receptor : GPCR) X —/¥—7 7 3 ) —D—
BThY, CCreEnd vt sS5Ek (rea1vy
€75 —) ELTHRET 24T, RCKGPCR7 7 3 ) —
IC/B9 %5 CXCR4 L HIVEEROEER v T ¥ —
D—D &1 > TV BD, T, HIV O CCRS ~O#EE %
=4 2] HIV 3 maraviroc 2KEEGEXDF (FDA) T
RSN HATHERICAEEN 375EY, CCRS i3 HIV &
gucBliEd 2BENBEFRT L LT, Haiafiimy SHE
BIREXNTVWE, LHLEMD, HIVORA - EEDOXT v
7icE1r 3 CCRS OFMAEEIC D WTIE, REKHESH
T > TWIEVESHEN, A lE—T 3/ BEHRT HIV
Xt B RGEE A ERICET T % 4 EBEOKLEE CCRS
2EE ChooZERERAVT, EERICCRS EHFAR
CCRS5 ZH 4 o kR cHRH s ¥ - MiakkzFlc L7z, <
n oS OHIfEtkic CCRSfEmME HIV 2 Rk & &, KRR
CCR5 ORBEHRB,LMHEMD HIV Bittic 5.2 2 FE%
WANF T, HIVEREICE T 5 CCRS OEEERZIE % =
A1e TF, BHEE CCRS OAARE s w-atkT, &
BHLTW5CDa¥E 712 CCRS ¥ & HIV Bt fEic
EDX SRS B hERND E, A DOBRGEERRT
{2 CCR5 #5143 (10* ABS LAk, ABS: antibody binding site)
CHEB LTV AT I3 HIV Bt 3 Eic CD4 Hucik
BLTWB I Db o1z, £ T, CD4DEE L~
FIFE L, AREREO HIV REES S 55+
BEoMmatkz Hy, EERER CCRS BRI CCRS 0 RH
hmALLx ¥, Sako HIV REEAS LD X 5 X1k
T EFH, TOFBE, WTFhOZERER CCRS 2V
1BETY, FEM CCRS ORE RO AW b
@ HIV RO KT B bh iz, HIV BEHEOET I,
BpERS CCRS MbsiiR s o3 (10°ABS BIL) #fEsk
THHESHh, BREoE TR, F4EE CCRS OB T
375  ERB CCRS O RBHFOEMERL T3 &
Ez i, BHIZLRA CCRS D HRM50% 4T £ TH
g% &, BAERCCRS A HAMRsh TV TH, BRE
#HZE R CCRS D 4 % FH & & - MBkaK & 3 XRER
tTETTEIENIDot, THhODRRAEROBRE
HMIHET 52 &, e (D HIVORAIRERO
CCR5 OFA5 (cluster X5 MBHETH B L2 LHIC
L (CCRS5 cluster £ 7/ OIRIE), Fi< (2) CCRS cluster
EFNAEHEICLAEEEFVICL S, HIVERCET A
CCRS5 HOH#EE, (3) CCRS cluster 7 AVZ G L7 CCRS
FEH OIEARREF OB > VLT bR %2T- 2 (H
Do &EE SR HIV RS 81 5 CCRS DERE

BRI EHTH A3 T, CCRSMAEF|%EIEDH LTS
BABZER ORI bINEETH 2 LEL SN 5,

HIVIEEE#Z0 & LI-FREREAORRE @h i)

HIV BREYEDOEEE, HAART BEEATET & NERINITS
HBE RS o, B, REICAV O TV B3R,
ERFEERC 70 77— CHERSERTHY, LT
314 v 7 77— EHEERS s AEERIGAMRHEL 72 -
TW3, L LM, ThoDFERRIY A NVZOMES
BRI E LTV AEDEEY A VXOHMBEMAZ 2 EHT
59, $-0BELRIERL S0 bIRKE LTHAE
AL B R HIVESRD O TVWE0MBIRTH 5,
FITHRAPEBLAOHNHIVZ o9 A V25 DOHRE
TSR TH B, HIVD I 4 744 2 Vi HIVE#8I T
DWEIEBIEL WHE S, 5A 5 L, HIV-RNA 7» 5 DNA
BEREINAWEREORRM S, DNA LHAAE NI HIV
Fou 4 NVAD S OEEFERIBRICSTE I EBTE
3, WEEEOBRETIE, ¥4 LA RNA REEEEZDG
S RNase HiZ & » ThE b h 3 o nBIEERE
ORRIZRE SNV, HIV I oY A L2 h 5 DEREREE
Ty 4 VA OHEEERBRA TS RIS D,
COEERENY 4 VAERMOBERKL 5, 07D
w4 )X DNA 2 L8513, BENEERT NF+B & v
4 N A AREEFEHLAF Tat OFFHI L D BRFICHE
nTRY, Tho0EERTFICLIVHIVEIV IO AL
RELTRAANICZDHTERO Y VRAEENSH
3, DR, HIV 382 SREECEVEEEOEE
BB RBEERECEEE OO MBS AEEL - T
%

HIV 70 9 4 VR 5 DEEAEBI & L /-1 HIV ¥R%
EEZFIES, BUSTFLLTHFONEDE RO Tat
& NF«B TH D, N Tat [REH|, NF«BREREE
BETBHIENTED, ISR ENE LAEEHOERE
LT, (1) 370 HAART ik & SHHRTEIRET 5 0 BWERS
OERETAIENTEZ &, ) BEFOREIERER
y—4y k& LTWA S, ERHEY 1 v AFOHEREE
MABIENTEBIENDTONS, Tat FHEHICBES
2ERE LTI, BURIEEHSEBONATVWEVLIE,
NF-«B [HZAicBIL Ti3 NF-«B OTERSEIc o b1
HLIFLIEMERBEEIc i &BbFons, Ke
i4, A5 Tat FHEH|, NFxBREROIc>VWTHAHE
£4T-TVWAEY, ABTRUTIIE Tat EEIEIC>W TN
T3,

Tat {37 1 )V 2 mRNA @ 5’8z T & % TAR &FRiZh
BRF L NN Y e —THBIEIC, CycTl & CDK9 D5
72 % P-TEFb & #Lic &R ATL L, HIV BRTOEREMH
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( | HIVLTR®
} EEEM

HIV LTR®D
inhibitar— EEEERL
Y A TEGL

X 2

CCRS AER D IFHARBEF D € 7,
HIV B4 c B 55 5 5D CCR5 (CCRS cluster) O —&Bi
ZER CCRS (AR BREAT 5 &, (EAMRIZD BG4
DRSZWME T2 kv BB o E[EHkIC, CCRS cluster
D—EICRERAFES L 7o CCRS (HKER) MNEHET 5 &,
CCR5 & gpl20 & OHEIEAAIRE & 1L HIV B gh i
oy rzEnd OSFRALVTR),

Tat {2 & 3 HIV LTR O#EEHL#E,

A) Tat {3 CycT1 & CDK9 %575 % P-TEFb & & 12 HIV LTR
LofEskians TAR L& L, HIV iz FoiE %G L+
%, B) Tat LFEATEMW= Y A CyeT1 %, Tat & CycTl
DFESEIAEST 2HEROFEL FTIE, Tat ld TAR ST
&9, fif-> THIVBEZETOEEAERILTEI 0,

K 3 MazF OHLHIVIERA H =X 4,
MazF N7 ¥ —%EA L7
ffa T3, HIV R&Ic X v EE
Shiz Tat EAE D TAR LS
AT 5T &Ik MazF A5
¥ 3 L T HIV mRNA 7357 fi#
SN HIV O EE AT 5,
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ELRATERILET s (K24)Y, ZoEAEOFERKICE
CycT1 L TRM &IHIN A fEBSEETH Y, T OFEE
KERNSH L7 AR CyeTI B Tat LERTETS, £0
723 HIV-LTR 7 & DA FEHETE 2\ (K 2B), Tat D
AR CycTl EDRSIT LMD THRES LD LVZ,
COWEAEMETE 2 EFIBR T NE, BYLLHIV
HELTEHT A C LA TE 5, 20T, Tat &0
BIEMHETHS CycTl DY v3 7 By EHEELENE L
fzinsilico R 7 ) — = 7tk Y, CycTl & Tat OHEELE
FAEN & LETIHIVEDOREE2HAS & L, B
T, B EAYEBTEY, S6UIRFTET-TVb,
A%, EERZENE LFRHIV EORFEZEDL ST
Lok, 1BREV YA L 2EE AR HER T 2 A
4 2 OHBABIETE 30HE 5, HIV B RERE
AR & D A L AEER LA ESEIE S 85 T &5
Fahs,

*— I ZABAFERCLZABESTFENORE
(EF =)
BERFEENCT AL oy 4 VIECBEREE, B
Ho HIV EEEHBRT 2R UL ERERE L, FH0
BN TENEETET AHREHITLUTITILESH B,
InEEI LTkt kettRofy re o 1L EE
BRL TV b TH 5, BHORIZES TEN Bl 50
KiIIMITIED, I TREIGREIES FIENOFRIRMITIC
EHEYETA,

FE, b 25/ aHBELRERY, DTFEFRAEE
B o—BodEr EE, ¥/ A74 FEBRIIETE
DBEEBL TE . ThIRFHRAES FENZERET 2558

CREBBEBAESA TV A, T L OHRFE G HIV ER
IR T4 RIS 7 v e A REFHLTY / 474 Fi2
BRT 5 [HEENA — Y 7 2HK] Thz, - 17 X8
M RBLTVW3R2TO L FBEFII>WVTERHESE
15T 28T 5, MEENA — 3 7 RABFST & i & S HERE
A(ER L7 cell-based 7 v 4 E-SWT, b FEGTHR
BN AE BRI EREXco A VAERICSR 5 ES
EEFHE YT 2R ATE T, BRRHAAZEFA L & two-hybrid
7ot 4ERELTEIA MR v BADEEET 2
Y —=v i THEERN] L0 BRTREET, &
TOWER* S4B THRT S L RRETH 0, T0—
AN Lo >BEER A — 3 7 AR & 35272 HIV
AR D AIBRENFE B T A MR L TR 2 EE

L3 (R,

HEE A — 3 7 REFEIINE AR TREINRE &8
FoeEIREH O 2 EEICAME N5, NEREETRED
HENI LT b BETFICHT % siRNA/shRNA % 4
L, —2F oI BAL, Y4 AVREEADS ¥+
AW T A EETH R, COT 7R —FERVWTHIVD
ERA T B ERBLETFEY /A7 A4 FICEML 7258
PIEE 3 DOWME S v—ThoRRENLT, ThTh
100 BEEEOFELRTF4+ HIVERGART - LTEE
LTW3, £ 6id HIV EEHER O I3 FAER R I
MBS OB, ThoOMEER I HIV-IEEHENER
DLFEBREFEETE-HIEOBERE LIS LTINS,
UL, MEELEET 5Y, Fl2id, 3 -08ED HIVHE
BISEBEF D5 IBEE L TOR, £, HIVERICH
AEShAFNOBEFRTHEZTI TV, ZOERD
—o & LTS TV 3 DIIEERSME &R s h iz

% 1 HIV-l ERERTARIET 2 -0 OREBENLEEHZ 7YV —=v 7K

EBRFRODR HREBH
TR RlE BEFRRERIRE
siRNA/shRNA 71 73 ) —, —@EHRER Zhou et al., Cell Host Microbe 2008
Brass et al., Science 2008
Konig et al., Cell 2008
Bin T B R
¢cDNA 51 735 ) —, HENRERE Stremlau et al., Nature 2004
Valente et al., Mol Cell 2006
Valente et al., PNAS 2009
b THINE EzTREUERE

cDNA 54 73 1) —, {EENFEE

Kawano et al, J Virol 2004
Yoshida et al., Traffic 2008
Urano et al., FEBS Let 2008
Urano et al., Vaccine, in press
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OFEHTH 5, BIaTHBOHHIZHE L siRNA/shRNA 5
175 —DHE, ) mRNA O&, FiEHH, siRNA/shRNA
BAMDSOBREIcKE S ERSN 5, fillghkick - THil
ETHRAMFIORIEL S, 20, ThThOERE
BRIELVLWA, ZNZ2EET 500 3IEF IR &M
HEEZRHONBEVWH T ETH B, siRNA/shRNA % Hf
FcRhR L CBAT 320103 R AE TR L7

BBV EVWIEKbEDH E, 3 OORETHEHRENT
W B AT EECRIEAET, Ak HIV 23 $8 SIENE 3 5 fHla
TREVDIIIDLEDTH B, HIVEEE L TREG 3
CD4 Bt THIlEOBETFHRR 7 0 7 » 1 Vi3 LE R
LR E, ZDR®, FRROHIETHS o ERER
7 CD4 G T filfaic B W CHBT X 2 00 %20 Tl
TENENS B, BRI >LWTRESTFISNEDTH
%37, siRNA/shRNA ([ L AR T 70 —FTld, FEBi
ICEH T 2 IR EEFRESED S h it SR T
=720, CD4 5 THila L EER RO @z FRE T o
7y ANEELSE, MECRUBEEZTFAEELTVTDL
BEFRE L~V RBHIEEESRE L &GRSV, W
VB FRBIEE 7 7 0 — 71 & 5 HIV #8451 H
FIREWFLE, RS, BRSNS % N

LTWBZ Ebhd,

—7, BEFREFERMEOM S LT, 2fzToek
ORF % # > FFIEMEHABE N, & —2#fHEHL, —> >
IZISEA LT, A VRERANDA 3y b 2FHET 575
EDH B, HSV-1 BRIP4 5 7E FHERIGK T STING
BIDLHBHETRESNLY, BOT 7o —F%
HIV IS L ThEFT L2 flid 7\, & 0 g7 5k & L
T, WIEMIE cDNARES A 75 Y — 2BV R L
BETREIRER I CHEEN S, TOMEFETIE cDNA
47350 —0hh» o HIVERBREZ K b HIfT 5
KT %3ER L CREIET 5, CXCR4 BV 1 VL 2ADZEKE
LCRIES N0 R OFEORENLHERRETH S,
HERERIR 7 ) —= v 7ICL > TeDNA A4 75 ) =0 b
BT 2 EE T 2HRFEORMERIL, cDNA 51 7
5 ) —D5E (complexity, I#E &), cDNA 54 7
) —HHKT 2R/ AR & - TEBRBRESRELE
HEhaZ&ETHAB, AT, CD4EEOMiaN» 5B SN
72 ¢DNA 74 75 ) — 2 #FHER T hiE, HIV EEH
HRTF L LT CD4 2RINT 2 LT RATRETH %5, &9
—oO DAL, T OFETEEEINIC—IED OBEME#EE
FOHEFENDIETHDE, CLRIREUFHTHIK
M, PREEE~GWIEHS S sz FERBIEhTLE D
BN S 5, Th SOt bEN - AIEES FIENDSH 5
AREM I BETE RV, 72, BEEETE L GERsA
1570 o tolE TS HIV 385 & AR ) & BE 1< I3FFME <

X0, BIZFEANBETH 5108 OWETLERSR
fEREMSEDN TV S T & bNTEHEETREMGIE 7 7
o—F L[EURHERTH 5,

HREMIA — 3 7 2R AR LB HATEERISDOE
M, BT 2800, BRI,  FEEHE O R
KOVWTESICEREFEDTHL I, AKHIV R L
HiET AflEoBEER VWS T, BICERGEEST
Ere Rk LT L E S ERMENS 5 T & iddickiNr, —
7, CD4[BHE T fifas &K L 4 5 HIV BREHERFRIE 3
ETFEANRE TR WY, 27 ) —=v 7 OERICIZ
BLTOWRL, TOXIRERP S, BHEFNTEEEN A —
17 AMAEICE L TV ARG e b THIEKE E L
5hsd, LML, kb THIBIHRERGEEN A — 3 7 RAFFZEIC
FRHLTVWAHEI V-7 3R TCORTH 3,

RIZERBBIGFENN—F BHICED L D THAF
FEBHELTVWEDLAEELZTAHL D, 2K ORF 2H-2 135
MR N7 ¥ — 9 iRNA/shRNA Z{#H L 72t 7
Tu—F T, BTREEERSES I EnHkRS, C
nicxtL, cDNA 54 75 ) —3BEFDO F X A4 122358
HET LI Licky, EZFEEORFARETLILET
Bon 5058 & FENIC R 2 St EYiEE AT, Al
FEIENEEZ L LT, BETUER2E> Y A4 LV RiERE
LEENIEREE LS, FOMBREHH hanRNP U O N
KRIGHTH © Brdd @ C KU F A 4 »TH 321, Z 0Ek
TcDNA 514 75 1) —ic & 25 FiE 3 siRNA/shRNA
77 v —F 342K ORF FFIEMARE~7 5 —icizizuv
B S 5,

BB ORFRITTHIE & AR 2 K& AT 5,
— itk DB A SHREES LD ) 27 A4S
¥, T AV ZRERINOFE RN > ORI EE AR T
5, —7, EEEE R, MiEiEcEgs
BZBROEHT oA VAEREFTHTE 28T, V140
Z GBI FE R HI I 2 BBES T 215 5 h B alREMEAY S
Vo FLL b e AL ZREDRIEES RN & LT, #flad
FRICEEASZ TICy A VZERIZ T 213 2 21T F L
W, - T, BEEEMoOREEBiEToTh i, HEN
RBRETFRBEFHEROLBLOBELTVEEEZ NS,

INoLTAEMEL, RAXEDNAFATFY) —%1E
WHNCRES g b THKRZRIZL T, ZoME» o
HIV HEHHRFOREET > TV A3, [EHENRE
FHIMAERT HDICL DT VIR =L v F
TANZARY 4=tk cDNA 74 75 Y — ZfllEic %E
LTW3, cDNA 54 751 =itk 334 7 284 5
TeDITHEED cDNA 514 75 ) —Z2EHL, SREEETF
EEVIEHATF b Rka n i icBWEE A 54 5 56
BEFPBEISNEVEIBIRGIT->TVS, HLIBZD
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EEAZIZ T DNA J B6/7HSP40 B6, bromodomain contain-
ing 4 (brd4) @ C K¥E ¥ £ 1 v, SECl4-like la (SEC14L1a)
DCEBF AL vz EHHIVERNART 2%
BIFE Lo S5 (3 siRNA/SshRNA ® cDNA 54 75 1) —
ZEALMHOWETCREE STV, ThidFEso
WERT 7o —-F O FEEHTT 2R DTS
BCEERLTVWS, cDNAFA TS —DER, 79—
=v7, UANZNT y—OBE, I+ THIEENOEREZ
FEAABEL T, BHED DNA DBIRET 2 AREHRIEE
TERV, DL BBENLHBRANHE—KHT, Fil
W HIV HRISERTFHRIESNTVWA T LE2EL 5 L,
Fr OEBRICIEENLHER B L ERENE 5 L
Ebh b, o HIV BREERBEEDBIES FENR
e LTlESBVLEZHMT 2 2 OMAEFRTVLS
D EAITLT, SHSHEPHBERD cDNA 7172
J—ZRWEE LR ) — = P ERERCTOSNES
HBELEEZTVS,

RNA A BREZEMF #RRTI3HBEL bOTAI
ARG —EBN-TA XBIEFAFEOBR
(FASEE)

SR HIV P RER I £ 2 BF oS0 mR
72 & OEHIC £ 5 HAART HiE B S EREE I IcHIRT 5
BEEORTABEL, S INAARITBWTHIVO
BERTCH 5 Tat I RNA SRR MazF % R
TELFOUANANY ¥ —ERVLEHR T 4 XBETFE
EEMFERE SN,

MazF i3¥E= 2 — ¥V +» — V-ERER AT O H LIENE
otk DFRE S, mRNA @ ACA 70D 5’ Kig%
W RECERE L TYINTd A KIGEBR O RNA SiRME T
H259, FLALOHMBERZINLLOY  AXBVTEH
OEBRRETH5VIERBETAERF 2, BEORETI
M oBRRRERLEARETRL TEOERBELK
VW, AR N LVARKET TR, BRLOLTERSED
HEEN ATPREE Y v 7o 57 - Blcl D sh
AR, ERAIEh, W Ww < REZE& T MazF i3
FDLINREBEND—>TH 5, mRNA BTN %725,
rRNA % tRNA, —484 DNA 3 ACAFFINFEL TH
T L7s, F/c, 7 vy ARKIEBEE 545 DNA S D
W3 RNA AEBEEL TV,

¥ 54 /T, HIVEERTIR ACABCHIAS 240 &
Ul EFET 2 &icEHL, TARES) O THIC MazF
BEFEEALIL FOYAL LANY ¥ —EBFE L, T
DO~y 5 —-EEALMETE, HIVERRIC LD EES D
7o Tat EEED TARBEFIciEE T 5 L2k U MazF 8
Z¢3 L T HIV mRNA A0S 1 HIV OEE 2 %14 5

TEMETE B, 23T, MazF EEA Yy —EBAMEE
B AH HIVEIERS in vitro B VWTRET L 72, ERO
B ENOBREAFF —» 568507 PBMCs, CD4 B
BTV Y NEROFhicBLwTd MazFRER~7 5y —EA
kb, EBRER WKL SY - HIV O X4, RS, R5X4
B ~NTIO L TE L VBRI R R L, S5, &
R HIV BRic 3t L C b R IR < o 4 v R EEA Z ]
Lz, LipL, MazF BE~7 5 —BABKIC X 554k
BADHERILIP -7,

HIV 3 EEFERBBEEENEE LGV I LM SN
* bR BETFEESLOKBVWTHREHIVO
EREERETSH -7, LrL, AETHEHZERHIV O mRNA
b ACA B BEET ARV UM 5 C & aJRETH B 12
W, Tt HIV OHBREZRY 2 MEITX 2 521 603,
% T, HIV B CD4 B T V) v vBR & JERGE MazF
By y—BAHBVIIEBEACDABHT Y v ROk
HHERERYTT- 7. 20EER N AV T
MazF BRI~/ 7 —BA CD4BE T v v Bk & oLk
by TN B HIVELRIFECHEEACDIABHET
By SEREDEBRY v AL D ELMA SN, ThB
DEERP S, <O MazF HBEH~7 & —ZEAMIIC BT
MpaSEHART C 74 ¢, HIVERIH L THRVIEESR
2EL, £, HR0OHRM, WY 4 2 OHEREEF
TAHTEBELMER ST,

BETEEELSMEERETH &0 5, HEMIC
B HIV 72 £ & 5 HAART SREESREES i<
WET ZEEEERY, Thhdd HIVEEELEEOSE
—BIRMEETH ORI B EEA NS, L L, &
H=O LS HBEFRERC L - T, SR HIV BigeE
ORFLEEL T EHSTENZ, BRNIC HAART BE
& 3 HIVIBEHERIC A X FE5 T 5 s 5,
(EFER S H 531 A HAE (i - BETEEE
g - I ARS EOERFHETHE)

bV EE D

BERic bR~ & S i, RS L V£ D HIV
BgE RERFEORFOMA GO R T, FhEddhk
5THAIEH, FROMRBIILEBIETNEROKS
5. ENTRVIRVOR, FAkbRERLIK7TIF
X 5 prevention & FH|IZ £ % eradication bFic L T W
HWWZ ETH B, HIV I3 robustness GERME) OFWEHE
B THb, LrLZOESVAEWEE, LPHEEETHS
EE-TVWARTTH L, 1 v7 75— ElERS VTS
5 ENVOBELIME, Lid L eradication EWAHAHE U St
SEAHIT LD o7, SED 4 BOEFHEED
55 EntAERLc—FERVETHDH, %L T eradi-
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I Summary

BHORESEBRAERL /077 -EHEROBAEHEN S LS antiretroviral therapy

(ART) OREILICKY, HIV-1 BREOHHEIIBNICERLE, RATRS VT I5—ERER
HEBLAZET, RHVEEREIRBRBEDAITD, ZOLHY, BJOHAEPRE
TEIFRN HV ROMRICEATIBREEXVNDDHDILIICHAD. LHL, N HIVEDR
FARRARIC #: S B P EAIRME Y MV 2ADHREEOMBIRLICRBRIWCRRTREL, #HL
VRN FOREEEYD, SEEHLLVAHV EZRDTHARBESINDINETHSS,

XL sIC

1985 FEicHMBE L 5oL » T, BHOH HIV
RTHEIFRTIV (VPO EA®) BERINT
Pk, HIVICBT % 74 VAZEDEFICHEOT L
DOHHIV EDFEESI N, AFEVITOATEL, B
£, XE FDA »Zaf LTV aH HIVERZ, &
BROTYH, BAHEE2H, BRI ETHR
MAEX7H, EEBRYEERAHER44R, 7
uF7—YHEEXOH, £LTA T /5—EH
EEIAOFFH23FCET S (FR1)., HMBET
b, BEEROBOEMIEREMRIETH S,
CDESIC, ZBOFHIVESIHZ ST &
&0, Chs0FEHE2EBEAGDOELZHHNA
BEDHEILIh, =4 X3 REOMK) 5 Tl

HRELBMER) NE, 2{AOKBEESTY
BETREVICZDRERESELDICET,
Tid, HIVEBBRSE /AIDS # 2R TR b L
BoL, ERRALTLLZD L@BVUInLL,
HOHIV Eohicid, FHauER), REERC X
ZEMWEROHE, H2VRIEF[ETANADOHE
HhEYXoRBESRE#BATVWS, SHCRET
R, TFE7S A REZBFTHIL) @A
7, 1H1HOBRATTCEANERILILL
IMEEICHBE, —FH, BRACBOTHIMLBX
CRIIAHBRRB P OEAR], VWb®D THFE A
IS4 IO, R2USRT LS5, BHEICHR
ThDEPLTVSE, Jhid TH-LESR %60
BTBaAAMPYVARIRELD L, HIVEBRE
/AIDS HERIBFOFEATHLITHS] L5 —

ART (antiretroviral therapy)
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