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FIG 6 Impact of amino acid substitutions that appeared in TPV selection on TPV’s dimerization inhibition. COS7 cells were cotransfected with a pair of clones,
HIV 4507 and pHIV g 4 578, carrying E34D (cHIV ; ,_gi0), L63P (CHIV yy 4_3t30), A71V (cHIV 4 5a71v), K451 (cHIV g 4 ska3), or V82L (cHIV gy 4 5vs2t). COS7

cells were further cultured in the continuous presence of 1 or 10 pM TPV, and CF

*, not significant; **, P < 0.05.

ent study were as sensitive to TPV as the wild-type clinical HIV-1
isolate (HIV,44,,) (Table 1), although they were moderately to
highly resistant to 5 other approved Pls, including SQV, IDV,
APV, LPV,and ATV (Table 1). However, the TPV-selected HIV-1
variants became highly resistant to TPV and were much more
resistant to all 5 PIs without specific resistance mutations to each
P, as previously reported (9). It is noteworthy that HIV, g
remained relatively susceptible to DRV with an ICs, of 0.034 pM
(Table 2).

In HIV jy ° and 3 of the 4 TPV-selected clinical strains
(HIVE, HIVESY, and HIVEy, P '), two amino acid substitutions,
154V and V82T, which reportedly contribute to decreased TPV
susceptibility (33) were identified to be major TPV resistance-
associated amino acid substitutions (Fig. 3A and B). Since HIV,
readily started propagating under TPV selection (Fig. 2) and ac-

PA/B ratios were determined at the conclusion of the 3-day period of culture.

quired V82T by passage 10 (HIV;"'?), we also examined the im-
pact of 154V and 154V/V82T upon TPV’s protease dimerization
inhibition activity with the genetic background of cHIVy (Fig.
4B). Neither cHIV,"™*Y nor cHIV;®*Y/V&T had any further im-
pact on TPV’s dimerization inhibition activity (Fig. 4B). Never-
theless, the susceptibility of cHIVE"™*Y and cHIV,™*VV5T yas
significantly decreased (Table 3), even though the I54V and V82T
mutations did not confer resistance to TPV in HIVy; ,_; (Table 3).
These findings are perhaps in line with multiple reports that single
amino acid substitutions in HIV-1 protease do not significantly
change viral sensitivity to PIs (16). It is presumed that these two
amino acid substitutions ultimately affect HIV-1’s susceptibility
to TPV only when they are present with other subsequently ac-
quired amino acid substitutions. Figure 7 shows the mature
dimerized HIV-1 protease in complex with TPV and the locations

FIG 7 The mature dimerized HIV-1 protease in complex with TPV. The locations of amino acid substitutions L24M, L33I/F, E34D, 154V, and V82T associated

with HIV TPV resistance are shown.
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of the amino acid substitutions (L24M, L331/F, E34D, 154V, and
V82T) associated with HIV TPV resistance.

Rhee etal. reported that the F53L mutation is slightly related to
HIV’s increased susceptibility to TPV (33). In the present study,
HIVgy contained F53L (see Fig. S1 in the supplemental material)
and had increased sensitivity to TPV (ICsq, 0.066 pM) compared
to the wild-type HIV (HIV jgp,e; ICs0, 0.16 pM). Most of HIV,™
clones (16/20) contained F53L but had a sensitivity (ICs,, 0.18
M) comparable to that of HIV ;s however, by passage 10
under TPV selection, all the clones of HIV,;'° had lost F53L ( Fig.
3B). These data suggest that F53L contributed to the increased
sensitivity to TPV (in the case of HIVy,,) and sensitivity compara-
ble to that of HIV g4y, (in the case of HIV}).

HIV, which initially contained 1241, acquired L24M by pas-
sage 15 under TPV selection (Fig. 3B), and the L24M mutation
conferred resistance to TPV on HIV. (ICss of cHIV. and
CHIV*M 0.9 and 2.2 wM, respectively; Table 4). Moreover,
TPV lost its protease dimerization inhibition activity when the
L24M mutation was introduced into HIV g, ;5 (cHIV 4 52m)
(Fig. 4C). Nevertheless, the same cHIV 4512w clone had an in-
creased sensitivity to TPV (0.1-fold difference), as shown in Table
4. It is possible that the TPV resistance may not always be caused
by the PR mutations that interfere with TPV’s inhibition of
dimerization and that the genetic barrier to TPV resistance via the
loss of dimerization inhibition could be much lower than that for
DRV. However, it is also possible that the loss of TPV’s dimeriza-
tion inhibition activity associated with L24M acquisition might
have offset an otherwise highly increased susceptibility of HIV-1
to TPV caused by the same effect of L24M on the catalytic activity
of protease. In other words, if L24M does not confer TPV resis-
tance by reducing TPV’s dimerization inhibition activity,
HIVyp4.52m could be extremely more susceptible to TPV. Thus,
while L24M contributes to both the acquisition of TPV resistance
of HIV. and the loss of dimerization inhibition activity of TPV,
the effects of L24M apparently depend on the genetic background
of the HIV-1 species. The present data suggest that the conforma-
tion of the active site in the proximity of amino acid position 24 is
altered by additional amino acid substitutions, although such
conformational changes remain to be elucidated.

The L331 substitution seen in HIV, vux > HIV, v o
HIV,'®, and HIV,™'C compromised the activity of TPV to block
protease dimerization with the genetic background of cHIV ;45
(Fig. 4C). Nevertheless, cHIV that contained L331 was as suscep-
tible to TPV’s activity against replication as cHIV ;45 (Table 3).
Moreover, neither L331 in cHIVy 4 smmea nor L33F in
cHIV 4 513 caused significant changes in the susceptibility of
cHIV 4.5 to TPV s antiviral activity (Table 3). Therefore, in order
to further examine the effect of L331 in the genetic background of
cHIVy, L331 was reverted to the wild-type amino acid, Ile-33, gen-
erating cHIV;"Y, which was also as susceptible to TPV’s anti-
HIV activity as cHIVy;4.5. However, when L1331 was reverted to
Ie-33 in cHIV"™*Y and cHIV,"*Y/V82T, generating cHIV>*H154Y
and cHIV P H15#V/VE2T regpectively, they proved to be less resis-
tant to TPV’s anti-HIV activity (Table 3). These data suggest that
although 1331 is not significantly associated with the acquisition
of TPV resistance in cHIVy, L331 does increase the level of resis-
tance of cHIV™*Y and cHIV®*/V82T to TPV. The reason why
the conversion of Ile-33 to Leu-33 did not alter the ICs, between
cHIV; and cHIV,,"?™ (Table 3) could be that the p24 Gag protein
production system was not sensitive enough to detect the poten-

13394 jviasm.org

tial difference in the IC4s. It is also possible that the activity of
TPV to block protease dimerization may not significantly contrib-
ute to the overall anti-HIV activity of TPV.

In the present study, when L33I was introduced into cHIV 4.5
(generating cHIV g, s131), cHIV g 4 5135 had no replicative activ-
ity, while further addition of M36I (generating cHIV gy 4_stsumiar)
restored the replicative activity (Table 3). In this regard, we have
previously reported that HIV-1 can acquire substantial drug resis-
tance with initial amino acid substitutions, sacrificing some repli-
cation ability; however, the same virus population subsequently
acquires additional substitutions and becomes optimally replica-
tion competent (26). On the other hand, the introduction of
1241 and L24M into cHIVy,.; (generating cHIVy,_ s2n and
cHIVyp4.32m) rendered cHIV 4 5 more susceptible to TPV, with
the ICs, difference being 13.5- and 9.3-fold, respectively, relative
to the IC5, of cHIV 4.5 (Table 4). Such a case has also been well-
known. For example, the M184V substitution alone renders
HIV-1 highly resistant to lamivudine, but on the contrary, M184V
makes HIV-1 highly susceptible to zidovudine (25). It is presumed
that such an amino acid substitution(s) alters viral enzyme struc-
tures critical for the interactions of the enzyme with substrates and
drugs; however, the mechanisms by which such profound changes
in HIV replicability and drug sensitivity occur largely remain to be
elucidated.

Since the introduction of L331 completely abrogated the repli-
cation of HIV .5 (Table 3), we introduced L33F (generating
cHIVyyp45t2¥), which has been identified in HIV-1 clinically ex-
posed to TPV (24, 28). In cHIV y , 515, TPV failed to block pro-
tease dimerization (Fig. 4C); however, cHIV 4 5155+ was as TPV
sensitive as cHIV g, ;5 (Table 3). Thus, we presumed that the loss
of dimerization inhibition by TPV did not significantly contribute
to cHIV 4 51's overall sensitivity to TPV. It is possible that in
cHIVyyp 45133, L33F confers an increased sensitivity to TPV, over-
riding the loss of TPV’s dimerization inhibition and rendering
cHIV 145153 as sensitive to TPV as wild-type cHIV ;4 5. There-
fore, we finally propagated three recombinant clones, cHIV 4.3,
cHIV 4.5, and cHIVy,_gisviveer, in the presence of increasing
concentrations of TPV, in an attempt to examine whether these
substitutions help the virus rapidly acquire resistance to TPV. The
acquisition of TPV resistance of cHIV 4 512+ was fairly delayed
compared to that of cHIV y; 4_gisiviverr, followed by cHIV 4 5, sug-
gesting that the presence of 154V/V82T not only renders certain
HIV-1 strains (such as HIVy) resistant to TPV but also predis-
poses cHIV , ,_; to more readily develop resistance to TPV. The
determination of nucleic acid sequences revealed that at passage
10 cHIV 43wt had acquired three new substitutions, E34D,
L63P, and A71V. At passage 20, cHIV ;4 5 had acquired two rel-
atively unique amino acid substitutions, K45I and V82L. Thus, we
again examined whether these five substitutions caused any
changes in the ability of TPV to block protease dimerization. The
FRET-based HIV-1 expression assay using newly generated re-
combinant protease with each of the substitutions showed that
only E34D compromised TPV’s protease dimerization inhibition
activity. These data again confirmed our present interpretation, in
that although the loss of TPV’s protease dimerization inhibition
due to the E34D substitution is involved in the acquisition of TPV
resistance of HIV, other amino acid substitutions (such as L63P,
A71V, K451, and V82L) are not related to the protease suscepti-
bility of TPV’s dimerization inhibition but are associated with the
acquisition of viral resistance to TPV. In this regard, HIV , did not
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TABLE 5 Summary of impacts of amino acid substitutions in protease on TPV’s protease dimerization inhibition and anti-HIV activity

Amino acid substitution in PR

Reduction of TPV’s :
Genetic background  activity to inhibit L241 L24M L1331 L33F E34D K451 154V L63P A71V  V82L V82T 154V/V82T
cHIVyNia3 Protease - + + + + — - - -~ - - -
dimerization
HIV replication E* E - - ND*  ND - ND  ND - - -
cHIV, Protease ND ND + ND ND ND - ND ND ND - -
dimerization
HIV replication ND ND + ND ND ND + ND ND ND + +
cHIV Protease ND ND ND ND ND ND ND ND ND ND ND ND
dimerization
HIV replication ND + ND ND ND ND ND ND ND ND + ND

“E, TPV’s activity to inhibit HIV replication was enhanced with certain genetic backgrounds.

"' ND, not determined.

“ When the 1331 mutation exists with the genetic background of cHIV carrying 154V or 154V/V82T, L33I reduces the antiviral activity of TPV.

become predominant by passage 5 under TPV selection (Fig. 3A),
although HIV, originally had both 154V and V82T before TPV
selection (see Fig. S1 in the supplemental material), suggesting
that the acquisition of high levels of resistance to TPV requires the
acquisition of mutations associated with not only the blockage of
replicative activity but also dimerization inhibition activity.

It is of note that the altered susceptibility of protease to TPV’s
dimerization inhibition activity differs substantially with the ge-
netic background of HIV. The impact of amino acid substitutions
in protease on TPV’s protease dimerization inhibition activity and
antiviral activity is summarized in Table 5.

Importantly, TPV’s activity to block protease dimerization is
compromised mostly with a single amino acid substitution, while
the loss of DRV’s ability to block protease dimerization requires as
many as 4 amino acid substitutions (20). In addition, the activity
of TPV to block protease dimerization per se is significantly less
potent than that of DRV. These data together should explain why
the genetic barrier of TPV against viral resistance is substantially
lower than that of DRV. The present data on TPV as well as thus
far published data on DRV (20, 21) demonstrate that the inhibi-
tion of protease dimerization contributes to the overall anti-
HIV-1 activity of TPV and DRV, and it is hoped that agents with
further potent activity to block protease dimerization can be de-
veloped.
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The design, synthesis, and biological evaluation of novel C3-substituted cyclopentyltetrahydrofuranyl
(Cp-THF)-derived HIV-1 protease inhibitors are described. Various C3-functional groups on the Cp-THF
ligand were investigated in order to maximize the ligand-binding site interactions in the flap region of
the protease. Inhibitors 3c and 3d have displayed the most potent enzyme inhibitory and antiviral activ-
ity. Both inhibitors have maintained impressive activity against a panel of multidrug resistant HIV-1 vari-
ants. A high-resolution X-ray crystal structure of 3c-bound HIV-1 protease revealed a number of
important molecular insights into the ligand-binding site interactions.

© 2012 Elsevier Ltd. All rights reserved.

HIV-1 protease inhibitors continue to be a critical component of
frontline therapy in the treatment of HIV patients.'”® Our contin-
uing studies on the structure-based design of inhibitors targeting
the protein backbone led to the discovery of a variety of novel
HIV-1 protease inhibitors (PIs) with broad-spectrum activity
against multidrug-resistant HIV-1 variants.*® We recently re-
ported various C3-functionalized cyclopentyltetrahydrofuran (Cp-
THF)-derived P2-ligands designed to specifically interact with the
flap Gly48 amide NH in the S2-subsite of the HIV-1 protease.’
One of these inhibitors, 2 (Fig. 1), containing a 3-(R)-hydroxy group
on the Cp-THF core displayed exceptionally potent enzyme inhib-
itory (K; = 5 pM) and antiviral activity (ICso = 2.9 nM). This inhibitor
also exhibited potent activity against a panel of multidrug-resis-
tant HIV-1 variants. The X-ray crystal structure of 2-bound HIV
protease revealed an extensive hydrogen-bonding network with
the enzyme backbone.® Of particular interest, the 3-(R)-hydroxy
group of the Cp-THF ligand was involved in an interesting water-
mediated interaction with the backbone NH amide bond of
Gly48. This specific interaction was not present in inhibitor 1.
These additional interactions observed with 2 may have contrib-
uted toward its impressive drug resistance profile. °

Based upon the 2-bound X-ray crystal structure of HIV-1 prote-
ase, and given the significant gain in antiviral activity observed

* 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 © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2012.01.061

with the addition of C3-polar substituents on the Cp-THF P2 ligand,
we subsequently speculated that N-substituted functionalities,
particularly N-acyl, N-carbamate or N-sulfonyl derivatives could
function as both a hydrogen-bonding donor and acceptor. The
NH proton could conceivably form an effective hydrogen bond
with the proximal Gly48 carbonyl while amide or urethane car-
bonyl oxygen may form an additional interaction with the protease
backbone. Indeed, our previous exploration of such hydrogen bond
donor and acceptor functionalities on P2-ligand frameworks led to
remarkably potent HIV-1 protease inhibitors with broad-spectrum
antiviral activity. 4-° Herein, we report the design, synthesis and
biological evaluation of a series of HIV-1 protease inhibitors with
C-3 substituted Cp-THF as the P2-ligand. A number of inhibitors
exhibited exceptionally potent antiviral activity against a panel
of multidrug-resistant HIV-1 variants. A protein-ligand X-ray
crystal structure also provided important molecular insight into
the ligand-binding site interactions.

The synthesis of ligands containing various N-substituents with
either stereochemistry at C3 was accomplished starting from our
previously reported optically active ketone intermediate 4'° as
shown in Scheme 1. Ketone 4 was converted to methyloxime
derivatives 5 in 96% yield. Reduction of 5 with a mixture of Pd/C
and Raney-Ni under hydrogen pressure (80 psi) provided the corre-
sponding amine as a 3:1 diastereomeric mixture.'! The amine mix-
ture was reacted with Ac,0 in the presence of EtsN and a catalytic
amount of DMAP to yield a mixture of isomeric TBS-protected
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Scheme 1. Synthesis of C3-substituted ligands 6a-g.

amide intermediates in 80% yield. Treatment of the respective
amides with TBAF in THF and chromatographic separation fur-
nished diastereomerically pure ligands 6a and 6b in excellent yield.
Similarly, the amine mixture was treated with methyl chlorofor-
mate and pyridine, or mesyl chloride and Et3N to afford the corre-
sponding carbamates and sulfonamides. Treatment of the
respective crude mixtures with TBAF in THF followed by chromato-
graphic separation afforded diastereoisomeric N-carbamate ligands
6¢ and 6d, and N-mesyl ligands 6e and 6f, respectively. The assign-
ment of stereochemistry on the ligands was carried out by NOE or
NOESY experiments of the corresponding mixed activated carbon-
ates 8a, 8¢, and 8e. To probe the importance of the free NH, we have
synthesized ligand 6g containing a 3-(R)-O-dimethylaminocarba-
mate group. This was synthesized in three consecutive steps start-
ing from our previously reported optically active alcohol 7.°
Treatment of 7 with 4-nitrophenyl chloroformate in the presence
of pyridine furnished the corresponding mixed activated carbonate.
The resulting carbonate was reacted with a bubbling stream of

Ligands ‘>1 OMe
6a-g on
H2N\/\/N ~g

4-NO,PhOCOCI, H o o
pyridine pr” 9
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O \©\ THF-CHLCN,
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Scheme 2. Synthesis of protease inhibitors 3a-g.

Me,NH gas to provide the corresponding TBS-protected ligand. Re-
moval of the TBS-group with TBAF furnished ligand 6g in excellent
yield.

For the synthesis of HIV protease inhibitors, all ligand alcohols
6a-g were reacted with 4-nitrophenyl chloroformate in the pres-
ence of pyridine in CH,Cl, to furnish the corresponding mixed acti-
vated carbonates 8a-g (Scheme 2).%!° The activated carbonates
were then reacted with previously reported hydroxyethylamine
isostere 9° in the presence of Et;N in THF/CHsCN for 2-4 days to
give corresponding inhibitors 3a-g.

Inhibitors 3a-g were initially tested in enzyme inhibitory as-
says using the method developed by Toth and Marshall,’? and then
evaluated for in vitro antiviral assays. Results are shown in Table 1.
All inhibitors displayed impressive inhibitory potency and high
antiviral activity. Inhibitors 3a and 3b that, contain a 3-(S)- or 3-
(R)-N-acetyl substituent on the Cp-THF ligand, exhibited similar
potency (7.4 and 7.5 pM, respectively). Interestingly, the stereo-
chemistry at C3 seemed to have little effect. Inhibitor 3¢ with a
3-(S)-N-methoxycarbonyl displayed the most impressive enzyme
and antiviral potency (K; = 1.8 pM and ICsp = 1.6 nM). The isomeric
inhibitor 3d provided slightly lower potency. Inhibitors 3e and 3f
that contain a 3-N-mesyl on the Cp-THF ligand, showed a substan-
tial reduction in activity probably due to the increase in steric bulk
created by the N-mesyl group. Inhibitor 3g that contains an
O-substituted dimethylaminocarbamate in place of N-substituted
carbamate at C3 provided a good antiviral activity, similar to that
of 3d.

Inhibitors 3¢ and 3d, were further evaluated against a panel of
multidrug-resistant (MDR) HIV-1 variants and their antiviral activ-
ities were compared to clinically available PI, darunavir (DRV).513
Results are shown in Table 2. All inhibitors exhibited low nanomo-
lar ECso values against the wild-type HIV-1grsioapre laboratory
strain, isolated from a drug-naive patient.13 Inhibitor 3d had the
most potent activity (ECsp =3 nM) similar to that of DRV. When
tested against a panel of multidrug-resistant HIV-1 strains, the
ECso of 3d remained in the low nanomolar value range (15-
24 nM) and its fold-changes in activity were similar to those ob-
served with DRV.®'3 Interestingly, inhibitor 3¢, with the opposite
(S) stereochemistry at C3, displayed slightly lower antiviral activi-
ties against all viral strains compared to 3d. However, the fold-
changes in ECso for 3¢ remained low (<3) against all MDR HIV-1
viruses. The fold-changes contrasted with those of 3d and even
DRV, for which the respective ECsq’s increased by a factor of at least
three against the MDR viruses examined.'*

In order to gain molecular insights on the ligand-binding site
interactions responsible for the potent activity and excellent resis-
tance profile of 3¢, we have determined the X-ray crystal structure
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Table 1
Structures and potency of inhibitors 3a-g*
Entry Inhibitor structure K; ICso
(pM)  (nM)°
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2 Values are the mean value of at least two experiments.

b Human T-lymphoid (MT-2) cells (2 x 10%) were expased to 100 TCIDsq of HIV-
1,41 and cultured in the presence of each PI, and IC5q values were determined using
the MTT assay. The ICsq values of amprenavir (APV), saquinavir (SQV), indinavir
(IDV), and darunavir (DRV) were 0.03, 0.015, 0.03, and 0.003 jtM, respectively.

of the HIV wild-type protease complexed with 3¢ (Fig. 2).'> The
structure was refined to an R-factor of 14.9% and a resolution of

Table 2
Comparison of the antiviral activity of 3c, 3d, and DRV against multidrug-resistant
HIV-1 variants

Virus® ECso (M) £SDs, (fold-change)®

3c 3d DRV
HIV-Tggrsioapre (W)  0.029 £0.002 0.003 £0.001 0.004 + 0.001
HIV-Tuprs (X4)  0.07520.011(3) 0.018£0.003 (6) 0.019+0.006(5)
HIV-Typric (X4) 0.030+0.006 (1) 0.015£0.005(5) 0.011+£0.003(3)
HIV-1nmpric (X4) 0.039+0.001 (1) 0.020+0.005(7) 0.011x+0.002(3)
HIV-Typrire (X4)  0.074£0.006 (3)  0.024+0.004 (8) 0.028 £ 0.001 (7)

2 Amino acid substitutions identified in the protease-encoding region of HIV-
Ters1oapres HIV-Tymprse, HIV-Tuprc, HIV-Tmpr/e: HIV-Typr/rm compared to the con-
sensus type B sequence cited from the Los Alamos database include L63P in HIV-
1ers104pre; L101, K14R, L33}, M361, M461, F53}, K55R, 162V, L63P, A71V, G735, V82A,
L90M, 193L in HIV-Typpgrss; L101, 115V, K20R, L241, M361, M46L, 154V, 162V, L63P,
K70Q, V82A, and L89M in HIV-Typgric; L101, V111, T12E, 115V, L19L, R41K, M46L,
L63P, A71T, V82A, and L90M in HIV-Typgjc; L101, K14R, R41K, M46L, 154V, L63P,
A71V, V82A, L90M, 193L in HIV-Typgr/rm. HIV-Tersi04pre Served as a source of wild-
type HIV-1.

b ECso values were determined by using PHA-PBMs as target cells and the inhi-
bition of p24 Gag protein production for each drug was used as an endpoint. The
numbers in parentheses represent the fold-change in ECso values for each isolate
compared to the ECsq values for the wild-type HIV-1ggsigapre. All assays were con-
ducted in duplicate, and the data shown represent mean values (+1 standard
deviations) derived from the results of two or three independent experiments. PHA-
PBMs were derived from a single donor in each independent experiment. DRV
(darunavir).

1.23 A. The inhibitor is bound to the protease dimer in two orien-
tations related by a 180° rotation, with a 50/50 relative occupancy.
The protease backbone structure showed a very low rms deviation
of 0.11 A for all Co carbons compared to the protease complexes of
2° or DRV.2! As shown in Figure 2, the inhibitor interactions in the
protease binding site extend from S2 to S2' protease subsites and
consist of a series of strong hydrogen bonds and weaker C-H---O
and C-H-..1 interactions similar to those previously described
for DRV,?! or inhibitor 2.° The Cp-THF cyclic oxygen forms a strong
hydrogen bond with the backbone amide NH of Asp29 in the
protease S2-binding site, similar to that previously observed with
other Cp-THF-based inhibitors 1° and 2.° Critical differences, how-
ever, are observed with the additional interactions that the 3-(S)-
N-methoxycarbonyl amino substituent on the Cp-THF makes
throughout the S2-S3 subsites. As shown in Figure 2, the carba-
mate NH forms a strong hydrogen bond with the Gly48 backbone
carbonyl. The carbamate carbonyl is observed to interact with
the Arg8 guanidine side chain through a conserved water
molecule. The methy! of the methoxy group then fits within the
S3-hydrophobic pocket. The C3-N-methoxycarbonyl amino group
creates a network of tight hydrogen bonds that literally links the
protease flap region to the S2-S3 subsites’ dimer interface. These
new interactions and enthalpic nature of the additional hydrogen
bonding created by the P2-ligand may certainly exert an enhanced
anchoring effect of the inhibitor into the S2-subsite and further
stabilize the closed conformation of the protease-ligand complex.

In conclusion, we have reported the structure-based design of a
series of highly potent HIV-1 protease inhibitors incorporating C3-
substituted cyclopentyltetrahydrofuranyl urethanes as P2-ligands.
Various C3-N-substituents were investigated in order to create
multiple interactions in the S2-subsite of the protease and specifi-
cally with the protease flap region. Inhibitors 3¢ and 3d displayed
remarkable inhibitory potency and antiviral activity. When tested
against a panel of MDR HIV-1 strains, inhibitor 3d, with a 3-(R)-
methoxycarbonyl on the Cp-THF ligand, provided the most impres-
sive ECsos and fold-changes in activity which are comparable to
those observed with clinically available DRV. Isomeric inhibitor
3c displayed lower antiviral activity. However, it exhibited strik-
ingly low fold-changes of antiviral activity when tested against
MDR HIV-1 viruses. An X-ray crystal structure of the protease-3¢
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Figure 2. Stereoview of the X-ray structure of inhibitor 3¢ (green)-bound HIV-1 protease (PDB code: 4DFG). All strong hydrogen bonding interactions are shown as dotted

lines.

complex was determined at a 1.23 A resolution. Inhibitor 3¢ made
extensive interactions throughout the protease binding site. The
complex network of hydrogen-bonding interactions created by
the N-methyl carbamate substituent in addition to those created
by the isostere in the protease active site may account for the
impressive antiviral activity and superb resistance profile observed
with inhibitor 3c. Further designs along this line and ligand optimi-
zation are currently underway.
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Despite well-organized peptide-loading mechanisms within the endoplasmic reticulum, major histo-
compatibility complex class [ (MHC-I) molecules can be displayed on cell surfaces in peptide-free forms.
Although these empty MHC-1{eMHC-I) molecules are presumably involved in physiological and patholog-
ical processes, little is known about their structures and functions due to their instability. Using bacterially
expressed HLA-Cw*07:02 heavy chain and B, microglobulin molecules, we successfully established an
in vitro refolding method to prepare eMHC-I molecules in sufficient quantities for detailed structural
analyses. NMR spectroscopy in conjunction with subunit-specific 1°N-labeling techniques revealed that
Peptide-free form the peptide-binding domains and the adjacent regions were unstructured in the peptide-free form, while
82 microglobulin the remaining regions maintained their structural integrity. Consistent with our spectroscopic data, the
NMR eMHC-I complex could interact with leukocyte Ig-like receptor B1, but not with killer cell Ig-like receptor
NK cell receptors 2DL3. Thus, eMHC-I molecules have a mosaic nature in terms of their three-dimensional structure and
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binding to immunologically relevant molecules.
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1. Introduction

Major histocompatibility complex class I (MHC-I) molecules
are key proteins in the adaptive immune system as they bind
endogenous antigenic peptides in the endoplasmic reticulum (ER)
and subsequently present these to CD8* T Iymphocytes at their
cell surfaces (Saunders and van Endert, 2011). The maturation of
MHC-I molecules is initiated by the formation of hetero-dimeric

Abbreviations: B,m, Bzmicroglobulin; CD, circular dichroism; eMHC-1, empty
MHC-I; ER, endoplasmic reticulumn; GSH, glutathione; GSSG, glutathione disul-
fide; HC, heavy chain; HSQC, heteronuclear single-quantum coherence; KIRs, killer
cell Ig-like receptors; LILRs, leukocyte Ig-like receptors; mAb, monoclonal anti-
body; MHC-I, major histocompatibility complex class I; NK, natural killer; NMR,
nuclear magnetic resonance; pMHC-|, peptide-loaded MHC-I; SPR, surface plasmon
resonance; TAP, transporter associated with antigen processing; TROSY, transverse
relaxation-optimized spectroscopy.
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complexes of membrane-bound heavy chains (HCs) consisting
of al, 2, and o3 domains and a light chain, B, microglobulin
(B2m). The subsequent peptide loading onto MHC-I molecules
within the ER consists of multiple steps involving the molecular
chaperone calreticulin, the thiol oxidoreductase Erp57, the peptide
transporter associated with antigen processing (TAP), and the type
I transmembrane glycoprotein tapasin (Paulsson and Wang, 2003;
Wearsch and Cresswell, 2008).

Thus, these ER luminal proteins form peptide-loading com-
plexes that capture empty MHC-I (eMHC-I) molecules, thereby
stabilizing their states in order to bind endogenously processed
peptides transported by TAP. Peptide-loaded MHC-I (pMHC-I)
molecules are released and translocated via the Golgi apparatus to
cell surfaces where they interact with T cell receptors on the mem-
branes of MHC-I-restricted CD8* T lymphocytes and natural killer
(NK) cell receptors, including leukocyte Ig-like receptors (LILRs)
and killer cell Ig-like receptors (KIRs).

Despite these peptide-loading mechanisms within the ER,
eMHC-] molecules can be displayed on cell surfaces under certain
conditions and are possibly involved in some biological functions
(Ortiz-Navarrete and Hiammerling, 1991; Theodossis, 2013). For
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example, the NK inhibitory receptor Ly49C reportedly induced
inhibitory signals upon interactions with eMHC-I molecules (Benoit
et al., 2005). eMHC-1 molecules were first identified on the sur-
faces of the TAP-deficient cell line RMA-S at low temperature
(Ljunggren et al., 1990). eMHC-I molecules could bind exogenously
added antigen peptides and subsequently underwent conforma-
tional transitions coupled with their stabilization (Elliott et al.,
1991; Fahnestock et al., 1992; Schumacher et al., 1990). Further-
more, increasing evidence indicates that proliferating lymphoid
cells exhibit a heterogeneous pool of MHC-I HCs at their cell sur-
faces that lack peptides and/or 32m molecules. These are derived
from fully mature pMHC-I molecules and are involved in both cis
and trans interactions with various receptor molecules, including
those for insulin, epidermal growth factor, and interleukin 2 (Arosa
et al., 2007).

The three-dimensional structures of MHC-1 molecules have been
extensively studied in their peptide-loaded states (Bjorkman et al.,
1987; Madden et al., 1991; Rudolph et al., 2006). However, only a
few studies have attempted to elucidate the open conformations
of eMHC-I (or HC) molecules, which included the non-classical
MHC-I molecules HFE and M10 (Lebrén et al., 1998; Olson et al.,
2005). Bouvier and Wiley characterized the peptide-free structures
of MHC-I molecules with HLA-B7 HCs (B*0702) by circular dichro-
ism (CD) spectroscopy, fluorescence enhancement of hydrophobic
probe, and limited proteolysis; these results indicated a molten
globule-like nature of eMHC-I molecules (Bouvier and Wiley, 1998).
Peptide-induced structural changes have also been characterized
using several conformation-specific monoclonal antibodies (mAbs)
(Hansen et al., 2005). In particular, mAb 64-3-7 that is specific
for eMHC-I molecules defined a conformational change bearing
its epitope located at a conserved 31¢-helix-containing region of
the a1 domain (residues 46-52), which is close to the N-terminus
of the peptide in a pMHC-I molecule and predicted to be exposed
to solvent in the peptide-free state (Mage et al,, 2012). To date,
the atomic details for eMHC-I molecules have been provided by
molecular dynamics simulations, which indicate conformational
mobility of the a1/a2 domains in eMHC-1 molecules, particularly in
the region that accommodates the peptide C-terminus (Zacharias
and Springer, 2004).

In this study, we attempted to experimentally characterize
eMHC-I conformations in solution using NMR spectroscopy. For
this purpose, we established an in vitro refolding protocol to
prepare recombinant eMHC-I complex from bacterially expressed
HLA-Cw*07:02 HC and B,m. The structures of the MHC-I com-
plex in solution were compared between peptide-free and -bound
forms based on NMR spectroscopic data and binding activity with
immune cell surface receptors.

2. Materials and methods
2.1. Protein expression

Bom and the extracellular region of HLA-Cw*07:02 HC (residues
1-277) were each overexpressed in Escherichia coli BL21(DE3)-
CodonPlus cells as inclusion bodies, which were solubilized using
6M guanidinium chloride. Uniform and selective 13C/1>N-labeling
methods were applied according to previously described proto-
cols (Nishida et al., 2006; Yagi-Utsumi et al., 2011). To produce
perdeuterated B,m proteins, cells were grown in M9 minimal
medium containing [*N]NH4Cl (1 g/L), uniformly 2H/13C-labeled
glucose (2g/L), and 2H,0. Solubilized B,m was refolded by dial-
ysis against 50 mM Tris-HCl buffer (pH 8.0) containing 1M urea
and 1 mM GSH/0.1 mM GSSG for 24 h at 16°C, then against milli-Q
water, and finally lyophilized. The DS11 nonapeptide (RYRPGTVAL)
(Falk et al., 1993) was chemically synthesized by a solid phase
method.

2.2. Reconstitution of pMHC-I molecules

The HC was denatured in 6 M guanidinium chloride (pH 2.2)
for 30min at room temperature, centrifuged to remove insolu-
ble materials, and the resulting supernatant was slowly diluted
100-fold in ice-chilled reconstitution buffer consisting of 100 mM
Tris-HCl (pH 8.0) that contained 400 mM L-arginine, 2mM EDTA,
5mM GSH, 0.5mM GSSG, 10 uM DS11, and 2 uM refoided B,m.
After incubation for 48 h at 16 °C, the protein solution was concen-
trated with a Centriprep (Milipore YM-3), followed by gel filtration
chromatography using a HiLoad 26/600 Superdex75pg column (GE
Healthcare Life Sciences) equilibrated with 50 mM Tris-HCl (pH
8.0) at a flow rate of 1.2 ml/min. Purity of the refolding product
was checked by SDS-PAGE.

2.3. Reconstitution of eMHC-I molecules

To produce the correctly folded eMHC-I complex in high yields,
we prepared it from pMHC-1. The pMHC-I complex was denatured
in 50 mM Tris-HCl (pH 8.0) containing 6 M guanidinium chloride
for 30 min at room temperature, followed by gel filtration chro-
matography using an eluent consisting of 50 mM Tris-HCl (pH 8.0)
and 6 M guanidinium chloride to isolate the HC with the correct
disulfide bonds. Isolated HC was slowly diluted 50-fold in recon-
stitution buffer consisting of 400 mM L-arginine, 100 mM Tris-HCI
(pH 8.0), 2mM EDTA, and 3 pM B, m, followed by incubation for
24h at 16°C. eMHC-I complex was also purified by gel filtration
as described above. Complete removal of the DS11 peptide from
pMHC-I molecules was confirmed by reverse-phase HPLC using a
Vydac C4 column (Grace Davison Discovery Sciences).

2.4. Surface plasmon resonance analysis

The extracellular domains (residues 1-200) of KIR2DL3 and the
two N-terminal Ig-like domains (residues 1-197) of LILRB1 were
prepared as described previously (Shiroishi 2003; Maenaka; 1999).
Surface plasmon resonance (SPR) experiments used a BlAcore2000
system (GE Healthcare Life Sciences). Biotinylated HLA-Cw*07:02
molecules, with and without the DS11 peptide and biotinylated
bovine serum albumin as a negative control were immobilized on
a research-grade CM5 chip (BIAcore) onto which streptavidin was
covalently coupled. Soluble proteins dissolved in HBS-EP buffer
(10 mM HEPES, pH 7.4, 150 mM Nacl, 3.4 mM EDTA, 0.005% surfac-
tant P20) were injected over the chip at 25 °C. The binding response
at each analyte concentration was calculated by subtracting the
equilibrium response measured in the control flow cell from the
response in the HLA-Cw*07:02 flow cell. These data were analyzed
using BlAevaluation 4.1 (GE Healthcare Life Sciences) and Origin 7
(Microcal, Northampton, MA) software. Equilibrium analysis deter-
mined Ky values by nonlinear curve fitting of a Langmuir binding
isotherm.

2.5. CD and fluorescence measurements

CD spectra of eMHC-1 and pMHC-1 molecules at protein concen-
trations of 0.1-0.2 mg/ml in 50 mM Tris-HCl buffer (pH 8.0) were
measured at 20°C in a 1-mm quartz cuvette using a J-720 spec-
tropolarimeter (JASCO, Tokyo). After subtracting a blank curve, the
spectral data were presented as mean residue ellipticities. Sec-
ondary structure contents were calculated using reference sets
determined by Yang et al. (1986). Fluorescence spectra of eMHC-1
and pMHC-I molecules at protein concentrations of 0.01 mg/ml in
50mM Tris-HCl buffer (pH 8.0) were measured using an FP-777
spectrofluorometer (JASCO) at 25 °C with an excitation wavelength
of 280 nm.
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Fig. 1. Gel-filtration chromatograms of eMHC-I (red) and pMHC-I (blue). pMHC-I complexes were eluted in a fraction that corresponded to a molecular mass of 43 kDa,
whereas eMHC-1 molecules eluted in a 53-kDa fraction. SDS-PAGE gel of purified pMHC-I by gel filtration. Peaks: a, HC aggregates; b, MHC complexes; c, free fom.

2.6. NMR measurements

Proteins were dissolved at a concentration of up to 0.1 mM
in 10mM sodium phosphate buffer, pH 6.5, containing 10% (v/v)
D,0. NMR spectra were recorded at 30°C using Bruker Avance-600
and JEOL ECA-920 spectrometers equipped with 5-mm triple-
resonance probes, and a Bruker DMX-500 spectrometer equipped
with a cryogenic probe. Spectral assignments were made by TROSY-
based triple resonance experiments (HNCA, HN(CA)CO, HNCO,
HN(CO)CA) (Pervushin et al., 1997; Tugarinov et al., 2004) and/or
selective 13C-15N double labeling method (Kainosho and Tsuji,
1982).TH chemical shifts were referenced to external 2,2-dimethyl-
2-silapentane-5-sulfonic acid (DSS), while 13C and >N chemical
shifts were indirectly referenced to DSS by using absolute frequency
ratios.

2.7. Three-dimensional structure model

The crystal structure of HLA-Cw3 (PDB code: 1EFX) (Boyington
et al., 2000) was used as a template for the tertiary structure
of HLA-Cw*07:02. The SWISS-MODEL homology-modeling server
(http://www.swissmodel.expasy.org/) was used to produce the
homology coordinates (Arnold et al, 2006; Guex and Peitsch,
1997; Schwede et al.,, 2003) and PyMOL (http://www.pymol.org/)
was used for viewing the outputs produced by the homology
server.

3. Results and discussion
3.1. Preparation of eMHC-I molecules

Detailed structural analyses of eMHC-I molecules have thus
far been hampered due to their structural instability (Silver
et al,, 1991; Theodossis, 2013). In this study, we attempted to
establish a convenient protocol to prepare eMHC-I molecules
in sufficient quantities for structural analyses. We utilized the
HLA-Cw*07:02 HC because we found this could form stable com-
plexes with B,m molecules in the absence of antigen peptides.
By in vitro refolding, we successfully prepared eMHC-I molecules
by combining B,m molecules with HLA-Cw*07:02 HCs, which
were once correctly folded into pMHC-1 complexes and subse-
quently isolated from the peptide under denaturing conditions.

The final yield of eMHC-I molecules from inclusion bodies was
approximately 60%, which was suitable for structural analyses by
NMR spectroscopy. Reverse-phase (RP) HPLC profile confirmed
that eMHC-I was indeed free of the peptide (Supplementary
Fig. S1). By gel-filtration chromatography, pMHC-I molecules
were eluted as a peak at an elution time that corresponded
to their molecular mass of 43kDa, whereas eMHC-I molecules
were eluted significantly faster than pMHC-I indicating its less
compact structure in comparison with the peptide-free form

(Fig. 1).

3.2. Overall structure of eMHC-I molecules

In their far-UV CD spectral data, pMHC-I molecules exhibited
a deep trough at approximately 218 nm, a hallmark of a well-
defined secondary structure, whereas eMHC-I molecules exhibited
a comparatively shallower trough (Fig. 2A). Evaluation of these CD
data indicated that the secondary structure of pMHC-1 molecules
consisted of 30% o-helix and 60% B-strand conformations and
the secondary structure of eMHC-I molecules comprised 9.5% o-
helix and 63% B-strand conformations. The a-helices surrounding
the peptide binding groove account for the great bulk of the a-
helical structure of pMHC-I. Therefore, the decreased intensity of
CD signals was attributed to the breaking down of these helices.
The fluorescence intensity of eMHC-I molecules decreased and
showed a red-shift as compared with pMHC-I molecules (Fig. 2B),
which suggested exposure of tryptophan residues coupled with
disruption of the helical structures in the absence of the pep-
tide. All of these data were consistent with previously reported
physicochemical characterizations of the eMHC-I molecule that
was formed from HLA-B*0702 and B,m subunits (Bouvier and
Wiley, 1998).

Furthermore, we observed CD and fluorescence spectral
change of eMHC-I upon addition of the DS11 peptide (Fig. 2).
The data indicated that approximately 30% of eMHC-I form a
complex with the peptide. The incomplete reconversion sug-
gested that eMHC-I existed as minor peptide-receptive and
major nonreceptive conformers that were separated by a high
energy barrier. It is possible that the peptide-loading com-
plexes in the ER accelerate formation of the peptide-receptive
structure.
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Fig. 2. (A)Far UV CD and (B) fluorescence spectra of eMHC-I complex (red), pMHC-1 complex (blue), and eMHC-1 complex with the DS11 peptide added afterward (green).

3.3. NMR analysis of eMHC-I molecules

For more detailed structural analyses, we measured NMR spec-
tra of MHC complexes with subunit-selective 13N-labeling. The
eMHC-I complex formed from uniformly !*N-labeled HC and non-
labeled 3, m subunits gave an HSQC spectrum showing severe peak
broadening and overlapping, which are hallmarks of non-native
structures, as well as well-dispersed peaks that reflect folded con-
formations (Supplementary Fig. S2). This indicated that eMHC-I
molecules contained both structured and unstructured regions.
The peak broadening suggested some parts of eMHC-1 underwent
intermediate exchanges among multiple conformational states on
the NMR chemical shift time scale as observed for proteins in
molten-globule states (Schulman et al., 1997), although spectral
assignments were difficult to make for these areas by conventional
sequential assignment protocols. To provide site-specific informa-
tion, we prepared the HC subunit labeled with 1N specifically at
methionine residues, which was complexed with unlabeled B,m
subunit (and the DS11peptide). This pMHC-I complex showed three
HSQC peaks originating from the three methionine residues in
HC: Met5, Met98, and Met261 (Fig. 3). In the eMHC-1 spectrum,

the peak intensities for Met5 and Met98 were markedly attenu-
ated, although the Met261 peak intensity was constantly observed,
which suggested structural integrity of the «3 domain as compared
with the remaining region.

Next, we compared the TROSY spectra of uniformly *H- and >N-
labeled B, m protein complexed with unlabeled HLA-Cw*07:02 HC
in both the peptide-bound and peptide-free states. The 3,m amino
acid residues located at the interface with the o1/a2 domains
exhibited significant chemical shift differences between the eMHC-
I and pMHC-I forms, while the remaining regions were minimally
perturbed (Fig. 4 and Supplementary Table S1). Taken together, our
NMR spectral data indicated that the o1/a2 domains and their adja-
centregion were conformationally altered in the peptide-free form,
while the three-dimensional structures of the remaining regions
were insensitive to the presence or absence of the peptide.

A recently reported NMR study indicated that free 3, m exhibits
line broadening due to conformational dynamics in the regions that
are engaged in interaction with HCs (Hee et al.,, 2013). Further-
more, it was revealed that these regions become less flexible upon
complex formation with HLA-B*27:09 HC giving rise to pMHC-
I. A similar tendency was observed in the present NMR data
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Fig.3. (A)Superposition of TH-'SN TROSY NMR spectra of eMHC-I (red) and pMHC-1 (blue) molecules labeled with 5N at the amide groups of methionine residues in HCs. The
three methionine peaks were assigned by HNCO measurements combined with carbonyl *C-lebeling of selected amino acid resides. Spectral reproducibility was confirmed
by experiments using the amino acid-selective 13C- and '>N-double labeling method (data not shown) and (B) three-dimensional structure model of HLA-Cw*07:02 based
on the crystal structure of HLA-Cw3 (PDB code: 1EFX) indicating the residues used as spectroscopic probes.
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Fig.4. (A)Superposition of TH-"SNTROSY NMR spectra of uniformly 2H-, 13C- and > N-labeled 8, m in the eMHC-1(red) and pMHC-I (blue) complexes. The spectral assignments
for om in the pMHC-I complex were made by TROSY-based HNCA, HN(CA)CO, HNCO, and HN(CO)CA. Spectral reproducibility was confirmed by experiments using a series
of amino acid-selective '*N-labeling (data not shown). (B) Plots of the chemical shift differences of the backbone $;m amide peaks [(0.04A8y2 + Auy2)2, where 8y and 8y
represent the difference in nitrogen and proton chemical shifts, respectively] between the eMHC-1 and pMHC-1 forms. Asterisk indicates an amino acid residue that did not
exhibit an observable peak in eMHC-I and/or pMHC-I while “P” represents a proline residue. (C) Mapping of the chemical shift differences observed between eMHC-I and
pMHC-1 molecules on the three-dimensional structure model of HLA-Cw*07:02. Red gradient indicates the degree of a chemical shift difference. The residues whose HSQC
peak was observed in pMHC-I but undetectable due to line broadening in eMHC-I are shown in purple. Proline and unassigned residues are shown in gray.

(Supplementary Fig. 3 and Supplementary Tables S1and S2). The the segment involved in contacts with the a1/a2 domains, exhib-
conformational flexibility of 3,m could be interpreted as indicat- ited significantline broadening and/or chemical shift changes in the
ing its adaptability of diverse HCs. Moreover, our data revealed that eMHC-I complex (Fig. 4 and Supplementary Table S1). These data
the amino acid residues in these regions, especially those located in suggest the B, m segment at the interface with the a1/a2 domains
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with the two N-terminal domains of LILRB1 (B). K4 values are as indicated.

has mobility in the peptide-free form. One intriguing possibility is
that the o1/a2 domains and its adjacent region in B,m undergo
conformational transition in a concerted fashion.

3.4. Binding activity of eMHC-I molecules with immune cell
surface receptors

The structural integrity of eMHC-1 molecules was further probed
using the MHC-I binding immune receptors LILRB1 and KIR2DL3.
SPR data showed that the extracellular domains of KIR2DL3 had
a much lower affinity for eMHC-I molecules as compared with
pMHC-I molecules, whereas the two N-terminal Ig-like domains
of LILRB1 had comparable affinities for both immune receptors
(Fig. 5, Supplementary Fig. S4). The reduced binding of eMHC-1
to KIR2DL3 could be explained by the structural disruption of its
peptide-binding «1/a2 domains, which also provide a KIR-adaptor
site (Boyington et al., 2000; Fan et al., 2001). In contrast, the LILRB1-
binding surface is provided by the a3 domain and 3;m (Shiroishi
et al,, 2006; Willcox et al., 2003). Consistently, our NMR data
demonstrated the structural integrity of the LILRB1-binding regions
in eMHC-I molecules. These data again indicated that the absence
of peptides caused structural alterations within limited regions of
MHC-I molecules and that the remaining regions remained func-
tionally intact.

4. Conclusion

In the present study, we developed a stable-isotope-assisted
NMR approach that was a useful tool for detailed structural char-
acterizations of MHC-I molecules in both free and peptide-loaded
forms. While previous reports have underscored structural dis-
orders in the peptide-binding domains of eMHC-1 molecules, our
present data emphasize the mosaic nature of eMHC-1 molecules
in terms of their three-dimensional structures and binding
to immunologically relevant molecules. These findings provide
insights into the peptide-loading mechanisms and possible biolog-
ical roles of MHC-I molecules in their peptide-free state.
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