lurethane (bis-THF), which forms a number of strong hydrogen
bonds, via ligand oxygen atoms, with the backbone atoms of
the active site of HIV-1 protease. Furthermore, the bicyclic
ligand effectively fills the hydrophobic pocket in the S2 sub-

site.101!

Based on X-ray structural insight into the molecular interac-
tions of bis-THF, we subsequently planned to investigate the
effect of fluorine atoms at the C4 position of the bis-THF
ring!"? In particular, we speculated that fluorine would in-
crease lipophilicity, which in turn may improve drug penetra-
tion in the central nervous system (CNS). Because the CNS is
a major sanctuary for HIV-1 infection, improving drug concen-
tration in the CNS may be an important strategy to decrease
HIV-1-associated dementia and other CNS-related disor-
ders™" with prolonged patient survival, HIV-1-associated
neurocognitive disorders (HAND) are increasing, possibly due
to poor CNS penetration of current anti-HIV therapies."™ Fur-
thermore, sub-therapeutic drug concentrations in the CNS may
also play a role in the development of viral resistance.'® Al-
though combined antiretroviral therapy (cART) has been effec-
tive in decreasing morbidity and mortality in HIV/AIDS pa-
tients, currently there appears to be no readily feasible therapy
for the cure or eradication of HIV, in part due to viral reservoirs
in tissues and the CNS.

In our structure-based design strategies, we plan to preserve
key backbone hydrogen bonding interactions through bis-THF
ring oxygen atoms. We also presume that our structure-based
fluorine substitution may improve molecular binding proper-
ties in the HIV-1 protease active site through noncovalent in-
teractions involving fluorine."”'® This may result in potent an-
tiviral activity against multi-drug-resistant HIV-1 variants.
Herein we report an enantioselective synthesis of gem-di-
fluoro-bis-THF ligands and their conversion into gem-difluoro-
bis-THF containing HIV-1 Pls resembling darunavir. We also car-
ried out X-ray structural studies of inhibitor-bound HIV-1 pro-
tease and the biological evaluation of inhibitors.

Synthesis of Ligands and Inhibitors

The synthesis of stereochemically defined gem-difluoro deriva-
tives of bis-THF is shown in Scheme 1. As shown, diisobutylalu-
minum hydride (DIBAL-H) reduction of optically active methyl
ester 5 provided dibenzyl-L-glyceraldehyde."® Horner-Emmons
reaction of the resulting aldehyde with sodium hydride and
triethyl phosphonoacetate afforded a,f-unsaturated ester 6 in
88% yield over two steps. Notably, the crude dibenzyl-L-glycer-
aldehyde was employed immediately to Horner-Emmons reac-
tion without purification to avoid racemization of the alde-
hyde. Reduction of a,f-unsaturated ester 6 with DIBAL-H in di-
chloromethane at —78°C provided the corresponding allylic al-
cohol®¥ Treatment of the resulting alcohol with chlorodi-
fluoroacetic acid in chloroform at reflux afforded
difluoroacetate derivative 7 in 90% yield over two steps. The
optical rotation of ester 6 ([a]®=—154 (c=1.08, CHCly)) was
similar to the reported value for the corresponding enantio-
meric ester (lit®? [a]®= +13.4 (c=1.75, CHCl,)). Ester 7 was
then subjected to Reformatskii-Claisen reaction®*? by treat-
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Scheme 1. Reformatskii-Claisen route to gem-difluoro derivatives 9 a,b. Re-
agents and conditions: a) 1. DIBAL-H, —78°C, 1.5 h, 2. (EtO),P(O)CH,CO,Et,
NaH, THF, 0°C, 30 min, 88% (two steps); b) 1. DIBAL-H, —78°C, 4 h,

2. CICF,CO,H, reflux, 10 h, 90% {two steps); ¢) 1. Zn, TMSCI, 105°C, 24 h,
2. H,50, {cat.), EtOH, 50°C, 36 h, 80% (two steps); d) HNMe(OMe)-HCl,
nBuli, THF, —=78°C, 3 h, 90%.

ment with trimethylsilyl chloride (TMSCI) and activated zinc
dust in acetonitrile at reflux for 24 h. Subsequent esterification
of the crude acid product with a catalytic amount of concen-
trated sulfuric acid in ethanol at 50°C furnished a 2:1 mixture
(by "H NMR analysis) of diastereomers 8 in 80% vyield over two
steps. This mixture could not be separated by silica gel column
chromatography. However, the mixture could be separated
after its conversion into the Weinreb amides. Thus, reaction of
the mixture 8 with HN(Me)OMe-HCl and nBuli in THF at
—78°C for 3 h provided the corresponding mixture of Weinreb
amides. These amide diastereomers were separated by silica
gel chromatography to provide syn diastereomer 9a as the
major product and anti diastereomer 9b as the minor product
in a 2:1 ratio and 80% combined yield. The assignment of ste-
reochemistry was based on reported 'H NMR data for the cor-
responding enantiomer.2"

Both syn diastereomer 9a and anti diastereomer 9b were
converted into the respective gem-difluoro derivatives of bis-
THF as shown in Scheme 2. Reduction of Weinreb amide 9a
was carried out with lithium aluminum hydride in THF at
—78°C, and the resulting crude aldehyde was reduced with
the addition of sodium borohydride in a one-pot operation to
provide difluoro alcohol 10 in near quantitative yield. Ozonoly-
sis of the olefin in 10 followed by reductive cleavage with tri-
phenylphosphine provided crude cyclic acetal 11 upon cycliza-
tion. The crude cyclic acetal was purified in a short silica gel
column using dichloromethane as eluent. The resulting cyclic
acetal was then subjected to catalytic hydrogenation over
Pearlman’s catalyst under a hydrogen-filled balloon in ethyl
acetate to furnish the corresponding triol. Treatment of the re-
sulting triol with a catalytic amount of camphorsulfonic acid
(CSA) in THF and dichloromethane at 23°C for 12 h afforded
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Scheme 2. Synthesis of gem-difluoro bis-THF derivatives 12 and ent-12. Re-
agents and conditions: a) LiAlH,, THF, 0°C, 30 min, then NaBH,, overnight,
999%; b) O;, CH,Cl,, —78°C, 5 min, then PPh;, —78°C, 2 h, then 23°C, 3 h;
c) 1. H,, Pd/C, overnight, 2. CSA (cat.), THF/CH,Cl,, overnight, 68 % (three
steps); d) LiAIH,, THF, 0°C, 30 min, then NaBH,, overnight, 96 %; €) 1. O,,
CH,Cl,, —78°C, 5 min, then PPh,, —78°C, 2 h, then 23°C, 3 h; 2. H,, Pd/C,
overnight, 3. CSA (cat.), THF/CH,Cl,, overnight, 73 % (three steps);

f) 1. Dess—Martin, 23°C, 2 h, 2. L-selectride, —78°C, 30 min, 82% (two
steps).

optically active difluoro-bis-THF 12 in 68% yield over three
steps. Anti-diastereomer 9b was converted into its correspond-
ing enantiomeric ligand. Weinreb amide 9b was reduced to al-
cohol 13, which was converted into the corresponding di-
fluoro-bis-THF derivative 14 by following the same reaction se-
quence as for the synthesis of 12. bis-THF derivative 14 was
obtained in 73% yield over three steps from alcohol 13. This
was converted into the enantiomer of 12 (ent-12) by Dess—
Martin oxidation followed by reduction with L-selectride in
THF at —78°C, providing ent-12 in 82% yield over two steps.

The synthesis of inhibitors containing difluoro-bis-THF li-
gands is shown in Scheme 3. Both bis-THF enantiomers and al-
cohol 14 were treated with para-nitrophenyl chloroformate in
dichloromethane in the presence of pyridine at 0°C to 23°C
for 12 h to provide the corresponding activated carbonate 15,
ent-15, and 16, respectively.”® These activated carbonates
were reacted with known (R)-hydroxyethylsulfonamide isostere
17 in the presence of triethylamine to furnish inhibitors 3,
19, and 20 in good yields. Treatment of known amine 1824
and activated carbonates 15 and 16 provided inhibitors 4 and
21 in good yield.
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Scheme 3. Synthesis of inhibitors 3, 4, 19, 20, and 21 with gem-difluorides.
Reagents and conditions: a) p-NO,-PhOCOC, pyridine, CH,Cl,, 23°C, 2 h;
b) Et;N, 3 days.

Results and Discussion

Our examination of the X-ray crystal structure of darunavir-
bound HIV-1 protease!'® and subsequent modeling suggested
that substitution of fluorine at the C4 position of the bis-THF
ligand may lead to strong non-bonding interactions with the
carbonyl oxygen atom of Gly48. Fluorine may effectively fill
the hydrophobic pocket in the S2 site as well. For synthesis
and stability purposes, we designed gem-difluoride at the C4
position. As it is evident in Table 1, two fluoro-bis-THF-derived
inhibitors showed exceptional enzyme inhibitory potency, as
determined by the assay protocol reported by Toth and Mar-
shall™ Inhibitor 3, with para-methoxyphenylsulfonamide as
the P2’ ligand, showed a K; value of 22 pm. The corresponding
para-amino derivative 4 displayed a K; value of 5.8 pm. The
enantiomeric fluoro bis-THF group as P2 ligand and para-me-
thoxysulfonamide as the P2’ ligand provided inhibitor 19. This
inhibitor showed a significant decrease in inhibitory potency.
Furthermore, a C3 epimeric ligand at P2 and para-methoxy sul-
fonamide as the P2’ ligand resulted in inhibitor 20, with a dra-
matic increase in enzyme K. Antiviral activity of these gem-di-
fluoro derivatives was determined in MT-2 human T-lymphoid
cells exposed to HIV,.”® As shown, inhibitors 3 and 4 dis-
played ICs, values of 0.0008 and 0.003 pM, respectively. In com-
parison, darunavir and saquinavir showed respective antiviral
IC5, values of 0.005 and 0.021 pM. Inhibitor 19 showed signifi-
cantly lower antiviral activity than inhibitor 3. Inhibitor 21 was
found to be inactive in our antiviral assay. Inhibitors 3 and 4
showed cytotoxicity only at high concentrations, with CCq,
values of 17.5 and 37 pm, respectively. The respective selectivi-
ty indexes (CCsy/1Cs,) for compounds 3 and 4 were 21875 and
12333. In comparison, darunavir showed a selectively index of
>20000.

We then examined inhibitors 3 and 4 against clinical wild-
type X4 HIV-1 isolate (HIV-Tggioape) along with a panel of
highly multi-Pl-resistant primary HIV-1 strains, HIV-1pqs (multi-
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of _difluoro-bis-THF-
1Cso [pm]®
0.022 0.0008
0.0058 0.0031
0.21 0.02
3.9 0.64
5.14 >1.0
[a] K; values are the mean of at least five data points; standard error in ail
cases was <7%. Darunavir: K;=16 pm. [b] Values are the mean of at least
three experiments. Human T-lymphoid (MT-2) cells were exposed to 100
TCIDs, values of HIV-1 LAl and cultured in the presence of each Pl, and
the 1Cs, values were determined by MTT assay. Standard error in all cases
was < 5%. Darunavir: IC5,=1.6 nM.

drug resistant, MDR), HIV-Tyerer HIV-Tyope HIV-Tyormw @nd
HIV-Tyorus @s listed in Table 2. These were isolated from HIV/
AIDS patients who had failed a number of anti-HIV therapeutic
regimens after receiving 9-11 anti-HIV drugs over 32-83
months.” These primary strains possessed 9-14 residue
substitutions in the protease-encoding region of the
HIV-1 genome. These substitutions have been associated with
HIV-1 resistance against various approved Pls, and are noted in
the footnote of Table 2. As can be seen, the ECs, values of
both inhibitors 3 and 4 are significantly more potent than that
of amprenavir (APV) and are similar to the potency of daruna-
vir {DRV) against wild-type HIV-1gzs040r, Using PHA-PBMC as
target cells and p24 production as the endpoint. Interestingly,
both Pls 3 and 4 displayed EC;, values ranging from 0.021 to
0.002 pM against the panel of six MDR clinical HIV-1 variants. In
comparison, APV was less active, with EC;, values and fold dif-
ferences ranging between 0.21 and 0.63 umM, and 7-22-fold, re-
spectively. The ECs, values of inhibitors 3 and 4 are similar to,
or better than, the activity of DRV against this panel of
variants.

Both inhibitors 3 and 4 are also effective against Pl-selected
laboratory HIV-1 variants; a detailed study was reported recent-
ly.?¥ We also evaluated apparent blood-brain barrier (BBB) per-
ChemMedChem 2015, 10, 107 -115 www.chemmedchem.org

meability coefficients of inhibitors 3 and 4 and compared
these against that of darunavir. The assay protocol involved
a triple cell co-culture system with rat astrocytes, pericytes,
and monkey endothelial cells. The model kit represents an in
vitro BBB model for drug transport assay, as described by Na-
kagawa and co-workers.” In this assay, test inhibitor was
added to the luminal interface (termed the blood side) of the
microtiter culture wells under the conditions optimal for trans-
endothelial electrical resistance (TEER) determination. The con-
centration of each inhibitor that permeated into the abluminal
interface (termed brain side) was determined spectrophoto-
metrically 30 min after the addition of each inhibitor to the
wells. As listed in Table 3, both fluorinated inhibitors 3 and 4
showed significantly higher drug concentrations in the ablumi-
nal interface of the microtiter culture wells than darunavir
(0.62 um). The apparent permeability coefficient (P,,,) is re-
ferred to as a brain uptake index. It is a way to measure the
penetration efficiency of a drug across the BBB model quanti-
tatively and qualitatively.®” As can be seen, both fluoro deriva-
tives 3 and 4 showed P,,, values significantly better than the
Papp values of DRV,

To obtain molecular insight into the interactions of fluorinat-
ed inhibitors, we co-crystallized inhibitor 4 (GRL-05010) with
HIV-1 protease, and the resulting structure was refined at the
high resolution of 1.3 A (PDB ID: 4U8W). The structure contains
the HIV-1 protease dimer and the inhibitor with orientations
related by 180° rotation with 55/45% relative occupancies. The
protease dimer structure closely resembles our previously re-
ported structure of the protease-darunavir complex with an
RMSD of 0.19 A for all Ca atoms.' Because this inhibitor is
a difluorinated derivative of darunavir, the majority of inhibitor
interactions in the active site are similar to those of darunavir.
As shown in Figure 2, the inhibitor is bound in the active site
cavity through a network of strong hydrogen bonding interac-
tions with backbone atoms, as well as with the catalytic aspar-
tate groups of HIV-1 protease. Both oxygen atoms of the bis-
THF ligand form strong hydrogen bonds with the backbone
amides of Asp30 and Asp 29. Interestingly, both fluorine atoms
on the bis-THF ligand form strong interactions with the car-
bonyl oxygen atom of Gly48, as shown. For the major confor-
mation, these interactions show short distances of 2.2 and
2.6 A; for the minor conformation, these were 2.6 and 2.8 A.
Similar interactions of a fluorine atom with a carbonyl oxygen
of various amino acids have been observed previously in vari-
ous protein structures, with a frequency of >9%." Because
Gly 48 is located in the flap, for inhibitor 3, these F--OC interac-
tions with Gly48 may tend to stabilize the flexible flap region
as well as improve the binding affinity for the HIV-1 protease
complex. The structure also shows hydrogen bonding interac-
tions of the carbamate NH group with the backbone carbonyl
oxygen atom of Gly27. The amine functionality of the P2’
ligand forms a strong hydrogen bond with Asp30’ NH, as well
as with the side chain carboxylic acid of Asp30’. Furthermore,
the inhibitor forms water-mediated interactions with the carba-
mate carbonyl oxygen, sulfonamide oxygen, and the amides of
lle 50 and lle 50’ in the flaps of HIV-1 protease. Similar interac-
tions are inherent to the darunavir-bound HIV-1 protease X-ray
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ECso [um]™

(wild-type X4)
HIV-1ypr (X4)
HIV-1y0m/c (X4)
HIV-Typsss (X4)
HIV-Typrmm (X4)
HIV-Typrss. (R5)

0.489240.0536 (16)
0.2720£0.0199 (9)

0.3373+0.0950 (11)
0.3656 +0.0362 (12)
0.57130.0844 (19)

0.0276 1+ 0.0043 (7)
0.017540.0049 (5)
0.0189+0.0054 (5)
0.0279+0.0140 (8)
0.02610.0054 (7)

0.0204 +0.0065 (9)
0.0068+0.0001 (3)
0.0041+0.0015 (2)
0.0045£0.0017 (2)
0.0218:+0.0076 (9)

Virus
(phenotype) APV DRV 3 (GRL-04810) 4 (GRL-05010)
HIV-1gs104pre 0.0299+0.0067 0.003740.0001 0.0023 +0.0001 0.00294-0.0005

0.0212+0.0086 (7)
0.0051+0.0011 (2)
0.0043 0.0009 (1)
0.0051:£0.0021 (2)
0.0213+£0.0018 (7)

structure. Both P1 and P2’ aro-
matic rings, as well as the P1
isobutyl side chain effectively fill
the hydrophobic pockets of HIV-
1 protease in S1, S2', and ST/
subsites, respectively. These ex-
tensive molecular interactions,
including F--OC interactions,
may be responsible for the high

affinity of these inhibitors for

experiments.

[a] The amino acid substitutions identified in the protease-encoding region of HIV-Tgggioaprer HIV-Tg, HIV-1¢, HIV-
16 HIV-14y, HIV-1,5 compared with the consensus type B sequence cited from the Los Alamos database include
L63P; L10I, K14R, L33l, M36l, M46l, F531, K55R, 162V, L63P, A71V, G73S, V82A, L90M, 193L; L10l, 115V, K20R, L24,
M36l, M46L, 154V, 162V, L63P, K70Q, V82A, L8SM; L10l, V11i, T12E, 115V, L19l, R41K, M46L, L63P, A71T, V82A,
L90M; L10I, K14R, R41K, M46L, 154V, L63P, A71V, V82A, L90OM, 193L; and L10I, L24], I133F, E35D, M36l, N37S, M46L,
154V, R57K, 162V, L63P, A71V, G73S, V82A, respectively. HIV-1gpg104, Served as a source of wild-type HIV-1.
[b] ECy, values were determined by using PHA-PBMs as target cells, and the inhibition of p24 Gag protein pro-
duction by each drug was used as an endpoint. Numbers in parentheses represent the fold change in ECg,
value for each isolate relative to the ICs, values for wild-type HIV-1gggiq40re All assays were conducted in dupli-
cate, and the data shown represent mean values (£ 1 SD) derived from the results of two or three independent

HIV-1 protease and their robust
potency against drug-resistant
HIV-1 variants.

Conclusions

We have investigated fluorine-
containing inhibitors to improve
brain penetration. In this con-

Concentration [pum] Pagp
Initial Final [10~ cms™]
luminal tracer abluminal tracer
GRL-04810 100 3.334+0.70 50.38£10.61
GRL-05010 100 4.01+027 60.844+3.97
DRV 100 0.62+0.15 9.3242.25

[a] In the in vitro model using a triple co-culture of rat astrocytes, peri-
cytes, and monkey endathelial cells, GRL-04810, GRL-05010, DRV (all
100 pm) were added to the luminal interface (termed blood side) of du-
plicate wells. The mathematical formula used for the calculation of P, is
described in the Experimental Section. Results shown are the average
values 31 SD of duplicate determinations.

Figure 2. A) GRL-05010A-bound X-ray structure of HIV-1 protease. The major orientation of the inhibitor is shown.
The inhibitor carbon atoms are shown in green, water molecules are red spheres, and the hydrogen bonds are in-
dicated by dotted lines. B) Non-bonded interactions of gem-difluorides with the carbonyl group of Gly48 in the
protease flap region; these interactions are indicated with their respective distances.
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text, we incorporated gem-di-
fluorides based on the X-ray
structure of darunavir-bound
HIV-1 protease. The corresponding gem-difluoro-bis-THF ligand
was synthesized stereoselectively through a Reformatskii—Clais-
en reaction as the key step. Both enantiomers of bis-THF
ligand were synthesized in the optically active form. These
fluoro derivatives were then incorporated in the (R)-hydroxye-
thylsulfonamide isostere. The absolute stereochemistry of the
P2-fluoro-bis-THF ligand was critical to the potency of the in-
hibitors. Consistent with our previous studies, the ligand con-
taining (3R,3aS,6aR)-bis-THF displayed enhanced enzyme inhibi-
tory and antiviral potency relative to the enantiomeric ligand.
Both inhibitors 3 and 4 maintained excellent antiviral activity
against a variety of multidrug-resistant clinical HIV-1 variants,
with ECs, values ranging from 0.021 to 0.002 pMm. These values
are significantly better than those observed for amprenavir
and are similar to or better than
that of darunavir. Of particular
note, both inhibitors showed
much improved BBB permeabili-
ty coefficients relative to daruna-
vir in an in vitro model. A high-
resolution X-ray crystal structure
of inhibitor 4-bound HIV-1 pro-
tease revealed that the fluoro-
bis-THF ligand is involved in ex-
tensive interactions in the S2
subsite, including a number of
critical hydrogen bonding inter-
actions with Asp29 and Asp30
backbone NHs. Also, both gem-
difluorides form strong interac-
tions with the Gly48 carbonyl
oxygen located in the flap
region of HIV-1 protease. These
interactions are likely responsible
for the exceptional activity of
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these inhibitors, which are particularly active against a wide
spectrum of drug-resistant HIV-1 variants. Our current results
warrant further investigation.

Experimental Section

All moisture-sensitive reactions were carried out in an oven-dried
flask under an argon atmosphere. Anhydrous solvents were ob-
tained as follows: THF, Et,0, and benzene were distilled from
sodium and benzophenone; CH,Cl,, pyridine, CH;CN, Et3N, and
N,N-diisopropylethylamine, distilled from CaH,. All other solvents
were HPLC grade. 'H NMR and "*C NMR spectra were recorded on
Varian INOVA300-1 and Bruker Avance ARX-400 spectrometers.
NMR data were resolved with MestReNova 9.0.1 software. Optical
rotations were recorded on a PerkinElmer 341 polarimeter. Mass
spectra were obtained at the Purdue University Campus-wide Mass
Spectrometry Center. Column chromatography was performed
with Whatman 240-400 mesh silica gel under a low pressure of 3-
5 psi. TLC was carried out with E. Merck silica gel 60 F,;, plates.
HPLC was performed on an Agilent 1100 instrument. All test inhibi-
tors showed purity >96% by HPLC analysis.

Ethyl (R.E)-4,5-bis(benzyloxy)pent-2-enoate (6): Methyl ester 5
(3.01 g, 10 mmol) was dissolved in CH,Cl, (50 mL) and cooled to
—78°C. To the solution was added DIBAL (1.0m in CHCL, 15 mL,
15 mmol), and the mixture was stirred for 1.5 h. The reaction was
quenched with saturated aqueous Rochelle salt, and the mixture
was stirred overnight until the aqueous phase became clear. The
organic phase was then washed with brine, dried over sodium sul-
fate, filtered, and evaporated in vacuo to give the corresponding
crude aldehyde (2.85 g). The aldehyde was immediately subjected
to the next Horner-Emmons reaction.

A suspension of NaH (60% dispersion in mineral oil, 1.48 g,
37.0 mmol) in THF (30 mL) was cooled to 0°C. Triethyl phospho-
noacetate (7.95 mL, 40.1 mmol) was added dropwise to the above
suspension. After 30 min, the above aldehyde was added, and the
mixture was stirred for 1 h. The reaction mixture was neutralized
with saturated aqueous NH,Cl and extracted with EtOAc. The or-
ganic layer was washed with brine, dried over Na,SO,, filtered, and
evaporated in vacuo. The residue was purified by silica gel chroma-
tography (hexanes/EtOAc 20:1) to give unsaturated ethyl ester 6
(2.99 g, 8.78 mmol, 88% for two steps) as a colorless oil. 'TH NMR
spectra are consistent with those reported ([a]F=-23.4 (c=1.39,
CHCy; it [a]P = +19.2 (c=1.45, CHCly)).

(R,E)-4,5-bis(Benzyloxy)pent-2-en-1-yl  2-chloro-2,2-difluoroace-
tate (7): a,f-Unsaturated ester 6 (2.96 g, 8.7 mmol) was dissolved
in dry, distilled CH,Cl, (50 mL), and the solution was cooled to

~—78°C. To this cold reaction mixture, DIBAL-H (1.0mM in CH,Cl,,
34.8 mL) was added dropwise. The resulting mixture was stirred for
4 h. After this period, the reaction was quenched with saturated
aqueous Rochelle salt at —78°C, and the mixture was warmed to
23°C; stirring continued for 12 h until the aqueous phase became
clear. The organic phase was extracted with EtOAc. The organic
layer was washed with brine, dried over Na,SO,, filtered, and
evaporated in vacuo to yield the crude allylic alcohol, which was
used directly without further purification.

The crude allylic alcohol was dissolved in CHCl; (50 mL), and
chlorodifluoroacetic acid (3.67 mL, 43.45 mmol) was added. The re-
sulting mixture was stirred at reflux for 10 h. After this period, the
reaction mixture was cooled to 23°C and extracted with CH,Cl,.
The organic phase was washed with brine, dried with anhydrous
Na,S0,, filtered and evaporated in vacuo. The crude residue was

purified by silica gel chromatography (hexanes/EtOAc 15:1) to pro-
vide the title compound 7 (3.2g, 90% over two steps); [a]®=
154 (c=1.08, CHCly); "H NMR (400 MHz, CDCl,): §=7.35-7.30 (m,
10H), 5.89~5.87 (m, 2H), 4.83 (d, J=3.92Hz, 1H), 463 (d, J=
11.84 Hz, 1H), 451 (s, 2H), 4.50 (d, J=11.84 Hz, 1H), 4.10-4.08 (m,
1H), 3.59 (dd, /=102 Hz, 6.1 Hz, 1H), 3.52 ppm (dd, J=10.2 Hz,
4.7 Hz, 1H); CNMR (75.5 MHz, CDCl): 6=158.9, 137.9, 137.8,
134.6, 132.7, 129.8, 129.0, 128.4, 127.7, 127.7, 124.9, 116.8, 78.2,
76.7,73.4,728,724,71.0,70.6, 67.6 ppm.

Ethyl (R)-4,5-bis(benzyloxy)-2,2-difluoropentanoate (8): The
above chlorodifluoroacetate derivative 7 (1.68 g, 4.45 mmol) and
chlorotrimethylsilane (0.76 mL, 6 mmol) were dissolved in dry dis-
tilled CH3CN (40 mL). To this mixture activated Zn dust (2.9 g,
44.6 mmol) was added, and the resulting mixture was heated at
105°C for 24 h. After this period, the reaction mixture was cooled
to 23°C and filtered through a pad of Celite. The solvent was re-
moved in vacuo, and the residue was dissolved in EtOH (40 ml),
concentrated H,SO, (1.1 mL) was added, and the mixture was
stirred for 36 h at 50°C. After this period, the reaction mixture was
concentrated, and the residue was diluted with water. It was then
extracted with hexane, dried over Na,SO,, filtered, and evaporated
to dryness. The residue was purified by silica gel chromatography
(hexanes/EtOAc 30:1) to afford compound 8 (1.44 g, 80%) as a dia-
stereomeric mixture (2:1 by 'HNMR). 'H NMR (400 MHz, CDCl,):
0=7.34-7.25 (m, 15H), 5.92 (dt, J==17.2 Hz, 9.9 Hz, TH) major, 5.66
(m, TH) minor, 532 (dd, J=8.8 Hz, 0.9 Hz, 2H) major, 5.23-5.19 (m,
2H) minor, 4.68-4.63 (m, 2H) minor, 4.56-4.42 (m, 2H) major, 4.10~
4.04 (m, 3H), 3.89-3.86 (m, 1H) major, 3.59-3.56 (m, 1H) minor,
3.52-3.51 (m, 1H) minor, 3.44 (dd, J=9.5Hz, 6.9 Hz, 1H) major,
1.20 (t, J=7.28, 3H) major, 1.09 ppm (t, J=7.08, 3H) minor;
BCNMR (755 MHz, CDCLy): 6=138.1, 137.9 minor, 1286, 1283,
128.1, 128.1, 127.6, 122.8, 122.6, 74.9, 73.2, 72.8, 72.5, 69.8, 62.6,
62.2,51.3, 13.7, 13.6 ppm.

(R)-3-((R)-1,2-bis(Benzyloxy)ethyl)-2,2-difluoro-N-methoxy-N-
methylpent-4-enamide (9a) and (S)-3-((R)-1,2-bis(benzyloxy)eth-
yl)-2,2-difluoro-N-methoxy-N-methylpent-4-enamide  (9b): To
a suspension of N,O-dimethylhydroxylamine hydrochloride (1.7 g,
17.5 mmol) in THF (40ml) at —78°C, nBuli (22mlL, 1.6M in
hexane) was added. The resulting reaction mixture was stirred for
1 h at this temperature. To this reaction mixture, a solution of com-
pound 8 (1.42 g, 3.51 mmol) in THF (10 mL) was added via cannula.
The reaction was monitored by TLC, and after 2 h the reaction was
quenched at —78°C using saturated aqueous NH,Cl solution. The
resulting mixture was warmed to 23°C. The reaction mixture was
extracted with EtOAc, washed with brine, dried over Na,SO, and
concentrated in vacuo. The crude residue was purified by silica gel
chromatography (hexanes/EtOAc 10:1) to afford 9a (0.80g,
1.88 mmol) and 9b (0.40 g, 0.94 mmol) in a 2:1 ratio in 81% overall
yield.

9a: [a]F=-25.1 (c=1.07, CHCl,); "HNMR (400 MHz, CDCL): 6=
7.35-7.25 (m, 10H), 5.92 (dt, J=17.2 Hz, 99 Hz, 1H), 531 (dd, J=
10.3 Hz, 0.9 Hz, 1H), 5.19 (d, J=17.3 Hz, 1H), 4.65 (dd, J=15.2 Hz,
11.3 Hz, 2H), 4.54 (d, J=11.8 Hz, 1H), 445 (d, J=11.9 Hz, 1H), 4.03
(bs, TH), 3.68 (s, 3H), 3.60 (dt, J=11.5Hz, 4.45Hz, 1H), 3.50 (dd,
J=9.7 Hz, 64 Hz, 1H), 3.42-3.37 (m, 1H), 3.13 ppm (s, 3H).

9b: [a]f,3=—18.0 (c=0.55, CHCly); 'H NMR (400 MHz, CDCl,): 6=
7.36-7.24(m, 10H), 5.71 (dt, J=16.7 Hz, 10.5 Hz, 1H), 5.33 (s, 1H),
530 (d, J=112Hz, 1H), 466 (d, J=108Hz, 1H), 450 (dd, J=
12.1 Hz, 5.5 Hz, 2H), 442 (d, J=10.7Hz, 1H), 3.79-3.75 (m, 1H),
3.69-3.65 (m, 1H), 3.62 (s, 3H), 3.59-3.51{m, 1H), 3.46 (dd, J=
10.6 Hz, 4.7 Hz, 1H), 2.78 ppm (bs, 3H).
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(R)-3-((R)-1,2-bis(Benzyloxy)ethyl)-2,2-difluoropent-4-en-1-ol (10):
Weinreb amide 9a (270 mg, 0.64 mmol) was dissolved in THF
(10 mL). To the solution at 0°C, LiAlH, (77 mg, 2.03 mmol) was
added, and the resulting reaction mixture was stirred for 30 min.
The reaction was quenched by adding water and 3M aqueous
NaOH. After the resultant mixture was diluted with Et,0, NaBH,
was added to it. The reaction mixture was stirred overnight, fil-
tered, and purified by silica gel chromatography (1% MeOH in
CH,Cl,) to give alcohol 10 (231 mg, 99%) as a clear oil. '"H NMR
(400 MHz, CDCl,): 6 =7.40~7.31 (m, 10H), 5.92 (dt, J=17.2, 10.0 Hz,
1H), 5.35-5.23 (m, 2H), 4.79-4.49 (m, 4H), 4.15-4.11 (m, 1H), 3.83-
3.49 (m, 4H), 3.05-3.00 (m, 1H), 270 ppm (br, 1H); *CNMR
(100 MHz, CDCly): 6=137.8, 130.0, 128.4, 127.9, 127.8, 127.7, 127.7,
122.6, 122.0, 757, 733, 73.0, 702, 63.3, 50.2ppm: 'FNMR
(376 MHz): 6=-109.61, —111.29 ppm; [a]zDa=—17‘9 (c=0.66,
CHCl3); LRMS (Cl): 361 [M—H]™.

(S)-3-({R)-1,2-bis(Benzyloxy)ethyl)-2,2-difluoropent-4-en-1-ol (13):
Alcohol 13 was obtained as an oil in 96% yield from Weinreb
amide 9b through the same sequence of reactions as for alcohol
10. "H NMR (400 MHz, CDCly): 6=7.40-7.32 (m, 10H), 5.78 (dt, J=
174, 9.8 Hz, 1H), 5.36-5.29 (m, 2H), 4.83 (d, /=11.1 Hz, 1H), 4.60-
4.52 (m, 3H), 3.96-3.61 (m, 5H), 3.23-3.10 (m, 1H), 3.00 ppm (br,
1H); *CNMR (100 MHz, CDCly): 6=138.0, 1374, 1304, 128.5,
1284, 128.1, 128.0, 127.7, 122.8, 121.5, 77.2, 73.4, 72.8, 70.5, 63.9,
50.0 ppm; "*FNMR (376 MHz): =—104.01 ppm, —113.05; [a]Z=
[+9.9 {c=1.06, CHCl,); LRMS (Cl): 363 [M+H]".

(3R,3asS,6a5)-4,4-Difluorohexahydrofuro[2,3-blfuran-3-ol (12): Al-
cohol 10 (231 mg, 0.63 mmol) was dissolved in CH,Cl, (30 mL), and
0O, was bubbled through the solution for 5 min at —78°C. After
bubbling with argon, PPh; (510 mg, 1.94 mmol) was added to the
solution. The resulting mixture was stirred for 2 h at —78°C and
then 3 h at 23°C. The mixture was concentrated in vacuo, and the
residue was passed through a silica gel column (hexanes/EtOAc,
4:1 to 2:1) to give crude lactol 11 (332 mg) as a clear oil.

The above crude lactol (332 mg) was then dissolved in EtOAc
(25 mL), and palladium hydroxide (20% on activated carbon,
180 mg) was added to the solution. The resulting suspension was
stirred under a hydrogen-filled balloon overnight. The reaction
mixture was filtered through a pad of Celite, and the filtrate was
evaporated in vacuo to give crude triol (150 mg) as a pale-yellow
oil. This crude triol (150 mg) was dissolved in a mixture of CH,Cl,
and THF (30 mL and 5ml), and camphorsulfonic acid (130 mg)
was added to the solution. The reaction mixture was stirred over-
night and neutralized with NaHCO; (100 mg). The resulting mixture
was stirred for a further 4 h. After filtration and evaporation, the
residue was purified by silica gel chromatography (1% MeOH in
CH,CL,) to provide the title difluoro-bis-THF ligand 12 (110 mg,
68% over three steps) as an amorphous solid. '"H NMR (400 MHz,
CDC,): 6=5.79 (d, J=5.3 Hz, 1H), 4.65-4.59 (m, 1H), 4.30~4.20 (m,
1H), 4.08-3.99 {m, 3H), 3.03-2.96 (m, 1H), 2.60 ppm (t, J=5.8 Hz,
1H); ®C NMR (100 MHz, CDCLy): 6=128.3, 108.3, 74.7, 72.9, 70.7,
51.8 ppm; FNMR (376 MHz): 6=—91.68 ppm, —122.38; [alZ’=
+7.21 (c=0.68, CHCl;); LRMS (Cl): 167 [M+H]*.

(3R,3aR,6aR)-4,4-Difluorohexahydrofuro(2,3-blfuran-3-ol (14): Di-
fluoro-bis-THF 14 was obtained in 73% vyield from alcohol 13 by
following the same sequence of reactions as for compound 12.
'H NMR (400 MHz, CDCls): 6=6.00 (d, J=5.2Hz, 1H), 466 (d, J=
2.8 Hz, 1H), 4.07-3.88 (m, 4H), 3.09-3.02 (m, 1H), 2.69 ppm (br,
TH); *CNMR (100 MHz, CDCly): 6=126.7, 1083, 76.3, 72.1, 71.9,
584 ppm; "FNMR (376 MHz): §=-97.60, —115.49 ppm; [a]Z=
+10.8 (c=1.59, CHCly); LRMS (Cl): 167 [M+H]™.
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(35,3aR,6aR)-4,4-Difluorohexahydrofuro[2,3-blfuran-3-ol (ent-12):
Difluoro alcohol 14 (38 mg, 0.23 mmol) was dissolved in CH,Cl,
(5mL), and Dess-Martin periodinane (146 mg, 0.34 mmol) was
added to the solution at 23 °C. Stirring was continued for 2 h. After
this period, the reaction mixture was filtered through a short silica
gel column using CH,Cl, as the eluent to give crude ketone
(35 mg). The crude ketone (35 mg) was dissolved in THF (4 mL),
and the mixture was cooled to —78°C. To the solution was added
dropwise L-selectride (1™ in THF, 320 pul, 0.32 mmol), and the mix-
ture was stirred for 30 min. The reaction was quenched with
MeOH. After removing the solvent in vacuo, the residue was puri-
fied by silica gel chromatography (hexanes/EtOAc 3:1) to give di-
fluoro-bis-THF ligand ent-12 (32 mg, 84% over two steps) as an
amorphous solid. 'TH NMR (400 MHz, CDCl,): 6=5.79 (d, J=>5.3 Hz,
1H), 4.65-4.59 (m, 1H), 4.30-4.20 (m, 1H), 4.08-3.99 (m, 3H), 3.03~-
296 (m, 1H), 260 ppm (t, J=58Hz, 1H); *CNMR (100 MHz,
CDCL): 6=1283, 1083, 747, 729, 707, 51.8ppm; '*FNMR
(376 MHz): 6=—91.68, —122.38 ppm; [a]Z’=—7.9 (c=0.66, CHCl;);
LRMS (Cl): 167 [M+HI*.

(3R,3a$,6a5)-4,4-Difluorohexahydrofuro[2,3-blfuran-3-yl (4-nitro-
phenyl)carbonate (15): A solution of alcohol 12 (143 mg,
0.09 mmol) and pyridine (35 plL, 0.43 mmol) in CH,Cl, (1 mL) was
cooled to 0°C, and 4-nitrophenyl chloroformate (54 mg,
0.26 mmol) was added to the solution in one portion. The reaction
temperature was raised to 23°C, and the mixture was stirred for
2 h. The reaction was guenched with EtOH, and the solvent was re-
moved in vacuo. The residue was passed through a short silica gel
column using hexanes/EtOAc 5:1 to 2:1 as the eluent to give car-
bonate 15 (25 mq).

Activated carbonate ent-15 and 16 were prepared by following the
procedure described for carbonate 15. These unstable mixed acti-
vated carbonates were used directly for inhibitor synthesis.

Inhibitor 3: Activated mixed carbonate 15 (12.5 mg) was added to
a solution of amine 17 (40 mg) and Et;N (150 pl) in CH,Cl, (2 mL).
The resulting reaction mixture was stirred for 3 days until all of the
carbonate was consumed. After this period, solvents were evapo-
rated, and the residue was purified by silica gel chromatography
(1% MeOH in CH,Cl,) to give inhibitor 3 (18 mg, 83 % for two steps
from 12). 'HNMR (400 MHz, CDCly): 6=7.69 (d, J=8.8Hz, 2H),
7.30-7.20 (m, 5H), 6.99-6.96 (m, 2H), 5.77 (d, J=5.1 Hz, 1H), 5.35-
5.29 (m, TH), 5.00 (d, J=8.3 Hz, 1H), 4.08-3.68 (m, 10H), 3.15-2.75
(m, 7H), 1.86-1.79 (m, 1H), 0.91-0.85 ppm (m, 6H); "*C NMR
(100 MHz, CDCl,): =163.0, 154.8, 137.2, 129.7, 129.4, 128.5, 126.9,
126.5, 114.3, 108.1, 72.7, 72.3, 72.1, 71.1, 71.0, 58.7, 55.5, 55.1, 53.6,
50.1, 35.2, 27.2, 20.0, 19.8 ppm; “FNMR (376 MHz): 6=-91.82,
—123.21 ppm; LRMS (ESI): 599 [M+HI*; HRMS-ESI {m/z): [M+Na]*
calcd for C,gH56F,N,05SNa: 621.2059, found: 621.2054.

Inhibitor 4: The title inhibitor was obtained in 58 % yield from acti-
vated mixed carbonate 15 and amine 18 by following the same
procedure as inhibitor 3. 'TH NMR (400 MHz, CDCL,): 6=7.53 (d, J=
8.4 Hz, 2H), 7.32-7.21 (m, 5H), 6.68 (d, J=8.5Hz, 2H), 5.78 (d, J=
5.1 Hz, 1H), 5.35-5.28 (m, 1H), 4.76 (d, J=8.3 Hz, 1H), 4.23-3.70
(m, 9H), 3.15-2.72 (m, 7H), 1.86-1.73 (m, 1H), 0.93-0.87 ppm (m,
6H); "CNMR (100 MHz, CDCl): 6=154.8, 150.7, 137.2, 1294,
128.5, 126.9, 126.5, 126.0, 114.0, 108.1, 72.7, 72.3, 72.1, 71.0, 58.8,
55.1, 53.7, 53.3, 50.1, 35.2, 27.2, 20.1, 19.8 ppm; °F NMR (376 MHz):
0=-9179, —123.24 ppm; LRMS (ESI): 584 [M-+H]*; HRMS-ESI
(m/2): IM+HI caled for Cy;H36F,N;O,S: 584.2242, found: 584.2245.

Inhibitor 19: The title inhibitor was obtained in 64 % yield from ac-
tivated mixed carbonate ent-15 and amine 17 by following the
same procedure as inhibitor 3. 'TH NMR (400 MHz, CDCl,): 6=7.71
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(d, J=8.9 Hz, 2H), 7.32-7.22 (m, 5H), 6.97 (d, J=8.9 Hz, 2H), 5.77
(d, J=5.3 Hz, 1H), 5.29-5.25 (m, 1H), 4.93 (d, J=8.3 Hz, 1H), 4.12~
3.75 (m, 10H), 3.19-2.70 (m, 7H), 1.83-1.71 (m, 1H), 0.92-0.84 ppm
(m, 6H); *CNMR (100 MHz, CDCly): 6=163.0, 155.0, 137.2, 129.7,
129.4, 1294, 128.5, 127.1, 126.6, 114.3, 108.1, 72.6, 724, 71.9, 711,
58.9, 55.5, 55.1, 53.7, 49.7, 35.7, 27.1, 20.0, 19.7 ppm; "F NMR
(376 MHz): 0=-—91.54, —123.41 ppm; LRMS (ESI): 599 [M-+H]*;
HRMS-ESI (m/z): [M+Nal™ caled for CygHieF,N,05SNa: 621.2059,
found: 621.2059.

Inhibitor 20: The title inhibitor was obtained in 64 % yield from ac-
tivated mixed carbonate 16 and amine 17 by following the same
procedure as inhibitor 3. "H NMR (400 MHz, CDCly): §=7.70 (d, J=
8.8 Hz, 2H), 7.31-7.22 (m, 5H), 6.99 (d, J=11.6 Hz, 2H), 5.87 (d, /=
5.2 Hz, TH), 5.24 (br, 1H), 498 (d, /=83 Hz, 1H), 4.04-3.69 (m,
10H), 3.17-2.75 (m, 7H), 1.88-1.77 (m, 1H), 0.93-0.87 ppm {m, 6H);
BCNMR (100 MHz, CDCl): 6=164.0, 154.9, 137.3, 129.6, 129.4,
1294, 1285, 126.6, 126.3, 114.3, 108.1, 74.5, 73.9, 72.4, 72.0, 58.7,
55,7, 55.5, 55.0, 53.7, 35.5, 27.2, 20.0, 19.8 ppm; "’F NMR (376 MHz):
8=-98.62, ~114.71 ppm; LRMS (ESI): 599 [M-H]"; HRMS-ESI
(m/2): IM+H]* caled for CogH;;FoN,0,5: 599.2238, found: 599.2227;
HRMS-ESI (m/z): IM+Nal* calcd for CogHsgF,N,05SNa: 621.2059,
found: 621.2059.

Inhibitor 21: The title inhibitor was obtained in 70% yield from ac-
tivated mixed carbonate 16 and amine 18 by following the same
procedure as inhibitor 3. "H NMR (400 MHz, CDCl,): 6=7.53 (d, J=
7.4 Hz, 2H), 7.32-7.21 (m, 5H), 6.68 (d, /=8.6 Hz, 2H), 5.87 (d, J=
5.2 Hz, 1H), 5.24 (br, 1H), 4.94 (d, /=8.3 Hz, 1H), 4.22-3,68 (m, 9H),
3.17-2.74 (m, 7H), 1.85-1.76 (m, TH), 0.93-0.86 ppm (m, 6H);
BCNMR (100 MHz, CDCly): 6=154.9, 150.7, 1374, 129.4, 1284,
126.6, 126.3, 125.8, 114.0, 108.2, 74.5, 73.9, 724, 72.0, 58.8, 55.7,
55.0, 53.7, 355, 27.2, 20.1, 198 ppm; “FNMR (376 MHz): d=
—98.63, —114.70 ppm; LRMS (ESI): 584 [M+H]*; HRMS-ESI (m/2):
[M+Na]™" caled for C,;H3sF,N;0,5Na: 606.2062, found: 606.2061.

Determination of X-ray structures of HIV-1 protease-inhibitor 4
complexes: The optimized HIV-1 protease was expressed and puri-
fied as described.®” The protease~inhibitor complex was crystal-
lized by the hanging-drop vapor-diffusion method with well solu-
tions of 1.0 M Nadl, 0.1 M sodium acetate buffer (pH 4.8). Diffraction
data were collected on a single crystal cooled to 90 K at the SER-
CAT (22-BM beamline), Advanced Photon Source, Argonne National
Lab (Chicago, IL, USA) with X-ray wavelength of 1.0 A, and pro-
cessed by HKL-2000%? with an Ryeq. Of 6.2%. Using the isomor-
phous structure,®™ the crystal structure was solved by PHASERE in
the CCP4i Suite®**9 and refined by SHELX-975"%8 with 1.3 A resolu-
tion data. COOT®* was used for manual modification of the atomic
structure. PRODRG-2"? was used to construct the inhibitor and the
restraints for refinement. Alternative conformations were modeled,
anisotropic atomic displacement parameters (B factors) were ap-
plied for all atoms including solvent molecules, and hydrogen
atoms were added in the final round of refinement. The final re-
fined solvent structure included one Na™ ion, three CI™ ions, two
acetate and 129 water molecules. The crystallographic statistics are
listed in Table S1, Supporting Information. The coordinates and
structure factors of the protease in complex with GRL-05010A have
been deposited in the RCSB Protein Data Bank*" with PDB ID:
4U8W.
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A Conserved Hydrogen-Bonding Network of P2 bis-Tetrahydrofuran-
Containing HIV-1 Protease Inhibitors (PIs) with a Protease Active-Site
Amino Acid Backbone Aids in Their Activity against PI-Resistant HIV

Ravikiran S. Yedidi,® Harisha Garimella,® Manabu Aocki,”° Hiromi Aoki-Ogata,” Darshan V. Desai,® Simon B. Chang,® David A. Davis,®
W. Sean Fyvie,® Joshua D. Kaufman,f David W. Smith,® Debananda Das,® Paul T, Wingfield,! Kenji Maeda,® Arun K. Ghosh,®

Hiroaki Mitsuya™®

Experimental Retrovirology Section® and Retroviral Disease Section, HIV and AIDS Malignancy Branch, National Cancer Institute, National Institutes of Health, Bethesda,
Maryland, USA; Departments of Hematology and Infectious Diseases, Kumamoto University Graduate School of Biomedical Sciences, Kumamoto, Japan®; Department of
Medical Technology, Kumamoto Health Science University, Kumamoto, Japan®; Departments of Chemistry and Medicinal Chemistry, Purdue University, West Lafayette,
Indiana, USAS; Protein Expression Laboratory, National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, Maryland, USA",
Life Sciences Collaborative Access Tearn, Synchrotron Research Center, Northwestern University, Argonne, lllinois, USA?

In the present study, GRL008, a novel nonpeptidic human immunodeficiency virus type 1 (HIV-1) protease inhibitor (PI), and
darunavir (DRV), both of which contain a P2-bis-tetrahydrofuranyl urethane (bis-THF) moiety, were found to exert potent anti-
viral activity (50% effective concentrations [ECs,s], 0.029 and 0.002 pM, respectively) against a multidrug-resistant clinical iso-
late of HIV-1 (HIV ,,,) compared to ritonavir (RTV; ECy,, > 1.0 M) and tipranavir (TPV; EC;(, 0.364 pM). Additionally,
GRL008 showed potent antiviral activity against an HIV-1 variant selected in the presence of DRV over 20 passages
(HIVpryp2o)> With a 2.6-fold increase in its ECs, (0.097 M) compared to its corresponding ECs, (0.038 j.M) against wild-type
HIV-1yp4.3 (HIVyp). Based on X-ray crystallographic analysis, both GRL008 and DRV showed strong hydrogen bonds (H-
bonds) with the backbone-amide nitrogen/carbonyl oxygen atoms of conserved active-site amino acids G27, D29, D30, and D30’
of HIV ,, protease (PR ,,,) and wild-type PR in their corresponding crystal structures, while TPV lacked H-bonds with G27 and
D30’ due to an absence of polar groups. The P2’ thiazolyl moiety of RTV showed two conformations in the crystal structure of
the PR, ,,-RTV complex, one of which showed loss of contacts in the $2’ binding pocket of PR 4¢,, supporting RTV’s compro-
mised antiviral activity (ECs,, >1 pM). Thus, the conserved H-bonding network of P2-bis-THF-containing GRL008 with the
backbone of G27, D29, D30, and D30’ most likely contributes to its persistently greater antiviral activity against HIVyy, HIV ,,,
and HIVDRVRPZ()'

uman immunodeficiency virus type 1 (HIV-1) protease (PR)
s a critical viral component that is required for viral matura-
tion and infectivity (1, 2). Due to rapid and error-prone viral
replication, drug-resistant HIV-1 variants are inevitably selected
during therapy with all currently available antiretroviral agents
(3). Accumulation of mutations in the protease-encoding gene
results in the emergence of multidrug-resistant (MDR) HIV-1
variants carrying a protease with an altered three-dimensional
structure (4). Darunavir (DRV) (Fig. 1), the latest FDA-approved
protease inhibitor (PI), which contains bis-tetrahydrofuranyl ure-
thane (bis-THF) as the P2 moiety, has been shown to have a high
genetic barrier (5, 6), a feature of a drug or regimen that delays or
prevents the occurrence of genetic evolution of HIV-1 to acquire
drug resistance-associated mutations, allowing the virus to over-
come the antiretroviral activity of the very drug or regimen and to
become capable of propagating despite treatment with the very
drug or regimen. However, HIV-1 also ultimately develops high
levels of resistance to DRV both in vitro and in vivo (7, 8). In order
to suppress the propagation of such PI-resistant HIV-1 protease
variants, the development of novel PIs with greater antiviral activ-
ities and higher genetic barriers is urgently needed.

Previously, two structurally related nonpeptidic PIs, GRL0O07
and GRL008, were designed based on the crystal structure of wild
type HIV-1 protease (PRyy) in complex with DRV (PDB ID
4HLA) to replace one of the crystallographic bridging water mol-
ecules seen between the P2’ aniline moiety of DRV and G48' of
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PRy (9). Both GRL007 and GRL008 contain bis-THE as the P2
moiety, while the former has benzene carboxylic acid and the lat-
ter has benzene carboxamide as the P2’ moiety. Both compounds
were evaluated against wild-type HIV-1 (HIVy,r) (9). While both
GRL007 and GRLO008 showed greater enzyme inhibitory activities
than the parent compound (DRV), GRL0O07 failed to inhibit the
replication of HIV yratup to 1 M due to its poor cell penetration
capability. On the other hand, GRL008 achieved higher intracel-
lular concentrations as DRV comparably did and showed favor-
able antiviral activity against HIVyyr (9).

In the present study, GRL008 (Fig. 1) was evaluated against an
MDR clinical isolate of HIV-1 (HIV .,,) (10, 11) that contained
eight amino acid substitutions, L10I, K45R, 154V, L63P, A71V,
V82T, L90M, and I93L, in its protease (PR,q,). The antiviral ac-
tivity of GRL0O08 was also evaluated against HIV-2p4p and an
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FIG 1 Structures of protease inhibitors used in this study. GRL008 is a novel experimental HIV-1 PI, while DRV, tipranavir, lopinavir, saquinavir, indinavir, and
ritonavir are FDA-approved PIs. Both GRLO08 and DRV contain bis-THF as the P2 moiety. GRL008 and DRV contain benzene carboxamide and aniline,

respectively, as the P2’ moieties.

HIV-1 variant selected with DRV over 20 passages (HIVpgry pao)
(7). In addition, GRLO08, DRV, ritonavir (RTV), and tipranavir
(TPV) were individually cocrystallized with PR,g,, and a struc-
ture-function evaluation of each agent was performed. Crystal
structures of PRy in complex with GRL008, DRV, RTV, and
TPV were published previously, with the following Protein Data
Bank (PDB) identification codes: 4187, 4HLA, 1IHXW, and 204P,
respectively.

MATERIALS AND METHODS

Protease inhibitors. Indinavir (IDV), lopinavir (LPV), RTV, saquinavir
(5QV), and TPV were provided by the NIH AIDS Research and Reference
Reagent Program. DRV was synthesized as described previously (12).
GRL008 was synthesized by Arun K. Ghosh and coworkers (details of the
synthetic procedures will be published separately).

Antiviral assays. Antiviral assays were performed as described previ-
ously (9). Briefly, human MT-4 cells were cultured in RPMI 1640 (sup-
plemented with 10% fetal bovine serum) and were exposed to HIVy,r
(HIV-Inp4_s)s HIV 5 HIV-2p o5, 07 HIV RS, in the presence of var-
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ious concentrations (1 pM, 100 nM, 10 nM, and 1 nM) of the PIs. Fifty
TCID,, doses (the TCIDs, is the inoculum size of HIV-1 that causes a
cytopathic effect in 50% of the target cells, i.e., the 50% tissue culture
infective dose) were used to infect the MT-4 cells. Infected cells were
cultured for 5 days in the presence of PIs. An MTT (3-[4,5-dimethylthi-
azol-2yl]-2,5-diphenyl tetrazolium bromide)-based colorimetric assay
was performed to assess cell viability on day 5. Assays were conducted in
triplicate. The antiviral data are summarized in Table 1.

Expression and purification of PR, o,. Expression and purification of
PR,,, was performed as described previously (9). Briefly, the inclusion
bodies containing PR, were extracted with 3 M guanidine HCI (GnCl),
the mixture was centrifuged, and the supernatant was loaded on a
Sephadex 200 column that was preequilibrated with 4 M GnCl. Protease-
containing fractions were pooled and further purified by using a reverse-
phase column. Fractions were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), and the purity of PR, was
determined to be >95%.

Protease refolding and cocrystallization with PIs. Protease refolding
was performed as described previously (9). Briefly, lyophilized PR, was
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Evaluation of GRLO08 against Drug-Resistant HIV

TABLE 1 Anti-HIV® activity of GRL008 in comparison with activities of FDA-approved protease inhibitors

Mean ECs, (LM) % SD (fold change)”

PI HIV-1yq4.5° HIV-2pop HIV-1 462 HIV-1p50v p20
GRLO008 0.038 £ 0.01 0.03 =% 0.006 0.029 % 0.001 (0.8) 0.097 + 0.028 (2.6)
DRV 0.001 £ 0.001 0.0057 % 0.0028 0.002 % 0.001 (2.0) 0.05 = 0.004 (50)
TPV 0.128 = 0.09 1.8 £ 0.3 0.364 = 0.14 (2.8) 0.34 % 0.03 (2.7)
LpV 0.029 = 0.01 0.014 % 0.002 0.474 £ 0.22 (16.3) >1 (>34.0)

1DV 0.039 * 0.02 ND 0.526 * 0.15 (13.5) ND

RTV 0.034 = 0.02 0.26 = 0.03 >1(>29.0) >1 (>29.0)

SQV 0.017 = 0.01 ND 0.107 = 0.08 (6.3) ND

% The amino acid substitutions identified in the proteases of HIV-1 ,q, and HIV-15,5y"},0 compared to the wild-type HIV-1,y, .5 were as follows: L10I/K45R/I54V/L63P/A71V/
V82T/L90 M/193L and L10I/115V/K20R/L241/V321/M361/M46L/L63P/A71T/V82A/LEIM, respectively.

¥ The fold change is the ratio of the ECs, of the inhibitor against HIV-1,g, or HIV-15,4 20 and the corresponding ECsq against HIV-1,y4.3. ND, not determined.

 The ECsqs of GRL008, TPV, and SQV against wild-type HIV-1 (HIV-1y,_5) were obtained from data previously published (9).

dissolved in 1 ml of a 50% acetic acid solution and then added dropwise to
29 ml of refolding buffer (50 mM sodium acetate [pH 5.2], 5% ethylene
glycol, 10% glycerol, 5 mM dithiothreitol, and a 10- to 20-fold molar
excess of PI) while stirring on ice. Refolding was continued at 4°C with
constant stirring overnight. The refolded protease-drug complex was con-
centrated using Amicon filters (3-kDa molecular mass cutoff) by centri-
fugation at 4,000 X g. The final protease concentration was determined to
be 2 mg/ml. The hanging drop vapor diffusion method was used for co-
crystallization of PR ,-drug complexes. Two microliters of the PR,
drug complex was mixed with 2 jul of well solution per drop. Ammonium
sulfate and sodium chloride grid screens (Hampton Research, CA) were
used to obtain preliminary crystallization hits. Crystals were usually ob-
tained in 1 to 2 days at room temperature (298 K). Cocrystals of PR, in
complex with GRL008, DRV, TPV, or RTV were obtained using 1.6 M
ammonium sulfate (in 0.1 M citric acid buffer at pH 5.0), 1 M sodium
chloride (in 0.1 M citric acid buffer at pH 5.0), 2.4 M ammonium sulfate
(in 0.1 M HEPES buffer at pH 7.0), and 3 M sodium chloride (in 0.1 M
HEPES buffer at pH 7.0), respectively. Cocrystals were obtained as clusters
of plates that were carefully dissociated using microtools, and individual
crystals were picked up into nylon loops. Glucose (30%) was used as
cryoprotectant for all the cocrystals. Cryo-coated cocrystals were instan-
taneously frozen in liquid nitrogen.

X-ray diffraction data collection and processing details. X-ray dif-
fraction data were collected at the Advanced Photon Source (APS), Ar-
gonne National Laboratory IL. Diffraction data for PR,,,-GRL008 and
PR, 0,-RTV were collected at the SER-CAT (Southeast Regional Collab-
orative Access Team) facility, beam line 22-ID (insertion device; wave-
length, 1.0 A) equipped with a Mar300 charge-coupled-device (CCD)
detector. Diffraction data for PR,q,-TPV were collected at the LS-CAT
(Life Sciences Collaborative Access Team) facility, beam line 21-ID
{wavelength, 0.98 &) equipped with an MX225 CCD detector, while the
diffraction data for PR,q,-DRV were collected using a Rigaku 007 HF
rotating anode X-ray generator (Cu K, wavelength, 1.54 A) equipped with
multilayer focusing mirrors and a Saturn A200 CCD detector. Sample
temperature, crystal to detector distance, and frame width were 100 K, 200
mm, and 1°, respectively, at the synchrotron, while they were 95 X, 100
mm, and 0.5°, respectively, on the Rigaku generator. Diffraction data for
PR, 0,-GRLO08 and PR,;,-RTV were processed and scaled using
HKL2000 (13); data for PR 4,-TPV and PR, ,-DRV were processed using
iMOSFLM (14) and scaled using SCALA (15) through the CCP4 interface
(16, 17). Details of diffraction data processing results are given in Table 2.

Structure solutions and refinement. Structure solutions were ob-
tained by the molecular replacement (MR) method. Initial MR was per-
formed using MOLREP (18) through the CCP4 interface for PR, , with
the protease taken from PDB ID 4HLA as a search model. Amino acid
substitutions were modeled into 4HLA by using Maestro (version 9.3;
Schrodinger, LLC, New York, NY). Final MR solution of PR, was ob-
tained using BALBES (19), an automated molecular replacement pipeline
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available from the York Structural Biology Laboratory server (http://www
.york.ac.uk/chemistry/research/ysbl). Structure solutions were directly
refined using REFMACS (20) through the CCP4 interface. Initial coordi-
nates for GRLO08, DRV, RTV, and TPV were taken from crystal structures
(PDB IDs 418Z, 4HLA, IHXW, and 204P, respectively). The PIs were fit
into the electron density by using ARP/wARP ligands (21, 22) through the
CCP4 interface. Refinement libraries for GRLO08 were prepared using the
PRODRG server (23) as described previously (9). Solvent molecules were
built using the ARP/WARP solvent-building module through the CCP4
interface. After building water molecules, the final models were refined
using the simulated annealing method from phenix.refine (Phenix, ver-
sion 1.8.2-1309) (24) on the NIH Biowulf Linux cluster. Details of the
refinement statistics are given in Table 2. The final refined structures were
used for structural analysis. Hydrogen bonds (H-bonds) were calculated
by using cutoff values for distance (maximum distance between the donor
and acceptor heavy atoms was 3.0 A) and angles (minimum donor, 90°,
and minimum acceptor, 60°). H-bonds with a distance of >3.0 A were
considered as weak interactions. Hydrophobic contacts were calculated
between two carbon atoms (one from PI and one from PRy or PR,,,)
with a 4-A distance cutoff.

Protein structure accession numbers. The final refined coordinates
for the crystal structures of PR, ,-GRL008, PR, o,-DRV, PR, ,-TPV, and
PR,-RTV were deposited in the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB) under accession IDs
4NJS, 4NJT, 4NJU, and 4NJV, respectively.

RESULTS

GRLO008 is highly active against HIV ,,. Cell-based antiviral as-
says using human MT-4 cells exposed to HIV 4q, revealed that
GRLO008 is highly active against HIV ,,, with an EC5; 0£0.029 M.
GRLO008 and DRV, both of which contain a P2 bis-THF moiety,
had <1- and 2-fold changes in their ECsys against HIV o, com-
pared to their corresponding ECss against HIVyyr (Table 1). In
contrast, as shown in Table 1, the EC5ys of RTV against HIV 1
and HIV .o, were 0.034 pM and >1 pM, respectively, resulting in
a >29-fold increase in the ECs, against HIV ,(,. Similarly, LPV
and IDV showed >16- and >13-fold increases in their ECys,
respectively, against HIV , o, in comparison to their corresponding
ECsqs against HIVyyr. Although lesser changes in the EC5ys were
seen for IDV than for LPV, the ECs, of IDV (0.526 M) was still
greater than that of LPV (0.474 uM) against HIV ,,,. TPV and
SQV showed 2.8- and >6-fold changes, respectively, in their
ECs4s against HIV,,, compared to their corresponding ECsos
against HIVyy;. However, SQV had greater antiviral potency
against HIV, o, (ECsq, 0.107 uM) than TPV (ECs,, 0.364 uM).
Among the seven Pls tested, based on their antiviral activities,
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TABLE 2 X-ray diffraction data and structure refinement details for PR, in complex with GRL008, DRV, TPV, or RTV

Parameter PR 0,-GRL008 PR,¢,-DRV PR, o,-TPV PR0,-RTV
PDB entry 4NJS 4ANJT 4ANJU ANV
Diffraction data
Resolution range (A) 35.37-1.80 28.83-1.95 34.62-1.80 34.81-1.80
Unit cell
a(d) 44.632 44.95 45.35 45.952
b(A) 57.995 57.60 57.54 58.219
c(A) 88.111 86.48 86.70: 86.866
a(®) 90.000 90.000 90.000 90.000
B® 90.030 90.020 90.020 90.020
v (®) 90.000 90.000 90.000 90.000
Space group P2, P2, P2, P2,
Solvent content (%) 53.34 52.27 52.96 54.02
No. of unique reflections 41,155 (1,909)° 31,996 (4,519) 41,189 (5,915) 40,844 (1,408)
Mean [Ua(I)] 23.1(1.9) 7.6 (2.1) 10.1 (2.9) 18.71 (1.8)
Roerge” 0.090 (0.478) 0.097 (0.472) 0.089 (0.456) 0.089 (0.398)
Data redundancy 3.8(2.2) 3.2(2.8) 42(4.1) 3.4(2.1)
Completeness (%) 98.9 (92.3) 98.5(95.7) 99.1 (98.6) 96.6 (67.0)
Structure refinement data
Resolution range (A) 35.37-1.80 22.47-1.95 34.62-1.80 34.81-1.80
No. of reflections used 40,957 31,875 41,166 40,761
Rmsf 0.1823 0.1996 0.1840 0.1868
Rﬁ,:ed 0.2161 0.2425 0.2211 0.2160
No. of PR, dimers/AU 2 2 2 2
No. of protein atoms/AU 3,044 3,064 3,044 3,064
No. of ligand molecules/AU 2 2 2 4
No. of ligand atoms/AU 80 76 84 200
No. of water molecules 378 420 375 359
Mean temp factors
Protein (A%) 22.538 18.339 20.142 21.705
Main chains (A%) 20.390 16.818 17.930 19.213
Side chains (A%) 24.870 19.966 22.542 24.373
Ligand (A?) 17.672 15.725 16.28 22.574
~ Water molecules (A% 32.114 26.305 30.263 31.957
RMSD bond length (&) 0.007 0.009 0.007 0.009
RMSD bond angle (&) 1.160 1.261 1.185 1.279
Ramachandran plot
Most favored (%) 97.8 96.5 98.1 97.8
Additional allowed (%) 1.9 3.5 1.9 2.2
Generously allowed (%) 0.3 0.0 0.0 0.0
Disallowed (%) 0.0 0.0 0.0 0.0

4 Values in parentheses are for the highest-resolution shell.

® Rinerge = 2|1 — <I>|/ZL

CRcrysr = 5 ||Fopel = [Fca]c”/EIFobs]'

9 A test set of 5% of the reflections was used for the R, analysis.

RTV, LPV, IDV, and TPV were the least effective against HIV ,,,,
all with EC4,s in the high nanomolar concentration range (364
nM to >1,000 nM). The substantial changes in the ECy4s for these
drugs demonstrate the multidrug resistance profile of HIV 44,.
Comparative analysis of the ECys against HIV , o, given in Table 1
shows that the antiviral potency of GRL0O08 is >34-fold higher
than RTV, >16-fold higher than LPV, >18-fold higher than IDV,
3.7-fold higher than SQV, and >12-fold higher than TPV. These
results suggest that GRLO08 has a desirable genetic barrier similar
to that of DRV and can effectively inhibit multi-PI-resistant
strains of HIV-1, such as HIV .

GRL008 shows favorable antiviral activities against HIV-
2rop and HIV ey pao. The favorable antiviral activity of GRL00S
against HIVyyr and HIV,,, prompted us to further evaluate it
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against HIV-2gop and HIVpypy™p,0. Antiviral assays using human
MT-4 cells exposed to either HIV-2pop or HIVppy pag showed
that GRL008 was equipotent against HIVyy (ECsq, 0.038 M)
and HIV-2zop (ECsq, 0.03 wM). LPV showed slightly better anti-
viral activity (ECsg, 0.014 pM) than GRL00S against HIV-2y4p,.
Both TPV and RTV showed lesser antiviral activities against HIV-
2rop> With ECgps of 1.8 pM and 0.26 M, respectively. While DRV
showed a 50-fold increase in its ECs, against HIV prySpsq (0.05
wM) compared to its ECsq against HIVyyr (0.001 pM), GRL008
showed only a 2.6-fold increase in its ECs, against HIVpry pyo
(0.097 pM) compared to its ECs, against HIVyy (0.038 pM).
TPV showed a 2.7-fold increase in its ECs, against HIV gy pao
(0.34 pM) compared to its ECs, against HIVy,p (0.128 wM).
However, GRL008 showed a 3.5-fold-greater antiviral activity
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Evaluation of GRLO08 against Drug-Resistant HIV

FIG 2 Hydrogen bonding profiles of GRL008, DRV, and TPV. H-bonds formed by GRL008, DRV, and TPV with PRyy+ (a, b, and ¢, respectively) and with PR, 4,
(d, e, and f, respectively) in their corresponding crystal structures are shown as yellow dashed lines. In all panels, the carbon atoms of the inhibitors are shown as
white thick sticks, while the corresponding carbon atoms of PRy, and PR, residues are shown as green and cyan thin sticks, respectively. Nitrogen, oxygen,
sulfur, and fluorine atoms are shown as blue, red, yellow, and light cyan sticks, respectively. Crystallographic water molecules are shown as red spheres. All
H-bonds were calculated as the distances between two heavy atoms, with a maximum distance cutoff of 3.0 A and minimum angle cutoff for donor of 90° and for
acceptor of 60°. The P2 bis-THF moiety of GRL008 and DRV shows three conserved H-bonds with the backbone amide nitrogen atoms of D29 and D30 in both
PRy (aandb) and PR g, (d and e). While TPV shows similar three H-bonds with the backbone amide nitrogen atoms of D29 and D30 in PRy (¢), the sulfonyl
oxygen of TPV shows two H-bonds, one each with the backbone amide nitrogen atoms of D29 and D30 and one H-bond with the side chain 8-oxygen atom of
D30 from PR, (f). Additionally, the P2’ moieties of GRL008 and DRV show one conserved H-bond, each with the backbone of D30’ (a, b, d, and e). Both
GRL008 and DRV have a direct H-bond with the backbone carbonyl oxygen atom of G27 (a, b, d, and e). No H-bonds with D30’ or G27 were seen with TPV;
instead, three direct H-bonds, one each with the backbone carbonyl oxygen atom of G48 and the backbone amide nitrogen atoms of 150 and 150', were seen with
TPV (c and f). In the cases of GRL008 and DRV, bridging H-bonds were seen with the backbone amide nitrogen atoms of 150 and 150’ via a conserved water
molecule (a, b, d, and e). While the P2’ benzene carboxamide moiety of GRLO08 showed a conserved bridging H-bond with G48' from both PRy, and PR, via
a water molecule (a and d, respectively), such conserved bridging H-bonds were not seen for the P2’ aniline moiety of DRV with G48’ of PR, (e). Overall, no
significant changes in the H-bonding profiles were seen for GRL008, DRV, and TPV against PR, compared to their profiles against PRy, in their respective

crystal structures.

against HIV gy pyo than TPV. RTV failed to inhibit HIVppy pao
evenata 1.0 uM concentration. These results suggest that GRL008
has a greater genetic barrier than most of the PIs evaluated in this
study.

Crystal structures of PR,,, in complex with Pls. Crystal
structures of PR,,, in complex with GRL008, RTV, or TPV were
solved to a resolution of 1.8 A, while the structure of PR,,, in
complex with DRV was solved to a resolution of 1.95 A (Table 2).
All structures were solved in the space group P2,, with two dimers
of PR,q, per asymmetric unit (AU), in agreement with the pre-
dicted number of PR,,, dimers per Matthew’s coefficient values
(25), which were precalculated before molecular replacement. As
shown in Fig. Sla, in the supplemental material, the overall R
factors (wRfac), as calculated using MOLREP, were high, with low
scores when one PR, dimer per AU was obtained as a solution.
When two dimers of PR, per AU were obtained as a solution, the
wRfac values decreased, with a relatively proportional increase in
the corresponding scores (see Fig. Sla) for each of the structure
solutions. No significant root mean square deviation (RMSD) in
the C, atoms of the two PR o, dimers within the AU was observed
for any of the four structure solutions (see Fig. S1b). RMSD values
of <1.0 A were considered biologically insignificant. Continuous
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difference electron density was observed for GRL008, DRV, RTV,
and TPV, with map correlation coefficient values of 0.94, 0.89,
0.78, and 0.88, respectively, in their corresponding maps. Based
on the electron density maps, one molecule of GRL008, DRV, or
TPV was fit into the active site of each PR, dimer. On the other
hand, two molecules of RTV were fit into the active site of each
PR 40, dimer. Thus, two molecules of GRL008, DRV, or TPV were
fit per AU, while four molecules of RTV were fit per AU. The R,
and Ry, values improved significantly (see Fig. Slcand d, respec-
tively) with the two-step refinement of structure solutions con-
taining two PR,,, dimers per AU. The RMSDs in bond lengths
and bond angles significantly improved (Table 2) by using the
libraries for ligands that were geometry optimized through the
semiempirical quantum mechanical method of refinement,
eLBOW-AM1 (26) during refinement conducted using phenix.
refine. Ramachandran plots showed no significant deviations for
the protein, suggesting an overall good quality of stereochemistry.

GRL008, DRV, and TPV showed minor changes in their
binding profiles in the active site of PR,,, compared to their
interactions with PRy Crystal structures of PRy, in complex
with GRL008, DRV, or TPV showed two PR, dimers per AU,
with each PR, dimer bound to one molecule of the PI. No major
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FIG 3 Hydrophobicinteractions of GRL008 and DRV. (a and b) Profiles of hydrophobic interactions for GRL008 (a) and DRV (b) in the active site of PR, 4, and
PRyyr. The protease binding pockets (52, S1, S1’, and S2") are shown as arcs and are labeled. The corresponding protease amino acids that form the hydrophobic
contacts with either GRL008 or DRV are listed for each binding pocket accordingly. Residues shown in green are from PRy, structures (PDB IDs 418Z and 4HLA
for GRLO08 and DRV, respectively), while the residues in red are from PR ,4,. In both panels, the amino acid residues are labeled 1 to 99 for monomer 1 and 1’
to 99" for monomer 2. Both GRL008 and DRV showed slightly altered but persistent contacts in all the binding pockets that were comparable to their
corresponding wild-type profiles, thus supporting their higher antiviral activities.

differences in the binding profiles of three PIs were seen between
the two PR,, dimers (within the AU) in their corresponding
structures. As shown in Fig. 2, the P2 bis-THF moiety of GRL008
(panel d) and DRV (panel e) showed three strong H-bonds with
the backbone amide nitrogen atoms of D29 (two contacts) and
D30 (one contact). In the case of TPV, two strong H-bonds, one
each with the backbone amide nitrogen atoms of D29 and D30,
were seen (Fig. 2f). TPV showed two additional H-bonds in the S2
binding pocket of PR,,,, one with the backbone carbonyl oxygen
atom of G48 and one with the side chain 3-oxygen atom of D30
(Fig. 2f). One strong H-bond with G27 was seen for both GRL008
and DRV but not for TPV. The P2’ moieties, benzene carboxam-
ide (GRL008) and aniline (DRV), showed one strong H-bond
each with the backbone amide nitrogen and the backbone car-
bonyl oxygen atoms of D30’, respectively. TPV, due to lack of P2’
polar atoms, did not show any H-bonds in the S2’ binding pocket
of PR,q,. The transition-state mimic hydroxyl group of all three
PIs showed at least one H-bond each with the 8-oxygen atoms
from the side chains of both D25 and D25’ (Fig. 2d, e, and f). Both
GRL008 and DRV showed two H-bonds each, with a conserved
bridging water molecule, which in turn had H-bonds with the
backbone amide nitrogen atoms of the PRy, flap residues, 150
and 150" (Fig. 2d and ). TPV showed direct H-bonds with I50 and
150" (Fig. 2f) without a bridging water molecule, as seen in its
corresponding wild-type protease structure (PDB ID 204P) (Fig.
2¢). In addition, the P2’ moieties of GRL008 and DRV showed
H-bonds with two and one water molecules, respectively. In the
case of GRL008, one of the water molecules, interacting with its
P2’ moiety, showed a bridging H-bond with the backbone amide
nitrogen atom of G48' (Fig. 2d). As shown in Fig. 2a, a similar
profile was seen in the crystal structure of PRyt in complex with
GRLO008 (PDB ID 4I8Z). As shown in Fig. 2b, DRV showed two
water molecules and an H-bonding network between the P2’ an-
iline moiety and G48' of PRy, (PDB ID 4HLA). However, as
shown in Fig. 2e, such an H-bonding network was not seen in the
crystal structure of PR, in complex with DRV (PDB ID 4NJT).
No major changes in the binding orientation were seen for any of
the three PIs compared to their corresponding binding profiles
against PRyyr.
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As shown in Fig. 3, both GRL008 and DRV showed conserved
hydrophobic interactions with residues 123, V32, G49, T82, 123,
A28',V32',T82', and I84' in the corresponding S1, S2, S1’, and
S2’ binding pockets of PR,q,. GRL008 showed additional hydro-
phobicinteractions with residues A28 and 150, while DRV showed
additional hydrophobic interactions with residues D29 and P81'.
Overall, the profiles of hydrophobic contacts for GRL0O08 and
DRV were similar to their corresponding profiles against PRyt
structures, PDB IDs 4187 and 4HLA, respectively. TPV is involved
in multiple hydrophobic interactions with residues R8, 123, A28,
D29, V32, G49, 150, P81, T82, R8’, G27', A28', V32', G49', I50’,
and 184’ in the corresponding S1, S2, S1', and S2’ binding pockets
of PR ;. No significant deviation was seen in the profile of hydro-
phobic contacts for TPV against PR,,, compared to its corre-
sponding profile against PRy, structure (PDB ID 204P). Thus,
the binding profiles of GRL008, DRV, and TPV in the active site of
PR ¢, were comparable to their corresponding profiles in the ac-
tive site of PRy

RTV shows an altered binding orientation in the active site of
PR,q,. The crystal structure of PR,,, in complex with RTV
showed two PR, dimers per AU. As shown in Fig. 4a and b, the
P2’ thiazolyl moiety of RTV showed two alternate binding orien-
tations, RTV-1 and RTV-2, in the active site of PR,,. Superposi-
tion of RTV-1 onto RTV-2 is shown in Fig. S2 in the supplemental
material for clarity. RTV-1 (Fig. 4a) showed a previously reported
binding orientation seen in the active site of PRy (PDB ID
IHXW). RTV-2 (Fig. 4b) shows the altered binding of the P2’
thiazolyl moiety, which contributes to a significant loss of contacts
in the 52 and S2’ binding pockets of PR ,,. In order to verify the
alternate conformations of the P2’ thiazolyl group of RTV, the
average individual B factors of all five atoms (C1, C2, §3, C4, and
N5) from the P2’ thiazolyl group were analyzed (see Fig. S3 in the
supplemental material) and it was found that the individual B
factors support the two conformations.

Two conserved H-bonds, one with the backbone amide nitrogen
atom of D29 and one with the backbone carbonyl oxygen atom of G48,
were seen for both RTV-1and RTV-2 in the S2 binding pocket of PR o,
Two and one H-bonds were seen with the backbone carbonyl oxygen
atoms of G27 and G27', respectively, for both RTV-1 and RTV-2. The
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FIG 4 Hydrogen bonds and hydrophobic contacts for RTV in the active site of PR,¢,. (a and b) H-bonds made by RTV-1 (a) and RTV-2 (b) (alternate
conformations of the P2’ thiazolyl moiety of RTV, highlighted by red circles) in the active site of PR ,4,. In both panels, the carbon atoms of RTV are shown as
white thick sticks, while the carbon atoms of corresponding amino acid residues from PR, are shown as green thin sticks. Nitrogen, oxygen, and sulfur atoms
are shown as blue, red, and yellow sticks, respectively. Crystallographic water molecules are shown as red spheres, and the H-bonds are shown as yellow dashed
lines. While RTV-1 (a) showed a profile comparable to its corresponding profile with PRy, (PDB ID 1HXW), RTV-2 (b) showed an altered binding orientation
for the P2’ thiazolyl group, with an average root mean square deviation of 3 A, resulting in loss of a critical H-bond with the backbone carbonyl oxygen atom of
D30'. The P3 isopropyl group also showed a slightly altered binding orientation but was not biologically significant. (c) Profile of hydrophobic contacts made by
RTV in the active sites of PRyt and PR, The binding pockets are represented as arcs and are labeled accordingly. The corresponding amino acids from PRy,r
and PR, that are involved in hydrophobic interactions with RTV are shown in green and red, respectively. For PR 4y, only RTV-2 is shown here because the
binding profile of RTV-1 in the active site of PR, is similar to that of its corresponding profile in the active site of PRy,r. RTV-2 showed significant loss of
contacts in the S2 and S2' binding pockets of PR 5., thus supporting its weaker antiviral activity. Superposition of RTV-1 and RTV-2 is shown in Fig. S2 of the
supplemental material.

transition-state mimic hydroxyl group of both RTV-1 and RTV-2
showed one H-bond each with the side-chain 3-oxygen atoms of both

and the backbone amide nitrogen atoms of 150 and I50". Two additional
water molecules were seen for both RTV-1 and RTV-2 that are involved

D25 and D25'. The P2’ thiazolyl group of RTV-2 showed a significant
change in the binding orientation, with an average RMSD of 3 A com-
pared to that of RTV-1, resulting in loss of a critical H-bond with the
backbone carbonyl oxygen atom of D30’. Both RTV-1 and RTV-2
showed a conserved water molecule that bridges H-bonds between RTV
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inH-bonding with the P3 and P2 moieties of RTV. Overall, the profiles of
H-bonds forboth RTV-1 and RTV-2 were similar to that of the wild-type
structure (PDB ID 1HXW). However, the P2’ moiety of RTV-2 showed
major conformational changes that resulted in the loss of a critical H-
bond with D30’
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As shown in Fig. 4¢, RTV-1 showed a profile of hydrophobic
contacts similar to that of RTV, based on the PRy, crystal struc-
ture (PDB ID 1HXW), while RTV-2 showed loss of hydrophobic
contacts in the S1, S2, and S2’ binding pockets of PR,g,. The
isopropyl group from the P3 isopropylthiazolyl moiety showed
minor changes in binding orientation, with an average RMSD of 1
A, but still maintained hydrophobic contacts with Pro81. Nine
amino acids (D29, G49, T82, 184, R8', G49' 150’, P81’, and T82’)
from the S3, S1, and S1’ binding pockets of PR, g, showed con-
served hydrophobic interactions with both RTV-1 and RTV-2.
RTV-2 showed complete loss of hydrophobic contacts in the S2
and S2' binding pockets of PR,,,. Thus, the loss of contacts in the
S1, S2, and S2' binding pockets of PR, should well explain the
loss of antiviral activity of RTV against HIV .

DISCUSSION

The present structure-function data provide insights into the
structural basis for the greater antiviral activity of a P2 bis-THEF-
containing novel PI, GRL008, and should help us understand the
drug resistance mechanism of the clinical isolate HIV 5, toward
RTV and other PIs. HIV ,,, was initially isolated at the National
Institutes of Health Clinical Center from a treatment-experienced
male patient (age 44 years) who had been heavily treated with the
PIs IDV, RTV, and SQV, along with reverse transcriptase (RT)
inhibitors abacavir (ABC), 3’ -azido-2'-dideoxythymidine (AZT),
2',3’-dideoxyinosine (ddl), 3’ -thiacytidine (3TC), 2’,3'-dideoxy-
cytidine (ddC), and 2',3’-didehydro-2’,3'-dideoxythymidine
(d4T), as a part of 39-month antiviral therapy (10). Antiviral as-
says with viral isolates obtained by culturing the peripheral blood
mononuclear cells (PBMCs) from the patient’s blood sample
showed 4- to >5,000-fold-increased resistance against IDV, RTV,
SQV, and the RT inhibitors mentioned above (10). In the present
study, the antiviral assays showed that both GRL008 and DRV,
which contain the bis-THF group as the P2 moiety, were highly
active with a desirable genetic barrier against HIV ,4,, with no
significant change in their ECsys against HIV,,,, compared to
those against HIVyr. LPV was much less effective in inhibiting the
replication of HIV ., than inhibiting HIVy,y replication in the
cell-based antiviral assays. The lower antiviral activity of LPV
against HIV 44, could be partially attributed to its structural re-
semblance to RTV, which was used in the treatment regimen of
the patient described above. Although TPV was able to inhibit the
replication of HIV ,4,, GRLO08 was found to be >12-fold more
potent than TPV in this cell-based antiviral assay. As predicted,
HIV 4o, was resistant to IDV, RTV, and SQV, in view of the fact
that the patient failed the treatment with these three PIs. Achieve-
ment of higher anti-HIV-1 activity and a greater genetic barrier in
combination with lower cytotoxicity and high oral bioavailability
represent major critical goals in the design of novel PIs. For exam-
ple, TMC-126, an analog of DRV that contains P2 bis-THF and
P2’ methoxy benzene groups, was previously shown to have a
greater antiviral potency than DRV, with a desirable genetic bar-
rier (27), but could not be used further due to its poor oral bio-
availability. Similarly, GRL0O07 (an analog of GRL008) showed
poor cell penetration properties in spite of its picomolar enzyme
inhibitory activity (9). It is noteworthy that GRL008 has a desir-
able therapeutic window due to its greater antiviral activity, lower
cytotoxicity (50% cyotoxic concentration, >100 uM), and greater
cell penetration capability, similar to that of DRV (9), thus making
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it a desirable compound to be further evaluated against multi-PI-
resistant strains of HIV-1, including DRV -resistant strains.

It was previously noted that DRV resistance-associated amino
acid substitutions are not clinically seen and the correlation for the
occurrence of such DRV resistance-associated amino acid substi-
tutions in conjunction with other PI resistance amino acid substi-
tutions (such as L10I, 154V, V82T, and L90M, which are seen in
PR,q,) is very low (8). However, we recently selected a highly
DRV-resistant strain of HIV-1 in vitro by using a mixture of multi-
Pl-resistant (but DRV -sensitive) clinical HIV-1 strains as a start-
ing viral population (7). In an attempt to examine the genetic
barrier of GRLO08, it was further evaluated against one of the
DRV-resistant HIV-1 variants, HIV gy pao (7) and was found to
be potent, with only a 2.6-fold increase in its ECs, above that for
HIVyyr. Although TPV showed a similar 2.7-fold increase in its
ECs, against HIVppy pao, the absolute ECy, of GRLO08 was 3.5-
fold lower than that of TPV, suggesting that GRL008 is overall a
better PI than TPV against HIVppy pso-

The P2 bis-THF moiety of both GRL008 and DRV showed
strong H-bonds with the backbone of conserved active-site amino
acids D29 and D30 of PR, ,. The P2’ benzene carboxamide moi-
ety of GRL0O08 was designed to replace one of the bridging water
molecules seen with DRV (Fig. 2a and b) in the S2’ pocket (9). In
the present study, the crystal structure of PR, in complex with
GRLO008 showed a conserved profile of a bridging H-bond with
G48' via a water molecule (Fig. 2d), as was seen in its correspond-
ing interactions with PRy, (PDB ID 418Z) (Fig. 2a). This suggests
that the amino acid substitutions in PR 4, do not affect the bind-
ing profile of GRLO08 in either the S2 or 82’ binding pockets of
PR ;. On the other hand, of the two bridging water molecules in
the S2' pocket of PRyt in complex with DRV (PDB ID 4HLA)
(Fig. 2b), only one was seen in the structure of PR, in complex
with DRV (Fig. 2e). Taken together, the crystal structures con-
firmed that both GRL008 and DRV, bound in the active site of
PR 44> do not have notable changes in their binding orientations;
this evidence thus supports their greater conserved antiviral activ-
ities. These structural analyses may further explain in part the
conserved and greater antiviral activity of GRLO08 against
HIVprypao-

The crystal structure of PRy, in complex with TPV did not
show major changes in the binding orientation of TPV (Fig. 2f)
compared to that with PRy, (PDB ID 204P) (Fig. 2c). However,
the ECs, of TPV against HIV , was >12-fold greater than that of
GRLO08. The P2’ region of TPV lacks polar groups, and hence no
H-bonds were seen in the S2' binding pocket of either PR,,, or
PRy, while both GRL008 and DRV showed persistent, strong
H-bonds with the backbone of D30’ in the S2’ binding pocket of
PRg,- TPV has been shown to have a greater genetic barrier
against multi-PI-resistant HIV-1 variants due to its unique mech-
anism of minor loss of binding affinity through entropy/enthalpy
compensation against amino acid substitutions in the protease
(28). In the present study, TPV showed a 2.8-fold change in its
ECs, against HIV ., versus HIVy, while GRL008 and DRV
showed <1- and 2-fold changes, respectively, in their ECgys
against HIV ,o,. Furthermore, based on Lipinski’s rule of five (29)
and the logP values of TPV (7.0) and DRV (2.9) obtained from the
PubChem database (http://pubchem.ncbi.nlm.nih.gov/), it is ap-
parent that DRV and analogs such as GRL008 have favorable oral
bioavailabilities in addition to greater antiviral potencies than
TPV against HIV ..
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In this study, IDV, RTV, and SQV showed much lower antivi-
ral activities against HIV o, than against HIV,y (Table 1). In
particular, RTV showed a >29-fold increase in its ECs, against
HIV 44, compared to its ECg, against HIV . In order to under-
stand the RTV resistance mechanism of HIV , o, the crystal struc-
ture of PRy, in complex with RTV was solved and analyzed.
Morissette et al. previously showed that RTV undergoes a confor-
mational polymorphism (30) that lowers its solubility and com-
promises its anti-HIV-1 activity. In the present study, the ECs, of
RTV against HIV - (Table 1) was within 2-fold of the ECys of
LPV, IDV, and SQV against HIVyy, suggesting that the lowered
solubility of RTV may not play a critical role in the loss of its
activity against HIV ,4,. The crystal structure of PR 5, in complex
with RTV showed an altered binding orientation of the P2’ thia-
zolyl moiety of RTV in the §2' binding pocket of PR, (Fig. 4a
and b), with an RMSD of 3 A. In order to understand the binding
profiles of RTV, the crystal structure of PR,q, in complex with
RTV was compared in detail to its corresponding wild-type struc-
ture (PDB ID 1HXW). In the case of the PR,,, structure, the
H-bond between the P2’ thiazolyl group of RTV and D30’ was
seen for RTV-1 (Fig. 4a), which closely resembled its correspond-
ing binding orientation in the active site of PRy (PDB ID
1HXW). On the other hand, the H-bond between the P2’ thiazolyl
moiety of RTV-2 and D30’ of PR 4, was lost (Fig. 4b). This loss of
contact was not seen in the case of RTV interactions with PRy
(PDB ID 1HXW), suggesting that the conformational polymor-
phism of RTV may not be the reason for loss of its antiviral activity
against HIV ,q,.

Based on the binding profile of RTV-1, one could hypothesize
that RTV-1 (Fig. 4a) inhibits the replication of HIV ., at least by
50% due to its close resemblance to its corresponding wild-type
structure (PDB ID IHXW). However, it has been shown previ-
ously that the presence of less than 25% of active viral protease can
support viral propagation, due to the formation of mature and
infectious viral particles (31). Additionally, mutations at codons
10, 54, 63, 71, 82, and 84 have been known to cause HIV-1 resis-
tance against RTV (32), and PR, consists of amino acid substi-
tutions L101, 154V, L63P, A71V, and V82T. The combination of
active-site and non-active-site amino acid substitutions has been
shown to cause a significant loss of binding affinity to RTV (42- to
1,330-fold increase in the K; values compared to that for PRyyy)
due to loss of direct contacts as well as altered protease-flap dy-
namics (33, 34). As shown in Fig. 4b, RTV-2 has a complete loss of
direct contacts in the S2 and S2' binding pockets of PR ,q,. Fur-
thermore, the substitution L63P has been previously shown to
enhance viral fitness in combination with L90OM (35). PR ., con-
tains both amino acid substitutions L63P and L90M. Thus, the
enhanced replication fitness of HIV 4, in combination with loss of
contacts for RTV in the active site of PR, may well explain the
compromised activity of RTV (ECs,, >1 uM) against HIV 4, in
the antiviral assays. In the case of patients, a study based on the
Abbott M97-720 trial showed that low-level viremia could persist
at least for 7 years in patients on an LPV/RTV regimen, partially
due to latent viral reservoirs (36). Based on our structural analysis,
amino acid substitutions (both active site and non-active site) in
PR 40, caused an altered binding orientation of RTV in the active
site, resulting in a significant loss of contacts in the S2 and S2'
binding pockets of PR, and, consequently, causing HIV-1 resis-
tance to RTV. Thus, our present data not only explain the mech-
anism for RTV resistance but also help explain the retained anti-
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viral potency of a novel P2 bis-THF-containing PI (GRL008)
against HIV 4q,.

In conclusion, the conserved H-bonding network of P2 bis-
THE-containing Pls, such as GRL008 and DRV, with the back-
bone of conserved active-site amino acids G27, D29, D30, and
D30 of PR, 4, and PRyyy most likely contributes to their antiviral
activities against HIV 4, and HIVyy, with minimal changes in the
ECses. In particular, GRLO08 proved to have a favorable antiviral
activity against HIV ppy"pyo a finding that warrants further inves-
tigation.
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Dimerization of HIV-1 protease (PR) subunits is an essential process
for PR’s acquisition of proteolytic activity, which plays a critical
role in the maturation of HIV-1. Recombinant wild-type PR (PRYT)
proved to dimerize, as examined with electrospray ionization mass
spectrometry; however, two active site interface PR mutants
(PR™6A and PR™®7) remained monomeric. On the other hand, two
termini interface PR mutants (PR™“°** and PR%’*°) took both mo-
nomeric and dimeric forms. Differential scanning fluorimetry in-
dicated that PR™“®** and PR®"/*? dimers were substantially less
stable than PRYT dimers. These data indicate that intermolecular
interactions of two monomers occur first at the active site inter-
face, generating unstable or transient dimers, and interactions
at the termini interface subsequently occur, generating stable
dimers. Darunavir (DRV), an HIV-1 protease inhibitor, inhibits not
only proteolytic activity but also PR dimerization. DRV bound to
protease monomers in a one-to-one molar ratio, inhibiting the first
step of PR dimerization, whereas conventional protease inhibitors
(such as saquinavir) that inhibit enzymatic activity but not dimer-
ization failed to bind to monomers. DRV also bound to mutant PRs
containing the transframe region-added PR (TFR-PRP?*" and TFR-
PRP25N-7AA) \whereas saquinavir did not bind to TFR-PRP**™ or TFR-
PRPZ5N7AA Notably, DRV failed to bind to mutant PR containing
four amino acid substitutions (V32l, L33F, 154M, and 184V) that
confer resistance to DRV on HIV-1. To our knowledge, the present
report represents the first demonstration of the two-step PR di-
merization dynamics and the mechanism of dimerization inhibi-
tion by DRV, which should help design further, more potent
novel Pls.

AIDS | thermal stability | two-step dimerization dynamics |
protease precursor .

Dimerization of HIV-1 protease (PR) subunits is an essential
process for the acquisition of proteolytic activity of PR,
which plays a critical role in viral maturation in the replication
cycle of HIV-1 (1, 2). Thus, PR dimerization inhibition is likely
to abolish proteolytic activity and should serve as a promising
target for HIV-1 intervention. Structurally there are two inter-
faces, which operate in the efficient PR dimerization. One is the
termini interface, and the other is the active site interface (3, 4).
The termini interface comprises four antiparallel p-sheets in-
volving the first four amino- and carboxy-termini residues of both
subunits. Todd et al. (5) have reported that the binding force
generated by the termini interface contributes close to 75% of
the entire dimerization energy. Indeed, Ishima and others have
demonstrated that three amino acid substitutions (T26A, D29N,
and R87K), located at the active site interface, together with
C-terminal truncation of four amino acids (96-99), effectively
disrupted PR dimerization as examined with NMR spectroscopy

12234-12239 | PNAS | August 19,2014 | vol. 111 | no.33

(Fig. 1) (6-8). Various groups have tried to target the termini
interface in an attempt to intervene HIV-1 replication (9-12);
however, none of such efforts to disrupt the termini interface
interactions have led to clinical applications. On the other
hand, the most recently US Food and Drug Administration
(FDA)-approved PR inhibitor (PI), darunavir (DRV), is (to our
knowledge) the first to be shown to block the dimerization of
HIV-1 PR, as examined with the intermolecular FRET-based
HIV-expression assay (Fig. S1) (13). Furthermore, a combina-
tion of four amino acid substitutions in the proximity of the
active site interface (V32I/L33F/154M/184V), which emerged
in PR when HIV-1-infected individuals were heavily treated with
multiple PR inhibitors (PIs) and failed such treatment and when
HIV-1 was selected in vitro in the presence of increasing con-
centrations of DRV (14), has been shown to decrease the di-
merization inhibition activity of DRV (Fig. 1 and Fig. S1B) (15).
However, the dynamics of dimerization of PR subunits, as well as
the molecular mechanism of DRV inhibition of PR dimerization,
remain to be elucidated.

Here we generated a variety of recombinant PR species with
various amino acid substitution(s) and/or deletions introduced
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Fig. 1.

Locations of major amino acid substitutions examined in the present
study. V32, L33F, 154M, and 184V are associated with HIV-1’s DRV resistance.
T26, D29, and R87 are known to be critical for PR dimerization. D25N is
inserted to inactivate the enzymatic activity of HIV-1 PR.

and examined whether such mutated PR species interacted and
dimerized using electrospray ionization mass spectrometry (ESI-
MS) (16, 17). We also asked how PIs, including DRV, interacted
with such various PR species and blocked the dimerization of
PR subunits. The present data demonstrate that intermolecular
interactions of two monomers occur first at the active site in-
terface, generating weakly dimerized subunits (transient dimers),
and that interactions at the termini interface subsequently occur,
generating stable dimers. The ESI-MS data also show that DRV
binds to PR monomers in a one-to-one molar ratio and inhibits
the first step of PR dimerization, whereas conventional PIs (such
as saquinavir) fail to bind to monomers. To our knowledge, the
present report should represent the first demonstration of the
two-step PR dimerization dynamics and the mechanism of di-
merization inhibition by DRV.

Results

The ESI-MS spectra of PR™T and PRP®N revealed four peaks
of differently charged ions in the range of mass/charge ratio (71/z)
of 1,500-2,500 (Fig. 2 A and B). Because +5 charged monomer
ion and +10 charged dimer ion have the same m/fz (mz =
2,164.77 as calculated with their average mass in the case of
PRPZN) the greatest peak detected at m/z 2,164.51 was de-
termined to represent two forms, a PR monomer and PR dimer,
thus being [PRPZNP* and [2PRPPN]'%* (Fig. S24). In the

present report hereafter, we designate a monomer and a dimer
ion of PR* as [PR*]¥ and [2PR*]Y, respectively, where X
denotes an amino acid substitution(s) and Y denotes a charge
of ion. To determine whether the detected ions represented
monomers and/or dimers, we examined multiply charged iso-
topologue clusters of PRP®N using the Solarix FT-ICR MS
(Bruker Daltonics) and analyzed the difference in m/z ratios of two
adjacent isotope peaks (Am/z) because monomer and dimer
PRP>N ions with the same m/z show different Am/z values in
order of their charges (Figs. S2 and S3 and Table S1) (18). The
results of isotopologue ion analysis, illustrated in Fig. S3 4
and B, demonstrated that the ions observed at m/z 1,546.39 and
1,803.94 in Fig. S24 were +7 and +6 charged monomer PRP*N
ions ([PRP#N]™ and [PRPZN|*), respectively. The ions detected
at m/z 2,164.51 in Fig. S24 represent a mixture of +5 charged
PRP*N monomers and +10 charged PRPZN dimers, designated
as [PRPPNPF and [2PRPZN]'%* respectively, as shown in Fig.
S3D, where “2PR” denotes a cluster of PR dimers. The ions at m/z
1,967.84 and 2,404.91 in Fig. S24 represent +9 and +11 charged
PRPZN dimers ([2PRPZN"+ and [2PRPZN™), respectively, as
shown in Fig. S3 C and E.

We also constructed three mutated PR species containing
amino acid substitutions at the active site (PRngN, PRT264,
and PR®7), a C terminus-truncated mutant (QPRI'CQSA), and a PR
carrying 1.97A and F99A substitutions gPng ) (6, 19). In Fig. 2C,
two PRP®N dimer ions ([2PRPPNM* and [2PRPPNP*) were
detected, whereas no dimer ions were detected with PR™®4 and
PR®¥7% (Fig. 2 D and E). Additional analyses of the isotopologue
ion peaks with PR™4 and PR®¥7® confirmed the absence of di-
mer ions (Fig. S4 A-F and Table S1). Importantly, two PRI">4
dimer ions ([2PR*C?*A1"* and [2PR“%A1°¥) were identi-
fied, although PR*“** monomer ion ([PR*“**]%") was found to
be a major peak (Fig. 2F). Two dimer ions were also detected
in the case of PR®”"°, as shown in Fig. 3C. Considering that
[PRVTP+4[2PRVYT]'%* representing monomers+dimers was
found to be a major peak together with a minor peak of [PRV]¢+
in Fig. 24, the PR and PR"° species were thought to
have a significantly reduced but persistent ability to dimerize in
comparison with PR™ T, Taken together, the data strongly sug-
gest that the PR dimerization process consists of two distinct steps:
(¢) initial albeit weak intermolecular interactions occurring in the
active site interface, constructing unstable or transient dimers, and
(i) subsequent interactions in the termini interface, resulting in
the complete and tighter PR dimerization (Fig. 4).

In an attempt to examine the thermal stability of PR™T and
various mutated PR species mentioned above, we conducted
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