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General Methods.

All chemicals and reagents were purchased from commercial suppliers and used without further 
purification unless otherwise noted. The following reaction solvents were distilled prior to use: 
dichloromethane from calcium hydride, diethyl ether and tetrahydrofuran from Na/benzophenone, 
methanol and ethanol from activated magnesium under argon. All reactions were carried out under an 
argon atmosphere in either flame or oven-dried (120 oC) glassware. TLC analysis was conducted using 
glass-backed Thin-Layer Silica Gel Chromatography Plates (60 Å, 250 µm thickness, F-254 indicator). 
Column chromatography was performed using 230-400 mesh, 60 Å pore diameter silica gel. 1H and 13C 
NMR spectra were recorded at room temperature on a Bruker AV800, DRX-500 and ARX-400. Chemical 
shifts (δ values) are reported in parts per million, and are referenced to the deuterated residual solvent 
peak. NMR data is reported as: δ value (chemical shift, J-value (Hz), integration, where s = singlet, d = 
doublet, t = triplet, q = quartet, brs = broad singlet). Optical rotations were recorded on a Perkin Elmer 
341 polarimeter. HRMS and LRMS spectra were recorded at the Purdue University Department of 
Chemistry Mass Spectrometry Center. HPLC analysis and purification was done an on Agilent 1100 
series instrument using a YMC Pack ODS-A column of 4.6 mm ID for analysis and either 10 mm ID or 
20 mm ID for purification. The purity of test compounds was determined by HRMS and HPLC analysis. 
All test compounds showed ≥90% purity.

Expression and purification of protease species

Expression and purification of protease were carried out as previously described [1]. Briefly, 
Rosetta (DE3) pLysS strain (Novagen) was transformed with an expression vector (pET-30a), which 
contained the genes of wild-type HIV-1NL4-3-PR (PRWT) using heat-shock. The culture was grown in a 
shake flask containing 30 mL of Luria broth plus kanamycin and chloramphenicol (LBKm+/Cp+) at 37°C 
overnight. In the expression of PRWT, twenty milliliter of the grown culture was added to 1 L of ZYM-
10052 [1.0% N-Z amine, 0.5% yeast extract, 25 mM disodium hydrogenphosphate, 25 mM potassium 
dihydrogenphosphate, 50 mM ammonium chloride, 5 mM sodium sulfate, 1.0% glycerol, 0.05% glucose, 
0.2% α-lactose, 2 mM magnesium sulphate] plus kanamycin and chloramphenicol (ZYM-10052Km+/Cp+). 
The ZYM-10052Km+/Cp+ culture was further continued at 37°C for 20~22 hours. Then the culture was spun 
down for pellet collection, and thus-obtained pellets were stored at −80 °C until use. For purification of 
PRWT, the pellet was resuspended in buffer A [20 mM Tris, 1 mM EDTA, and 1 mM DTT] and lysed with 
sonication. The cell lysates were separated into a supernatant fraction and an inclusion body fraction with 
centrifugation. PRWT was confirmed to be present in the inclusion body fraction, which was washed five 
times with buffer A containing 2 M urea and then with buffer A without urea. The twice-washed pellet 
was solubilized and PRs were unfolded with 100 mM formic acid (pH 2.8). The unfolded PRs were 
purified using the fast protein liquid chromatography system (ÄKTA pure 25; GE Healthcare) and 
separated using the reverse phase chromatography column (RESOURS RPC 3 mL; GE Healthcare) using 
the gradient of buffer B [1.0% formic acid, 2.0% acetonitrile] and buffer C [1% formic acid, 70% 
acetonitrile]. The flow rate was set to 1.0 mL min-1 and the column was equilibrated with 75% buffer B 
and 25% buffer C. Then, the amount of buffer C was increased to 75% over a 30 min period (10-time the 
column volume). PRWT was eluted with 35~50% buffer C. After the elution, buffer C amount was 
increased to 100% in 6 min and returned to the starting condition over the next 6 min. The peak fractions 
including PRWT were collected and three-time diluted with buffer B. The diluted PRWT solution was 
injected into the ÄKTA pure 25 again and the targeted PRWT was purified using the same purification step 
as described above. The collected fractions containing PRWT were subjected to desalting (HiTrap 
Desalting; GE Healthcare) and the eluted solution was equilibrated using 100 mM formic acid and stored 
at -80 °C until use.
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The unfolded PRWT was refolded with the addition of a neutralizing buffer A [100 mM ammonium 
acetate pH 6.0, 0.005% Tween-20], making the final pH 5.0 to 5.2. The PRWT-containing solution was run 
through Amicon Ultra-15 10K centrifugal filter units (Millipore), giving a solution containing PR (5~8 
mg/ml) in 10 mM ammonium acetate pH 5.0 and 0.005% Tween-20. Occasionally, twice greater 
concentrations of a test compound were used for crystalization. After centrifugation, the supernatants 
were collected and subjected to crystallization using the hanging-drop vapor diffusion method. Nextal 
Tubes ProComplex Suite (QIAGEN) and Wizard Crystallization Screen Series (Emerald BioSystems) 
were used for the first screening to determine the optimum crystallization condition.

Table S1: Crystallographic Data Collection and Refinement Statistics

PR/compound 4l (GRL-072-17A)
Space group P21212
Unit cell dimensions: (Å)
a 58.57
b 85.88
c 46.31
Resolution range (Å) 50-1.32 (1.37-1.32)
Redundancy (final shell) 5.8 (4.8)
Unique reflections 51438 (3856)
Completeness (%) overall (final shell) 93.6 (71.5)
Rmerge (%) overall (final shell) 8.9 (51.2)
I/σ(I) overall (final shell) 17.1 (3.9)
Refinement
R (%) 13.2
Rfree (%) 16.4
No. of solvent atoms 232
RMS deviation from ideality
Bonds (Å) 0.019
Angle (degree) 2.2
Average B-factors (Å2)
Whole chain atoms 16.4
Inhibitor 13.5
Solvent 25.4
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Figure S1: 2Fo-Fc electron density map showing two alternative conformations of inhibitor 4l.
The 2Fo-Fc electron density map (gray) for inhibitor 4I in the X-ray structure with HIV protease is 
contoured at a level of 1 sigma. The carbon atoms are shown in green for conformation A and in yellow 
for conformation B of inhibitor with relative occupancies of 0.55 and 0.45.

Geometric Criteria for Weak Interactions.

Hydrogen bond interactions are defined by standard geometrical criteria as described in [1, 2]. The 
geometric criteria for weak interactions are: C-H...O (distance between C and O<=3.5 Å, angle >=90°), 
O-H...π (distance<=4.3 Å to centroid of π system, angle >=120°), C-H...π (distance<=4.5 Å, angle 
>=120°) [1-3], lone pair (n)-π as C=O...π (distance is between 2.8 to 3.8 Å to center of π system, angle 
between two planes <=90°) [4] and π-π stacking [5].
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HIV-1 Protease inhibitory assay. The assay is based upon reported procedure (1).  
Fluorescence measurements were made using PerkinElmer LS-50B Luminescence 
Spectrophotometer. Ten microliters of a stock solution (0.05 mg/mL) of HIV protease were 
incubated with five different concentrations of substrate 2-(aminobenzoyl)-Thr-Ile-Nle-Phe(p-
N02)-Gln-ArgNH2 (Km = 37 at 37 °C with the increase in fluorescence monitored. A stock 
solution of 1 mM substrate in DMSO was diluted to 0.1 mM with assay buffer and used for the 
assay. All kcat and Km values were obtained employing standard data fitting techniques for a 
reaction obeying Michaelis-Menten kinetics. The data curves were fitted using SigmaPlot. The 
active enzyme concentrations were calculated from the intercept of the linear fit to the IC50 
versus [S] plots with the IC50 axis. The Ki values were obtained from the IC50 values estimated 
from an inhibitor dose-response curve with the spectroscopic assay using the equation               
Ki = (IC50–[E]/2)/(1+ [S]/Km), where [E] and [S] are the PR and substrate concentrations, 
respectively. The Ki values were measured at four to five substrate concentrations. The 
measurements were repeated at least three times to produce the average values given in Table 3.

Cells, viruses, and antiviral agents. The MT-2 cells were obtained from the NIH AIDS Reagent 
Program, NIAID, NIH, Bethesda, MD, USA (2).  Human CD4+ MT-2 cells were grown in RPMI-1640-
based culture medium supplemented with 10% fetal calf serum (FCS: JRH Biosciences, Lenexa, MD), 50 
unit/mL penicillin, and 100 µg/mL of kanamycin (3,4). Darunavir (DRV) was synthesized as previously 
described (5).

(1) Toth, M. V.; Marshall, G. R. International Journal of Peptide and Protein Research. 
1990, 36, 544–550. 

(2) Haertle, T., et al. “Metabolism and Anti-Human Immunodeficiency Virus-1 Activity of 
2-Halo-2', 3'-Dideoxyadenosine Derivatives.” J. Biol. Chem. 1988, 263, 5870-5875.

(3) Yoshimura, K., et al. Proc. Natl. Acad. Sci. USA 1999, 96, 8675-8680.
(4) Koh, Y., et al. Antimicrob. Agents Chemother. 2009, 53, 987-996.
(5) Ghosh, A. K., Leshchenko, S., Noetzel, M. “Stereoselective Photochemical 1,3-

Dioxolane Addition to 5-Alkoxymethyl-2(5H)-furanone: Synthesis of Bis-
tetrahydrofuranyl Ligand for HIV Protease Inhibitor UIC-94017 (TMC-114)” J. Org. 
Chem. 2004, 69, 7822-7829
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1H NMR (400 MHz, CDCl3)

O
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13C NMR (101 MHz, CDCl3)

O

OTBS
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20
OH



S-26

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6.
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9.
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2.
89

1.
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3.
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0.
81

1.
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2.
09

1.
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2.
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1.
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1.
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1.
35

1.
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1.
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1.
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1.
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1.
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1.
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1.
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2.
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2.
30

2.
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2.
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2.
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2.
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2.
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2.
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3.
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3.
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3.
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.2

5
-4

.5
1

17
.7

7
21

.4
2

25
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.5
9
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4
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7
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3
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.6
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.9
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Cl

3
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7
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1H NMR (400 MHz, CDCl3)

O
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13C NMR (101 MHz, CDCl3)

O
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OH
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S-27

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)
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1.
72

1.
73
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S-28

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)
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O
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S-29

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)
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1.
94

1.
95

1.
95

2.
13

2.
14

2.
16

2.
34

2.
36

2.
38

2.
93

3.
47

3.
48

3.
49

3.
50

3.
72

3.
73

3.
74

3.
75

3.
76

3.
77

3.
86

3.
87

3.
88

3.
89

3.
90

3.
91

3.
95

3.
95

3.
96

3.
97

3.
98

3.
99

4.
00

4.
00

4.
08

4.
10

4.
12

4.
14

4.
44

4.
45

4.
46

4.
46

4.
47

7.
26

-100102030405060708090100110120130140150160170180190200210
f1 (ppm)

21
.6

0
25

.4
0

29
.6

7

42
.1

0

68
.2

4
73

.2
5

74
.6

3
76

.5
9 

CD
Cl

3
76

.9
1 

CD
Cl

3
77

.2
3 

CD
Cl

3
77

.7
8

84
.5

1

1H NMR (400 MHz, CDCl3)

O
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O
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O
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S-30

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)
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1H NMR (400 MHz, CDCl3)

O
Me
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13C NMR (101 MHz, CDCl3)

O
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S-31

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

6.
00
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2.
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1.
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0.
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1.
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1.
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1.
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0.
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2.
02

2.
04
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27

2.
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00

4.
01
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29

4.
30

4.
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f1 (ppm)
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1H NMR (400 MHz, CDCl3)

O
Me

O

OTBS
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13C NMR (101 MHz, CDCl3)

O
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O

OTBS

26



S-32

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)

3.
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1.
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4.
88

1.
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1.
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2.
05

1.
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1.
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1.
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1.
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O
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O
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O

OH

27



S-33

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
f1 (ppm)
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S-34

-1.5-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
f1 (ppm)
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S-35
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f1 (ppm)
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S-51

RIC-AS-12455_ESI+_ACN+H2O_DL-01-114-8 #1-36 RT: 0.00-0.50 AV: 36 NL: 3.37E5
T: FTMS + p ESI Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-ENT-8 #1-30 RT: 0.01-0.45 AV: 30 NL: 1.01E6
T: FTMS + p APCI corona Full ms [100.00-500.00]
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S-52

RIC-AS-12455_APCI+_ACN+H2O_ASH-OBC-9 #1-35 RT: 0.00-0.50 AV: 35 NL: 8.98E6
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12472_APCI+_MeOH_ASH-OBC-ent-9 #1-30 RT: 0.00-0.44 AV: 30 NL: 3.82E5
T: FTMS + p APCI corona Full ms [100.00-500.00]
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S-53

RIC-AS-12455_ESI+_ACN+H2O_DL-01-125-10 #1-36 RT: 0.00-0.50 AV: 36 NL: 7.71E6
T: FTMS + p ESI Full ms [100.00-800.00]
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RIC-AS-12472_APCI+_MeOH_ASH-OBC-ent-10 #1-30 RT: 0.01-0.43 AV: 30 NL: 6.21E6
T: FTMS + p APCI corona Full ms [100.00-500.00]

246 248 250 252 254 256 258 260 262 264 266 268 270
m/z

0

10

20

30

40

50

60

70

80

90

100

110

R
el

at
iv

e 
Ab

un
da

nc
e

257.19366

258.19658247.17268

259.19001255.17779248.17569 265.25258 269.24760263.23700261.18445

256.23953

253.21630 266.25641251.20058

OMe

OTBS

10

OMe

OTBS

ent-10



S-54

RIC-AS-12464_APCI+_ASH-OBC-11 #1-30 RT: 0.01-0.45 AV: 30 NL: 2.85E4
T: FTMS + p APCI corona Full ms [105.00-195.00]
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RIC-AS-12464_APCI+_ASH-OBC-Ent-11 #1-30 RT: 0.01-0.44 AV: 30 NL: 6.21E5
T: FTMS + p APCI corona Full ms [105.00-195.00]
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S-55

RIC-AS-12455_APCI+_ACN+H2O_DL-01-123-12 #1-35 RT: 0.01-0.49 AV: 35 NL: 1.14E5
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12455_APCI+_ACN+H2O_ASH-OBC-13 #1-34 RT: 0.01-0.49 AV: 34 NL: 2.40E7
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-14 #1-30 RT: 0.01-0.42 AV: 30 NL: 5.51E7
T: FTMS + p APCI corona Full ms [105.00-400.00]
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RIC-AS-12464_APCI+_ASH-OBC-15r #1-30 RT: 0.01-0.43 AV: 30 NL: 4.57E5
T: FTMS + p APCI corona Full ms [100.00-340.00]
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S-57

RIC-AS-12472_APCI+_MeOH_ASH-OBC-ent-15 #1-30 RT: 0.00-0.44 AV: 30 NL: 5.36E5
T: FTMS + p APCI corona Full ms [100.00-500.00]
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RIC-AS-12464_APCI+_ASH-OBC-16 #1-30 RT: 0.01-0.44 AV: 30 NL: 3.88E5
T: FTMS + p APCI corona Full ms [160.00-500.00]
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RIC-AS-12455_ESI+_ACN+H2O_DL-01-159-ENT-16 #1-34 RT: 0.01-0.49 AV: 34 NL: 1.41E5
T: FTMS + p ESI Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-17 #1-30 RT: 0.01-0.45 AV: 30 NL: 1.52E4
T: FTMS + p APCI corona Full ms [105.00-400.00]
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RIC-AS-12472_APCI+_MeOH_ASH-OBC-ent-17 #1-30 RT: 0.01-0.43 AV: 30 NL: 3.75E7
T: FTMS + p APCI corona Full ms [100.00-500.00]
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RIC-AS-12464_APCI+_ASH-OBC-18 #1-30 RT: 0.00-0.42 AV: 30 NL: 1.43E6
T: FTMS + p APCI corona Full ms [100.00-500.00]
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RIC-AS-12455_APCI+_ACN+H2O_DL-01-081-ENT-18 #1-34 RT: 0.01-0.49 AV: 34 NL: 2.59E6
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12455_APCI+_ACN+H2O_ASH-OBC-20 #1-35 RT: 0.01-0.50 AV: 35 NL: 2.69E7
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12455_APCI+_ACN+H2O_ASH-OBC-21 #1-34 RT: 0.01-0.50 AV: 34 NL: 4.66E6
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12455_ESI+_ACN+H2O_ASH-OBC-22 #1-35 RT: 0.01-0.50 AV: 35 NL: 5.72E6
T: FTMS + p ESI Full ms [100.00-800.00]

300 302 304 306 308 310 312 314 316 318 320 322 324
m/z

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

R
el

at
iv

e 
Ab

un
da

nc
e

305.21465

309.18533306.21730 311.14607 324.18780301.14082 321.23962313.16187304.10784 315.17655 319.22409316.77507

O

OTBS

Me
OH

21

O
Me

OH

OTBS

22 OH



S-62

RIC-AS-12464_APCI+_ASH-OBC-24 #1-30 RT: 0.00-0.43 AV: 30 NL: 1.88E6
T: FTMS + p APCI corona Full ms [105.00-400.00]
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RIC-AS-12455_APCI+_ACN+H2O_ASH-OBC-23 #1-34 RT: 0.01-0.50 AV: 34 NL: 1.86E6
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-25 #1-30 RT: 0.01-0.43 AV: 30 NL: 3.11E7
T: FTMS + p APCI corona Full ms [100.00-500.00]
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RIC-AS-12455_ESI+_ACN+H2O_ASH-OBC-27 #1-35 RT: 0.00-0.49 AV: 35 NL: 3.51E7
T: FTMS + p ESI Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-27 #1-30 RT: 0.01-0.42 AV: 30 NL: 4.94E6
T: FTMS + p APCI corona Full ms [105.00-400.00]
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RIC-AS-12455_APCI+_ACN+H2O_DL-01-090 #1-35 RT: 0.01-0.50 AV: 35 NL: 2.30E6
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-28B #1-30 RT: 0.01-0.45 AV: 30 NL: 3.50E5
T: FTMS + p APCI corona Full ms [160.00-500.00]
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RIC-AS-12455_APCI+_ACN+H2O_DL-01-170 #1-35 RT: 0.00-0.49 AV: 35 NL: 5.79E7
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-28D #1-30 RT: 0.00-0.43 AV: 30 NL: 8.36E5
T: FTMS + p APCI corona Full ms [160.00-500.00]
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RIC-AS-12455_APCI+_ACN+H2O_DL-03-064 #1-33 RT: 0.01-0.49 AV: 33 NL: 2.87E5
T: FTMS + p APCI corona Full ms [100.00-800.00]
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RIC-AS-12464_APCI+_ASH-OBC-28F #1-30 RT: 0.00-0.44 AV: 30 NL: 5.46E5
T: FTMS + p APCI corona Full ms [160.00-500.00]
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RIC-AS-12464_APCI+_ASH-OBC-28G #1-30 RT: 0.01-0.43 AV: 30 NL: 8.83E6
T: FTMS + p APCI corona Full ms [160.00-500.00]

330 332 334 336 338 340 342 344 346 348 350
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
Ab

un
da

nc
e

338.12495

339.12779

340.13065329.19368 338.01702336.10764 341.30518 350.09012344.00848 345.18796333.30037331.57797 347.20390

O

O

Me
O Me

28f

O

O

NO2

O
Me

O

O

28g

O

O
NO2



S-68

RIC-AS-12464_APCI+_ASH-OBC-28H #1-30 RT: 0.00-0.44 AV: 30 NL: 3.95E5
T: FTMS + p APCI corona Full ms [100.00-500.00]

326 328 330 332 334 336 338 340 342 344 346 348
m/z

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

R
el

at
iv

e 
Ab

un
da

nc
e

338.12406

338.34198
339.12667325.00335 327.00116 341.30501331.28407 337.27393 342.97291333.27860328.32068 347.33224335.10997 345.28320

O
Me

O

O

28h

O

O
NO2

1H NMR (500 MHz, CDCl3)

4a

O

O
H
N

O
Ph

OH
N

S
OO

OMe

Me



S-69

1H NMR (400 MHz, CDCl3)
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RIC-AS-12639_ESI+_MeOH_ASH-OBC-4k #1-30 RT: 0.00-0.42 AV: 30 NL: 3.06E8
T: FTMS + p ESI Full ms [150.00-800.00]
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RIC-AS-12639_ESI+_MeOH_ASH-OBC-4L #1-30 RT: 0.01-0.42 AV: 30 NL: 1.40E7
T: FTMS + p ESI Full ms [150.00-800.00]
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HPLC purity  (Table 2, SI) data of inhibitors 4a-l.

S.NO Inhibitor HPLC Purity

1 4a 94%

2 4b 92%

3 4c 92%

4 4d 92%

5 4e 93%

6 4f 92%

7 4g 92%

8 4h 92%

9 4i 92%

10 4j 92%

11 4k 92%

12 4l 93%
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ACN : H2O (1 : 1)
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