SARS-CoV-2 inhibitors identified by phenotypic
analysis of a collection of viral RNA-binding

molecules

Alvaro Simba-Lahuasi, Angel Cantero-Camacho, Romel Rosales, Briana Lynn McGovern,
M. Luis Rodriguez, Vicente Marchan, Kris M. White", Adolfo Garcia-Sastre and José

Gallego®

SUPPLEMENTARY MATERIAL



Supplementary Figures

- - dacson - % Filacion
:: il ::my :; ~ Call Visbiity :: ™ - Cell Viaty
- 1264
3 e
§ 0o =
RS e g 75
sod i
754 59
£ 3 H H 1 1 ] . a 0 H 1 i 1 H 1 H
[remdesivir] log 10 uM [trim]log 10 ul [homochlorcyclizing] log 10 ul [1airef2)] log 10 uM
% Pechon - Sinfcion 1754 === % infecion = % infecion
:;: : Call Viabiity :: = Coll Viabiity == Cail Viabily 1 =~ Coll Viatility
#
H
&
A L) 1 H 2 A [ 1 H 2 A [} i 2 2
[1d] log 10 um [trityl-piperazine] log 10 uM [2a] log 10 uM [Cyproheptadine] log 10 uM
oy - % lection 1754 - % nlecson 1754 - % Infocion 75 5 Infection
15 = Call Viability = Call Viability 150 - CellVisbilty & Cel Yiabilly
1254 - |BS.
1004 — ~F== i s
I T4 h £ 76
o - — . ‘-1_‘
%
by o T T8 T T
A H 1 2 2 4 [ H H A 1 1 I3 2 - 0 1 2
[triparancl] log 10 uM [2b{ref2)]log 10 uM [gn1] log 10 uM [1b{ref2)]log 10 uM
% Ilecson == % Infaction === % Inflacion % Infly
:: ':_ ot vy 175 = Call Viability :: == Coll Viability :: : ||ue:t:r,-
125 1254 - 1254 I
E 1064 - E m-----v’-!-.--?—i_i § reed T
& & ™ &
5 50 5]
251 25 51
2 }] ] 1 2 4 H 1 H A 1 i K] 1 1
[18] log 10 uM [Mitoxantrone] log 10 uM [11] log 10 uM [17a5] log 10 uM
. - % kaction == % Iniacton = % ndscton
. :t;mw 175 " = Coll Viabilty by = Coll Viabilty
1150
1254
e S S g
£ et g
5 N
154
4 H i 2 1 H 1 H LI 0 1 H
trans-clomiphene] log 10 uM cis-clomiphene] log 10 uM Clomiphene citrate] log 10 uM [bisphenylindol]log 10 uM
[ p ] log
=== % knfection
:: —~ Gl Viakility :“’ ot z:x:::w 175 - % et
1159 .
pe
£ ™
504
E
2 a H 1 H 2 1 H 1 2

[BOH-tamoxifen] log 10 uM [4'OH-tamoxifen] log 10 uM

% Infection,
a Cellisim

= Wk e N

'Y

=3 Bl L] 1 z =] B ° 1 3 2 a H 1 H = LR "
[Remdesivir] log 10 uM [4'OH-tamoxifen] log 10 uM [BOH-tamoxifen] log 10 uM [id]iog 10 um
% infocion ¥ % Intection o o
] oy T o T - :
" - T "
i 125 ] =
1004 P - -
£ g ™ ! * E L]
50 = -
by 4 - o
: 1 H i H ; A H H 1 ; T T T 1 . - ; . .
[clomiphenecitrate] log 10 ul [trans-clomiphene]log 10uM  [cis-clomiphene] log 10 ulV [trim]log 10 uM
15 o Rt , 4 indectian s wiecson
1,,: = vy .:,: o cenvamy

l e Call Vil

Bt

i
'Li"'

Pareant

i
|
i
[

1 [ 1 H E

3 ;
[trityl-piperazine] log 10 u

1 ] - L]

[2a] log 10 uM [qz2] log 10uM

Figure S1. Dose-response SCoV2 antiviral activity and toxicity curves of viral RNA-binding small-

molecule compounds, determined in Vero E6 (A) and h293T-ACE2 (B) cells.
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Figure S2. Chemical structure of 8 selected compounds identified by phenotypic screening. These
molecules exhibited anti-SCoV2 ECso < 10 uM in Vero E6 and h293T-ACE2 cells, and SI > 5 in at least
one cell type, and represent 25% of the screening library. Clomiphene was studied in the cis and trans

configurations as well as a stereoisomer mixture (FDA-approved citrate salt).



RNA

sequence

5 SL2+3

PRF

ATTL
ATTH

ORF7b

3 SL1+2

3 S$2m

3 GGAUCUCUUGUAGAUCUGUUCUCUAAACGAAC 3

5' GACUCCGCGAACCCAUGCUUCAGUCAGCUGAUGCACAAUCGUUUUUAAACGGGUUUGCG
GUGUAAGUGCAGCCCGUCUUACACCGUGCGGCACAGGCACUAGUACUGAUGUCGUAUACAG
GGCU ¥

' GEGGCGAACCCAUGCUUCAGUCAGCUGAUGCACAAUCGUUUUUAAACGGGUUUGCCCE 3

3 GGUGCUUCAGUCAGCUGAUGCACC 3

5 GGUUUCUUAUUGUUGCGGCAAUAGUGUUUAUAACACUUUGCUUCACACUCAAAAGAAACC
CAGAAUGAUUGAACUUUCAUUAALUUGACUUCUAUUUGUGCUULUUUAGCCUUUCUGCUALULUC
CUUGUUUUAAUUAUGCUUALUAUCUUULUGGUUCUCACUUGAACUGCAAGAUCALA 3

5 GACCACACAAGGCAGAUGGGCUAUVAUAAACGUUUUCGCUUUUCCGUUUACGAUAVAUAGL
CUACUCUUGUGCAGAAUGAAUUCUCGUAACUACAUAGCACAAGUAGAUGUAGUUA 3

5 GGUUCACCGAGGCCACGCGGAGUACGAUCGAGUGUACAGUGAACC 3

Figure S3. SCoV2 RNA sequences studied in this report. The blue-colored nucleotides indicate changes

relative to the wild-type sequence, introduced to increase transcription yield.
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Figure S4. One-dimensional 'H NMR spectroscopy spectra of trim, qz2 and clomiphene citrate,

indicating the signals used to quantify the perturbations detected in one-dimensional, CPMG and

wLOGSY experiments in the presence of different SCoV2 RNA elements. Conditions: 300 uM

compound; 150 mM KCl and 3 mM MgCl,, 27 °C. The resonances belonging to N-methyl-valine or the

citrate salt of clomiphene, used as internal negative-binding controls, are also assigned.
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Figure SS. Interaction of clomiphene citrate, qz2 and trim with SCoV2 RNA elements analyzed by

ligand-based NMR spectroscopy experiments. Quantification of CPMG and wLOGSY perturbations of

aliphatic protons as a function of compound and RNA element. RNA elements are ordered according to

their relative locations in the virus genome. For RNA targets of similar size, increased binding translates

into greater variations of CPMG areas and greater LOGSY factors. Note that both CPMG and LOGSY
perturbations intensify with RNA target size. To account for this effect, the CPMG and LOGSY bars

are colored according to the size of each RNA element as depicted in the image. The error bars represent

the standard deviation of the average perturbation detected for the aliphatic protons of each ligand.

Conditions: 300 uM compound; 3 uM RNA (1:100 RNA:ligand molar ratio; clomiphene) or 6 uM RNA
(1:50 molar ratio; trim and qz2); 150 mM KCI and 3 mM MgCl,; 100 ms CPMG delay; 27 °C.
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Figure S6. Interaction of the cis (Z) and trans (E) stereoisomers of clomiphene citrate with SCoV2 RNA
elements analyzed by ligand-based NMR spectroscopy experiments. (A) Representative CPMG spectra
of clomiphene citrate in the absence (black) and presence (green) of 3_SS2m. Two resolved aromatic
peaks corresponding to the E and Z stereoisomers are perturbed differently. (B) Quantification of CPMG
perturbations of E and Z resonances as a function of SCoV2 RNA element. RNA elements are ordered
according to their relative locations in the virus genome. For RNA targets of similar size, increased
binding translates into greater variations of CPMG areas. Note that CPMG perturbations intensify with
RNA target size. To account for this effect, the bars are colored according to the size of each RNA
element as depicted in the image. Two pairs of aromatic and aliphatic peaks corresponding to the E and
Z stereoisomers were used for quantification. Conditions for (A) and (B): 3 uM RNA and 300 pM
compound (1:100 molar ratio); 150 mM KCl and 3 mM MgCl,; 100 ms CPMG delay; 27 °C.
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Figure S7. Recognition of 3_S2m, 5 SL.2+3 and ATTH by clomiphene and trim, monitored by RNA-
based NMR spectroscopy experiments. In all cases, the H5-H6 region of the TOCSY spectrum (60 ms
mixing time) of each RNA element is superposed on the spectra of complexes with increasing
RNA:ligand molar ratios, color-coded as indicated in the graphs. Conditions: 120 uM (3_S2m) or 50
pM (5_SL2+3, ATTH) RNA, 50 mM KCl, 25 °C (3_S2m) or 27 °C (5_SL2+3, ATTH).

8



0 mM NacCl

-& S52m + trim - 52m + clomiphene & 52m + qz2
1.0 . 1.0 1.0
3 : :
E .| Ka= 19.3uM EM_ Ky= 36.0 pM £l Ka= 267pM
o) (13.1-29.1; =T (27.7-47.3; e (21.4-33.6;
R2=0.9331) R2=009573) RZ=09778)
U.U T T T T T T 1 D-D T T T T T T T T 1 D_D T T T T T T 1
10+ 10 402 102 10° 10" 402 10° 104 10 102 107 10" 40° 10F 102 10+ 140-% 10 10" 10" 10' 40% 10%
C (uM) C (uM) C (uM)
150 mM NaCl
S2m + tri -# 52m + clomiphene
: SZ:—1EEFI"HJA—1rim s 52m +tRNA + clomiphene * S2m+qz2
1.0+ '] _ 1.04 . 1.0 .o
E Ky= 12.5p E Ky= 33.2p g LT
w 051 (8.48-18.5; w051 (21.1-45.3; S5 Ky> 50.0 uM ‘5;.‘.
RZ = (0.9325) RZ =0.9336)
D'D T T T T T T 1 D-D T T T T T T 1 u-n LA | T AL | T T T L |
10+ 10 102 109 10° 10" 102 10? 104 10 102 109 107 10" 10% 107 104 10 102 104 107 10! 102 A10°
C (M) C (uM) C (M)
trim clomiphene qz2

Figure S8. 3 _S2m recognition by trim, clomiphene citrate and qz2, studied with fluorescence intensity
experiments at two ionic strength conditions, 0 and 150 mM NaCl. No clear transition is observed for
qz2 at higher ionic strength. For trim and clomiphene at 150 mM NacCl, the graphs show 3 S2m
association curves obtained in the absence (blue circles) and presence (red circles) of a 100-fold molar
excess of unlabeled competitor tRNA. The presence of tRNA did not have a significant impact on

3 S2m binding in either case. Conditions: pH 6.6, 0 or 150 mM NaCl, 25 °C.



Supplementary Tables

Table S1. Antiviral activity, toxicity and previous characterization of the 32 viral RNA-binding small-

molecule compounds analyzed by phenotypic screening. The table is supplied separately in excel format

and provides, for each compound, SCoV2 inhibitory activity (ECso), toxicity (CCso) and selectivity index
(SI = CCs0/ECso) in Vero E6 and 293T-ACE2 cells, previous virus and RNA target information, smiles

code and source. The SCoV2 inhibitory data of remdesivir, used as a reference, is also provided.

Table S2. Antiviral activity and toxicity of the best compounds identified by screening a library of 32

viral RNA-binding compounds. Anti-SCoV2 activity (ECso), cellular toxicity (CCso) and selectivity

index (SI) values were measured in Vero E6 and human 293T-ACE2 cells. The 8 unique hits included

in this set had an ECso < 10 uM in both cell types and SI > 5 in at least one cellular type and represent

25% of the compound library.

Compound® Eiﬁthm CC(‘ﬁI\Z)e "0 ST Vero ECESI\Z/I’;’?T CC?:;S.?T SI1293T vif;’:;vtilorbge y Rz];eere
clomiphene citrate® | () 449 2.62 5.84 0.371 >20 >53.9 | HIV-1RRE (1]
trans-clomiphene” 0.760 5.58 7.34 0.210 47.1 224 | HIV-1RRE | [I]

cis-clomiphene® 0.590 6.86 11.6 0.520 6.87 13.2 | HIV-1RRE [1]
trim 3.5 >89.8 >25.7 0.33 23.5 712 | HIV-1RRE | [2]

qz2 7.52 >20 >2.7 0.12 >6.6 >55 HCV IRES [3]
trityl-piperazine 0.644 2.22 3.45 0.270 >3.67 >13.6 | HIV-1RRE | [2]
homochlorcyclizine 3.59 >20 >5.57 n/d n/d n/d HIV-1 RRE [1]
triparanol 0.811 >20 >24.7 n/d n/d n/d HIV-1 RRE [2]

2a 6.24 >20 >3.21 0.63 5.32 844 | HIV-1RRE | [4]

1d 6.64 6.86 1.10 0.520 7.50 144 | HIV-1RRE | [4]

2The ECso, CCsp and SI values obtained for the control antiviral remdesivir were 0.428 uM, >20 uM and >
46.7 in Vero E6 cells, and 0.0104 uM, >2uM and >192 in h293T-ACE2 cells, respectively.

®Clomiphene was studied in the cis and trans forms as well as a stereoisomer mixture (FDA-approved

citrate salt).
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Table S3. Quantitative analysis of the perturbations detected in the 'H NMR spectra of clomiphene

citrate, qz2 and trim as a function of the SCoV2 RNA element present in the mixture. The table includes

line broadening (LB), CPMG and wLOGSY perturbation values, averaged for the aromatic and aliphatic

protons of the ligands (section A), or measured for the assigned peaks indicated in Figure S4 (section

B). In the latter case chemical shift perturbation (CSP) values are also reported. Conditions: 300 uM

compound; 3 uM RNA (1:100 RNA:ligand molar ratio; clomiphene) or 6 uM RNA (1:50 molar ratio;
trim and qz2); 150 mM KCl and 3 mM MgCl,; 100 ms CPMG delay; 27 °C.

Aromatic

Clomiphene citrate qz2 trim
LOGSY | CPMG LOGSY | cpuG LOGSY | CPMG
Sequence LB (%) factor | variation | LB (%) Sactor | aviation | LB (%) factor | variation
@ | (% @ | o @ | (%

5 S[243 -1.34+ 4.44 29.2 197 580+ 4.67 £ 159 % 131.1+ | 39.0%
- 9.47 +3.00 +7.19 7.15 1.62 1.53 1.21 4.61 0.82
ATTL 159+ 4.11 41.4 339% 9.98 + 10.0 £ 931 % 435+ | -12.7+

12.5 +3.05 | +7.70 856 4.61 1.00 931 0.32 252
PRF 81.7+ 57.5 99.0 -027 225+ 13.0+ 225+ 50.5+ 155+
10.3 +15.8 +1.00 1.42 17.6 2.00 31.62 36.2 4.80
ORF7b 67.6 + 58.0 99.0 262 337+ 50.7+ 423+ 208 & 302+
6.22 +18.0 +0.25 15.0 373 7.37 5.36 11.1 13.02

3 QL1 | 614% | 619 | 974 | 131% | 115+ | 107+ | 102% | 879+ | 250+
- 4.35 +18.1 +1.95 8.10 7.02 1.53 2.80 6.31 1.15
3 9m 374+ 5.03 40.4 6.50 = 11.1+ 103+ 882+ 544+ 24.0 £

- 7.63 +2.22 +7.23 8.42 6.93 1.53 495 16.2 1.83

Aliphatic Clomiphene citrate qz2 trim

LOGSY | CPMG LOGSY | cpuc LOGSY | CPMG
Sequence LB (%) factor | variation | LB (%) Jactor | \ariation | LB (%) factor | variation
@ | (%) @ | ) | (%)
5 SL2+3 0.62 £ 275+ 233+ -0.01 2.85+ -3.85+ 19.1 49.4 + 31.0+
- 21.7 1.70 11.0 9.84 1.28 10.15 3.31 8.42 7.21
ATTL 351+ 2.42 + 38.5+ 4.09 438+ 1.57 + 10.0 515+ 11.7 £
26.9 1.75 8.81 4.76 2.13 13.6 4.83 3.75 5.50

PRF 68.7 + 394+ 86.2 + 321 3.74 £ | -10.71 + 139 29.0 £ 14.0 £
12.3 0.10 11.8 6.45 2.19 14.1 5.40 11.3 458

ORF7b 68.0 £ 40.4 + 94.7+ -7.94 + 635+ | -18.0+ 13.5% 103 + 387+
4.39 10.9 5.31 5.76 2.09 18.1 4.26 40.1 4.73

gL | 707+ | 42: | 045: | 204% | 445 | 2125+ | 140% | 330 | 183+
- 13.1 11.2 3.00 7.16 1.98 12.9 2.05 1.48 5.51

3 $2m 449 + 3.03+ 395+ 130+ 3.15+ -0.71 £ 933 % 394+ 15.7+
- 12.5 1.87 8.38 10.4 1.79 12.6 3.35 8.65 6.51
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LB (%)/CSP (Hz)*P

clomiphene citrate 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
D -1.34 15.9 81.7 67.6 61.4 37.4
C -17.3 23.9 59.6 71.7 66.9 353
B 13.7 67.0 82.5 67.2 89.5 51.5
A 234 25.5 73.2 61.5 59.6 57.5
CPMG variation (%)

clomiphene citrate 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
D 29.0 414 99.0 97.5 99.1 40.4
C 14.9 40.8 77.1 92.9 91.5 40.8
B 26.7 383 93.9 96.5 97.0 38.8
A 36.0 343 96.5 96.3 99.3 37.1
LOGSY factor (%)?

clomiphene citrate 5 SL2+3 ATTL PRFL ORF7b 3 SL1+2 3 S2m
D 4.44 4.11 57.5 58.0 61.9 5.03
C 4.08 2.18 40.3 42.1 47.1 3.54
B 2.12 3.18 41.5 42.9 45.5 2.24
A 2.48 1.90 36.3 36.2 39.9 3.30

“LB and CPMG variations > 20%, LOGSY factors > 20% and CSP > 4 Hz are indicated in pink
®CSP values > 4 Hz are reported
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LB (%)/CSP (Hz)™"

qz2 5_SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
K 6.54 -5.00 1.11 9.52/5.7 5.71 -3.23
J -6.27 12.1 -1.72 38.3/5.0 21.8 11.3
I 5.64 3.05 -0.20 30.9/4.5 11.8 11.5
-13.0 -1.84 -8.91 -14.4 -9.61 -12.7
G 3.46 8.16 1.78 -8.90 -3.71 4.32
E/B 8.30 7.56 3.04 -1.09 7.16 11.4
C/D -0.32 2.52 -8.83 -10.7 -4.34 2.61
A 6.29 6.48 -3.66 -5.02 -2.06 4.87
CPMG variation (%)*
qz2 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
K 3.01 10.5 14.6 58.5 891 11.6
J 5.88 9.03 11.4 45.5 11.1 9.16
I 4.89 9.63 13.2 48.3 11.7 10.3
-1.52 7.26 -0.60 -4.16 -4.16 6.38
G -3.33 2.72 -7.24 -19.2 -11.4 -1.76
E/B -11.8 -8.59 -18.2 -16.1 -19.5 -10.6
C/D -2.36 3.98 -17.7 -34.1 -16.2 -1.93
A 3.62 7.14 -12.9 -33.2 -13.7 6.71
LOGSY factor (%)*
qz2 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
K 4.04 14.4 11.4 17.9 3.38 18.7
J 7.22 5.22 42.7 76.3 16.0 9.42
I 6.13 10.3 133 7.00 15.1 5.19
2.30 3.39 3.69 6.18 3.95 2.81
G 1.79 6.53 2.32 6.45 4.70 1.92
E/B 4.57 2.78 2.11 5.54 3.76 6.11
C/D 3.84 6.82 7.49 9.65 7.61 3.32
A 1.74 2.39 3.10 3.94 2.25 1.60

*LB and CPMG area variations > 20%, LOGSY factors > 20% and CSP > 4 Hz are indicated in pink
®CSP values > 4 Hz are reported
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LB (%)/CSP (Hz)™"

trim 5 SL2+43 ATTL PRF ORF7b 3 SL1+2 3 S2m
E 16.7 23.3 -58.9 4.46 14.1/4.4 14.3
D 16.0 7.54 3.93 7.94 9.70 4.64
C 14.9 1.54 -39.2 -3.43 7.46 11.7
B 20.8 8.81 10.8 12.4 15.1 11.1
A 15.7 12.4 20.1 15.8 11.8 5.70
CPMG variation (%)*

trim 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
E 38.9 -32.0 12.5 20.4 26.4 26.4
D 38.6 8.68 19.7 41.8 25.2 24.2
C 40.3 -36.9 9.72 18.3 23.6 222
B 36.9 17.6 18.9 44.0 23.8 22.1
A 32.9 8.20 13.0 34.9 18.5 15.8
LOGSY factor (%)*

trim 5 SL2+3 ATTL PRF ORF7b 3 SL1+2 3 S2m
E 135 3.98 88.8 196 90.5 38.2
D 126 4.51 46.0 218 92.6 70.5
C 131 4.56 16.7 210 80.8 54.5
B 43.4 2.50 21.0 132 342 333
A 55.3 7.80 37.0 75.4 32.1 45.5

LB and CPMG area variations > 20%, LOGSY factors > 20% and CSP > 4 Hz are indicated in pink
°CSP values > 4 Hz are reported
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Table S4. 3 S2m RNA interaction parameters of trim, clomiphene and qz2, measured by fluorescence

intensity experiments.

Ky (M) K (M) Ky-tRNA (uM) specificity ratio
compound 0 mM NaCl 150 mM NaCl 150 mM NaCl | 150 mM NaCl
trim 19.3 (13.1-29.1, 12.5 (8.48-18.5; 8.97 (6.04-11.9, 139
0.9331) 0.9325) 0.9305) )
. . 36.0(27.7-47.3, | 33.2(21.1-453; | 16.8(12.4-21.2,
clomiphene citrate 0.9573) 0.9336) 0.9573) 1.99
26.7(21.4 -33.6
b s c
qz2 0.9778) >50 n/d n/d

*For each compound, the table reports best-fit 3 S2m equilibrium dissociation constants, measured under two
ionic conditions. At 150 mM NaCl, binding was evaluated in the absence (Kq) and presence (K4-tRNA) of a 100-
fold molar excess of tRNA. The specificity of the interaction was quantified with the Ko/K¢-tRNA ratio:
interactions with specificity ratios close to 1 are specific, whereas those with ratios << 1 are unspecific. All
experiments were repeated at least three times, and the 95% confidence intervals and R? coefficients are shown
in parentheses. n/d: not determined.

bqz2 fluoresced at concentrations > 50 uM and the reported K4 value should be considered approximate.

“No clear transition was observed in this ionic condition.
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