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Simethods

Nsp5 constructs

Wi
SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDWYCPRHVICTSEDMLNPNYEDLLIRK
SNHNFLVQAGNVQLRVIGHS MQNCVLKLKVDTANPKTPKYKFVRIQPGQTFSVLACYNGSP
SGVYQCAMRPNFTIKGSFLNGSCGSVGFNID YDCVSFCYMHHMELPTGVHAGTDLEGNFY
GPFVDRQTAQAAGTDTTITVNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLT
QDHVDILGPLSAQTGIAVLD MCASLKELLQNGMNGRTILGSALLEDEFTPFDVVRQCSGVTF

Q
euvnsp5: N-terminally additional amino acids Gly-His-Met
esnsp5: N-terminally additional amino acids Gly-Ser

esnsp5crre: N-terminally additional amino acids Gly-Ser, C-terminally Gly-Pro-His-His-His-
His-His-His

Screening data

Screening data with the 768 compounds involving DSI-poised library purchased from Enamine
were conducted as previously described.! NMR screening against the DSI-poised library
purchased from Enamine with 896 compounds employed 10 mM phosphate buffer (pH 7.6)
containing 50 mM NaCl in D20, 0.04% NaNs and 3.85% ds-DMSO at 298 K. The protein
concentration was 11.5 pM and mixtures of max. 6 compounds with 320 uM each were added.
STD experiments were recorded, on a 600 MHz Bruker spectrometer with cryoprobe, with
irradiation for 3 s at 200 Hz power using trains of 50 ms gaussian pulses, number of scans
256, acquisition time 0.98 s, relaxation delay 2 s. The protein signal was filtered using a
spinlock for 20 ms at a 10 kHz power level. S/N > 10 was taken as a hit, everything below was
considered a negative. The screening against the Bionet library containing 428 compounds
and the Maybridge library containing 800 compounds were performed on a Bruker 600 MHz
Avance Il HD spectrometer equipped with a 5 mm BBO cryogenic probe. In addition, the
Bionet library was also screened using a Bruker 700 MHz equipped with a cryogenic QCI-F
probe. Screening conditions were very similar for both libraries, using a 10 mM phosphate
buffer (pH 7.4) containing 130 mM NaCl, 2.4 mM KCI, 10% D20 and 8% (Bionet) or 1%
(Maybridge) de-DMSO. The protein concentration was 10 uM and 9-11 ligands were added to
a final concentration of 100 uM for each ligand. Samples (180 pL final volume) were
transferred to 3 mm tubes. STD experiments were recorded using a pulse-train of 40 gauss
pulses (50 ms each) for the on- and off-resonance irradiation with a field strength of 200 Hz.
The length of the CPMG spin-lock in the T2-experiments was 200 ms and the spin-lock in the
pseudo 2D Timo-experiments were 10 ms and 200 ms with a field strength of 5 kHz. For the
Bionet, 1°F T2-experiments were recorded library was also screened using **F NMR spin-echo
experiments with a total spin-echo time of 100 ms and with a 70 kHz Chirp inversion pulse.?

Crystallization

Protein expression and purification
Nsp5 for crystallization was prepared as follows: The nsp5 gene was cloned into a pGEX-6-1
vsector with a C-terminal Hise-tag by the Hilgenfeld group.® The provided plasmid was
transformed into E. coli strain BL21-Star (DE3). An overnight culture was inoculated from
transformed clones and transferred the next day into auto-induction medium.* The cells were
grown at 37°C until OD =0.6 and then temperature was lowered to 18°C for overnight
expression. Cells were harvested the next day through centrifugation at 10.000xg for 10 min.
Cell pellets were flash-frozen in liquid nitrogen until purification. For purification the cells were
thawed and resuspended in 20 mM Tris (pH 7.8), 150 mM NaCl, 5 mM imidazole, 0.05%
Tween. The cells were lysed via sonication and centrifuged at 40.000x g for 45 min at 4°C.
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The supernatant was loaded onto a Ni-NTA affinity chromatography column, and the protein
was eluted with a stepwise imidazole gradient up to 500 mM imidazole. The protein was
dialyzed overnight with addition of 1:10 w/w PreScissioninto 20 mM Tris (pH 7.8), 150 mM
NaCl, 1 mM DTT. The next day the cleaved protein was subjected to a Ni-NTA affinity
chromatography column to remove the cleaved Hiss-tag. The final purification step was size
exclusion chromatography using a Superdex 75 column equilibrated in 20 mM Tris (pH 7.8),
150 mMNaCl, 1 mM TCEP, 1 mM EDTA. The fractions with the purified protein were pooled,
concentrated to 5 mg/mland flash-frozen in liquid nitrogen before storage at -80°C.

Crystallization conditions

Nsp5 was crystallized in 23.5% PEG 1.500, 0.2 M MIB (pH 7.4), 5% DMSO, 0.025 mM EDTA
(pH 7.0) using the NT8 pipetting robot (Formulatrix) and MRC 3-lens 96-well low-profile plates.
The final drop consisted of 200 nl protein, 100 nl reservoir and 50 nl 1:50 seed stock dilution
and was equilibrated at 20°C against 40 pl reservoir. Initial seeds were kindly provided by
Deniz Eris (PSI, Villigen, Switzerland) and predetermined the crystallization in the
orthorhombic space group. Based on the crystals grown from the initial seeds, new seeds were
prepared in the following way. Crystals from one drop were crushed and transferred into 50 p
reservoir solution. The mixture was vortexed four times for 30 s with 30 s on ice in between
with a Seed Bead™ (Hampton Research). The final seed stock was diluted to 1:50, aliquoted
and flash-frozen in liquid nitrogen. Crystals grew within 2 days. The soaking solution was the
same as the crystallization solution except for an additional 5 mM of the respective compound.
A soaking plate was prepared with 40 pl crystallization solution as reservoir and a 0.4 pl drop
of the respective soaking solution. The crystals were transferred from the crystallization plate
into the soaking drops. After the transfer the plate was sealed with crystallization foil and
incubated overnight at 20°C. The next day the crystals from each soaking drop were harvested,
flash-frozen in liquid nitrogen and stored until measurement.

Data collection was performed at BL14.1 (BESSY Il, Berlin, Germany).®> The data was collected
with 2000 images in 0.1° increments, an exposure time of 0.08 s, a 100 um aperture and at
13.5 keV. The collected data was then processed automatically via XDSAPP® and afterwards
automatically refined with fspipeline.” The input model for fspipeline was an inhouse refined
MPro model, based on a molecular replacement with the PDB model 7BB2. For the dataset of
37b the binding could be confirmed in the electron densitity and the ligand could be fitted into
the electron density manually after the fspipeline run. The resulting model was then further
subjected to iterative cycles of manual building in coot® and refinement using phenix.refine.®
The nsp5-37b co-crystal structure is deposited at the PDB with the ID 8PH4. The table with
data collection and refinements statistics are given in table S3.
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Docking of primary screening hits
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Figure S1: Docking poses of primary screening hits 1-29 generated by SwissDock® ! using
the nsp5 crystal structure PDB 5R83 (monomeric) showing the active site pocket (s. Table S1
for all fragments screened). The numbers in the structures represent the manuscript IDs of the
29 primary screening hits of four libraries.
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NMR spectra

Primary NMR screening data on Z604
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Figure S2: NMR spectra (1D 'H, waterLOGSY, and T2-CPMG (5ms and 100 ms)) of
commercially acquired Z604 in a mixture of 12 fragments in presence of cimnsp5. A single
fragment spectrum is used for chemical shift deconvolution in the mixture. Z604 shows sign
changes in the waterLOGSY in presence of cumnsp5. At the start of this project, we classified
this compound as a potential hit after confirmation of its binding properties by other biophysical
methods (SPR, TSA). The sample was prepared with 10 uM cnmvnsp5, 200 uM of each ligand
in 25 mM NaPi (pH 7.5), 150 mM NacCl, 5% de-DMSO.
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Properties of screening hits

Wat.e.r Total Relative Polar Drug Molecular Molecular Electlto— . Alkyl Aromatic Aromatic
No M [g/mol] clogP clogS solubility H-Acceptors H-Donors Surface Surface . L . g di . . N
PSA likeness Flexibility Complexity amines Amines Nitrogens
[mM] Area Area Atoms

1 231.25 0.261 -2.610 2.454709 5 3 181.87 0.332 70.23 3.36 0.518 0.611 5 2 0 0 0 0
- 2 233.29 2.062 -3.545 0.285102 4 2 177.71 0.400 96.25 3.66 0.413 0.630 5 1 1 0 1 1
g 3 188.23 -0.180 -1.395 40.271703 4 1 153.02 0.288 56.73 -2.91 0.419 0.624 4 0 1 1 0 3
g_ 4 213.24 1.800 -2.849 1.415794 4 2 172.45 0.272 54.02 -0.02 0.465 0.527 4 2 0 0 0 1
‘—,', 5 238.72 2.101 -2.239 5.767665 3 0 180.83 0.111 23.55 6.02 0.473 0.605 4 1 1 0 1 0
2 6 218.32 3.543 -4.160 0.069183 2 1 174.52 0.267 67.15 1.05 0.456 0.652 3 0 1 0 1 1
© 7 218.30 2.161 -2.759 1.741807 3 1 182.79 0.194 41.99 -3.57 0.476 0.559 3 1 0 0 0 1
8 244.08 1.143 -2.720 1.905461 4 1 170.69 0.246 50.94 -3.03 0.438 0.721 6 0 0 0 0 3
9 236.22 2.237 -3.328 0.469894 3 2 165.41 0.391 79.37 -8.98 0.634 0.523 7 0 0 0 0 0
10 190.20 0.517 -2.636 2.312065 4 1 156 0.333 76.11 -5.47 0.456 0.520 4 1 0 0 0 0
11 249.24 0.704 -1.444 35.974934 4 1 180.84 0.234 46.92 -7.33 0.677 0.656 7 1 0 0 0 2
g —_ 12 207.28 0.625 -1.842 14.387986 4 1 168.99 0.251 46.92 5.89 0.405 0.644 4 1 0 0 0 2
R} g 13 213.24 1.883 -3.163 0.687068 4 2 170.86 0.296 53.85 1.00 0.416 0.673 4 0 1 0 1 2
8_ -g 14 242.71 1.918 -3.153 0.703072 4 3 184.39 0.266 61.36 1.01 0.534 0.556 5 2 0 0 0 0
G‘ 3 15 283.33 0.918 -2.766 1.713957 5 1 204.15 0.284 72.37 -1.38 0.479 0.777 7 1 0 0 0 2
E E 16 234.23 1.758 -3.178 0.663743 4 1 181.55 0.273 55.13 1.30 0.450 0.786 5 1 0 0 0 1
< 17 243.27 1.730 -2.867 1.358313 5 2 194.71 0.292 63.25 0.05 0.485 0.541 5 2 0 0 0 1
18 227.69 1.924 -2.637 2.306747 3 2 172.93 0.217 49.33 1.42 0.573 0.613 4 1 0 0 0 0
19 219.16 1.634 -2.894 1.276439 3 1 156.28 0.221 38.33 -2.28 0.465 0.652 6 1 0 0 0 0
20 244.25 1.435 -2.815 1.531087 5 2 193.39 0.326 71.34 2.40 0.390 0.726 5 2 0 0 0 0
21 218.26 2.584 -2.459 3.475362 2 0 159.32 0.247 45.54 0.12 0.341 0.740 4 0 0 0 0 2
22 203.16 2.212 -2.736 1.836538 2 1 144.19 0.170 29.1 -6.72 0.526 0.567 5 1 0 0 0 0
- 23 216.16 1.571 -3.427 0.374111 3 1 145.34 0.220 37.53 -5.43 0.317 0.798 6 0 0 0 0 2
g 24 220.58 2.714 -3.341 0.456037 2 1 141.07 0.177 28.68 -7.08 0.336 0.732 6 0 0 0 0 2
.c% 25 163.15 1.731 -2.340 4.570882 2 1 119.32 0.202 33.12 -3.22 0.000 0.762 3 0 0 0 0 1
= 26 228.17 2.343 -3.870 0.134896 3 1 159.45 0.253 52.05 -6.60 0.439 0.684 6 0 1 0 1 1
27 215.23 2213 -4.106 0.078343 2 1 165.64 0.171 43.09 -2.22 0.512 0.630 3 0 1 0 1 0
28 217.15 1.370 -2.600 2.511886 3 1 142.19 0.243 38.33 -6.51 0.326 0.740 6 1 0 0 0 0
29 181.14 2.022 -3.119 0.760326 2 0 134.17 0.187 26.03 -1.07 0.303 0.674 4 0 0 0 0 1
d) Mavbrid 30 274.13 3.066 -3.452 0.353183 3 1 182.66 0.315 78.43 3.66 0.383 0.763 6 0 0 0 0 1
) Maybridge 31 209.27 0.654 -2.620 2.398833 3 1 152.04 0.367 77.62 -0.07 0.240 0.720 4 0 1 0 1 0

Figure S3: Properties of the primary screening hits of all four libraries.
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Z604 sensitivity towards reducing agents
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Figure S4: 1D-'H spectra of 0.25 mM fresh (a-c) or aged (d-f) Z604 in 50 mM NaPi (pH 7.0),
10% D20, 0.25% ds-DMSO in absence of reducing agent, in presence of 1 mM TCEP or 1 mM
DTT. Both TCEP and DTT are faster oxidized in presence of Z604. In case of aged Z604 this
process is accelerated. A new signal in the aromatic region (7.12 ppm) appears in presence
of TCEP. The solubility/stability of aged Z604 is better in presence of reducing agent.
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Figure S5: 1D-'H spectra of Z604 (a), and sections of the aliphatic (b), and aromatic regions
(c). A stock solution of 100 mM Z604 in DMSO is prepared and stored at rt to capture the
aging. For each time point (0-62 d) a new NMR sample of 0.25 mM Z604 in 50 mM NaPi (pH
7.0, 10% D20, 0.25% de-DMSO is prepared and directy measured.
During the aging at rt the Z604 stock changes its color from colorless to pink/red/brown. A
second signal set appears with time and gets more intense. After 62 d the second signal set
yields ~92%. The same NMR samples are measured after a few days and the second set of
signals disappears hinting at instability or limited solubility in buffer. Data not shown but visible
in Slfig. 4(e). The second signal set disappears after 20 h in absence of reducing agent (red
and blue spectra).
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Assignment of wt nsp5
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Figure S6: [N, H]-BEST-TROSY of wt nsp5 with backbone assignment to a degree of 83%
(86% when leaving out proline residues and the N-terminal Ser). (a) shows the whole
spectrum, (b) and (c) show sections, which are marked by color in the full spectrum.
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Overview of effects of the various ligands on nsp5 spectr
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Figure S7: 2D [1°N, 1H]-NMR-spectra of apo nsp5 (black), overlayed with nsp5 and the ligands (R)-X77,
Z329, Carmofur, M040, and Z604 (1/30a), 30b, 30c, 31c, 32a, and 35b (red). All spectra are of the [1°N,
1H]-BEST-TROSY type. The protein concentration ranges from 100 to 200 uM with a 20-fold excess of
ligand in case of Z329, 10-fold in case of M040, Z604, 30b, 30c, 31c, 32a, and 35b, 2-fold for Carmofur
and 1.5-fold for (R)-X77. The reference apo spectra are measured with the corresponding DMSO
amount. (R)-X77, 2329, Carmofur, and M040 experiments are conducted directly after ligand addition.
2604, 30b, 30c, 31c, 32a, and 35b experiments are measured after storage at rt for 10-44 h due to their
time dependent binding (s. Figure S2). Detailed sections of two affected amino acids by ligand addition

are shown in Figure S4.

Time dependence of Z604 binding
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Figure S8: Time dependence of Z604 binding shown exemplary by sections of T45 and Q192. BEST-
TROSY spectra of apo nsp5 (black), overlayed with Z604 spectra after 0 h (blue), 5.5 h (green), 11 h
(orange), and 16.5 h (red) after ligand addition (same samples as in Slfig. 1). The arrow shows the

direction of the CSP.
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Chemical shift perturbations (CSPs)
Plot of CSPs against the corresponding amino acid
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Figure S9: CSP plots of (R)-X77, Z329, Carmofur, M040, and Z604 determined from spectra of FigureS1
are plotted against the corresponding amino acid by use of Ad = (A:;;")2 + (A8y)?.2? Light pink shade

shows the active site amino acids.

Missing values represent either prolines or unassigned residues (S1, K5, V20, L27, L30, W31, L32, V36,
Y37, R40, H41, N63, 178, L87, K88, L89, K90, Y118, S139, L141, N142, C145, V148, 1152, Y161, M165,
T169, V171, V204, A206, W207, L208, Y209, A210, A211, V212, 1213, F219, E288).

Exemplary chemical shift perturbations of amino acids near the active site

—

V42 : £ (G174 — €
P Q ’-'T!\ Q
;122'523 Gi.z@ -108.023
1123.0% 5
o @ 1108.5'7
1123.5
O q -109.0
74 73 72 71 «~&'H [ppm] 9.8 9.7 9.6 «~&'H [ppm]
Apo Z329 Carmofur IV 2604
1/30a

Figure S10: Sections of overlayed [*°N, 'H]-BEST-TROSY spectra of apo nsp5 (black) and nsp5 with

ligands (color coding on the bottom of figure) showing amino acids V42 and G174 that are affected by
the ligand presence (full spectra in Figure S1).

Modeling of Z604 and derivatives

(a) . Mg (d)g (e)

Figure S11: Modeling of each ligand within the active site pocket of nsp5 including amino acids N142
and Q189 (upper row: non-covalent, lower row: covalent binding of ligand)

-
-

%
258

To generate the docking poses the PDB structure 6LU7 was used with a covalent ligand placed the
uracil close to the cyclic GIn of the covalent ligand (S-1) and the phenyl ring close to the Leu of the
ligand (S-2). After sewveral attempts it was found that a trans-arrangement looked best for the sulfur
attack of Cys 145, since then hydrogen bonds could be modeled for all polar groups of the uracil, namely
to the backbone NH of Gly 143, the backbone C=0 of Leu 141 and His 146 and to the side chain N(¢)H
of His 163. This model was created manually. All structures have been finally minimised within the
CHARMMZ22 forcefield.
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Activity data
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Figure S12: Activity assays of nsp5'2 in presence of ligands Z604, 30b, 30c, 30d, 31a, 31b, 31c, 31d,
33, 34, 32a, 32b, 35a, 35b and the reference compounds (R)-X77, Z329, Carmofur, and M040. The
controls include apo nsp5 without reducing agent (as for all samples with ligands), with TCEP, and with
DMSO (as for all samples with ligands). All samples were pre-incubated to allow binding prior to
substrate addition that starts the cleavage reaction.

Pre-incubation with 200 uM nsp5 in 50 mM NaPi (pH 7.0), without/with 0.1-2 mM ligand, without/with
4% DMSO (present for all ligands and the DMSO reference), without/with 1 mM TCEP (present only for

the TCEP reference) was at 22°C for 1 h or 24 h. The pre-incubation time is indicated in the figure if
both times are tested.

Cleavage reactions are started by the addition of substrate FLAGs3-Hise-SAVLQ-nsp9 (235-296 uM)
diluting nsp5 to 100 uM, ligand to 0.05-1 mM, DMSO to 2%, while the buffer stayed the same. The
cleavage time is indicated in the figure by a bar with the starting and end point.

All cleavage reactions were analyzed by SDS-PAGE and for all a protein marker (M, PageRuler™
Unstained Low Range Protein Ladder (Thermo Scientific™)), nsp5 (Ref.), and FLAG3-Hiss-SAVLQ-nsp9
(Ref.) were used. The gels in (a) are exemplary shown in full showing the marker and nsp5. All other
gels are cut to only show full-length substrate and cleaved nsp9. All protein/peptide migration levels are
indicated on the right of the gels. Gels are labeled as +TCEP for nsp5 with TCEP; -TCEP, +DMSO for
nsp5 with DMSO; and -TCEP for nsp5 without reducing agent; or with the corresponding ligand.

(@) Control experiments with apo nsp5. The substrate concentration is 235 uM, and the cleavage
reaction is stopped after 5°, 15°, 30°, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h. Both pre-incubation times of 1 h
and 24 h are tested.

(b) Activity assay for references (R)-X77, Carmofur, M040 and the third generation ligands. For (R)-X77,
and Carmofur the substrate concentration is 291 uM, and the cleavage reaction is stopped after 1°, 5,
109, 20°, 45, 2 h, 4.5 h, 24 h, 48 h. For M040, 33, 34 the substrate concentration is 284 uM, and the
cleavage reaction is stopped after 10°, 20°, 40, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h. For 32a, 32b, 35a, 35b the
substrate concentration is 275 yM, and the cleavage reaction is stopped after 10°, 30, 1 h, 2 h, 4 h, 6 h,
24 h.

(c) Activity assay for all first and second generation ligands. Substrate concentration is 235 pM, and the

cleavage reaction is stopped after 5°, 15, 30', 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 48 h. Both pre-incubation
times of 1 h and 24 h are tested.
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(d) Activity assay for freshly prepared Z604 (only first signal setin NMR \isible) and aged Z604 (ratio of
first to second signal set is 2:1). Substrate concentration is 284 uM, and the cleavage reaction is stopped
after 10, 20°, 40, 1 h,2h, 4 h, 6 h, 8 h, 24 h.
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Summary of interaction data
Table S2: Summary of most promising compounds Z604, 30b, 30c, 31c, and the references (R)-X77, z329, Carmofur, M040.

Cov. = covalent, rev./irrev. = reversible/irreversible; * = 1-best, 6-worst; cdnt = conc. dependence not tested.

(R)-X77 7329 Carmofur | M040 7604 30b 30c 3lc 32a 35b
PDB 6W63 5R83 7BUY 7N8C 8PH4
Binding mode | Non-cov. Non-cov. Irrev. cov. | Non-cov. Cov. Non-cov.
Ko / uM 0.057%4 4611 1.3 *

0.18%

CSP for
V42 0.190 0.065 0.140 0.115 0.238 0.231 0.247 0.232 0.021 0.103
/86 0.041 0.049 0.114 0.117 0.088 0.084 0.094 0.082 0.063 0.041
G143 0.386 0.288 0.077 0.169 0.366 0.343 0.339 0.369 0.384 0.022
S144 0.295 0.145 0.104 0.248 0.336 0.319 0.311 0.326 0.326 0.212
E166 0.035 0.058 0.135 0.036 0.079 0.086 0.085 0.083 0.030 0.046
H172 0.051 0.050 0.157 0.255 0.053 0.056 0.056 0.053 0.052 0.066
G174 0.119 0.025 0.115 0.144 0.167 0.184 0.184 0.201 0.193 0.072
Q192 0.040 0.090 0.066 0.232 0.077 0.089 0.089 0.081 0.074 0.129
Relative cdnt 6 3 cdnt 5 2 1 4 cdnt cdnt
inhibitory
effect*
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Crystal structure details
Table S3: Crystal structure data collection and refinement statistics.

Protein
Ligand
(PDB ligand ID)
Data collection
Space group
a, b, c(R)
o, By ()
Resolution limit (A)
Unique reflections
Multiplicity
Mean 1/a(l)
ISa
Rmeas (%)
Completeness (%)
CC (1/2)
Refinement
Rwork / Rfree (%)
No. of atoms
Protein
Ligands

Water

Ramachandran Plot

Fawored / Allowed (%)

RMSZ bonds
RMSZ angles
Awerage B-factor

PDB ID

Nsp5
35b
(YQN)

P212121
67.69 100.04 103.37

90.0 90.0 90.0

49.28-1.69 (1.79-1.69)

78838 (12568)
7.21 (7.1)
10.76 (0.93)
20.23

12.6 (203.1)
99.5 (99.4)

99.8 (38.1)

22,3 /1249
5138

4728

161

249

98 /2
0.37
0.60
28,0

8PH4
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Second bindingsite of 35b

Figure S13: The co-crystal structure of nsp5 with 35b as a dimer (a). Tilted view to show the second
binding site (b) and a section (c). The light tale colored amino acids show CSPs > 0.02, and tale colored

amino acids show CSPs > 0.05 at a 10-fold excess of ligand ower protein (s. Figure S7) supporting the
allosteric binding site.
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Synthesis of Z604 and its derivatives

Synthesis of secondary and tertiary amines based on the scaffold of Z604
O

(@] H o) R3
Br H,N R N R 3 N R
HNT . M\C[ N R3-Br M
OZ\N gz 160°C,1-3h OZ\N R DIPEA PY )
H 42-71% H abs.DMso, O~ N R
r.t,3d

S Si2a-d 30a-d 8-20% 31a-d

(1] (2]

Scheme S1: Reaction to synthesize secondary [1] and their corresponding tertiary amines [2].

Compound R R? R® Reaction time Y[‘i’/(-i;l]d
7604/30a H H H 1h 51
30b O-CHs H H 1h 71
30c OH H H 3h 43
30d H OH H 2h 42
31a H H Jq! 3d 15
31b O-CHs H /©N 3d 8
31c OH H Jg! 3d 11
31d H OH g 1d 20

[1] The general reaction procedure was based on a synthesis known from literature.¢ 7
Bromuracil SI1 (1 eq) and amine Sl2a-d (1 eq) reacted without solvent at 160 °C in the melt
for 1-3 h. Dest. water was added to the reaction mixture and the pH was adjusted to neutral
with 10% HCI. In 30a and 30b solids precipitated, these were filtered off and characterized as
clean product. For product 30c, the whole reaction mixture was adsorbed on Celite and purified
by reversed phase flash chromatography (H2O0—MeCN). Products 30a-d were clearly
identified by NMR spectroscopyand mass spectrometry. The spectra and chromatograms can
be found in the appendix.

[2] The general reaction procedure was based on a synthesis known from literature.®

The secondary amine 30a-d (1.0 eq) was dissolved in 5mL dry DMSO and
Bromomethylpyridine (1.1 eq) and DIPEA (5.0 eq) were added under Schlenk conditions. The
reaction mixture was stirred for 1-3 days at room temperature. The solvent was removed under
reduced pressure and the purification was done via reversed phase flash chromatography
(H20—MeCN) following HPLC. Products 31a-d were clearly identified by NMR spectroscopy

and mass spectrometry. The spectra and chromatograms can be found in the appendix.
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Synthesis of peptide-like tertiary structured ligands based on the scaffold of

2604
Sizb H 33

Scheme S2: Reaction to synthesize compound 33.

To obtain product 33, SI2b (1.0 eq), SI3 (1.0 eq) and HOBt (0.1 eq) were dissolved in 4 mL
DMF and cooled to 0 °C. EDC (1.5 eq) was added and the mixture was stirred for 10 min at
0 °C, heated up to room temperature and stirred for 8 h at room temperature. The solvent was
removed under reduced pressure and the purification was done via reversed phase flash
chromatography (H2O—MeCN). Product 35 was clearly identified by NMR spectroscopy and

mass spectrometry. The spectra and chromatograms can be found in the Sl/appendix.

HN
I NH /©/ 0 o 07N
2
HN. DCM RT Dioxan, 0° C H s’ .
HO Boc RT, 30 min oy NH,
o N o

EDC HCI

sl4 S5 sI7 DMF 0 C 8h

Scheme S3: Reaction to synthesize compound 34.

Boc-L-tyrosine SlI4 (1.0 eq), p-Anisidine SI5 (1.0 eq) and DCC (1.2 eq) were dissolved in 5 mL
DCM. The reaction mixture was stirred for 1 h at room temperature. A colorless precipitate was
filtered and identified as the urea by-product. The filtrate was washed with sat. NaHCOs
solution and extracted with DCM (3x). The solvent was removed under reduced pressure. For
deprotection of the raw product SI6, the boc group was directly eliminated by dissolving in 1,4-
dioxane/HCI (4 M) at 0 °C, the mixture was then stirred for 1 h at room temperature. The
solvent was removed under reduced pressure and the purification was done via normal phase
flash chromatography (DCM:MeOH, 10:1). Product SI7 was clearly identified by NMR
spectroscopy and mass spectrometry. The spectra and chromatograms can be found in the
appendix.

To obtain product 34, SI7 (1.0 eq),SI3 (1.0 eq) and HOBLt (0.5 eq) were dissolved in 4 mL DMF
and cooled to 0 °C. EDC (2.0 eq) was added and the mixture was stirred for 10 min at 0 °C,
heated up to room temperature and stirred for 8 h at room temperature. The solvent was

removed under reduced pressure and the purification was done via normal phase flash
chromatography (DCM:MeOH, 10:1) following HPLC. Product 34 was clearly identified by

NMR spectroscopy and mass spectrometry. The spectra and chromatograms can be found in

the appendix.
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Sscheme S4: Reaction to synthesize compounds 32a-b.

To obtain SI10, SI8 (1 eq), EDC-HCI (1 eq) and HOBt (1 eq) were dissolved in 5 mL abs. DMF
at 0 °C. SI9 (1 eq) was added and the reaction mixture was stirred for 15 min at 0 °C, heated
up to room temperature and stirred for 1 h. For purification, the reaction mixture was diluted
with EtOAc, then washed three times each with 20 mL of 1 M HCI, NaHCOs solution and NacCl
solution. The organic layers were combined and the solvent was removed under reduced
pressure and purified by reverse-phase flash chromatography (Celite, HLO—ACN). Product
S110 was clearly identified by NMR spectroscopy and mass spectrometry.

To obtain products 32a-b, compound SI10 (1 eq) and SI11/30a (3 eq) were dissolved in 2-3
mL abs. DMF. The reaction mixture was stirred at 160 °C for 3 h, cooled to room temperature
and stirred for 1 h. The solvent was removed under reduced pressure and the crude product
purified by reversed-phase flash chromatography (Celite, HLO—ACN). Products 32a-b were
clearly identified by NMR spectroscopy and mass spectrometry. The spectra and

chromatograms can be found in the appendix.

Synthesis of X77-like compounds containing Uracil moiety

)
%
o o H Y
~ N
- HN)j)LNW
2\ abs DMF )\ © o
o) N o N
H H
R a: R=H
Si12 Sl13a-b sS4 SI15 35a-b b: R=1tBu

Scheme S5: Reaction to synthesize compounds 35a-b.

Reactants SI12 (1 eq), Sl13a-b (1 eq) and SI14 (1 eq) were dissolved in 6.5 mL abs. DMF.
The mixture was cooled to 0 °C in an ice bath, reactant SI115 (1 eq) was added and stirred for
1 h. Additionally the reaction mixture was stirred overnight at room temperature. For

purification, the reaction mixture was extracted with DCM and washed with water and brine.
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After combining the organic phases, the solvent was removed under reduced pressure. The
oily crude product was purified by reversed-phase flash chromatography (Celite,
H.O—MeCN). The selected isolated fractions were combined and the solvent was removed
under reduced pressure. A yellow solid was obtained, which was additionally purified by normal
phase flash chromatography (silica gel, DCM — DCMMeOH 4:1). Products 35a-b were clearly

identified by NMR spectroscopyand mass spectrometry. The spectra and chromatograms can
be found in the appendix.
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Analytic of all synthesized compounds

Analytic of secondary and tertiary amines 30a-d and 31a-d based on the
scaffold of Z604

2 e 9 5 e 838
o 4 pas = ~ P - =
1HNJ§/H N 10 | ‘ | | | \/ /
VARG
H 8
2 30a_NJ101
A /."‘,R L D | B LU U U0 | S,

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
145 14.0 13.5 13.0 125 120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 ppm

LA : B B e

IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.10 (bs, 1 H, amide-NH1), 10.16 (bs, 1 H, amide-
NH2) 7.25 (m, 5 H, H7-11), 6.37 (s, 1 H, H3), 4.16 (t, 1 H, 3J1,n = 6.1 Hz, NH4), 3.05 (g, 2 H, 3JH,H=6.8
Hz, H5), 2.82 (t, 2 H, 3JH,H = 7.3 Hz, H6).
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CAXcaliburidataiNJ 101 8162021 11:06:22 AM

NJ101 #4548 RT: 0.760.82 AV- 4 SB: 38 1.02-1.66 NL: 195E4
T: {0,1} - ¢ ESl Icorona sid=75.00 det=1306.00 Full ms [100.00-500.00]
100 230.38

953
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n
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1T

453
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253
205
153
103 12533
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53 37433 40742 42326
0:
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miz
MS (ESI): m/z (%) = 230.38 [M-H]-.
ng 0
g oo OoO O~
= = s
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—4.15

A
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[e) 4
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N (0]
1 ~
o) N 3 7 9
H 8

2 30b_NJ113

iR

S ) GO U S | Se L P ] VYL

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
145 14.0 135 13.0 125 120 115 11.0 105100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 ppm

e EEEE 8RR

1H-NMR (400.26 MHz, DMSO-ds, 25 °C) & [ppm] = 10.24 (bs, 2 H, amide-NH1/2), 7.20 (t, 1 H, 3Ju,1 = 8.0
Hz, H8), 6.82-6.80 (m, 2 H, H7 & H9), 6.76 (dd, 1 H, 3Jn,1 = 8.5 Hz, 4JH.H = 2.6 Hz, H10), 6.37 (s, 1 H,
H3), 4.15 (t, 1 H, 3JnH = 6.2 Hz, NH4), 3.73 (s, 3 H, CHs11), 3.04 (q, 2 H, 3Jn.1 = 6.8 Hz, H5), 2.79 (,
2 H, 3JH,H = 6.8 Hz, H6).
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CAXcaliburidata\NJ113-1

11/5/2021 11:48:37 AM

NJ113-1#45-47 RT: 0.76-0.80

AV: 3 SB: 14 0.94-1.16 NL: 1.84E4

T: {0,1} - c ESl Icorona sid=75.00 det=1306.00 Full ms [105.00-500.00]

1005
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145 14.0 135 13.0 125 120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

-

S|

A=A I

T
ppm

IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.11 (bs, 1 H, amide-NH1), 10.17 (bs, 1 H, amide-
NH2), 9.26 (bs, 1 H, OH11), 7.07 (t, 1 H, 3JH.H = 7.6 Hz, H8), 6.66-6.58 (m, 4 H, H7, H9, H10), 6.35 (s,
1H, H3), 4.11 (t, 1 H, 3J1,H=6.2 Hz, NH4), 3.00 (g, 2 H, 3JH,nH =6.7 Hz, H5), 2.72 (t, 2 H, 3JH,H = 6.7 Hz,

H6).
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CiealbundataiNg 134 (42222 14:41:47

NJ134 #45-51 RT: 0.76-0.87 AV:'7~ B 871.11-1.237 NL1 43E5
T {0.1} - c ESI Icorona sid=75.00 det=1553.00 Full ms [100.00-500.00]
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IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.11 (bs, 1 H, amide-NH1), 10.14 (bs, 1 H, amide-
NH2), 9.16 (s, 1 H, OH11), 7.01 (d, 2 H, 3JH,H = 8.4 Hz, H7 & H10), 6.68 (d, 2 H, 3JH,H=8.4 Hz, H8 &
H9), 6.34 (s, 1 H, H3), 4.08 (t, 1 H, 3Jn,H=6.1Hz, NH4), 2.97 (g, 2 H, 3JH,H = 6.5 Hz, H5), 2.69 (t, 2 H,

3JH,H = 7.4 Hz, H6).
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C:\Xcalibur\data\NJ116 11/25/2021 10:27:28 AM

NJ116 #4547 RT: 0.76-0.80 AV: 3 SB: 24 0.99-1.38 NL: 931E3
T: {0,1} - ¢ ESI Icorona sid=75.00 det=1306.00 Full ms [105.00-500.00]
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IH-NMR (400.26 MHz, DMSO-ds, 25 °C) & [ppm] = 11.04 (bs, 1 H, amide-NH1), 10.43 (bs, 1 H, amide-
NH2), 8.43-8.41 (m, 2 H, H13 & H12), 7.62 (d, 2 H, 3JnH = 8.0 Hz, H14), 7.30 (dd, 1 H, 3JH,H = 7.7 Hz,
4JH,H = 4.7 Hz, H15), 7.26-7.22 (m, 2 H, H8 & H10), 7.17-7.12 (m, 3 H, H7, H9, H11), 6.81 (s, 1 H, H3)
4.14 (s, 2 H, H4), 3.14 (t, 2 H,3JH,H = 7.8 Hz, H5), 2.67 (t, 2 H, 3J1,n = 7.1 Hz, H6).
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CAXcaliburidata\NJ127-2

(2312022 11:01:43 AM

NJ127-2#34-44 RT- 058-0.75 AV- 11 SB: 8 009021 NL 223E5
T- {0,0} +cES Icorona sid=75.00 det=1306.00 Full ms [105.00-700.00]
100 32325

953

Relative Abundance
n
=
101
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E ]|J Lol Lol e ) |\. 36721 430.89 47240 50594 55512 60535 64952 67457
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MS (ESI): m/z (%) = 323.25 [M-H]-.
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1H-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.05 (bs, 1 H, amide-NH1), 10.44 (bs, 1 H, amide-
NH2), 8.43-8.41 (m, 2 H, H13 & H12), 7.62 (dt, 2 H, 3Ju,nH = 8.0 Hz, 2JH,H = 2.0 Hz, H14), 7.30 (dd, 1 H,
8JHH=7.7Hz,4JH,H=4.7 Hz, H15), 7.14 (t,3JH,H=7.9Hz, 1 H, H8), 6.80 (s, 1 H, H10), 6.74-6.69 (m,
3 H, H3, H7, H9) 4.14 (s, 2 H, H4), 3.70 (s, 3 H, CHs11), 3.13 (t, 2 H, 3Jn,n = 8.3 Hz, H5), 2.64 (t, 2 H,

3341 = 7.7 Hz, H6).
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C\Xcalibur\data\NJ129_4_P2 A712022 3:10:15 AM

NJ129_4 P2#45-51 RT:0.77-0.88 AV:7 SB: 8 1.08-1.21 NL: 249E5
T: {0.1} - ¢ ESI Icorona sid=75.00 det=1706.00 Full ms [100.00-700.00]
/147

Relative Abundance
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145 14.0 13.5 13.0 125 120 115 11.0 105100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 ppm

AR @@ G 8 Bk

IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.05 (bs, 1 H, amide-NH1), 10.44 (bs, 1 H, amide-
NH2), 9.19 (s, 1 H, OH11), 8.44-8.42 (m, 2 H, H13 & H12), 7.64 (dt, 2 H, 3Jn,H = 7.8 Hz, 4JH,H = 1.8 Hz,
H14), 7.31 (dd, 1 H, 3J1,H =7.9 Hz, 4Jn,H = 4.9 Hz, H15), 7.02 (t,3J4,H=7.7Hz, 1 H, H8), 6.80 (d, 1 H,
4Jn,H = 5.0 Hz, H10), 6.56-6.53 (m, 3 H, H3, H7, H9) 4.14 (s, 2 H, H4), 3.09 (t, 2 H, 3JH,H = 7.5 Hz, H5),
2.60 (t, 2 H, 3JH,H = 7.9 Hz, H6).
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C:AXcaliburidataiNJ141_3

NJ141_3 #28-42" RT: 0.47-0.727 AV: 15 SB: 1070.12-0.28" NL: B.79E6

06/13/22 12:13:44

T: {0,0} +c ESllcorona sid=75.00 det=1553.00 Full ms [100.00-800.00]
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IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.03 (bs, 1 H, amide-NH1), 10.44 (bs, 1 H, amide-
NH2), 9.19 (bs, 1 H, OH11), 8.43-8.41 (m, 2 H, H13 & H12), 7.63 (dt, 2 H, 3JH,H = 7.8 Hz, 4JH,+ = 1.8 Hz,
H14), 7.30 (dd, 1 H, 3Jn,H = 7.9 Hz, 4Jn,H = 4.9 Hz, H15), 6.91 (d, 3JH,H = 8.2 Hz, 2 H, H7 & H10), 6.79 (s,
1 H, H3), 6.62 (d, 2 H, H8 &, H9) 4.13 (s, 2 H, H4), 3.05 (t, 2 H,3JH,H = 8.0Hz, H5), 2.60 (t, 2 H,3JH,H=7.9

Hz, H6).
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Cacaiburidatah133 4122122 144334
NJ133 #4549 RT: 0.76-0.847 AV:'5 SBI 29 1.17-1.65 NL:'1.93E5

T: {0,1} - c ESI Icorona sid=75.00 det=1553.00 Full ms [105.00-600.00]
33712
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MS (ESI): m/z (%) = 337.12 [M-H]".

Analytic of peptide-like tertiary structured ligands based on the scaffold of
2604

E n o O = QMWW MO ~uWwt
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T T T T T T T T T T T T T T
145 140 135 130 125 120 115 11.0 105 100 95 90 85 80 75 70 B85 60 55 50 45 40 35 30 25 20 15 10 05 ppm

I B A A N

IH-NMR (500.18 MHz, DMSO-ds, 25 °C) & [ppm] = 11.57 (bs, 2 H, amide-NH1 & amide-NH2), 8.75 (t,
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3Jn,H=6.1Hz, 1 H, amide-NH4), 8.10 (s, 1 H, H3), 7.20 (t, 1 H, 3Jn.1 = 8.1 Hz, H8), 6.80-6.79 (m, 2 H,
H7 & H9), 6.78-6.76 (m, 1 H, H10), 3.73 (s, 3 H, CHsl11), 3.49 (q, 2 H, 31,1 = 6.1 Hz, H5), 2.75 (t, 2 H,

33u,h = 7.1 Hz, H6).

Cr\Xcaliburidata\NJ147 10007722 10-41:57

NJ147 #45-58" RT: 0.76-0.99" AV: 14~ SB:'37 1.13-1.76 NL 227ES
T: {0,1} - ¢ ESI lcorona sid=75.00 det=1553.00 Full ms [100.00-600.00]
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IH-NMR (500.18 MHz, DMSO-ds, 25 °C) & [ppm] = 11.66-11.62 (m, 2 H, amide-NH1 & amide-NH2),
9.96 (s, 1 H, amide-NH10), 9.19 (s, 1 H, OH11), 9.10 (d, 3Ju,H = 7.8 Hz, 1 H, amide-NH4), 8.07 (s, 1 H,
H3), 7.45 (d, 2 H, 3JH,nH=9.0 Hz, H13 & H16), 7.00 (d, 2 H, 3JH,H=8.3 Hz, H7 & H10), 6.87 (d,
3JH,H=9.1Hz, 2 H, H14 & H15), 6.63 (d, 2 H, 3JH,H=8.4Hz, H8 & H9), 4.77-4.69 (m, 1 H, H5), 3.72 (s,

3 H, CHs17), 3.02-2.78 (m, 2 H, H6).

C:AXcaliburidata\NJ148_1

11/04/22 09:21:20

NJ148_1 #44 657 RT.0.76-0.00 AV 147 SB2371.17-1.56 NL: 34365
T- {0,1} - ¢ ES Icorona sid=75.00 det=1553.00 Full ms [100.00-900.00]
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1H-NMR (400.26 MHz, DMSO-ds, 25 °C) & [ppm] = 11.17 (s, 1 H, amide-NH2), 10.12 (d, Ju.+ = 5.0 Hz,
1H, amide-NH1), 7.72 (d, 3Jn+=8.4 Hz, 1 H, NH6), 6.16 (d, 3JHH=5.9 Hz, 1 H, H3), 4.68 (t,
3JuH = 5.9 Hz, 2 H, NH4), 3.59-3.52 (m, 1 H, H7), 3.41 (d, 3Jn,1 = 5.9 Hz, 2 H, H5), 1.70-1.52 (m, 5 H,
H8-12), 1.29-1.06 (m, 5 H, H8-12).

CAXcalibundata\SONJ09 02/13/23 13:05:59

SONJOd #4657 RT. 078007 AV. 12 SB. 18 120150 NL 32365

T- {0,1} - ¢ ESl Icorona sid=75.00 det=1647.00 Full ms [100.00-600.00]
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MS (ESI): m/z (%) = 265.31 [M-H]-.
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IH-NMR (400.26 MHz, DMSO-ds, 25 °C) d [ppm] = 11.11 (bs, 1 H, amide-NH2), 10.59 (bs, 1 H, amide-
NH1), 7.58 (d, 3Jn,H = 8.2Hz, 1 H, NH5), 7.82-7.16 (m, 5 H, H14-H18), 7.15 (s,1 H, H3), 3.54-3.47 (m,
1H, H6), 3.44 (s, 2 H, H4), 3.11 (t,3JH,H=8.2 Hz, 1 H, H12), 2.66 (t,3JH,n = 8.2 Hz, 1 H, H13), 1.64-1.51
(m, 5 H, H7-11), 1.29-1.06 (m, 5 H, H7-11).

C\Xcalibundata\SONJ0S 02/03/23 121351

SONJ08 #2843 RT- 047074 AV- 16 SB- 20 0.070.40 NL: 121E6
T: {0,0} + ¢ ESI lcorona sid=75.00 det=1647.00 Full ms [100.00-800.00]
100+, 35403
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Relative Abundance
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MS (ESI): m/z (%) = 354.03 [M-OJ.
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Analytic of X77-like compounds 35a-b containing Uracil moiety
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1H-NMR (400.26 MHz, DMSO-ds, 25 °C) & [ppm] = 11.13 (bs, 2 H, amide-NH1&2), 8.33-8.32 (m, 2 H,
H13 & H14), 8.28 (d, 3JH.H = 7.9 Hz, 1 H, amide-NH6), 7.58 (s, 1 H, H3), 7.45 (d, 3Jn.1=8.1Hz, 1H,
H15), 7.17 (dd, 1 H, 3J.H = 8.0 Hz, 4JH.H = 4.8 Hz, H16), 7.10 (s, 5 H, H17-21), 6.20 (s, 1 H, H5), 3.71-
3.61 (m, 1 H, H7), 1.83-1.55 (m, 5 H, H8-12), 1.31-1.08 (m, 5 H, H8-12).

CAXcalibundata\SONJ15 03/01/23 08:24:48

SONJ15#34-42 RT: 058-0.72 AV:9 SB: 18 0.08-039 NL- 3 15E4
T: {0,0} +c ESllcorona sid=75.00 det=1647.00 Full ms [105.00-800.00]
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MS (ESI*): m/iz (%) = 447.98 [M+H]"*.
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2.03
2.00,
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1.25

IH-NMR (400.26 MHz, DMSO-ds, 25 °C) & [ppm] = 11.11 (bs, 2 H, amide-NH1&2), 8.34-8.32 (m, 2 H,
H12 & H13), 8.24 (d, 3JH,nH=7.9 Hz, 1 H, amide-NH6), 7.60 (s, 1 H, H3), 7.45 (d, 3JH,H=8.0 Hz, 1 H,
H14), 7.16 (dd, 1 H, 3JH,H =8.0 Hz, 4JH,H = 3.2 Hz, H15), 7.12 (d, 2 H, 3Jn,H = 8.6 Hz, H16 & H19), 7.00
(d, 2 H,3JH,H=8.6 Hz, H17 & H18), 6.14 (s, 1 H, H4), 3.66-3.57 (M, 1 H, H6), 1.76-1.54 (m, 5 H, H7-11),

1.30-1.06 (M, 5 H, H7-11), 1.14 (s, 9 H, tBu).

C\Xcalibundata\SONJ17

03/03/23 09:40:03

SONJ17 #44-46 RT: 0.76-0.80 AV: 3 SB: 20 093126 NL: 3.3

8E3

T: {0,1} - c ESl!lcorona sid=75.00 det=1647.00 Full ms [105.00-1000.00]
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