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Abstract

The diphtheria toxin-like ADP-ribosyltransferases (ARTDs) are an enzyme family that catalyses the
transfer of ADP-ribose units onto substrate proteins, using nicotinamide adenine dinucleotide (NAD")

as a co-substrate. They have a documented role in chromatin remodelling and DNA repair; and

©CoO~NOUTA,WNPE

10 inhibitors of ARTD1 and 2 (PARP1 and 2) are currently in clinical trials for the treatment of cancer.
12 The detailed function of most other ARTDs is still unknown. Using virtual screening we identified small
ligands of ARTD7 (PARP15/BAL3) and ARTD8 (PARP14/BAL2). Thermal-shift assays confirmed
17 that 16 compounds, belonging to eight structural classes, bound to ARTD7/ARTDS. Affinity
19 measurements with isothermal titration calorimetry for two isomers of the most promising hit compound
22 confirmed binding in the low micromolar range to ARTDS. Crystal structures showed anchoring of the
24 hits in the nicotinamide pocket. These results form a starting point in the development of chemical tools

26 for the study of the role and function of ARTD7 and ARTDS.
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Introduction

The diphtheria toxin-like ADP-ribosyltransferases (ARTDs) catalyse the transfer of ADP-ribose
moieties onto either acceptor proteins or growing ADP-ribose chains, using nicotinamide adenine
dinucleotide (NAD") as a co-substrate. The human ARTD family comprises 18 members,' including the
proteins formerly referred to as poly(ADP-ribose) polymerases (PARPs). ARTD1 (PARP1), the most
abundant in human and best-characterized family member, is involved in DNA repair, chromatin
modification, and cell death.” Inhibitors of the catalytic activity of ARTDI are currently in clinical trials
for the treatment of various cancer types.3 Other family members include the B-aggressive lymphoma
(BAL) proteins ARTD7 (PARP15/BAL3) and ARTDS (PARP14/BAL2),* both of which are predicted
mono(ADP-ribose) transferases.” Whereas ARTD7 remains poorly characterized, ARTDS is implicated
in Stat6-dependent transcription control’ as well as in cytokine-regulated control of cellular
metabolism.” Potent and selective small-molecule inhibitors are powerful chemical tools for the
elucidation of cellular functions of individual enzyme family members.® Unfortunately, the majority of
the commonly used PARP inhibitors affect several ARTD family members in vitro, and potent effectors
of most ARTD enzymes are lacking altogether.9

The NAD" binding site of ARTDs has been identified from structural alignment of ARTDs with the
crystal structure of diphtheria toxin in complex with NAD".'® Crystal structures of ARTD catalytic
domains in complex with ligands that mimic the nicotinamide moiety in NAD" showed similarity to
diphtheria toxin,'’ and a common mode of ligand anchoring to conserved residues in their binding

% 115 The loop regions surrounding the NAD" binding site show a higher sequence and

pockets.
structural variability, in particular in the donor-site loop (D-loop), a critical element for both NAD"
binding and substrate recognition.'® The structural plasticity of the D-loop has been observed when
comparing crystal structures in the ARTD family.” '* However, in many instances the whole D-loop
could not be modelled, as a result of weak or absent electron density. In addition, in some crystal

structures these parts of the complex participate in crystal packing, which makes a structural

interpretation of ligand—D-loop interactions problematic.
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In this study we applied structure-based virtual screening using molecular docking, to identify new
and selective leads that can be developed into chemical tools for the study of the function of ARTD7
and ARTDS. Inhibitors of ARTD1 have previously been identified using ligand-based'” or structure-
based virtual screening methods,' ' showing that the NAD" binding site of the ARTDs is a viable
screening target. Docking is a standard method for virtual screening, although it is well-known that the
method has its limitations, for example the under-sampling of protein conformations, and the use of
approximate scoring functions.”’ Nevertheless, structure-based virtual screening has proven its benefits

21, 22

in identifying new chemical leads. The use of multiple scoring functions has proved to be more

- - . 2325
robust when “optimal” scoring functions are unknown.

We have developed a virtual screening
protocol targeting ARTDs 7 and 8 based on new protein structural information and a developed
resemblance scoring approach. In short, a principal component analysis (PCA)-based evaluation that
makes use of multiple docking poses and multiple scoring functions was used to identify hit molecules
with similar scoring profiles to those of known ARTD inhibitors. The hit molecules from our virtual

screen were compared with the hit molecules found when using a single scoring function (glidescore).

The virtual screening hits were evaluated for binding to ARTD7, ARTDS, and ARTDI.

Results and Discussion

Crystal Structures of ARTD7 and ARTDS; Structural Basis for Virtual Screening.
Crystallization trials with ARTD7 and ARTD8 were performed in the presence of ligands that had
previously been shown to bind to the proteins.” The complex of ARTD7 with the non-selective ligand 1
(STO1102) was solved and refined to a resolution of 2.4 A (PDB ID: 4FOE). The complex of ARTDS
with the non-selective ligand 2 (STO1190) has been presented previously (PDB ID: 3SMI; resolution
2.4 A).” Overall, both structures have a similar fold to previously reported structures of ARTDs, but
they lack the amino-terminal a-helical sub-domain that is present in ARTD1-4 (Figure 1)1 26 A

superposition of ARTD7+1 and ARTD8+2 revealed a high structural similarity in the NAD" binding site

(Figure 1), where the 8-methylquinazolin-4-(3H)-one moiety of 1 is stacked between two tyrosines
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(Tyr569 and Tyr582), and forms the conserved hydrogen-bond interactions with Gly538 situated at the
end of B-sheet 3. A conformational difference is seen for Tyr576, as this residue perturbs the NAD"
binding site significantly more than does the corresponding Tyr1640 of ARTDS. A notable sequence
difference in the D-loops, with effects on ligand binding, is in the position of ARTDS-Tyr1620,
corresponding to ARTD7-Cys556. The triazol-amine of 2 stacks with the Tyr1620 side-chain, an

interaction that is absent in the ARTD71 complex.

[FIGURE 1]

A comparison of previously determined crystal structures of ARTD7, ARTDS, and other ARTD
catalytic domains in complex with nicotinamide mimics reveals structural differences in the D-loop
(structures listed in the Supporting Information).” '* Whereas the D-loop is fully intact in the ARTD7-1
complex, we did not observe any electron density for ARTDS8 D-loop residues 1622—-1626, indicating
that the loop is flexible. For the purpose of virtual screening, we therefore used multiple protein
structures, including two different structural models each for ARTD7 and ARTDS: one with the
coordinates as determined by crystallography (referred to as “long”), and a truncated version in which
parts of the D-loop were omitted (referred to as “short”; see the Experimental Section for details).

Virtual Screening with ARTD7 and ARTDS8. The virtual screening procedure is presented in Figure
2. A virtual library of 8050 molecules, including known ligands, (12,477 tautomers and different
protonation states) were docked to two versions each of ARTD7 and ARTDS, and a maximum of 100
docked poses per molecule were saved (Figure 2A—B). Molecules that did not exhibit the conserved
hydrogen-bond interactions with Gly on B-sheet 3 were discarded; and 2904, 4731, 6476, and 6805
molecules respectively, remained as ligands of ARTD7,5ng, ARTD7ghort, ARTD8)ong, and ARTD8hort
respectively (Figure 2C). This corresponded to 26,000—120,000 docked poses, depending on the protein

structure. The docked poses were subsequently rescored with eight scoring functions, and the score
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values were normalized with respect to the number of heavy atoms in the docked molecules (Figure 2D—

E).

[FIGURE 2]

The univariate statistics of the multiple poses (Figure 2F) for each of the five and six respectively,
known ligands of ARTD7 and ARTDS8’ (see the Supporting Information for structures) revealed that all
but one (the ARTD7¢2-Dimethylamino-N-(6-0x0-5,6-dihydro-phenanthridin-2-yl)-acetamide (STO802)
complex) of the known ligands formed the conserved interactions with Gly for at least six, but most
often for more than 80, poses. Comparisons of the scoring values for the known ligands and the virtual
library molecules showed that the known binders in general were scored to be good binders. In addition,
comparison of the docked poses with the crystallographically determined poses (1 in ARTD7 and 2 in
ARTDS) confirmed the reproduction of the bioactive conformations of at least one pose to a root-mean-
square distance (RMSD) of at most 0.9 A.

The multivariate analysis of the docking score data (i.e., the docking score resemblance approach) for
each of the four protein structures gave five principal components (PCs) for each of the four PCA
models (Figure 2G; see the Supporting Information for model statistics). The patterns and
interpretations were similar for ARTD7 and ARTDS; in the first two PCs there was a clear clustering of
the highly ranked known binders, as illustrated in Figure 3a, owing to their generally numerically low
docking scores, low variation of scores across different poses, and high number of poses passing
through the geometric filter. The pattern seen in the t-scores plot can be explained by the contributions
made to each PC by the univariate variables (Figure 3b). PCs three to five described the influence of
individual scoring functions on different molecules (for plots see the Supporting Information). Thus, the
use of all five PCs to select virtual screening hits enabled us to take both “consensus scoring” and
individual scoring functions into account at the same time. The 2904—6805 docked molecules showed a

wide spread in all five t-scores, and the distance in t-space of a molecule to the centroid of the known
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binders was used to select hits, this distance is here called docking score resemblance (Figure 2H). The
four PCA models based on scoring data from the virtual screens with ARTD7ions, ARTD7gpor,
ARTDB8)ong, and ARTD8orc Were considered and selection of all molecules located near or in the t-score
volume occupied by the known binders in each of the models resulted in 64 molecules (set A). A second
set of molecules (set B) was selected from the 64 molecules ranked highest in terms of the normalized
glidescore values for all four protein structures. 47 of these 64 molecules were not in set A. Set A and

set B were biologically evaluated for binding to ARTD7 and ARTDS.

[FIGURE 3]

Evaluation of Virtual Screening Hits. The molecules that experimentally displayed binding to
ARTD7 and ARTDS are presented in Table 1. Out of the 111 screened compounds (64 in set A and 47
in set B), 16 stabilized ARTD7 or ARTDS according to differential scanning fluorimetry (cut-off, ATy,
> 1.5 °C). The purity of the hits was confirmed to be > 95% according to reversed-phase HPLC UV-
trace, and the structures were confirmed using "H NMR spectroscopy (see spectra in the Supporting
Information). Surprisingly, the spectrum for the pure compound A16 revealed a (Z)-configuration,
compound 6 (Al6z), as opposed to the (E)-configuration, compound 5 (Al6)), reported in the
database, and the AT, value reported in Table 1 is thus for the (Z)-isomer 6. The majority of hits bound
to ARTDS (14 molecules), while two bound to ARTD7. The largest AT, (> 3 °C) was detected for
binders to ARTDS. The imbalance in the numbers of binders to the two targets was seen throughout the
screening; more docking poses in total “survived” the dockings to ARTDS, and a higher number of
molecules targeting ARTDS8 were selected than for ARTD7 (see the Supporting Information). A
possible explanation for these observations is that the ARTD7 NAD' binding site was partially
constricted by the unique positioning of Tyr576. In contrast, the ARTD8 NAD" binding site was
somewhat larger and less constricted by the D-loop, allowing for more molecules to adopt a probable

binding mode in the screening. Notably, the two compounds that bound to ARTD7 and five of the
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compounds that bound to ARTDS8 were selected from the virtual screens targeting ARTD8 and ARTD7,
respectively. Some overlap of the results was expected, as the two proteins have very similar binding
sites when alternative D-loop conformations are neglected, and because docking is a rather crude
method that mainly considers shape complementarities and key electrostatic interactions such as
hydrogen bonds. Examples of docking poses for eight structurally representative compounds are given
in the Supporting Information. The poses displayed by the compounds selected by our docking score
resemblance approach differed compared to the X-ray crystal pose of ligand 2.

Importantly, no single screen against one protein structure identified all hits. In general, more hits
(63%) were identified in the screen against ARTDs with unaltered D-loops, and we reason that the
volume of the binding site in these structures may be closer to the “true” volume. Most hits (38%) were
selected from the screen against ARTD8)o,.. Notably, three hits (5, 9 and 13) were exclusively identified
from the dockings against ARTDs with truncated loops. These observations support the theory that there
is a benefit in using several structures for the same protein and/or related proteins to increase the chance
of finding molecules that bind. Notable is that the two scoring methods, docking score resemblance and
glidescore, identified nine ligands each with only two ligands being identified by both methods,

suggesting that the two methods are complementary.
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Table 1. Thermal shifts in differential scanning fluorimetry (AT,,) induced by molecules from the virtual
screening selected according to docking score resemblance (set A) and/or glidescore (set B).

ARTD7 ARTDS8
mean st. mean st. Selection
Name Compound AT, dev. AT, dev. Criterion
(0]
3 A107 Y N 1.51 0.37 0.65 0.84 resemblance
SN\ /
[e]
o] NH,
4 A1428 ©;<‘<NC§L 0.06 0.10 210 0.12 resemblance
o
o
5 A16, ° ”K/YOH n.d.? - n.d.? - resemblance
NH, o
oO OH
6 A16(z) H2N7(©\Nkj/ 0.80 0.10 3.35 0.67 -
0 H
(o]
7 A25 " 0.36 0.41 1.66 0.83 resemblance
Q\/S\/ks)\my\QF
o
8 A28 d/ NH 1.38 0.04 2.05 0.60 resemblance
NistNHz
HN c
s o
9 A36 HNW/\/@ -0.25 0.12 3.89 0.91 resemblance
[¢]
‘ (0]
10 A39 jﬁfsﬁ -0.09 0.09 2.65 0.12 resemblance
(0]
)OK resemblance /
11 AB11® vy 0 1.49 0.10 1.1 0.62
Sy N glidescore
i NH _OH resemblance /
12 AB40* AW 0.33 0.27 1.63 1.05
ST N"s SOH

glidescore

? Not determined.
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Table 1. Continued.

Name Compound

ARTD7

mean
AT,

st.
dev.

ARTDS8

mean
AT,

st.
dev.

Selection
Criterion

©CoO~NOUTA,WNPE

H
13 B11* @Y“_@

OH N-y
10 HO

12 14 B18

b
T“};N\%Nﬁ N>H:O
- N o

o H
18 15 B21 QNYSJKG:OH
19 N-NH OH
22 16 B39 yw N ©
23 I NkNw
27 17 B40 NN s
32 18 B41 N /N NS

(0]
37 19 B42% TN v

-0.34

-0.08

-0.05

0.66

0.09

1.09

0.19

0.07

0.03

0.14

0.07

0.13

0.04

0.11

2.65

212

2.28

3.01

2.11

2.62

1.56

1.84

0.00

0.12

0.67

0.69

0.02

0.06

glidescore

glidescore

glidescore

glidescore

glidescore

glidescore

glidescore
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Analysis of Virtual Screening Hits. It has been reported that the property space for chemical probes
is generally closer to that of chemical leads than that of drugs, so we analysed our hits for lead-
likeness. The majority of our identified binders showed lead-like properties, with a molecular weight
(M,) of 100-350 and calculated LogP (CLogP) of 1.0-3.0.** The hits had an M, within this span and a
ClogP within the span or slightly lower (19 had a ClogP of -1.2). The exception for lead-likeness was 7,
which had a higher M, of 359 and a higher CLogP of 4.6.

A structural diversity analysis of the 16 hits based on MACCS fingerprint descriptors35 and
subsequent clustering resulted in eight clusters which are presented in Figure 4. The hit molecules
identified by docking score resemblance (set A) belonged to six different clusters, while the hits
identified by glidescore (set B and overlapping molecules 11 and 12) belonged to three different
clusters. It is clear that docking score resemblance, compared to glidescore, gave a more diverse set of
hit molecules with respect to their structural features. Clusters 6 and 8, which contain five and two hits
respectively, were identified by glidescore; whereas compounds in cluster 1 were identified with both
methods. Five of the clusters contained lone compounds, all identified by our docking score
resemblance approach. It has been shown that even quite similarly operating scoring functions favour

36, 37

different ligands as top candidates in virtual screening, which would imply that considering several

scoring functions could also increase the diversity among the top candidates, as seen in our results.

[FIGURE 4]

ARTD binding profile. To investigate the binding profile and selectivity potential of our hit
molecules, we complemented the binding data of ARTD7 and ARTD8 with AT, data for ARTDI
(Figure 5). All but one of the hits induced a greater thermal stability shift in ARTD7 or ARTDS than in
ARTDI. This is promising, since all previously reported binders to ARTD7 and ARTDS8 possess a
stronger binding to ARTD1.” Here, we defined hit molecules to have selectivity potential if the hit had a

ATy, >3 °C and the ATy, was 1.5 °C higher for one ARTD than for the other two. Four compounds (5, 6,
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9, and 10)*® belonging to three different compound classes (Figure 4), fulfilled the criteria and bound to
ARTDS with a potential selectivity over ARTD1 (Figure 5). None of the hits had potential selectivity
for ARTD7. Note that seven compounds among the 111 tested only bound to ARTD1 (see structures in
the Supporting Information) and that compounds 22 and 25 had potential selectivity for ARTDI1 over
ARTD7/ARTDS.

The compound classes were investigated for their suitability as candidates for hit-to-lead (chemical
tool) transformation, in terms of ATy, potential selectivity, structural features, and synthetic feasibility.
Cluster 1 contained the binders for ARTD7 (3 and 11), but also molecules binding to ARTD1 (12) and
ARTDS (10), which may indicate a selectivity issue with this class of compounds. We note that among
the binders to ARTDI there are clear structural similarities and that the position of the amide in the
heteroaromatic ring system is the same in these molecules, which may be an unwanted structural feature
in selective molecules. Compound 9 in cluster 7, although displaying a high AT, and selectivity towards
ARTDS, was excluded from further investigations in this study. Cluster 5 (8) was discarded owing to its
relatively low ATy, and poor selectivity. Cluster 6 contained five 8-substituted theophylline-analogues,
which were not studied further in this work. The remaining hit classes-clusters 2, 3, 4, and 8-were all
considered to be of interest and pursued further. Compound 5 (in cluster 3), which bound with a high
ATy, and showed potential selectivity for ARTDS over ARTD1, was chosen for further investigation of
its thermodynamic parameters and binding modes, using isothermal titration calorimetry (ITC) and X-

ray crystallography, respectively.

[FIGURE 5]

Investigation of Compounds 5 and 6 with ITC, X-ray Crystallography and Molecular Dynamics
Simulations. Synthesis of stereoisomers 5 and 6. The virtual screening identified 5 with the (E)-

configuration, and we decided to synthesize the (E)- and (Z)-configurations in order to determine the
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binding affinities of both compounds. The (E)- and (Z)-isomers were synthesized in two and one steps

respectively, to give pure 5 and 6 (schemes 1 and 2, respectively).

Scheme 1. Synthesis of (E)-4-(3-carbamoylphenylamino)-4-oxobut-2-enoic acid (5).”

27 5 26%
* Reagents and conditions: (a). (COCl),, dimethylformamide, CH,Cl,, 40 °C, 7 h; (b) 3-

aminobenzamide, 1,4-dioxane, 40 °C, 16 h.

Scheme 2. Synthesis of (Z)-4-(3-carbamoylphenylamino)-4-oxobut-2-enoic acid (6).*

Oy OH
i xJ
o) ., o0
NH, N~
NH, NH, H

28 6 83%

* Reagents and conditions: (a) Maleic anhydride, tetrahydrofuran, 18 h.

Measurement of binding affinities of the isomers 5 and 6. To further characterize the binding of the
(E)-isomer 5 and the (Z)-isomer 6 to ARTDS8, we determined their binding properties using ITC. The
ITC measurements of 5 and 6 show that both isomers bind to ARTDS, with similar dissociation
constants in the low micromolar range (Figure 6). The K4 values (K™") for 5 and 6 were determined to be
11.2 uM, and 7.6 puM, respectively. The binding event was mainly enthalpy driven in both cases; for 5
and 6, the AH was -7.7 kcal/mol and -7.1 kcal/mol, while the -TAS was 0.92 kcal/mol and 0.10

kcal/mol, respectively. The magnitude of the K4-values measured for the two isomers indicate that the

ACS Paragon Plus Environment

14



Page 15 of 44 Journal of Medicinal Chemistry

©CoO~NOUTA,WNPE

ATy, values from the thermal stability assay can be used as a simple way to find molecules that bind to

the ARTDs in a desirable concentration range.

[FIGURE 6]

Crystal structures of ARTDS in complex with compounds 5 and 6 — Structural analysis, molecular
dynamics simulations and comparison to ARTDI. The (Z)-isomer 6 from the compound collection was
successfully co-crystallized with ARTDS and the crystal diffracted to a resolution of 1.9 A (PDB ID:
4F1L). The crystallographic unit cell contains four monomers (A-D), where A and C make crystal-
packing contacts with B and D, respectively, which completely overlap with the NAD" binding sites
(see the Supporting Information). This has previously been observed for other crystals of
ARTDS¢ligand complexes.” Compound 6 could unambiguously be modelled with a well-defined
electron density, in two monomer-specific conformations: conformer 1 (in monomer A and C) and
conformer 2 (in monomer B and D, see Figure 7). For both conformers, there is an internal hydrogen
bond between the carboxylic acid and the anilinic nitrogen forming a six-membered ring including the
double bond. In terms of binding mode of 6 to ARTDS8, both conformers binds with the benzamide
moiety in the nicotinamide sub-site of the NAD" binding pocket, where it is stacked between Tyr1633
and Tyrl646. The primary amide forms the typical hydrogen-bonding fork-motif interaction with
Glyl1602, as predicted by the docking, and has an additional interaction with the hydroxyl group of
Ser1641. The (Z)-carbamoyl-4-oxobut-2-enoic acid moiety of 6 shows different binding modes in the
two different conformers. Ligand conformer 1 (Figure 7a) makes interactions with residues of the D-
loop of ARTDS; the amide carbonyl forms a hydrogen bond with the side-chain of Asn1624, and the
position of the carboxylic acid hydrogen bonding to Tyr1640. Ligand conformer 2 (Figure 7b) displays
a 180° rotation around the C—N bond attaching the (Z)-carbamoyl-4-oxobut-2-enoic acid part to the
phenyl. In monomer D, the amide carbonyl forms a hydrogen bond with the hydroxyl group of Tyr1640,

while this interaction is absent in monomer B. The exact position of the D-loop could not be determined
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in this monomer owing to poor electron density, although it is clear that it is in an open conformation

pointing away from the NAD" binding site to avoid steric clashes of neighbouring monomers.

[FIGURE 7]

The (E)-isomer 5 was co-crystallized with ARTDS and the crystal diffracted to a resolution of 2.8 A
(PDB ID: 4F1Q) and the ligand binding site is shown in Figure 8. ARTD85 formed a similar crystal
lattice as for ARTDS8<6, with crystal-packing contacts in the ligand binding pocket (see the Supporting
Information), although the minimal asymmetric unit included two monomers (A and B). The D-loops
appear to be in open or closed conformations similar to ARTDS8+6, although it was not possible to model

the complete D-loop for any monomers in this complex.

[FIGURE 8]

The two ligands in the monomers in the ARTDS8*5 complex were in similar conformations. The
benzamide moiety of 5 bound in a comparable manner as for 6 (Figure 9a). The (E)-carbamoyl-4-
oxobut-2-enoic acid moiety showed a binding mode similar to that of conformer 2 of compound 6 in
monomer D, where the amide carbonyl forms a O-H--O hydrogen bond (2.45 A, 166.9°) with the

hydroxyl group of Tyr1640.

[FIGURE 9]

The crystallographic data unambiguously showed that the (E)-isomer 5 and the (Z)-isomer 6 bind to
the NAD" binding site in ARTDS. To select a monomer suitable as a basis for structure-based design we

investigated the implications of the crystal packing on single-monomer stability in the ARTD8+6 and
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ARTDS8¢*5 complexes using molecular dynamics (MD) simulations. The calculations were performed in
explicit water with modelled D-loops.

The MD simulation results showed that the non-covalent interactions in general and the hydrogen
bond fork interaction with Glyl1602 in particular were best preserved in the complex between ARTDS
(monomer B) and (Z)-isomer 6 (conformer 2) throughout 5-ns simulations. The average distances
between 6 primary benzamide O and N to Glyl1602 N and O, was 3.0 A and 3.5 A, respectively,
indicating a preserved hydrogen bond interaction (see the Supporting Information for distance plots). In
contrast, the MD simulations of monomers C and D resulted in a loss of at least one of the hydrogen
bond interactions between 6 and Gly1602 (distances > 6 A). The MD simulations for monomer A of
ARTDS8¢6 (conformer 1) resulted in a complete displacement of the ligand from the binding pocket after
300 ps, and the MD simulation was aborted after 600 ps. In the ARTDS8*S crystal structure, monomer A
displayed preserved interactions throughout the 5-ns MD simulation. The average distances between the
primary benzamide O and N of compound 5 to Gly1602 N and O were 3.4 A for both, while the MD
simulations of monomer B resulted in a loss of the hydrogen bond interactions between 5 and Gly1602
(distances > 4 A). Comparing the two isomers, the conformer of 5 in monomer A and conformer 2 of
compound 6 in monomer B displayed similar interaction patterns with ARTDS (e.g. hydrogen bonds to
Gly1602 and Tyr1646) after 5-ns simulation, in addition to their similar binding strength measured by
ITC. Based on the MD simulations, we argue that the ARTD8+6 monomer B with ligand conformer 2
and ARTDS8+5 monomer A is anticipated in solution (i.e. is less affected by the crystal packing) and are
the most valid starting points for structure-based design of chemical tools targeting ARTDS.

Compared to currently known ARTD ligands, the carbamoyl-4-oxobut-2-enoic acid substituent of the
(Z)-isomer 6 (both conformers) and the (E)-isomer 5 point to a different part of the binding pocket of
ARTDS (Figure 9).” This part of the binding site corresponds to the less-conserved area among the
ARTDs and shows variability in both structure and molecular properties. For example, in ARTDI,
Tyr1640 is replaced by a lysine (Lys903) and Leul701 is replaced by a glutamate (GIlu988), both

residues point towards the ligand binding site. Altogether, the differences in the binding sites result in a
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much more crowded part of the binding site for ARTDI1 than for ARTDS8. These observations are in
agreement with the observed lower thermal stabilization of 5 and 6 for ARTD1 than for ARTDS.*® The
fact that the positions of the carbamoyl-4-oxobut-2-enoic acid moiety in 5§ were correctly predicted by
the dockings, and validated with the MD simulations, further strengthens the quality of the hit from a
structure-based design point-of-view. The finding that the carbamoyl-4-oxobut-2-enoic acid in
compounds 5 and 6 have a binding mode different from corresponding parts of ligands that bind to

ARTDI increases its potential as a chemical lead with selectivity for ARTDS over ARTDI.

Conclusions

A set of 16 compounds was discovered that bind to the ADP-ribosyltransferases ARTD7 and/or
ARTDS. The molecules belonged to eight different structural clusters, and three of the molecules
displayed a potential selectivity for ARTD8 over ARTD1. We regard these classes of molecules as
potential starting points in the development of selective chemical tools for elucidation of the role of
ARTDs in cellular functions.

To identify the chemical starting points, multiple crystal structures of ARTD7 and ARTDS8 were used
in a structure-based virtual screening campaign aimed at identifying molecules that would bind to the
NAD" binding sites in these ARTDs. The results showed that no single screen against one of these
protein structures identified all hits, highlighting the benefit of using several different structures for the
proteins in virtual screening. The screening protocol that was developed included molecular docking
and a developed docking score resemblance approach. This approach was used to rank the molecules,
i.e. to estimate the likelihood that a molecule would bind, and was based on similarity of scoring
profiles of screened molecules to those of known inhibitors. It was evident that our scoring approach
gave more structurally diverse hit molecules than did scoring with a single scoring function (glidescore),
although the number of hits was the same for the two approaches.

Finally, we investigated the binding affinity and binding mode of the promising chemical leads 5 and

6 which selectively bound to ARTDS. Both the isomers displayed an affinity for ARTDS in the low
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micromolar range, suggesting that thermal shift was a valid indicator of affinity in this case. Both
isomers bound to the NAD" binding site of ARTDS, according to the crystal structures. MD simulations
of single monomers, based on the herein-determined crystal structures of ARTDS in complex with
compounds 6 and 5, respectively, resulted in structures with maintained interaction patterns. The two
isomers displayed a similar binding mode that is different from previously reported ligands in
complexes with ARTD8 or ARTDI, which strengthen their potential as chemical leads with selectivity
for ARTDS8. Compounds 5 and 6 are small (M; = 233) and display good water solubility.”” They are thus
good starting points for further optimization with the goal of fine-tuning the affinity and selectivity for

ARTDS, in the search for new chemical tools for the ARTD protein family.

Experimental Section

Protein Crystallization. The recombinant production of human ARTD7 and ARTDS is detailed in
the Supporting Information. Crystals of the ARTD7+1 complex (PDB ID: 4FOE) were obtained by the
sitting-drop vapour-diffusion method in a 96-well plate (Corning) by mixing 0.1 pL of protein at a
concentration of 31.3 mg/mL with 2 mM 1 dissolved in dimethyl sulfoxide (DMSO) and 0.1 pL of
reservoir solution containing 40%  2-methyl-1,3-propanediol and 0.1 M N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) pH 10.5. The plate was incubated at 20 °C and crystals appeared
within two weeks. Crystals were frozen in liquid nitrogen, with no additional cryoprotectants.

Crystals of the ARTD86 complex (PDB ID: 4F1L) were obtained by the sitting-drop vapour-
diffusion method in a 96-well plate (Corning). Compound 6 was added in portions to a final
concentration of 1.3 mM, to a protein solution (8.5 mg/mL), and the sample was concentrated five-fold.
0.1 uL of the resulting protein-ligand solution was mixed with 0.2 pL of reservoir solution consisting of
20% (w/v) polyethylene glycol (PEG) 3350, 0.2 M sodium nitrate, and 0.1 M Bis-Tris pH 5.9. The plate
was incubated at 20 °C and crystals appeared within one month. The crystals were quickly transferred to
a cryosolution consisting of 20% (w/v) PEG 3350, 0.2 M sodium nitrate, 0.1 M Bis-Tris pH 6.0, 20%

(v/v) glycerol, and 0.2 M sodium chloride, then flash frozen in liquid nitrogen.
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Crystals of the ARTDS8+5 complex (PDB ID: 4F1Q) were obtained by the sitting-drop vapour-
diffusion method in a 96-well plate (Corning). Compound 5 was added incrementally to a final
concentration of 1.0 mM, to a protein solution (8.5 mg/mL), and the sample was concentrated to 39.0
mg/mL. 0.4 pL of the resulting protein-ligand solution was mixed with 0.2 pL of reservoir solution
consisting of 19% (w/v) PEG 3350, 0.19 M sodium nitrate, and 0.1 M Bis-Tris pH 5.8. The plate was
incubated at 20 °C and crystals appeared within one month. The crystals were quickly transferred to a
cryosolution consisting of 19% (w/v) PEG 3350, 0.19 M sodium nitrate, 0.1 M Bis-Tris pH 6.0, 21%
(v/v) glycerol, 0.2 M sodium chloride, and 0.4 mM of 5, then flash frozen in liquid nitrogen.

Crystallographic data collection, phasing, and refinement. Diffraction data were collected on the
frozen crystals at the synchroton beamlines BL14.1 at BESSY (Berlin, Germany) and ID14.4 at ESRF
(Grenoble, France). Data were indexed and integrated using the XDS package.40 The ARTDS&<6
structure was solved by molecular replacement using Molrep®' with the ARTDS structure (PDB ID:
3SMI) as model template. The ARTDS¢5 structure was solved by molecular replacement using Molrep*!
with the ARTDS8+6 structure as model template. Similarily, the ARTD7<1 structure was solved by
molecular replacement with the ARTD7 apo structure (PDB ID: 3BLJ). Refinement was done using
Refmac5*, and Phenix.* Coot** was used for model building. The final models were validated and
analysed using Molprobity®. Data collection, phasing using molecular replacement, refinement
procedures, and statistics are summarized in the Supporting Information.

Crystallographic Data deposition. Coordinates and structure factors for the crystal structures have
been deposited in the RCSB PDB,***" under accession codes 4FOE, 4F1L and 4F1Q.

Protein Structure Preparation for Virtual Screening. The D-loop in ARTD7 (ARTD7%? %1,
monomer A, see experimental details below) and ARTDg'#0-1720 (PDB ID: 3SMI, monomer A) was
unaltered or truncated, resulting in two structures for each protein, namely: ARTD7ing, ARTD7gport,
ARTDB8)ong, and ARTD8gor. ARTD7)0ng included all residues in the D-loop. In ARTD7g0r, €leven
amino acids from Asn553 to Ser563 were removed. Five residues were missing from the D-loop in

3SMI: Glyl1622, Lys1623, Asnl1624, Alal625, and Vall626. All remaining residues were kept in
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ARTDB8ong. In ARTD8g0r, six more residues were removed from the D-loop: Asnl617, Argl618,
Ser1619, Tyr1620, Alal621, and Alal627. Protein-structure preparations before docking (i.e. addition
of hydrogens and sulphur bridges; optimization of hydroxyl, Asn, Gln, and His protonation states and
tautomers; and removal of ligands) were performed in Maestro.*®

Virtual Screening. A library of 17,500 small molecules available from Laboratories for Chemical
Biology Umed, Chemical Biology Consortium Sweden, was filtered to provide a focused selection of
molecules with at least one hydrogen-bond acceptor and one donor, and a molecular weight of less than
600. This set was combined with seven known binders to give 8050 molecules that were docked to all
four protein structures. A maximum of 16 tautomers and protonation states within the pH range 742
were generated for each molecule using Epik.*

All dockings were performed using GlideSP.>" °'

Receptor grids were generated with identical
dimensions for all four protein structures; with centrepoint coordinates x = —0.403, y = 10.413, and z =
—28.813; and inner and outer box dimensions of 2744 A and 3375 A’ respectively. The maximum
number of poses per compound was 100 and the total number of poses was 1,000,000. No poses were
rejected due to RMS or placement similarities. A post-docking filter in Glide removed all poses that did
not form a simultaneous hydrogen bond with the carbonyl oxygen and N-hydrogen in: Gly538 in
ARTD7 or Gly1602 in ARTDS.

All poses remaining from the docking and filtration were, in addition to glidescore, rescored with
chemscore,” plp,” screenscore,” zapbind,” chemgauss3, and oechemscore—available in FRED;*® and
goldscore—available in GOLD.”" The receptor grid in FRED and the docking region in GOLD used
in the rescoring were comparable in size and placement to the docking grid used for docking in Glide.
All score values were normalized with respect to the number of non-hydrogen atoms in the
corresponding molecules, following the method presented by Pan er al.,*® to reduce the scoring bias of
the scoring functions towards large molecules. The normalized score value (Spo,m) Was calculated

according to

Snorm = S/NO.Sa Eq 1
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where S is the original score value and N is the number of non-hydrogen atoms in the molecule.

Docking Score Resemblance and PCA. The overall binding capacity of the docked molecules for
the ARTD proteins was determined by a docking-score evaluation approach based on normalized score-
values and PCA.®' Five variables were calculated from the docking scores from the ensemble of poses
generated for each molecule and for each of the eight scoring functions: the mean score, the standard
deviation of the mean, the best score, the mean score of the ten top-ranked poses, and the standard
deviation of the top-ten mean. In addition, the number of poses (frequency) was recorded. All molecules
with five poses or less (i.e. a frequency below six) were excluded from the PCA. The scoring data were
mean centered and scaled to unit variance before PCA. PCA compresses data into fewer variables,
principal components (PCs), which capture the main variation in the data.® The first PC (PCl) is
oriented in the direction of the bulk of the variation in the data matrix. The values received by the
molecules on these PCs are called t-scores, and the contributions from each of the original variables to
the orientation of the PCs are called loadings.

A total of 41 variables, including the frequency, were subjected to PCA compression, resulting in four
models, one for each virtual screen against one of the four protein structures. Strong outliers in the PCA
models were detected and excluded iteratively, based on their distance to the hyperplane spanned by the
PCs (DModX) and/or their position in the PCA score space (see details in the Supporting Information).
PCA modelling was performed using the SIMCA software.”’

Selection of Molecules for Biological Evaluation Based on Docking Score Resemblance (set A)
and Glidescores (set B). The selection of set A was based on the position of the known binders in the
PCA t-score space. All poses of the known binders that remained after the geometrical filtering (i.e. had
the fork interaction with Gly) for each of the tautomers/protomers were included. The centre coordinates
for the known binders in the t-score space were calculated and these coordinates were used to calculate
Euclidean distances from the centre to each of the known binders. The radius of the volume within
which the selection of molecules was performed was set to the average distance of the known binders to

the centre coordinate plus three standard deviations (corresponding to Euclidean distances of 4.98, 3.19,
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4.77, and 5.83 for ARTD7iong, ARTD7ghor, ARTD8)one, and ARTD8g.r, respectively). Set A was
selected to include all unique molecules from the screened compounds positioned within the established
volume.

Set B was selected as follows. All poses from the virtual screen against the four proteins were sorted
according to normalized (Eq. 1) glidescore top-score values and a number of the highest ranked unique
molecules (i.e. tautomer- and multiplet-independent), matching the number selected for set A, were
picked for biological evaluation.

Descriptor Calculations and Clustering. Physicochemical descriptors and MACCS fingerprints®
were calculated for all virtual screening hits using the MOE software.** The hits for ARTD7 and
ARTDS were clustered based on their fingerprint profile similarity using Tanimoto coefficients with a
cutoff of 60 for similarity within and overlap between clusters.*!

Compounds. All compounds used for crystallization, differential scanning fluorimetry, and
isothermal titration calorimetry were either obtained from Laboratories for Chemical Biology Umes,
Chemical Biology Consortium Sweden or synthesized as described below. The purity of commercial
compounds were confirmed to be >95% by a reversed-phase HPLC UV-trace using a Cg, 5 um, column
and a H,O/acetonitrile eluent system. The structures of commercial compounds were confirmed using
'H NMR spectroscopy [400 MHz in (CD;),SO], and spectra are presented in the Supporting
Information. High-resolution mass spectrometry (HRMS) was performed with electrospray ionization
(ES+) using sodiumformate as calibration chemical.

Differential Scanning Fluorimetry. Proteins were diluted to 0.2 mg/mL in buffer [10 mM sodium
acetate pH 5.5 and 2 mM tris(2-carboxyethyl)phosphine (TCEP) for ARTDS; PBS and 2 mM TCEP for
ARTD7; and 20 mM HEPES pH 7.5, 300 mM NaCl, and 2 mM TCEP for ARTDI1] and 1:1000 dilution
of SyproOrange (Invitrogen). Protein solution (24.5 pL) was added to all wells in clear 96-well plates
(BioRad), each well containing 0.5 pL pre-dispensed compound solution (2.5 mM in DMSO). Optical
tape (Bio-Rad) was used to seal the plates. Thermal stability was measured by monitoring SyproOrange

fluorescence (Aexcitation = 490 nm and Aemission = 575 nm) while heating the samples from 20 to 90 °C in

ACS Paragon Plus Environment

23



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 24 of 44

increments of 1 °C/min in a Bio-Rad iCycler. The thermal shifts (AT,,) were determined as described
previously,® using pure DMSO (2% v/v) as reference. Compounds were measured in triplicate, with the
exception of the compounds selected from glidescore scoring, which were measured in duplicate. Three
compounds were excluded owing to their poor solubility.

Synthesis of compounds 5 and 6. (E)-4-(3-carbamoylphenylamino)-4-oxobut-2-enoic acid (5).
Fumaric acid (27) (426 mg, 3.67 mmol) was suspended in dry CH,Cl, (4 mL) and oxalyl chloride (0.64
mL, 7.34 mmol) was added drop wise over 5 mins. Dimethylformamide (1 drop) was added and the
mixture was stirred at 40 °C for 7 h. Solvent and excess oxalyl chloride was removed in vacuo and the
residue was re-dissolved in dioxane (6 mL). 3-aminobenzamide (100 mg, 0.73 mmol) in dioxane (4 mL)
was added drop wise over 5 mins at rt and the reaction was stirred at 40 °C for 16 h. The reaction
mixture was diluted with CH,Cl, and extracted with NaOH (1 M) and adjustment of the water phase pH
to ~1 using HCI (1 M). The precipitate was collected by filtration and purified by HPLC (H,O:MeCN
90:10 to 30:70 over 40 mins) to give (E)-4-(3-carbamoylphenylamino)-4-oxobut-2-enoic acid (71 mg,
yield 41%). "H NMR, (400MHz, (CD5),SO) & 13.00 (s, 1H), 10.63 (s, 1H), 8.12 (s, 1H), 7.95 (s, 1H),
7.84 (d,J =8.1 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.41 (t, ] = 8.0 Hz, 1H), 7.36 (s, 1H), 7.15 (d, J = 15.5
Hz, 1H), 6.68 (d, J = 15.5 Hz, 1H); >C NMR (100 MHz, (CD;),S0) & 167.7, 166.2, 161.7, 138.6, 137.0,
135.2, 130.9, 128.7, 122.8, 122.1, 119.0. See the Supporting Information for 'H NMR and *C NMR
spectra. HRMS (ES") caled [M + Na'] for C;;H;(N;NaO," 257,0538 obsd 257,0538.

(Z)-4-(3-carbamoylphenylamino)-4-oxobut-2-enoic acid (6). 3-Aminobenzamide (28) (50 mg, 0.37
mmol) and maleic anhydride (43 mg, 0.44 mmol) were dissolved in tetrahydrofuran (1 mL) and stirred
for 18 h at rt. The solid material was collected by filtration and dried in vacuo to give (Z)-4-(3-
carbamoylphenylamino)-4-oxobut-2-enoic acid (71 mg, yield 83%). 'H NMR, [400MHz, (CDs),SO] &
13.04 (s, 1H), 10.50 (s, 1H), 8.08 (t, J = 1.9 Hz, 1H), 7.94 (s, 1H), 7.78 (dd, J = 8.0, 2.3 Hz, 1H), 7.57
(dt, J =7.7, 1.7 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.34 (s, 1H), 6.47 (d, ] = 12.1 Hz, 1H), 6.32 (d, ] =
12.1 Hz, 1H); °C NMR, [100 MHz, (CD;),SO] 6 167.7, 166.9, 163.3, 138.6, 135.2, 131.5, 130.5, 128.6,

122.5,122.1, 119.1. HRMS (ES") caled [M + Na'] for C;H;oN>NaO, " 257,0538 obsd 257,0540.
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Isothermal Titration Calorimetry. The ITC experiments were performed using ARTDS8 expressed
and purified according to the protocol described in this paper. All buffers were degassed and sterile
filtered prior to use. Solutions of 0.750 mM of 6 and 1.125 mM of 5 were prepared in PBS buffer pH
7.4, (50 mM phosphate buffer, 150 mM sodium chloride) with 2 mM TCEP. The ITC experiments were
performed at 25.0 °C (298.15 K) using an ITC200 (MicroCal™, GE Healthcare Life Sciences). Protein
solutions were diluted in the PBS buffer mentioned above (56.1 uM for 6 and 87.2 uM for 5) and were
loaded in the calorimeters’ sample cell. The compound solutions were loaded in the syringe and 35
automated injections of 1.11 pL each with a 250 s break in between each injection were made. The
stirring speed was 600 rpm. The injection heat was automatically integrated and the data were analysed
using the single-site binding model, with 300 iterations of the Chi-Sqr fitting routine in Origin SR4
software.

Molecular Dynamics Simulations. The structures of the ARTD8*6 and ARTDS8S complexes used in
the MD simulations originated from crystal structures presented in this work (PDB IDs: 4F1L and
4F1Q). In the cases of ARTDS structures with incomplete D-loops (i.e. monomer B and D in 4F1L and
monomer A and B in 4F1Q) the loops were modeled in open and closed forms using the program
Coot.* The modeling of the protein back-bone was guided by ARTDS structures with intact D-loops
(PDB IDs 3SMJ and 4F1L). Missing side-chains were added and the rotamers with best fit were
selected. MD simulations were carried out using AMBER®” ®® with the AMBER 1999SB force field”
and the general AMBER force field GAFF™® for the proteins and ligands, respectively. GAFF
parameters for ligands with AMI1 partial charges were prepared in the AMBER “parmchk™ module. The
protein-ligand complex was solvated by adding TIP3P waters to constitute an octahedral water box with
dimensions 88A x 88A x 88A. The distance between the outer boundary of the water box and the solute
surface was set to 10 A. Relaxation, temperature equilibration, and MD routines were conducted using
the AMBER Sander module (see Supporting Information for further details). During the temperature
equilibration and MD routines, a non-bonded cutoff distance of 9 A was applied to handle electrostatic

interactions in periodic boxes by the Particle Mesh Ewald method.”' The SHAKE method® was applied
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to ensure constant proton-heteroatom bond-lengths. Coordinates (frames) and energy outputs from the
relaxation and the MD routines were saved every 200 iterations (every 0.4 ps). 5-ns simulations were

conducted for the single-monomer ARTD8*5 and ARTD8+6 complexes.
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Figure 1. Inhibitors bound in the NAD* binding pocket display a common fork-motif interaction with a
conserved glycine residue. Mimicking nicotinamide, they anchor using the amide group to backbone nitrogen
and oxygen of this glycine. Overall structures of (a) ARTD7onqg®1 (purple), and (b) ARTD8onq®2 (0orange). (c)

Overlay of binding sites in ARTD7ong®1 (purple) and ARTD8o,nq®2 (orange), with D-loops highlighted.
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Figure 2. Flowchart of the virtual screening procedure (A-H), including the docking score resemblance
approach (F-H). A. Preparation of ARTD7ong, ARTD7short, ARTD8)ong, @and ARTD8ghort; differing in the D-loop
amino acid composition. B. Virtual screening of 12,477 molecules and known ligands. C. Filtering to exclude
molecules without two hydrogen bonds to the conserved Gly in the NAD* binding site. D. Scoring of docked
poses with glidescore, goldscore, chemgauss3, chemscore, oechemscore, plp, zapbind, and screenscore. E.
Normalization of score values with respect to molecule size. F. Scoring of each molecule, by weighing
together scores for molecule-specific docking poses. G. Compression and visualization of scoring data. H.
Selection of molecules which were similar, in terms of Euclidean distance in t-score space, to the known
binders.
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Figure 3. PCA t-scores and loadings plots for ARTD8ong, illustrating the virtual screening results and the
selection of molecules based on docking score resemblance. (a) Plot of PCA t-scores of PC1 vs. PC2, where
all molecules from the virtual library, known binders, and selected molecules are indicated in gray, blue, and
red, respectively. Note that the selected molecules were close to the known binders with respect to all five t-
scores, not only the two shown here. (b) Loadings plot illustrating how the various scoring functions
influence the molecules’ positions in the t-scores plot. Abbreviations are as follow: GLIDE, glidescore;
CHEM3, chemgauss3; CHEMS, chemscore; OECHEM, oechemscore; SCREEN, screenscore; GOLD, goldscore;
ZAP, zapbind; std, standard deviation of mean. Frequency is the number of poses after filtration.
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Figure 5. Compounds selected by docking score resemblance and/or glidescore (denoted by A and B,

respectively) that had a AT, = 1.5 °C in ARTD7, ARTD8 or ARTD1.
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Figure 6. ITC results showing raw data after integration baseline correction (upper pane) and integrated
31 data and regression (lower pane). N is the number of molecules per binding site, K is the association

32 constant, AH is the change in enthalpy, and AS is the change in entropy. Error estimates are calculated from
33 the regression fit of a single experiment. (a) ITC results for (Z)-isomer 6 and ARTDS8. (b) ITC results for (E)-
34 isomer 5 and ARTDS8. The ITC experiments were performed at 25.0 °C.
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Figure 7. The two binding modes of (Z)-isomer 6 (orange sticks) bound to ARTDS8, (2Fobs-Fcalc) €lectron
density map contoured at 1.0 o (black wireframe). (a) ARTD8 monomer A with compound 6 conformer 1,

and (b) ARTD8 monomer B with compound 6 conformer 2.
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37 Figure 8. The binding mode of (E)-isomer 5 (orange sticks) with ARTD8 monomer A (cyan), and (2Fobs—Fecalc)
38 electron density map contoured at 1.0 o (black wireframe).
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Figure 9. Overlay of (a) compound 2 (white sticks) from the ARTD8e2 complex (PDB ID: 3SMI), ARTD8e6
ligand conformer 1 and conformer 2 (orange sticks), with the acrylic acid pointing to the right and left,
respectively, and the ARTD8e5 ligand conformer (purple sticks) and (b) ARTD1 (PDB ID: 3L3M; green) and
compound 6 conformer 2 in ARTD8 (PDB ID: 4F1L) monomer B (cyan) and compound 5 in ARTD8 (PDB ID:
4F1Q) monomer A (purple).
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