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The ADP-ribosylating toxins (ADPRTs) and poly(ADP-ribose) polymerases (PARPs) are two important
drug—target protein families. Although the Y —X,o—Y motif for the diphtheria toxin group and the STS motif
for the other ADPRTSs have been found to recognize the NAD™ substrate, it is not known (i) if these two
different motifs share any structural similarity, (i) the key forces/residues contributing to NAD™" binding, and
(i) if they recognize the same or different NAD™ conformations. Here, we show that even though the different
toxin groups and PARPs share insignificant sequence identity, they share a similar 3D structure shaped like a
scorpion (the “scorpion” motif) whose first three and last residues interact mainly with the NAD™ nicotin-
amide ring via van der Waals forces. This locally conserved structure binds the nicotinamide mononucleotide
moiety in a structurally conserved ringlike conformation. The biological implications/applications of locally
conserved structures for toxins/PARPs and the nicotinamide mononucleotide are discussed.

Introduction

The ADP-ribosylating toxins (ADPRTs“) and poly ADP-
ribose polymerases (PARPs) are two main classes of nicoti-
namide adenine dinucleotide (NAD, Figure 1a) metabolizing
enzymes that catalyze the breakup of NAD into nicotinamide
and ADP-ribose and the subsequent transfer of ADP-ribose
to a target protein (see Scheme 1).! The PARPs are ubiquitous
enzymes in most eukaryotes and are known to function in post-
translational protein modifications where the ADP-ribose
moiety is transferred from NAD onto specific substrates.
Seventeen putative PARP sequences have been identified in
the human genome, including at least six enzymes: PARP-1,
PARP-2, PARP-3, PARP-4, PARP-5a (tankyrase-1, TNKS-1),
and PARP-5b (tankyrase-2, TNKS-2).>~* They are involved in
genome protection, transcriptional regulation, DNA damage
sensor and repair, energy metabolism, cell proliferation, cell
differentiation, and apoptosis.'”>*"® Excessive activation of
PARPs can result in depletion of NAD™ and ATP in the cell
and lead to inflammatory injury, cell dysfunction, and ulti-
mately necrotic cell death.” PARP-1 knockout mice have been
found to develop normally, suggesting that PARP-1 may not be
necessary for survival.® The overexpression of PARPs have been
linked to survivability from genotoxic stress of cancer cells and
resistance to DNA-damaging agents.’ Inhibition of PARPs
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insecticidal protein 2; vdW, van der Waals.
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can enhance the effects of anticancer therapies by preventing
cancer cells from repairing DNA damage, thereby promoting
apoptosis.'®”!* Recently, potent PARP inhibitors such as 1
(ABT-888,"” Figure 1b) for metastatic melanoma'® and 2
(AG014699.'” Figure 1c) for breast cancer, ovarian cancer,
and melanoma'® have completed phase II trials.'*!” There-
fore, PARPs are promising targets for drug development
aimed at inflammation, degenerative and vascular diseases,
ischemia, and cancer therapy.>”'*°

The ADPRTS are a large family of dangerous and poten-
tially lethal toxins secreted by pathogenic bacteria, which
inactivate the function of their human target proteins. On
the basis of structure-based multiple-sequence alignments, the
ADPRT family has been classified into two groups based on
NAD binding to diphtheria toxin (DT) and cholera toxin
(CT).2"* The DT group of toxins modifies eukaryotic elon-
gation factor 2 and disrupts protein synthesis in eukaryotic
cells. Members of this group include DT, exotoxin A (ETA),
and cholix toxin. The CT group of toxins targets various
essential proteins within host organisms. For example, CT
and heat-labile enterotoxin target Arg on the Gy of the G
protein, causing uncontrolled adenylate cyclase stimulation;
pertussis toxin targets Cys on G; and uncouples G proteins
from the adenylate cyclase pathway; C3botl exoenzyme
targets Asn4l on Rho A, B, C and result in disaggregation
of actin cytoskeleton; vegetative insecticidal protein 2 (VIP2)
and iota toxins target Argl77 on actin and prevent actin
polymerization.?"** Thus, ADPRTSs serve as drug targets for
treating infections by these lethal bacteria.>*~%°

Although PARP and ADPRT enzymes exhibit diverse
functions and low sequence identity,>*? they share some
common structural and functional features. First, they cata-
lyze a common reaction, namely, ADP-ribosylation whereby

©2010 American Chemical Society



Article

H.N

HO OH

(b) 1 (ABT-888)

O\ _NH;
% “NH,

(e) 3AB

(c) 2 (AG014699)

H
0, CH
| NY 3 (o)
/N

(f) 4 (NU1025)

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 10 4039

(d) 3 (PJ34)

ZT
o

NH

(9) 4ANI

Fi%ure 1. Schematic diagram showing (a) NAD™, (b) 1, (c) 2, (d) 3, (e) 3AB, (f) 4, and (g) 4ANI. The NAD " diagram was adapted from Yates et
al.>® with the nicotinamide in blue, N-ribose in turquoise, diphosphate in red, N-ribose in green, and adenine in magenta. The net charge is —1

for NAD" and —2 for NADH.

Scheme 1. Common Reaction Catalyzed by PARP and ADPRT

Enzymes

PARP/ADPRT

ADP-ribose

the C—N bond between nicotinamide and the N-ribose
of NAD™ is cleaved and the ADP-ribose moiety is sub-
sequently transferred to their targets (Scheme 1). Second,
they possess structurally similar catalytic domains; the 3D

structures including the NAD'-binding residues can be well
superimposed in DT, ETA, PARP-1, and PARP-2.3°
Third, they share common inhibitors such as 3 (PJ34,
Figure 1d), which mimics the structure of the NAD™ nicotin-
amide and provides a template for the design of new
inhibitors.****-3>33

How do the ADPRTs and PARPs recognize the common
substrate NAD™'? In the CT group of toxins, the STS (Ser-
Thr-Ser) motif is known to play an important structural role
in stabilizing and maintaining the active site conformation, as
well as a catalytic role in cleaving NAD'2"* In C3botl,
Ecto-ART2 (ecto-ADP-ribosyl transferase 2.2 from rat),
C3Stau2 (C3 exoenzymes from S. aureus), and VIP2, the first
Ser of the STS motif hydrogen bonds to the catalytic invariant
glutamate to hold it in the correct orientation to catalyze the
NAD cleavage.?"* The Thr of the STS motif forms hydrogen
bonds with perpendicular S-strands to stiffen the active site,
while the second Ser in C3botl makes hydrogen bonds with
the loop immediately following the STS residues forming the
B-sheet (see Figure 2).2! In the DT group of toxins and the
PARP family, the STS motif is replaced by the Y—X;o—Y
motif where the two conserved Tyr contribute 7— interac-
tions with the nicotinamide ring.?"*>**33 The aromatic stack-
ing is thought to (i) expose the anomeric ribose carbon for
nucleophilic attack and (ii) orient NAD" in an optimal
position for interaction with the catalytic Glu. Thus, the
Y—X,o—Y motif in DT and ETA may bind NAD™ in a
specific conformation. It is not clear, however, if the NAD™
conformation in DT/ETA differs from that in the CT group of
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Figure 2. Locally conserved NAD *-binding site structure in (a) exotoxin A (3b8h_B), (b) diphtheria toxin (1tox_B), (c) EctoART(log3_A),
(d) cholera toxin (2a5f_B), (e) C3botl (2a9k_B), (f) C3Stau2 (lojz_A), (g) VIP2 (1gs2_A), (h) CdtA (2wn7_A), and (i) scorpion shape. The
first three residues and the last residue comprising the scorpion motif, which dictate the interactions with NAD™, are in blue. The NAD
atoms are colored green for carbon, blue for nitrogen, red for oxygen, and orange for phosphorus. The secondary structure analysis is accor-
ding to the STRIDE Web site (http://webclu.bio.wzw.tum.de/cgi-bin/stride/stridecgi.py). The figures were prepared using PyYMOL (http://

www.pymol.org).

toxins, which employ the STS motif instead of the Y—X;o—Y
motif to recognize NAD™.

Despite the aforementioned studies, several intriguing ques-
tions remain: (1) Do the Y—X;,—Y and STS motifs share any
structural similarity in X-ray structures complexed with
NAD™? (2) If so, which forces, electrostatic or van der Waals
(vdW), and residues contribute most to binding NAD™'? (3) If
the ADPRT and PARP enzymes do share a locally conserved
structure for binding NAD™, do they recognize the same or
different NAD™ conformations? (4) What would be the bio-
logical implications/applications of such a structural motif?
These questions are addressed in this work. The X-ray
structures of toxins/PARPs complexed with NAD™ reveal
that the Y—X;o—Y and STS motifs share a locally conserved
structure for binding the nicotinamide ring of NAD™. On the
basis of these results, a simple method to precisely dock
inhibitor candidates into the ADPRTs and PARPs was
proposed. Since docking and quantitative structure—activity
relationship analyses have been used to design potent and
selective PARP inhibitors,'”*® our results appear timely in
aiding the structure-based design of PARP inhibitors.

Results

Locally Conserved Structure for Binding NAD™. The
“Scorpion” Motif. To determine if the Y—X;,—Y motif in
the DT group of toxins and the STS motif in the CT group of
toxins share any structural similarity, we examined the

NAD-bound structures of these two groups of toxins re-
ported in previous work.>'** These include DT (Itox) and
ETA (3b8h) in the DT group, as well as ectoART (1og3), CT
(2a5f), iota (lgiq), C3Stau2 (lojz), VIP2 (1gs2), C3botl
(2a9k), salmonella virulence protein SpvB (2gwl), and CdtA
(2wn7) in the CT group (Table 1). Since the inhibitor, 3
(Figure 1d), is found to bind in the NAD"-binding site in
ETA, we also examined all PDB structures of toxins and
PARPs bound to 3 or other inhibitors. For PARPS with
multiple structures of bound inhibitors, the structure with an
inhibitor that has completed phase II trials (e.g., 1) was
chosen. All the PARP and toxin sequences in Table 1 share
<36% sequence identity with one another except for two
related pairs; PARP-14 and PARP-15 share ~65% sequence
identity, while CdtA and Iota toxins share ~86% sequence
identity. Although most of the NAD™/inhibitor-bound toxins
share insignificant overall sequence identity, they exhibit a
surprisingly structurally conserved NAD™ /inhibitor-binding
site, as shown in Figure 2 for the NAD"-bound structures
and in Supporting Information Figure S1 for the other struc-
tures in Table 1. This locally conserved structure is shaped like a
scorpion ready to sting its prey, the NAD™ nicotinamide ring or
the inhibitor’s aromatic ring; hence, it is termed the “scorpion”
motif. The scorpion’s head is a Tyr or Ser, while its tail consists
of a highly conserved aromatic residue (Tyr, Phe, or Trp) or an
aliphatic residue (Val or Leu) above the NAD™ nicotinamide
ring (Table 1). The other residues comprising the scorpion
motif appear to be more variable than the first and last residues.



Article

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 10 4041

Table 1. Scorpion Motifs in X-ray Structures of PARPs/Toxins Complexed with NAD Substrate or Inhibitor

scorpion motif

PDBid_Chain resolution (A) toxin/PARP ligand“ sequence” length® rmsd? (A)
Type I

1. log3 A 2.60 EctoART NAD* 47SSSLSKKVAQSQEF'® 14 0.69
2. 1tox_B 2.30 DT NAD* **YSTDNKYDAAGY® 12 0.57
3. 1xk9_A 2.10 ETA 3 Y°YTAGDPALAYGY*! 12 0.27
4.2a5f B 2.02 cholera NAD* *'STSISLRSAHLV"? 12 1.01
5.2pgf_F 2.20 PARP-12 3AB P*YFARDAAYSHHY " 12 0.56
6.2q6m_A 1.25 cholix 3 “*YVATHAEVAHGY* 12 0

7.2rd6_A° 2.30 PARP-1 1 Y FADMVSKSANY?# 12 0.33
8.3bsh_B 2.50 ETA NAD* YOYIAGDPALAYGY™*! 12 0.26
9. 3ce0_A 2.80 PARP-3 3 44YFASENSKSAGY*? 12 0.29
10. 3gey_A 2.20 PARP-15 3 Y9YFAVDASYSAKDTY ™ 14 0.66
11.3goy_A 2.80 PARP-14 3AB 1633Y FAVNANYSANDTY 646 14 0.74
12. 3hkv_A 2.10 PARP-10 3AB "YFAKRASLSVQDRY®* 14 0.67
13. 3kjd_A 1.95 PARP-2 1 462y FADMSSKSANY*” 12 0.40

Type 11

14. 1giq_A 1.80 jota NADH FESTSIGSVNMSAF** 12 3.26
15. lojz_A 2.02 C3Stau2 NAD* 8STQLVSGAAL' 10 1.41
16. 1gs2_A 2.70 VIP2 NAD™ 386STSLSSERLAAF’ 12 3.16
17. 2a9k_B 1.73 C3botl NAD™ 7" STSLMNVSQF'# 10 1.10
18. 2gwl_A 1.90 SpvB NADH PISTSPDKA W 8 1.39
19.2wn7_A 2.25 CdtA NAD* *STSIGSVNMSAF* 12 3.21

“The ligands are illustrated in Figure 1. ? Underlined residues are located in a S-strand, and bold residues are part of an a-helix. The remaining
scorpion residues are located in turn/loop regions. The sequence numbering and secondary structures assignment are according to the respective
PDB entries. ¢ The number of residues comprising the scorpion motif. ¢ Root-mean-square deviation of the C* backbone atoms of the scorpion
motif in a given toxin from those in the cholix toxin. ¢ The sequence numbering in 2rd6_A corresponds to S%EADMVSKSANYQO7 in other

studies.?®
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Figure 3. Pairwise C* rmsd in A of the scorpion motifs in Table 1, computed as described in the Materials and Methods section. These are ranked in
order of increasing rmsd relative to the 2q6m structure. Overlap of the C* backbone of type I/II scorpion motifs in Table 1 is shown in the upper triangle.

Scorpion Motif Isotypes. To assess the similarity of the
scorpion motif structures, the root-mean-square-deviation
values (rmsd values) of the C* atoms for each pair of
scorpion motifs in Table 1 were computed. The values in
Figure 3 show two groups of scorpion motifs. The first group
of scorpion motifs comprises 11 Y—X;9—1,—Y motifs (1tox,

1xk9, 2pqf, 2q6m, 2rd6, 3b8h, 3ce0, 3gey, 3hkv, 3goy, and
3kjd) and 2 STS motifs (1og3 and 2a5f) with pairwise rmsd
values of <1 A, comparable to thermal fluctuations; we will
refer to such similar structures as type I scorpion motifs.
Their 3D structures complexed with NAD™ (Figures 2a—d)
and inhibitors (Supporting Information Figure Sla—i) share
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Table 2. Average Electrostatic (E°) and vdW (E£*Y) Contributions to
the Interaction Energy between the Scorpion Residues and NAD™"

protein bound to NAD™"“ EW (kcal/mol) E*¢ (kcal/mol)
VIP2 —9.0£1.0 11.2+£2.7
EctoART —11.1 £ 1.7 —1.9+10.2
CdtA —12.7+2.1 2.7+ 10.2
CT —13.5+1.2 —2.0+29
C3botl —158+14 —0.8 £4.5
C3Stau2 —162+ 1.5 —11.8 £ 3.1
ETA —19.7+ 1.6 04+34
DT —20.0 £ 2.0 13.5+6.0

“The PDB entries and corresponding residues comprising the scor-
pion motif are listed in Table 1. The toxins are listed in order of
decreasing E¥9V.

in common a structured helical tail that ends usually with an
aromatic residue (except in CT; see Table 1). The second
group of scorpion motifs comprises six STS motifs (1giq,
lojz, 1gs2, 2a9k, 2gwl, and 2wn7) with pairwise rmsd values
ranging from 1 to 3.3 A; we will refer to these more variable
structures as type II scorpion motifs. Their 3D structures
complexed with NAD™ (Figures 2e—h) or NADH (Suppor-
ting Information Figure S1j,k) reveal a STS/Q head and an
unstructured tail. Interestingly, iota (1giq), CdtA (2wn7),
and VIP2 (1gs2), which target the same residue (Argl77) on
actin,?""?? possess very similar scorpion conformations with
pairwise rmsd values of <0.55 A.

vdW Forces Dictate the NAD ™ Recognition by the Scorpion
Motif. To provide a physical basis for the structural con-
servation of the “scorpion” motif in binding NAD™, the
electrostatic (E<°) and vdW (E*Y) contributions to the
total interaction energy between the residues comprising the
scorpion motif (scorpion residues) and NAD™' were com-
puted from MD simulations of the toxin/NAD™ complexes
in Table 1 (see Materials and Methods). The magnitude and
sign of £ and EY*W in Table 2 show that the scorpion motif
recognizes NAD " mainly via vdW forces. The E*W energies
are consistently favorable (negative) for the toxins in the DT
and CT families. Furthermore, they are more favorable than
the corresponding E<*° energies (which are usually negligible
or unfavorable) with standard deviations less than those
of E'¢,

Electrostatic Contributions from Nicotinamide and Dipho-
sphate Cancel. To determine why E°°° is less favorable than
E*YW, the E¥*° and E''Y energies between each scorpion
residue and NAD™ (Figure 4, black curves with circles) were
decomposed into the contributions from nicotinamide
(blue), N-ribose (turquoise), diphosphate (red), A-ribose
(green), and adenine (magenta) for all the NAD-bound
toxins. The £ and EYY energies for NAD"-bound DT,
ETA, CT, and VIP2 are shown in Figure 4, while those for
the other NAD'-bound toxins are shown in Supporting
Information Figure S2. The E°*° between each scorpion
residue and NAD™ (Figure 4 and Supporting Information
Figure S2, top panels) show that the charged residues exhibit
large | E¥'°°|, but their interactions with the positively charged
nicotinamide moiety (blue curves) roughly cancel those with
the negatively charged diphosphate (red curves) so that the
net E°° contribution (black curves with circles) is generally
negligible or unfavorable. In ETA for example, the only
charged residue comprising the scorpion motif, D474, con-
tributes a favorable ES° of about —20 kcal/mol with the
positively charged nicotinamide but an equally unfavorable
E**¢ of ~20 kcal/mol with the doubly negatively charged

Lee et al.

diphosphate, so the net £°° between the scorpion residues
and NAD™ is negligible (0.4 kcal/mol).

The Scorpion Head and Tail Contribute Most to Binding
NAD™. The E**W between each scorpion residue and NAD™
(Figure 4 and Supporting Information Figure S2, bottom
panels) show that the vdW contributions of the first three
and last scorpion residues are greater than those of the other
scorpion residues, consistent with their relative conservation
and distances to NAD™". In the DT group represented by DT
(Figure 4a) and ETA (Figure 4b), the first and last residues of
the scorpion motif, which are both Tyr, contribute much
more to binding NAD™" than the other residues. These two
tyrosines correspond to the conserved Tyr in the Y—Xo—Y
sequence motif. In the CT group represented by CT
(Figure 4c) and VIP2 (Figure 4d), as well as EctoART,
C3Stau2, C3botl, and CdtA (Supporting Information Figure
S2), the first three and last residues of the scorpion motif
contribute more to binding NAD™ than the other residues.
The first three residues comprising the scorpion head in the
CT toxins correspond to the STS motif, which forms part of
the S-sheet that acts as an anchor to hold the NAD " .** In CT
toxins such as CT and C3Stau2 where the scorpion tail is an
aliphatic residue, the scorpion STS/Q head apparently makes
a larger vdW contribution than the respective aliphatic tail.

The Scorpion Motif Recognizes the NAD" Nicotinamide
Ring. The results in Figure 4 show that the scorpion motif is
primarily a nicotinamide-binding motif: The vdW interaction
energies of the scorpion residues with nicotinamide (blue curves)
are significantly more favorable than those with the ribose rings
(green or turquoise curves), the diphosphate (red curves), or
adenine (magenta curves). Moreover, the interaction energies of
the scorpion head and tail with NAD™ stem mainly from those
with nicotinamide and, to a lesser extent, with the diphosphate
and N-ribose. Notably, the adenine mononucleotide portion of
NAD makes a negligible contribution to the net interaction
energy with scorpion residues. These results are consistent with
the respective structures depicted in Figure 2.

The Scorpion Motif Binds NMN in a Specific Conforma-
tion. Since the scorpion motifis structurally conserved and is
involved in binding the NAD™" nicotinamide ring, is the
conformation of the nicotinamide mononucleotide (NMN)
moiety also conserved? To address this question, the NMN
moieties of the eight NAD™' molecules in Table 1 were
superimposed. The eight NAD™ conformations in Figure 5
show that both types I and IT scorpion motifs bind the NMN
moiety in a structurally conserved ringlike conformation
stabilized by a hydrogen bond between the nicotinamide
amide nitrogen and the N-phosphate oxygen. In sharp
contrast, the adenine mononucleotide structures exhibit
highly variable conformations even when their moieties,
instead of NMN, were superimposed (data not shown).
The different structural conservation of the NMN and
adenine mononucleotide moieties of NAD are consistent
with their different relative contributions to the net interac-
tion energy with the scorpion residues. Previous work has
also noted that iota toxin binds NADH in a specific NMN
ringlike conformation, whereby the “ring” is closed by a
hydrogen bond between the nicotinamide carboxyamide
nitrogen and a phosphate oxygen.”’

The Scorpion Motifs Can Serve as Templates for Predicting
Bound Inhibitor Structure. Since proteins with the type I
scorpion motif possess very similar structures, we propose a
“docking by fitting” method to precisely dock an inhibitor
mimicking the nicotinamide ring into ADPRTs and PARPs
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Figure 4. Electrostatic (E°°°) and vdW (E¥?Y) interaction energies (in kcal/mol) of the scorpion residues with NAD™ (black), nicotinamide
(blue), N-ribose (turquoise), diphosphate (red), N-ribose (green), and adenine (magenta) in (a) DT, (b) ETA, (c¢) CT, and (d) VIP2.

with free 3D structures. The method is illustrated in Figure
6a, and the predicted structure of PARP-2 bound to 1 is
validated against the respective X-ray structure (3kjd) in
Figure 6b and Figure 6¢. First, the scorpion motifs in the
X-ray structures of apoPARP-2 (1gs0) and PARP-1 bound
to 1 (2rd6) were superimposed. Next, the PARP-1 structure
was removed leaving PARP-2 bound to 1. Comparison of
this docked inhibitor structure (in green) with the X-ray
structure of PARP-2 bound to 1 (in blue) in Figure 6b
shows almost perfect overlap. Since the pocket is very
narrow and deeply buried (see Figure 6¢), current docking

methods using a scoring function may yield a false-positive
inhibitor-binding site without empirical restraints to guide
docking of the inhibitor into this narrow and buried site.
However, conventional docking or optimization methods
could be used to refine the structure derived using “docking
by fitting”.

Predicted Scorpion Motifs in PARP and ADPRT Enzymes.
Multiple sequence alignment of the catalytic cores of the
human PARPs show a conserved Tyr corresponding to the
first Tyr of the Y—X;o—Y motif. On the other hand,
structure-based multiple sequence alignment of the catalytic
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cores of 31 mono-ADPRTs?*"*? show the STS motif for
28 toxins in the CT group and the Y—X,o—Y motif for DT,
ETA, and cholix. The analyses of the available X-ray struc-
tures of toxins complexed with NAD™ herein show that the
head and tail residues of the scorpion motif contribute most
to binding NAD™ and are relatively conserved. The “scor-
pion’s” head is a Tyr or Ser, while its tail is a highly conserved
aromatic or aliphatic residue (Table 1). For the PARPs/
toxins whose 3D structures with substrate/inhibitor have not
been solved, putative scorpion sequences were obtained by
searching for an aromatic residue (Y, F, W, H) or an
aliphatic residue (L, I, V, A) at <15 residues from (i) the
conserved Tyr in PARPs or (ii) the conserved Ser in the CT

-—--log3 A
----lojz_A
-—--1qs2_A
1tox_B
----2a5f B
----2a% B
-——-2wn7_A
----3b8h_B

Figure 5. Conformations of the NAD" molecules bound to the
scorpion motifs in Table 1 by overlapping their NMN moieties.

motifs

PARP-2 (apo form) PARP-1 + 1 (complex form)

b

Overlap of PARP-2 and PARP-1 - 1
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group of toxins. For those PARPs/toxins whose free (but not
complex) 3D structures are available, the putative scorpion
motifs were verified by computing the rmsd values of their C*
atoms from the C* atoms in the cholix scorpion motif (see
Materials and Methods). The resulting rmsd values in Table
Jareall <2.1 A, verifying the presence of the scorpion motif
in these free protein structures. Notably, the scorpion motif
in PARP-5a is of type I with a C* rmsd of only 0.32 A and
a helical tail (indicated by the bold residues in Table 3).
For the PARPs and toxins whose 3D structures have not yet
been solved, their scorpion sequences are listed in Table 4.
Of the 17 human PARPs, 14 exhibit the Y—X;g_13—Y
motif, while PARP-7 and PARP-11 have a Phe in lieu of
the second Tyr; i.e., they contain a Y—X;,—F motif. Only
PARP-9 does not seem to have a scorpion motif, as no
aromatic residue is found at even 20 residues C-terminal
from the conserved Tyr.

Discussion

The Scorpion Motif. A Conserved Architecture in PARP
and ADPRT Enzymes. This work shows that although PARP
and ADPRT enzymes exhibit diverse functions and low
sequence identity, they share a common structure shaped
like a scorpion to recognize their common substrate
(Figure 2). The scorpion motifs can be further divided into
two isotypes according to their structural similarity: the type
I scorpion motifs have very similar conformations with C*
rmsd values of <1 A (Figure 3), comparable to the differ-
ences found in NMR generated ensembles, whereas the type
IT scorpion motifs possess more variable conformations. On
the basis of current X-ray structures, all the PARPs and DT
group toxins as well as two CT group toxins (EctoART and
CT) exhibit a type I scorpion motif, whereas the other CT
group toxins display a type II scorpion motif. Biological
applications of the highly conserved type I scorpion motif are
described below.

PARP-1

3D model of PARP-2 - 1

Figure 6. (a) Illustration of docking by fitting the scorpion motifs of apo-PARP-2 (1gs0) and PARP-1 bound to 1 (2rd6). (b) Comparison
between the predicted (green) and X-ray (blue) structures of PARP-2 bound to 1. (¢) View showing that inhibitor-binding pocket is very narrow

and deeply buried.
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Table 3. Predicted Scorpion Motifs in X-ray Structures of Free PARPs/ADPRTs"

scorpion motif

PDBid_Chain resolution (A) toxin/PARP sequence length rmsd (A)
2f5_A 2.30 PARP-5a BYFAENSSKSNQY ' 12 0.32
lts_A 1.95 LT-A ®'STSLSLRSAHLA" 12 1.06
1tii_ A 2.25 LT-IIB PSTTTTLRQAHLL™ 12 1.16
Ibep_A 2.70 PT S2STSSSRRYTEVY®? 12 1.25
1r45_A 1.57 C3bot2 "*STSLMSAQF'® 9 1.64
3bw8_A 1.80 C3lim 'STSLVNGSAF'# 10 1.82
2i3x_A 1.75 C2-1 I8STSLK STPSSF* 11 2.07

“Entries are listed according to increasing C* rmsd values, which were computed relative to the scorpion motif of cholix toxin (2q6m). See footnotes to

Table 1.

Table 4. Putative Scorpion Motifs in ADPRT and PARP Sequences

PARP/toxin species UniProt entry scorpion motif sequence length
PARP-4 Homo sapiens QIUKK3 47TY FSDSLSTSIK Y8 12
PARP-5b/TNKS-2 Homo sapiens Q9H2K2 1060y FAENSSKSNQY 7! 12
PARP-6 Homo sapiens Q2NL67 S08Y LSPISSISFGY?"? 12
PARP-7 Homo sapiens Q7Z3El S64YFAKKASYSHNF®” 12
PARP-8 Homo sapiens Q8N3AS8 32Y LSPMSSISFGY 74 12
PARP-11 Homo sapiens QINR21 29YFARDAAYSSRF** 12
PARP-13 Homo sapiens Q7Z2W4 819Y FAKDATYSHKNCPY®3? 15
PARP-16 Homo sapiens Q8N5Y8 182y LTSDLSLALIY' 12
ExoS P. aeruginosa Q51451 33STSLNPGVARSF 12
AexT A. salmonicida Q93Q17 34STSRDPKVATNE?7? 12
ExoT P. aeruginosa Q91788 346STSRDPGVARSF*’ 12
VopT V. parahemolyticus Q87GI9 146STSRDPEIACEF'Y’ 12
Sa C. spiroforme 006497 BISTSIGSVNMSAF3 12
C3cer B. cereus Q8KNY0 2§ TSILIDAGY"! 10
C3staul S. aureus P24121 3STQLVSGAAV!'®? 10
C3stau3 S. aureus Q8VVU2 3STQLVK GAAL'#? 10
HopUl P. syringae Q88A91 93STTRIK DSAQVF?* 12

Electrostatic vs vdW Forces Underlying NAD" Binding.
The electrostatic and vdW contributions to the total inter-
action energy between the scorpion residues and NAD™ in
Table 2 and Figure 4 reveal a fine balance between the
electrostatic and vdW forces. An apparent requirement for
optimal binding to anionic NAD™", comprising a positively
charged nicotinamide and a doubly negatively charged
diphosphate, is to minimize the electrostatic energy of the
charged scorpion residues. Most toxins achieve this by
positioning the charged scorpion residues and the charged
NAD™ moieties precisely such that the electrostatic interac-
tions of the charged scorpion residues with the dianionic
diphosphate effectively cancel those with the cationic nico-
tinamide while enabling strong vdW interactions with the
nicotinamide ring (see Figure 4 and Supporting Information
Figure S2). Therefore, mutations that lead to a wrong
orientation of the diphosphate relative to the nicotinamide
or mutations that alter the charged residue composition of
the scorpion motif would be expected to alter the NAD™
binding affinity and/or the NAD"-dependent function.

Relationship between the Scorpion Motif and Known Se-
quence Motifs. This work not only reveals a locally conserved
scorpion structure for ADPRT and PARP enzymes but also
a locally conserved ringlike NMN structure for the NAD™
substrate. Since the NMN moiety is conserved but the
scorpion motif mainly recognizes only the NMN’s nicotina-
mide ring, this implies that surrounding residues may also
contact NMN and that other features of the NAD-binding
pocket could dictate whether the substrate/inhibitor could fit
in the same site. Indeed, the scorpion motif is related to
several known sequence motifs and conserved residues that
have been identified in PARPs and ADPRTs through multi-

ple sequence alignment, as shown in Figure 7a—c. It corre-
sponds to the known Y—X;o—Y motif in the DT group but to
a combination of the STS motif (scorpion head) and the
N-terminal part of the PN loop (scorpion tail) in the CT group.

The specific NMN conformation recognized by the scorpion
motif is held in place by conserved hydrogen-bonding interac-
tions with residues from the other known motifs. Notably, the
HG motif in the DT group and RX motif in the CT group are
involved in orienting the nicotinamide ring. The conserved Gly
of the HG motif and the variable residue X of the RX motif both
form backbone hydrogen bonds with the nicotinamide carboxy-
amide (Figure 7d and Figure 7e). Furthermore, the invariant
catalytic Glu of the ARTT loop hydrogen-bonds with the 2’-OH
group of the N-ribose with one or both of its carboxylate oxygen
atoms in all the NAD™"-bound protein structures. Interestingly,
the scorpion motifs in all PARPs (except PARP-9 and PARP-
16) contain a Ser at the ninth position whose hydroxyl group also
hydrogen-bonds with the amide group in all the inhibitor-bound
structures. In summary, the scorpion motif (YY/STS+PN loop)
helps to bind the NAD™ substrate in the narrow nicotinamide-
binding crevice, which forces the NMN moiety into a coplanar
ringlike conformation; the other known motifs (HG/RX and
ARTT loop) then lock this NMN conformation via conserved
hydrogen bonds.

Biological Implications. Functional Basis Underlying the
Locally Conserved Scorpion Structure. Why do ADPRT and
PARP enzymes possess structurally conserved scorpion
motifs? One possible reason might be that these enzymes
employ a locally conserved scorpion structure to recognize
and facilitate the N-glycosidic bond cleavage of their com-
mon substrate, NAD"'. The scorpion motif recognizes
NAD™ by using its head and tail residues to clasp the
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appp Name

DT/PARP group HG
LTOX_B|DT | SYHGTK
206M_A|Cholix | GYHGTN
2RD6_A|PARP-1 | LWHGSR
3B8H_B|ETA | GYHGTF
3CE0_A|PARP-3 | LWHGTN
CT group RX
1GIQ Allota | VYRRSG
10JZ_A|C3Stau2| VYRLLN
1QS2_A|Vip2 | VYRWCG
2A9K B|C3botl | LFRGDD
2WN7_A|[CdtA | VYRRSG
b
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Motifs
=Xy

ARTT Loop

FAEGSSSVE@Y INN
PESAGGEDETVIG
NDTSLLYNEYIVY
PAEEGGRLET LG
SSSTFSQS@YLIY

ARTT Loop
TPGYAGEYEVLLN
LTAYPGQQEVLLP
AIGFASEKEILLD
TSAFAGQ LP

IPGYAGEYEVLLN

Figure 7. (a) Known motifs from multiple sequence alignment of the ADPRTs and PARPs. The invariant or highly conserved residues in the
known motifs are highlighted in different colors. They are shown in the same color scheme in ribbon diagrams of (b) NAD"-bound ETA (3b8h)
and (c) NAD"-bound VIP2 (1gs2). They form conserved hydrogen bonds, as depicted in the NAD*-binding sites of (d) ETA (3b8h) and
(e) VIP2 (1gs2). The NAD atoms are colored green for carbon, blue for nitrogen, red for oxygen, and orange for phosphorus.

nicotinamide ring by vdW interactions (Figure 4). It also
forces the nicotinamide ring to adopt a specific conformation
that enables the nicotinamide amide group to anchor the
backbone of specific residues. For example, the amide O and
N atoms of the nicotinamide ring form two hydrogen bonds
with the backbone NH and O of G441 in ETA (Figure 7d)
and W350 in VIP2 (Figure 7¢). Furthermore, the scorpion
motif may bind the nicotinamide ring in a conformation that
(1) facilitates cleavage of the C—N bond between the nicoti-
namide and the N-ribose of NAD™ or (ii) orients the carbon
atom for nucleophilic attack.*®

Biological Applications. Proteins with Locally Conserved
Scorpion Structures Can Share Common Inhibitors. Both
ADPRTSs and PARPs are targets for inhibitor design: inhibi-
tion of deadly toxins can rescue the function of their human
target proteins, whereas inhibition of PARPs can enhance the
effects of anticancer therapies (see Introduction). As the
scorpion motif forms the nicotinamide-binding pocket of
ADPRTSs and PARPs, it can serve as a common drug target
for both PARPs and ADPRTSs. We hypothesize that those

proteins containing highly conserved type I scorpion struc-
tures can share common inhibitors mimicking the nicotina-
mide structure. Indeed, inhibitors such as 3 and 4-amino-1,8-
naphthalimide (4ANI, Figure 1g) can inhibit both PARPs and
ETA, although their potency to inhibit different ADP-ribosyl-
transferase family members varies.?***323%3 Fyrthermore,
3-aminobenzoic acid (3AB, Figure le) can inhibit not only
PARPs but also CT.*® On the other hand, selective inhibitors
for a specific PARP can be designed without inhibiting the
other PARPs by optimizing the interactions of the unique
residues comprising or surrounding the scorpion motif.

The Scorpion Motif Can Be Used To Predict Inhibitor/
Substrate-Bound Structures. Since ADP-ribosylating enzymes
containing type I scorpion motifs, which include five ADPRTSs
(ectoART, DT, ETA, CT, cholix toxin) and eight PARPs
(PARP-1, PARP-2, PARP-3, PARP-5a, PARP-10, PARP-12,
PARP-14, PARP-15), may share common inhibitors such as 3,
4ANI, 3AB, and their derivatives, we may predict complex
structures of their common inhibitors/substrate using the “dock-
ing by fitting” method, illustrated in Figure 6. Notably, the new
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Figure 8. X-ray structures of (a) chicken PARP-1 bound to 3AB (3kcz) and of human PARP-1 bound to (b) 4 (4pax), (c) 4ANI (2pax), and (d) 1
(2rd6). The 3D structure of NAD ™ bound to PARP-1 in (a) was predicted using “docking by fitting” (see text). The PARP-1 scorpion motifis in
orange. The inhibitors are in dark blue, while the NAD atoms are colored green for carbon, blue for nitrogen, red for oxygen, and orange for

phosphorus.

PARP inhibitors such as 1, 2, and olaparib have completed
phase II clinical trials for cancer indications.'? Initial model
structures of PARPs complexed with inhibitors/substrate
can be derived using “docking by fitting”. As shown in
Figure 6, the predicted structure of 1 bound to PARP-2isin
good agreement with the respective X-ray structure (3kjd).
As another example, model 3D structures of PARP-1
complexed with 3AB (Figure le) and NAD™ substrate
(Figure la) were obtained by fitting the C* atoms of the
12-residue scorpion motif in the free PARP-1 structure
(2paw) with those in the 3AB-bound PARP-2 (3kcz) and
NAD*-bound ETA (3b8h) structures, respectively. The
predicted structures of the 3AB inhibitor and NAD™ sub-
strate bound to PARP-1 in Figure 8a appear reasonable;
they maintained the hydrogen-bonding interactions bet-
ween the inhibitor/substrate aromatic ring and PARP-1 as
well as the critical w—o interactions with the scorpion tail.
Notably, the inhibitor’s aromatic ring overlaps with the
NAD™’s nicotinamide ring.

In summary, “docking by fitting” together with conven-
tional docking or optimization methods offers a fast and
accurate docking strategy: the former can quickly dock an
inhibitor/NAD™ into the very narrow and deeply buried
NAD™"-binding pocket (Figure 6¢), while the latter can be
used to refine the complex structure, which can serve as a
starting point for the structure-based design of ADPRT and
PARP inhibitors with improved affinity and selectivity.

Potent Inhibitors Have Stronger Interactions with Residues
Comprising and Surrounding the Scorpion Motif. Early
PARP inhibitors were based on the benzamide pharmaco-
phore, which mimics the NAD™ nicotinamide ring: their

amide group interacts with the protein backbone atoms,
while their aromatic ring interacts with the “scorpion’s”
head and tail residues (see above). Since they lacked speci-
ficity and potency, subsequent inhibitor designs sought to
lock the carboxyamide in the favored conformation (i) by
incorporating it into a ring system to form a bicyclic ring
inhibitor, e.g., 4 (NU1025*" Figure If) or (ii) through
intramolecular hydrogen bonds.** However, these inhibitors
still needed micromolar concentration for inhibition. Hence,
new PARP inhibitors were designed by cyclizing an open
benzamide structure or creating an additional ring on the
existing cyclic amide to form coplanar bicyclic or tricyclic
amide inhibitors (Figures 1b—d), which inhibit PARPs
better than monocyclic amide inhibitors such as 3AB and
its derivatives.'® For example, the ICs, value of 1 (0.041 xM)
is 1 =3 orders of magnitude less than that of 4ANI (0.18 uM),
4 (0.40 uM), and 3AB (33 uM).**** To provide a rationale
for the observed enhanced inhibition, the scorpion motifs of
inhibitor-bound PARP-1 in Figure 8 and NAD™-bound
ETA were superimposed to compare the inhibitor and sub-
strate structures. Interestingly, the [5,6] bicyclic ring of 1 in
the 2rd6 structure superposed well with the nicotinamide
ring and part of the N-ribose, while its five-membered ring is
oriented toward the N-phosphate group. As shown in
Figure 8d, inhibitor 1 resembles the ringlike structure of
NMN more than the other inhibitors, 3AB (Figure 8a), 4
(Figure 8b), and 4ANI (Figure 8c), which superposed with
only the nicotinamide ring but not with the other parts of
NAD™. The three less potent inhibitors likely fit less tightly
than inhibitor 1, allowing room for water molecules in the
NAD™"-binding site, thus attenuating the protein—inhibitor
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interaction energies. Indeed, the binding free energies of
3AB, 4,4ANI, and 1 to PARP-1 computed using the DFIRE
program*>*® (see Supporting Information Table SI) corre-
late with —RT'In(ICs), as evidenced by a Pearson correla-
tion coefficient of > = 0.82. The binding energies of these
four inhibitors to only the scorpion motif also correlate
with —RT'In(ICsp) with r* = 0.78. This suggests that the
observed enhanced inhibition of inhibitor 1 is due largely to
its stronger interactions with the residues comprising and
surrounding the scorpion motif (see Figure 7), as compared
to the other less potent inhibitors.

Materials and Methods

rmsd Calculations. The number of residues comprising the
scorpion motifs in Table 1 varies from 8 to 14. However, this
number should be the same to superpose the backbone of two
scorpion motifs. Thus, to fit two scorpion motifs of different
lengths, residues have to be neglected in the longer motif.
In fitting scorpion motifs of lengths /and / 4 n, all combinations
of n residues were left out in the longer motif except for the first
three and last residues that are important for binding the
nicotinamide ring. The C* rmsd values were computed using
Swiss-PdbViewer, version 3.7 (http://spdbv.vital-it.ch/index.
html), and the lowest rmsd was chosen.

Molecular Dynamics Simulations. To analyze the binding
interactions of bacterial toxins with NAD™, molecular dynamics
(MD) simulations were performed starting from the NAD™-
bound structures in Table 1 using the CHARMM, version 34,
program®’ at a mean temperature of 300 K and pH 7. The missing
hydrogen atoms in the X-ray structures were built at physiological
pH. The aspartates and glutamates were deprotonated, while the
lysines and arginines were protonated. The protonation states of
the histidines were determined by computing the relative free
energies of doubly protonated His or His protonated at N¢2
relative to His protonated at N°'.

Force Field. All simulations employed the all-hydrogen
CHARMM27 force field for the protein®® and NAD™,* the
TIP3P* water model, and periodic boundary conditions in a
truncated octah(;:dron.51 The nonbonded interactions were
truncated at 18 A using an atom-based force-switching func-
tion to smoothly switch off the forces from 14 to 17 A. The
SHAKE algorithm was applied to all the bonds to hydrogen
atoms.>>

Simulation Protocol. Each hydrogen-built structure was
energy-minimized and then placed at the center of a truncated
octahedral box (of square edge of length 70 A) containing 5706
TIP3P water molecules that were pre-equilibrated at normal
water density (1 g/mL) at 298 K. Water molecules within 2.5 A
of any of the protein heavy atoms were removed. The resulting
water molecules were re-equilibrated around the fixed protein/
NAD™" molecule. Before equilibration of the simulation system,
the protein side chains were energy-minimized together with the
water molecules. All the atoms were then propagated according
to Newton’s equations of motions using the leapfrog Verlet
integrator with a time step of 2 fs. The entire system was
equilibrated without any constraints for ~500 ps, followed by
a production trajectory of 1 ns where the atomic positions were
saved every 0.1 ps for further analyses.

Decomposing the Toxin—NAD™ Interaction Energy into Con-
tributions from Each Residue. To provide a physical basis for the
locally conserved scorpion structure, the electrostatics and vdW
interaction energies of each of the scorpion residues with NAD ™
was computed from the saved coordinate sets during the pro-
duction trajectory. To probe the key NAD site that is recognized
by this structural motif, the NAD was divided into five compo-
nents, as shown in Figure 1; viz., the nicotinamide ring that
interacts with the head and tail of the scorpion, the N-ribose, the
diphosphate, the A-ribose, and the adenine, and the electrostatic

Lee et al.

and vdW interaction energies between each scorpion residue and
each NAD™ component were computed. The final energies
plotted in Figure 4 were averaged over 10* configurations from
each of the 1 ns simulations.
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