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ABSTRACT: AP endonuclease 1 (APE1) is a multifaceted protein with E3330 9
essential roles in DNA repair and transcriptional regulation. APE1 (ref-1) &
activates many transcription factors (TF), including AP-1 and NF«xB. " T v
While the mechanism of APE1 redox activity remains unknown, it may ﬁ

involve reduction of an oxidized Cys in the TF DNA-binding domain. .~ ™~ 7 .~
Several small molecules inhibit APEI-mediated TF activation, including } I
the quinone derivative E3330. It has been proposed some inhibitors bind 9 o
near C6S, a residue suggested to be important for TF activation, but the
binding site has not been determined for any inhibitor. Remarkably,
NMR and molecular docking studies here reveal E3330 binds in the
DNA repair active site of APE1, far removed from C6S. Accordingly, AP
endonuclease activity is substantially inhibited by E3330 (100 uM),
suggesting that E3330 may not selectively inhibit APE1 redox activity in
cells, in contrast with previous proposals. A naphthoquinone analogue of E3330, RN7-60, binds a site removed from both C65
and the repair active site. While a detailed understanding of how these inhibitors work requires further studies into the
mechanism of redox activity, our results do not support proposals that E3330 binds selectively (and slowly) to locally unfolded
APE1 or that E3330 promotes formation of disulfide bonds in APE]1. Rather, we suggest E3330 may suppress a conformational
change needed for redox activity, disrupt productive APE1-TF binding, or block the proposed redox chaperone activity of APEI.
Our results provide the first structural information for any APE1 redox inhibitor and could facilitate development of improved
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inhibitors for research and perhaps clinical purposes.

P endonuclease 1 (APE1) is a multifunctional protein with
ssential roles in DNA repair and transcriptional
regulation. APEL] is required for repair of apurinic/apyrimidinic
(AP) sites and other mutagenic and cytotoxic DNA lesions and
is a central element of base excision repair and DNA strand
break repair pathways.' > In one of its regulatory roles, APE1
serves as a trans-acting factor as part of a protein complex that
binds negative Ca*-response elements (nCaRE) to down-
regulate genes such as PTH and renin, a function promoted by
p300-mediated acetylation of APE1.** This regulatory role and
the DNA repair functions of APE1 are essential for embryonic
development and cell viability.®™® In a distinct regulatory
function, APE1 was found to activate the transcription factor
AP-1 (c-Jun/c-Fos) via a redox (reduction—oxidation)
mechanism; thus, APE1 is also known as ref-1 (redox effector
factor 1).>'° APE1 activates AP-1 by mediating the reduction of
a Cys residue in its DNA binding domain, and APE1 was
subsequently shown to activate many other transcription factors
in a similar manner, including NF-«xB, HIF-1a, p53, and RARq,
among others.>"°
While the catalytic residues and active site for the DNA
repair activity of APE] are established, the same cannot be said
for its redox activity. Much attention has focused on the seven
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conserved Cys residues in mammalian APE], and an initial
study with recombinant APEl and Cys — Ala mutants
concluded that C65 (human APE1) is essential for redox
activity in vitro."! However, crystal structures of APE], free, and
DNA-bound show that C6S is buried, indicating a major
conformational change would be required for C6S to mediate
the reductive activation of transcription factors.'>'® A
subsequent study found that mice homozygous for the C64A
variant of APE1 (equivalent to C6S in human APE1) survive to
normal life expectancy with no overt abnormal phenotype, that
cell extracts from these mice exhibit normal AP-1 DNA binding
activity, and that recombinant C64A mouse APEI has normal
AP-1 reducing activity (in cell extracts), altogether indicating
C64 (C65 human) is not essential for redox activity.'* A recent
study shows APE1 can enhance the activation of transcription
factors provided by GSH or thioredoxin (Trx), and this
function is retained for APE1 that lacks all Cys residues (Cys —
Ser), indicating a “redox chaperone” mechanism for APEI
activation of transcription factors.'® Nevertheless, the potential
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role of C65 remains controversial, and more recent studies
conclude C65 is important for redox activity,"®"” including a
report that redox-inactive zebrafish APE1 gains redox activity
upon Thr — Cys mutation at the site equivalent to C65 of
human APEL.

Despite ambiguity regarding the mechanism of APEI redox
activity, numerous compounds have been reported to inhibit
APE]1 redox activity in vitro and in vivo. The most well studied
example is a quinone derivative known as E3330 or (E)-3-(5, 6-
dimethoxy-3-methyl-14-dioxocyclohexa-25-dienyl)-
nonylpropenoic acid, the first inhibitor of APEI redox activity
to be discovered."® > Previous studies indicate E3330 binds
specifically to APE1, and it has been proposed that E3330
selectively inhibits its redox but not its DNA repair
activity.'®'”"® Recent studies have identified many new
compounds that inhibit APEl redox activity, some more
effectively than E3330.>"** Efforts to develop inhibitors of
APE1 redox activity are driven in part by findings that such
compounds could potentially lead to drugs that are useful for
treating diseases including cancer.”””>* Such inhibitors are
potentially important research tools for elucidating the effects
of selectively inhibiting APE1 redox activity, which cannot be
accomplished by suppressing APE1 levels given its essential
roles in DNA repair and as a trans-acting transcriptional
cofactor.'”*¢

While the development of novel redox inhibitors would
benefit from structural information regarding APE1l-inhibitor
interactions, no structural data are available to date for any
redox (or repair) inhibitor. Given that some studies implicate
C65 in redox activity, it has been inferred that redox inhibitors
bind near C65,"” but the binding site remains unknown for any
inhibitor. To address this issue, we used NMR chemical shift
perturbation experiments and molecular docking studies to
elucidate the binding site for E3330. Such an approach is
enabled by our recent determination of the chemical shift
assignments for APE1.>” In addition, we synthesized another
APE1 redox inhibitor, (E)-3-(3-chloro-1,4-naphthoquinon-2-
yl)-2-methylpropenoic acid, also known as RN7-60, which is
reported to inhibit redox activity more efficiently than
E3330,"** and we determined the binding site for RN7-60.
Using the NMR data, we also determined the dissociation
constant (Kg) for E3330 and RN7-60. Additionally, we
reassessed the effect of E3330 on both APEl repair and
redox activity. Our results have implications for previously
suggested mechanisms by which these compounds inhibit
APE1 redox activity and provide new structural information
that could facilitate the development of improved redox
inhibitors which may have important research and clinical
applications.

B MATERIALS AND METHODS

Materials. Full length APE1 and a construct lacking the 38
N-terminal residues (APE1°™®) were expressed in E. coli and
purified (at 4 °C) as previously described,””*® including
Ni-affinity chromatography (Qiagen), overnight thrombin
cleavage of the N-terminal poly-His tag, and ion-exchange

chromatography using a S mL HiTrap SP HP column (GE
Healthcare). The resulting APE1 and APE14™® was >99% pure
as judged by SDS-PAGE (coomassie stained gel). The
concentration of both constructs was determined by
absorbance using a molar absorption coefficient of &% =
544 mM ' em™? flash frozen, and stored at —80 °C.

An expression plasmid for the W280A variant was generated
from the pET-28b plasmid for APE1*N*?7 using the
QuikChange II site-directed mutagenesis kit (Stratagene) with
PCR primers of 5-GAA TGC TCG ATC CAA GAA TGT
TGG TGC GCG CCT TGA TTA C (forward) and S-GTA
ATC AAG GCG CGC ACC AAC ATT CTT GGA TCG AGC
ATTC (reverse). The W280A mutation was confirmed by
DNA sequencing. APE1*M*®.W280A was expressed and
purified as above and quantified by absorbance (&**° = 50.9
mM™! em™).

Uniformly '*N-labeled protein was produced by expression
in MOPS minimal media with 99% [“N]-NH,CI (1 g/L)
(Cambridge Isotope Laboratories).*° Briefly, transformed BL21
(DE3) cells (Novagen) were grown overnight on an LB plate
(37 °C), and then ~30 colonies were used to inoculate 0.2 L of
LB medium and grown (37 °C) to ODgy = 0.6. Cells were
harvested, suspended in 2 L of MOPS minimal media, and
grown to ODgyy = 0.7. The temperature was reduced to 15 °C,
protein expression was induced with IPTG (0.4 mM) overnight
(~14 h), and protein was purified as described above.

Human p50, one subunit of the NF-xB heterodimer, was
expressed in E. coli BL21 (DE3) cells using a pET-14b
plasmid'® with 0.4 mM IPTG for 16 h at 16 °C and purified
using nickel affinity (Qiagen) and cation-exchange chromatog-
raphy, as described above for APE1. Purified pS0 was dialyzed
versus 20 mM HEPES pH 7.9, 0.1 M KCI, 10% glycerol, 0.2
mM EDTA, the pS0 concentration was determined using a
molar absorption coefficient of £2** = 29.3 mM™ cm™!, and
aliquots were flash frozen and stored at —80 °C.

The oligodeoxynucleotides (ODN) used to make duplex
DNA for the APE1 repair and redox assays were synthesized
(trityl-on) at the Keck Foundation Biotechnology Resource
Laboratory, Yale University. The ODNs were purified with
Glen-Pak cartridges (Glen Research), and their concentration
was determined by absorbance.>’ Duplex DNA was hybridized
by heating to 80 °C followed by slow cooling to room
temperature. DNA containing a pS0 binding site was comprised
of §~AAGGGACTTTCCGCTGGGGATTCCAY, where Y is
fluorescein-dT, and its complement S5-ATGGAATCCC-
CAGCGGAAAGTCCCTT. For the AP endonuclease assay,
duplex DNA was comprised of $-"AGTGCGTCCFCGACGAC,
where F is a tetrahydrofuran abasic site analogue, and its
complement, 5“GTCGTCGGGGACGCACT.

E3330. (E)-3-[2-(5,6-Dimethoxy-3-methyl-1,4-benzoqui-
nonyl)]-2-nonylpropenoic acid (E3330), generously provided
by Dr. Hiroshi Handa (Tokyo Institute of Technology) or
obtained from Sigma, was dissolved in ethanol-ds (99% D) at a
concentration of S0 mM and stored at —20 °C.

Synthesis of RN7-60. We synthesized a previously
identified inhibitor of APE1l redox activity, referred to as

dx.doi.org/10.1021/bi201071g | Biochemistry 2011, 50, 10540—10549



Biochemistry

RN7-60 or as 16f, (E)-3-(3-chloro-1,4-naphtho<}uinon-2-yl)-2-
methylpropenoic acid, essentially as described*' but with the
changes noted below. Note that compounds 14a, 15a, and 15f
are precursors for the synthesis of 16f as previously described.”!
To obtain 14a, 1,4-dimethoxy-2-naphthaldehyde (13a) (10.0 g,
63.2 mmol) was hydrogenated using Pd/C (10 wt % 0.99 g) in
the presence of anhydrous THF (250 mL) at 30 psi for 4 b, at
which point it was purified using flash chromatography eluting
with CH,Cl,, to yield 14a as a yellow-orange solid (2.26 g,
10.45 mmol, 77%). In an analogous fashion, 14f was obtained
as yellow solid (1.44 g, 5.74 mmol, 64%). 'H NMR (CDCLy): 6
4.00 (s, 3H), 4.06 (s, 3H), 7.59—7.61 (m, 1H), 7.68—7.72 (m,
1H), 8.12-8.14 (m, 1H), 8.23-8.25 (m, 1H), 10.62 (s, 1H).
Synthesis of 15f was as described.*" Following purification
using a silica-based gravity column (wash, 100% hexane; elute,
5% EtOAc/95% hexane) and preparative TLC (acetone eluent)
afforded 15f as a yellow solid (150 mg, 0.45 mmol, 10%). 'H
NMR (CDCl,): 6 1.41 (t, 3H), 1.80 (s, 3H), 3.81 (s, 3H), 3.94
(s, 3H), 421—4.26 (m, 2H), 7.52—7.63 (m, 2H), 7.71-7.72 (4,
1H), 8.11-8.32 (m, 2H). In a similar manner as previously
described,”" 16f was synthesized and purified using preparative
TLC eluting with (3:17 acetone:hexanes; 0.5% AcOH, to give a
tan solid (11 mg, 0.04 mmol, 7%). '"H NMR (CDCl,): § 1.25
(d, 3H), 7.26 (d, 1H), 7.81—7.83 (m, 2H), 8.19—8.24 (m, 2H).
16f was dissolved in ethanol-ds (99% D) at a concentration of
50 mM and stored at —20 °C.

NMR Experiments and Determination of Dissociation
Constants. NMR samples (0.30 mL) contained uniformly
!>N-labeled protein (APE1, APE1*N* or APE1*N35.-W280A) at
a concentration of 75—200 uM, in the absence or presence of
inhibitor (varying concentrations). The standard NMR buffer
contained 0.02 M sodium phosphate pH 6.5, 0.1 M NaCl, 0.5
mM DTT, 02 mM EDTA, 10% D,O, and up to 2% (v/v)
ethanol-ds. Ethanol-ds was used to maintain ligand solubility.
All samples with ligand were compared to a control that lacked
ligand but had an identical concentration of protein and
ethanol-ds. The "N-HSQC or ""N-TROSY experiments were
collected on 600 or 800 MHz Bruker NMR spectrometers,
processed with NMRPipe,** and analyzed with SPARKY.*® The
chemical shift change (AS) was calculated using eq 1, which
reflects the total weighted change in 'H and '*N chemical shift
for a given peak in the 2D spectra:

AS = [(A8y)* + (0.1A8y)* ]2 (1)

We calculated dissociation constants (K;) from the dependence
of AS on ligand concentration using DynaFit,>*** with global
fitting of data for multig)le residues. Figures for K were
generated using Grafit 5.

NMR Saturation Transfer Difference Experiments. 'SN-
labeled APE14N* was lyophilized and then suspended in NMR
buffer (above) prepared with D,O (99.9% D). The NMR sample
(0.5 mL) contained 50 M APE1N* and 1 mM E3330 in this
buffer with 2% ethanol-ds. The saturation transfer difference
(STD) NMR experiments were performed as previously
described®” at 600 MHz and 25 °C. The presaturation period
(2 s) consisted of 40 selective pulses of SO ms duration and
separated by a 1 ms delay. The selective pulse was set for on- and
off-resonance frequencies of —04 and 30 ppm, respectively. A
control STD spectrum collected without the T), filter (30 ms spin-
lock pulse) gives the expected 1D spectrum for APE1*™%¥, The 'H
and *C chemical shift assignments for E3330 were confirmed by
1D 'H and 2D “C-HMBC spectra.

Docking Studies. The molecular docking experiments
were performed using AutoDock Vina.>® A crystal structure
of APE1 (including residues 44—318; PDB ID 1BIX) was
prepared for docking using AutoDock Tools (ADT, version
1.5.4),39 by adding hydrogens, removing metal ions, assigning
AD4 atom types, calculating gasteiger charges, and merging
nonpolar hydrogens. The molecule was allowed no side chain
flexibility before formatting into the .pdbqt file. The 3D
structure of E3330 was created using ChemBioOffice 2010 and
formatted using the ADT program (to add hydrogens,
determine AD4 atom types, and calculate partial charges).
The ligand was allowed 12 rotatable bonds before final
formatting into the .pdbqt format. Global docking of E3330
utilized a 60 A cube that encompassed the entire protein, and
local docking used a 20 A cube centered at the binding site
determined by NMR, giving essentially the same docking result.
The exhaustiveness parameter was extended to 100 to enhance
the accuracy of predicted binding conformations. A similar
approach was used for molecular docking of RN7-60. All
docking figures were generated with PyMOL.*

AP Endonuclease Assay for APE1. The AP endonuclease
activity of APE1 (1 nM) or APE1N* (2.5 nM) was determined
under steady-state conditions with abasic DNA substrate (1 £M)
in the presence or absence of E3330 (100 xM). Reactions were
performed at 37 °C for APEI or at 30 °C for APE1*N in
HEMN.1 buffer (0.02 M HEPES pH 7.5, 0.2 mM EDTA, 2.5
mM MgCl,, 0.1 M NaCl). Reactions were initiated by adding
concentrated enzyme to buffer containing substrate, with or
without E3330, and samples were removed at varying time
points and quenched with 0.1 M NaOH, 0.01 M EDTA (final
concentration). All reactions (with or without E3330) contained
2% ethanol, as needed to maintain solubility of E3330. The
reaction progress (product concentration) for each sample was
determined by analytical HPLC, as described.®" Initial velocities
(vy) were determined by fitting the data (product concentration
versus time) using linear regression and were converted to kg,
(= vy/[enzyme]).

Redox Assay. Electrophoretic mobility shift assays
(EMSAs) were performed using 0puriﬁed APE1 or APE14N38
and p50, essentially as described.”® Briefly, pS0 was reduced by
incubation in pS0 storage buffer (0.02 M HEPES, pH 7.9, 0.1
M KCl, 02 mM EDTA, 10% glycerol) with 1 mM tris(2-
carboxyethyl)phosphine (TCEP; Calbiochem) for 30 min at 16 °C,
and pS0 was oxidized in the same buffer but with 1 mM
diamide (Sigma) for 30 min at 16 °C. Both APE1 constructs
were reduced in APEI storage buffer (0.02 M HEPES pH 7.5,
0.2 mM EDTA, 0.1 M NaCl, 1 mM DTT, 1% glycerol) with 1
mM TCEP. Subsequently, TCEP and diamide was removed by
three 10-fold dilutions in p50 buffer and centrifugal
concentrators (Amicon). Prior to incubation with p50, APE1
or APE1*N*® (20 uM) was incubated, in the presence or
absence of E3330 (varying concentration), for S min at room
temperature in binding buffer (0.02 M HEPES pH 7.9, 0.1 M
KCl, 02 mM EDTA, 5% glycerol, 0.01% NP-40, 0.2 mg/mL
BSA) that also contained 2% ethanol for all samples.
Subsequently, oxidized pSO was added (1.5 uM final
concentration), and samples were incubated S min at 37 °C
(APE1) or 30 °C (APE14Y*), Finally, p50 DNA (0.1 uM) and
poly(dI-dC) (0.15 mg/mL; Sigma) were added, and samples
were incubated 20 min at room temperature. Samples were
diluted 5-fold with TBE sample buffer, S yL was loaded to a
pre-equilibrated 6% polyacrylamide native gel (Invitrogen), and
electrophoresis was performed with 0.5 X TBE for 65 min at 4 °C.

dx.doi.org/10.1021/bi201071g | Biochemistry 2011, 50, 10540—10549



Biochemistry

A °
= R 105
65 - . B
® o o |
@ ° : °=> » 110
° > |
Q P r:.‘ ° 0
o g
- ° - P =
o e *  Lus _
2
o © ° es o . il I E
e - M270® S °° B S
> @ B, - (=] ==y > — =
(g e A -
s ®© 0 = ° = I 120 4
:’i{) ° o < é.’ = & @ “°A273 B \06/
> 2ol de s o 5 - F
- = o 3 -
> - > - {Vm = s _g° = B
e - o = _ = —125
°“ o® Se =
= 0 [Ecss- & = = B
& L o e © ® o0 B
. . il ° —130
2 | w280 5 ° B
T T ) —T T T T T T T T T T T T T T T T T
10 . 7
8('H) [ppm]
A273 120.5 W280¢ S\[F131.5 E
F115.5] a,
F122.0 &
210 1320
F121 - i
116.0) 4
T T T T T T T T T N
8.80 8.75 7.05 7.00 8.65 8.60 10.15 10.10 10.05 o
1
3('H) [ppm]

o o™ o o
EREEEEEEERERE-EEEEEEEEEREEE
e s e
< 0o 4 < Jd ¢« 0000 <0 X 0o < 0O » > uo 31 a0 ¢o d
Residue

Figure 1. E3330-induced chemical shift perturbations for APE1*N*. (A) Overlay of 'SN-TROSY spectra for APE1*N* (76 uM, black peaks) and
APE1*N with 12-fold excess E3330 (red) collected at 800 MHz, 25 °C. Some of the most strongly perturbed residues are boxed. Note that Cys6S is

boxed to indicate it is not altered by E3330 binding. (B) Close-up views

of "TH—"N shift perturbations for N272, A273, and V278 (backbone) and

W280 (side chain), showing data for free APE1°M (black) and for E3330:APE1%N* ratios of 0.5:1 (purple), 1:1 (blue), 2:1 (teal), 4:1 (green), 6:1

(yellow), 10:1 (orange), and 12:1 (red). (C) Plot of E3330-induced shift
labeled).

perturbations (AS) versus amino acid residue (those with A5 > 0.02 ppm

The fluorescein-labeled pS0 DNA was detected using a Typhoon
9400 imager.

B RESULTS

NMR Determination of the E3330 Binding Site for
APE1. Given the high sensitivity of backbone amide 'H—'""N
resonances to structural and environmental changes, NMR
chemical shift perturbation experiments are a powerful and
widely used method to identify ligand binding sites of
proteins.*"** We previously assigned the backbone and Cp
chemical shifts for human APE1N*?" allowing us to map
chemical shift changes induced by ligand binding to existing
crystal structures of APE1.'>"* The N-terminal region of APE1
(~4S residues) is disordered and yields intense NMR signals
that can obscure peaks for some residues in the folded domain.
Accordingly, we used an APE] construct lacking the initial 38

10543

N-terminal residues (APE1*™®) for most of the NMR
experiments in this work. Previous studies indicate the 40
N-terminal residues are dispensable for the repair and redox
activity of APEL* Nevertheless, because the backbone
"H—"°N shifts for nearly all residues of the folded domain are
not perturbed by the presence of the N-terminal region (ie.,
shifts for APE1%™* are largely unchanged for APE1), we could
readily confirm the ligand binding site for full-length APEI.
To determine the binding site for E3330, we collected SN-
TROSY experiments for APE1“N%, alone and in the presence
of E3330 at molar ratios ranging from 0.5:1 to 12:1
(E3330:APE14Y%%). Figure 1A shows overlaid spectra for
APE1*N*® alone (black peaks) and APE1“™® with a 12-fold
excess of E3330 (red peaks). Figure 1B shows closeup views of
E3330-induced chemical shift changes for some of the more
perturbed residues. As shown in Figure 1C, substantial chemical
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Figure 2. E3330 binds in the DNA repair active site of APE1. (A) Residues exhibiting the largest E3330-induced shift perturbations in the spectra
from Figure 1 (A8 > 0.02 ppm; G231, M270, M271, N272, A273, V278, W280, D308) are shown in red stick format on an APE1—-DNA crystal
structure (PDB ID: 1DE8). Note that G231 and W280 lie within S A of the flipped abasic sugar (purple) in the APE1-DNA complex. (B) The
E3330 binding site predicted by molecular docking is in excellent agreement with NMR shift perturbations. Shown is a docking result for E3330
(blue, stick) bound to APE1 (PDB ID: 1BIX), with APE1 oriented as in (A) and the most perturbed residues in red stick format. Note that docked
E3330 lies within S A of G231 and W280. (C) Surface representation of APE1 with E3330 bound using global (blue) and local (cyan) docking;
residues with larger perturbations (AS > 0.02 ppm) are red and those with significant perturbations (A > 0.01 ppm) are yellow. The protein is
rotated up (about a horizontal axis) relative to the orientation in (A) and (B) for a better view of the binding pocket.

shift changes (A8 > 0.02 ppm) are observed for many residues,
including G231, M270, M271, N272, A273, V278, W280, and
D308, and significant changes (Ad > 0.01 ppm) occur for many
additional residues.

Figure 2 shows a crystal structure of DNA-bound APE1, with
the residues most substantially perturbed by E3330 binding
(A8 > 0.02 ppm) in stick format. Remarkably, the NMR data
reveal that E3330, an inhibitor of redox activity, binds in a
pocket of the DNA-binding cleft for the repair activity of APEL.
Indeed, the residues exhibiting substantial E3330-induced shift
changes also function in the repair activity, by interacting
directly with bound AP-DNA substrate or lining the DNA
binding cleft. The two residues most perturbed by E3330
binding (G231, W280) lie within 5 A of the flipped abasic
nucleotide in the enzyme—substrate complex. While the E3330
binding site is clearly in the DNA-binding cleft, it is adjacent to,
but distinct from, the catalytic site that contains residues
essential for phosphodiester bond cleavage (E96, Y171, D210,
N212, H309). While many previous studies suggested a
conserved cysteine residue, C65, is essential for APE1 redox
activity, we observe no chemical shift changes for C65 upon
binding E3330 (Figure 1). Likewise, we find no E3330-induced
shift changes for C93, also implicated in redox activity, or any
other Cys residue.

E3330 Binding Site Predicted by Molecular Docking.
We modeled the E3330 binding using a crystal structure of
APE1 and the docking program AutoDock Vina,*® a more
robust and accurate version of AutoDock 4.** We used three-
dimensional search fields that encompassed the entire protein
for global docking, or a specific region that included the
residues exhibiting substantial E3330-induced shift perturba-
tions (A5 > 0.02 ppm) for local docking. The 10 most
energetically favorable docking results, for both local and global
docking, place E3330 in the DNA-binding cleft at the site
determined by the NMR experiments (Figure 2B,C). Indeed,
some residues exhibiting the largest E3330-induced shift

perturbation (G231, W280) lie within S A of the docked
E3330 molecule. Thus, the docking studies are fully consistent
with the binding site determined by NMR.

Binding Parameters and Potential Effects of Mg?* and
pH. Figure 3A shows a plot of chemical shift perturbation

B
0.06 006 r
—~ ) o] ~ °
£ 004 | Eo004 r .
& . &
o) o) .
< 0.02 < 0.02 |
v
v
0 PR SR SR N W R T N1 0 A 2SI NS SR R
0 400 800 0 400 800
[E3330] (uM) [E3330] (uM)

Figure 3. Binding affinity of APE1*™® for E3330 determined in buffer
without MgCl, (A) or with 2 mM MgCl, (B). The E3330 binding
affinity was determined from the dependence of shift perturbation
(AS) on E3330 concentration, using DynaFit and global fitting of data
for multiple residues, giving Ky = 390 + 60 uM for Mg**free
APE1*M* (A) and K, = 610 + 99 uM for Mg**-bound APE1*N* (B).
Fitting included data for N226 (W), K227 (V), Y269 (A), M270
(A), M271 (W), N272 (O), A273 (@), V278 ([J), and an
unassigned Arg side chain ().

(AS) versus E3330 concentration for several residues exhibiting
E3330-induced shift changes for APE14N%%, We globally fit the
data (A8 versus [E3330]) for all of these residues using the
program Dyn21Fit,34’35 obtaining a dissociation constant of K =
390 + 60 uM. Given that the E3330 binding site is in the DNA
cleft and therefore relatively close to the coordination site of
the Mg** cofactor (required for repair activity), we repeated the
E3330 NMR titration using the same NMR buffer, but with
MgCl, (2 mM). We find that the same residues participate in
E3330 binding, and global fitting of A versus [E3330] for

dx.doi.org/10.1021/bi201071g | Biochemistry 2011, 50, 10540—10549
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several of the perturbed resonances shows the binding affinity is
nearly the same, K; = 610 = 99 uM (Figure 3B). We also
performed the E3330 titration in buffer without phosphate
(which could bind the DNA cleft) and with neutral pH and
Mg**, and we found that the same residues mediate E3330
binding and the affinity is essentially the same, Ky = 520 + 248
UM (not shown). Consistent with relatively weak binding for
E3330, the data in Figure 1B show the binding is in fast
exchange on the NMR time scale, k., > 27Av = ~100 s7', as
indicated by observation of a single averaged peak for the free
and bound states.*> Our results are consistent with the recent
findings that E3330 binding to APE1*N* is relatively weak*®
but not consistent with the proposal that binding is exceedingly
slow (k,, = 0.02 M~ s7% kg = 107* s71), which would be slow
on the NMR time scale (i.e., k., << 27Av) and be expected to
yield individual peaks for the free and E3330-bound states.

E3330 Binding to Full Length APE1. We also collected
NMR shift perturbation experiments for full-length APE1 to
ascertain whether E3330 binding might be altered by presence
of its disordered N-terminal region. These experiments
were performed at 35 °C, which serves to suppress the intense
signals from residues in the N-terminal region, and is more
physiologically relevant. The residues experiencing E3330-
induced shift perturbation for APE1 are also perturbed for
APE1AN38 indicating E3330 binds the same site for both
proteins (Figure S1 of the Supporting Information). NMR shift
perturbations were used to calculate the binding affinity of
APE1 for E3330, giving Ky = 55 + 12 uM, about 7-fold tighter
than the K, for E3330 binding to APE1*N* at 25 °C. NMR
data for binding of E3330 to full-length APE1 at 25 °C indicate
the binding affinity is close to that observed for APE14N at
25 °C (not shown). Thus, tighter binding of E3330 to APE1 at
35 °C versus 25 °C appears to be an effect of temperature
rather than presence of the N-terminal region, consistent with
the absence of E3330-induced shift changes for N-terminal
residues of APE1. The Ky = 55 uM determined here for E3330
binding to full-length APE1 (at 37 °C) is similar to recently
reported ICs, values for inhibition of APEI redox activity by
E3330."7%

Saturation Transfer Difference NMR Experiments. To
further characterize the binding of E3330 to APEl, we
performed saturation transfer difference (STD) NMR experi-
ments, an established approach for identifying regions of a
ligand that are located at the protein—ligand interface.>” STD
experiments monitor the transfer of saturation from 'H
resonances of the protein to 'H resonances of the ligand,
following selective saturation of the protein. The approach is
well suited for protein—ligand interactions that are relatively
weak (0.01 uM < Ky < 1000 uM) and in rapid exchange,37
consistent with our observed parameters for E3330 binding to
APEL1 (Figures 1 and 3). As shown in Figure 4, an STD NMR
spectrum indicates that nearly all 'H resonances of E3330
participate to some extent in binding APE1, consistent with the
nearly complete burial of E3330 in a pocket of the DNA
binding cleft, as indicated by NMR shift perturbations and
predicted by molecular docking (Figure 2).

APE1 W280A Mutant Binds E3330. The large E3330-
induced shift perturbation for W280 (Figure 1) suggests it may
participate in binding E3330, and we sought to examine this
idea using a W280A mutant. We prepared an expression
plasmid for APEI*N*.W280A and produced '*N-labeled
protein using the approach for wild-type enzyme. As expected,
a SN-HSQC spectrum for APE1*N33-W280A lacks the peak for
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Figure 4. Saturation transfer difference (STD) NMR spectrum
indicates that all 'H resonances of E3330 interact to some extent
with APEL. The structure of E3330 is shown with protons labeled for
reference to signals in the STD spectrum. Peaks with an asterisk are
attributed to buffer components. The spectrum was collected at 600
MHyz, 25 °C.

the side-chain N—H of W280, confirming its assignment, and
the backbone N—H peak is dramatically shifted (Figure S2 of
the Supporting Information). The spectrum also shows that
backbone amide N—H resonances of many residues are
perturbed by the W280A mutation and that the protein is
properly folded. We collected NMR shift perturbation
experiments for E3330 binding to APE1*™**-W280A (Figure
SA and Figure S3 of the Supporting Information). Despite the
significant structural changes imparted by the mutation, the
residues most perturbed by E3330 binding to APEI4N%.
W280A (G231, Y269, M270, M271, A273, and D308) are
consistent with those perturbed for wild-type enzyme. Thus,
the binding site for E3330 is not substantially changed by the
W280A mutation. To allow docking studies of E3330 to
APE1*N*®.W280A, we used the program COOT (Crystallo-
graphic Object-Oriented Toolkit (CooT))* to generate the
W280A mutation in an APEl crystal structure. Using this
structural model, docking studies (AutoDock Vina) predict
E3330 binds APE1-W280A at the same site identified by NMR.
Moreover, E3330 binds the W280A mutant at essentially the
same site as for wild-type APE1, though E3330 appears to be
more buried for W280A relative to wild-type protein (Figure SB).
Consistent with this observation, the binding affinity of
APE14N3_W280A for E3330, K = 107 = 22 uM, is about 4-
fold tighter than the affinity for wild-type APE14N%® (Figure 5)
(conditions of 25 °C, pH 6.5, no Mg*").

E3330 Inhibits the Repair and Redox Activity of
APE1. Given our unexpected finding that E3330 binds the
repair active-site of APE1, we examined the effect of E3330 on
the DNA repair and redox activities of APEl. We find that
E3330 substantially inhibits the AP endonuclease of APE1*N*
(Figure 6A) and full-length APE1 (Figure 6B). Indeed, steady-
state kinetics experiments show APE1°N activity, ks = 0.53 +
0.02 s7%, is reduced 40% by E3330 at a 100 M concentration,
kyps = 0.29 + 0.02 s™'. Likewise, repair activity of full-length
APE], kg, = 0.39 + 0.01 s7*, is 3-fold lower in the presence of
100 M E3330, k., = 0.13 + 0.01 s~'. While this result stands
in contrast with previous reports that E3330 does not inhibit
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Figure 5. E3330 binds to W280A variant of APE1*N*, (A) Close-up views of E3330-induced chemical shift changes for some strongly perturbed
residues, including spectra for free protein (black) and for E3330:protein ratios of 1:1 (blue) and 10:1 (red). "*'N-HSQC spectra were collected at
600 MHz, 25 °C. (B) Binding affinity of APE1*N*-W280A for E3330 was determined from the dependence of shift perturbation (A8) on E3330
concentration using DynaFit and global fitting, giving K4 = 107 + 21 uM. Fitting included data for Y171 (), G176 (O), K228 (A), M270 (/\),
and A273 (@). (C) Surface representation of APE1-W280A with E3330 (purple stick) bound as determined by molecular docking. Residues
exhibiting Ad > 0.01 ppm are colored yellow, and those with Ad > 0.02 ppm are red. The NMR and docking results indicate E3330 binds the same
site as observed for native APE1, but the pocket is expanded by removal of the W280 indole side chain, providing additional protein—E3330
interactions. The structure of the APE1—W280A mutant used for docking was generated with COOT (using PDB ID: 1BIX).
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Figure 6. E3330 inhibits both repair and redox activity of APE1. Shown
are data from steady-state kinetics experiments for (A) APE14™® (2.5 nM)
and (B) full-length APE1 (1 nM) collected with 1 uM AP DNA substrate
in the absence (black) or presence (red) of 100 M E3330. For APE14N3,
rate constants are kg, = 0.53 + 0.02 s~ without E3330 and kg, = 0.29 +
0.02 s~ with E3330. For APE, k,, = 0.39 + 0.01 s~ without E3330 and
Kops = 0.13 + 0.01 s~ with E3330. (C) EMSA results show E3330 inhibits
the redox activity of APE1*™*® and APE1. Binding of p30 to its cognate
DNA (0.1 uM) is much weaker for oxidized pSO (lane 2) relative to
reduced pS0 (lane 5). DNA binding of oxidized pS0 (1.5 uM) is activated
by APE1*™® (20 uM, lane 6) and by APE1 (20 M, lane 13), and
activation of pSO by APE1 is inhibited by E3330 (concentrations are 0.2,
0.4, 0.6, 0.8, and 1.0 mM E3330 in lanes 7—11 and 14—18). The protein—
DNA bands are annotated as follows: 1:1 pS0:DNA, (O); 2:1 pS0:DNA,
(@); nonspecific APE1-DNA binding ().

the AP endonuclease activity of APE1,'** it is entirely

consistent with the E3330 binding site determined here by
NMR and supported by molecular docking.

We also examined the effect of E3330 on the redox activity of
APE1 using an electrophoretic mobility shift assay (EMSA).*
As shown in Figure 6C, we find that APE1 and APE12N* can
activate DNA binding of oxidized pSO (redox-sensitive subunit
of NF-«B) and that E3330 inhibits this activity for both APEI
constructs. These results are consistent with previous reports
that E3330 inhibits the ability of APE1 to activate oxidized pSO
(using purified recombinant proteins rather than cell
extracts) 1920

Binding Site for RN7-60. To characterize the binding of a
structurally distinct inhibitor of APEl redox activity, we
synthesized a naphthoquinone analogue of E3330 known as
RN7-60 (or 16f): (E)-3-(3-chloro-1,4-naphthoquinon-2-yl)-2-
methylpropenoic acid.*"** We synthesized RN7-60 using a
previously described approach®’ with some modifications
(Materials and Methods) and verified the purity and structure
by thin layer chromatography and NMR. As shown in Figure 7A,
NMR shift perturbation experiments reveal that RN7-60 binds
APE12™8 at a site that involves R136 and Q137. The binding
affinity of APE1*™® for RN7-60, Ky = 264 + 72 uM (Figure 7B),
is about 2-fold tighter than for E3330 (under similar
conditions). The most energetically favorable binding site for
RN7-60 predicted by molecular docking (AutoDock Vina) is
fully consistent with the site determined by NMR (Figure 7C),
on the opposite side of APE1 relative to the E3330 site (Figure
7C). We find no evidence for covalent modification of any Cys
residue by RN7-60 under the conditions used here (which
include 0.5 mM DTT). This observation suggests previous
findings that RN7-60 forms adducts with all seven Cys residues
of APE1** could reflect the absence of any reducing agent and
perhaps low ionic strength of the reaction buffer (10 mM
HEPES). We find APE1 precipitates under such conditions
(even at 4 °C), suggesting a loss of structural integrity due to
low ionic strength and perhaps lack of reducing agent, whereas
it is highly stable in the conditions used here.
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Figure 7. Binding of RN7-60 to APE1*™*® characterized by NMR and
molecular docking studies. (A) Close-up views of shift perturbations
induced by RN7-60 for backbone and side-chain N—H resonances of
R136 and Q137, including spectra for APE1%M® (100 uM) without
ligand (black peaks) and with a 4-fold excess of RN7-60 (red). "*N-
HSQC spectra were collected at 600 MHz, 25 °C. (B) The affinity of
APEI1*™® for RN7-60, Ky = 264 + 72 uM, was determined from the
dependence of shift perturbation (AS) on RN7-60 E3330 concen-
tration using DynaFit and global fitting, including data for Q137 (O),
Q137 side chain (@), Q137 side chain ([J), Q137 side chain (A),
and R136 side chain (A\). (C) Surface representation of APE1 with
RN7-60 (yellow) bound as determined by molecular docking,
consistent with large shift perturbations (A > 0.02 ppm) for R136
and Q137 (colored red). (D) The binding site for RN7-60 (yellow) is
on the opposite surface of APEI relative to the site for E3330 (blue).

B DISCUSSION

Using NMR and molecular docking methods, we identified the
binding site for E3330 and RN7-60, providing the first
structural information for any inhibitor of APE1 redox activity.
RN7-60 binds a pocket on the opposite side of the protein from
E3330 and seems to interact with Arg136 and GIn137 (Figure 7).
Observation that E3330 and RN7-60 bind different locations of
APE1, while not necessarily expected since they are both redox
inhibitors, is consistent with significant structural differences
between these compounds. The RN7-60 binding site is
removed from C65 (~15 A), and RN7-60 binding induces
no chemical shift perturbations for C65 or any other Cys,
including C138, which is close to the binding site. Thus, the
previous finding that RN7-60 can form a covalent adduct with
buried Cys residues of APE1** seems likely to be due to
experimental conditions (0.01 M HEPES pH 7.5, no salt or
reducing agent). Our results do not support the proposal that
RN7-60 causes partial unfolding of APEl, thereby exposing
buried Cys residues.””

Remarkably, the NMR and docking studies here show that
E3330 binds a pocket in the DNA-binding cleft for the repair
activity of APE1 (Figure 2), far removed from C6S, a residue
suggested by some studies to be required for redox
activity.'"'®"” The specificity of E3330 for the DNA-binding
cleft is further demonstrated by observation that its affinity is
enhanced by removal of the W280 side chain (Figure S). It
appears the W280A mutation provides additional space and

interactions that facilitate E3330 binding, as indicated by a
4-fold lower Ky for W280A relative to wild-type APEL.

Binding of E3330 in the DNA repair active site is also
supported our finding that E3330 can substantially inhibit the
AP endonuclease activity of APE]; activity is reduced by 67%
for an E3330 concentration of 100 yM at 37 °C (Figure 6).
This level of inhibition is consistent with binding affinity of
E3330 for APE1, Ky = 55 + 12 uM at 35 °C (Figure S1 of the
Supporting Information). Importantly, this finding suggests
E3330 is not a selective inhibitor of APEI redox activity, as
previously proposed.'®'” Cell-based studies that employ E3330
to inhibit APE1 redox activity report that observed effects occur
for E3330 concentrations ranging from 5 to 50 UM 1317212348
Thus, our findings raise the possibility that the effects of E3330
treatment could include inhibition of APE1 repair activity. To
our knowledge, this possibility has not been carefully examined
in cell-based studies, indicating additional studies are needed to
determine the extent to which E3330 may inhibit APE1 repair
activity in cells.

While the mechanism by which E3330 inhibits APE1 redox
activity remains unknown, our findings are not consistent with
three recent proposals. A study using mass spectrometry and
chemical modification (N-methylmaleimide or NEM) reported
that E3330 promotes NEM modification of at least one buried
Cys in APE1*™ and then rapid modification of the four
remaining buried Cys residues.** NEM modification was
reportedly much slower for buried relative to solvent-exposed
Cys residues (t;, of 7 h and 2 min, respectively). It is
concluded that NEM modification is limited by slow
association of E3330 and APE1*™ and proposed that E3330
binds selectively to locally unfolded (LU) APE1*M and traps
the LU state, allowing NEM modification of a (formerly)
buried Cys.*® The reported NEM data and binding model yield
exceedingly slow binding kinetics; ko, = 0.02 M~ 57, ko =
10~ s7! (i.e, halflife of 2 h for dissociation). Moreover, the
model seems inconsistent with their finding that, after
incubation with E3330 for 24 h, APEl exhibits no NEM
modification in 30 min (for buried Cys). In contrast, our NMR
data show that binding of E3330 to APEL is rapid; the exchange
rate is much greater than the chemical shift difference for free
and ligand-bound states (k, = kon[L] + kog > 27Av & 100 s7).
Thus, the report that E3330 enhances NEM modification of
APEl could reflect an E3330-induced conformation that
provides minimal access of NEM to a buried Cys and which
is likely to be sparsely populated and/or have a short lifetime.
NMR studies of APE1 dynamics, in the presence and absence
of E3330, could address this possibility.*

It was also proposed that E3330 promotes solvent exposure
of C6S, based on NEM modification of buried Cys residues
(including C65).* However, because the mass spectrometry
data do not indicate which buried Cys is modified first, it would
seem the results could be explained by E3330-induced exposure
of a Cys other than C6S, trapping an “open” conformation that
allows subsequent modification of the other buried Cys
residues (including C6S). Indeed, this possibility is demon-
strated by NEM modification of the buried Cys residues for the
C65A mutant.* Our NMR results provide no evidence that
E3330 binding leads to a significantly populated conformation
in which C6S (or any buried Cys) is exposed, although E3330
could alter the dynamics of APEl which might transiently
expose a buried Cys residue.

Our results do not support the proposal that E3330 inhibits
redox activity by promoting the formation of disulfide bonds in
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APE1*® It was reported that incubation of APE1N* with
E3330 leads to formation of a C65—C93 disulfide bond and
several other disulfides (C65—C99, C65—C138, C93—C99,
C93—C138) involving S nuclei that are separated by 8—20 A in
APE1."* Notably, a C93—C208 disulfide was not reported, even
though they are separated by only 3.5 A. However, the
relatively minor E3330-induced chemical shift changes
observed here (Figure 1) are not consistent with the dramatic
conformational change that would be needed to form these
disulfide bonds, and no Cys residue is perturbed by E3330
binding, at 25 °C (APE14™*®) or 35 °C (APE1). One potential
explanation for the previous results is that they arise from
experimental conditions (37 °C, 0.01 M HEPES pH 7.5, no salt
or reducing agent). We find the truncated enzyme (APE1°"¢)
aggregates and precipitates rapidly (within 7 min) under these
conditions at 37 °C (Figure S4 of the Supporting Information),
and this could promote formation of disulfide bonds,
particularly in buffer that lacks reducing agent. In contrast,
full length APELI is stable for >1 h at 37 °C (Figure S4 of the
Supporting Information).

Our findings suggest some potential mechanisms by which
E3330 might inhibit the redox activity of APE1. In a potential
redox mechanism where APE1 directly reduces the Cys residue
in a transcription factor, which has been shown by only a few
studies employing purified proteins rather than cell extracts,"*>°
redox inhibitors could potentially act by blocking productive
binding of APE1 to the TF or perhaps by suppressing an APE1
conformational change needed for TF binding or activation. If
C65 or perhaps C93 is involved in direct reduction of the
redox-sensitive Cys of the TF, then E3330 and RN7-60 could
act as allosteric effectors, since they bind a site removed from
C65 and C93. It is notable that the vast majority of APE1 redox
assays reported in the literature employ cell extracts containing
the TF (rather than pure TF), raising the possibility that other
factors are involved in APEl-mediated TF activation. This
possibility is supported by findings that the equivalent of C65
in murine APEL1 is not needed for TF activation in vivo or cell
extracts'* and by findings that APE1 facilitates TF activation by
glutathione (GSH) or thioredoxin (Trx)."> This “redox
chaperone” activity might involve APEIl-mediated recruitment
of GSH or Trx to the TF or an APE1-mediated conformational
change in the TF that exposes a redox-sensitive Cys to GSH or
Trx."> It is conceivable that E3330 and related compounds
could act by blocking APE1 interactions with GSH or Trx or
perhaps with the TF itself.

A detailed explanation for how E3330 and related
compounds inhibit APE] redox activity must await additional
studies into the redox mechanism itself. Nevertheless, our
results provide the first direct structural information for any
APE1 inhibitor and could facilitate the design and optimization
of improved inhibitors that could eventually lead to compounds
useful for research and perhaps clinical purposes. However, our
findings suggest that obtaining inhibitors that are highly
selective for the redox or repair activities of APE1 may be
more challenging than previously envisioned.
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Additional NMR spectra for APE1 and APE1*™%-W280A and
dynamic light scattering data for APE1 and APE1*™*. This
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