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ABSTRACT

Human apurinic/apyrimidinic endonuclease
APEL1 catalyzes endonucleolytic hydrolysis of
phosphodiester bonds on the 5’ side of
structurally unrelated damaged nucleotides in
DNA or native nucleotides in RNA. APE1
additionally possesses 3’-5'-exonuclease, 3’-
phosphodiesterase, and 3'-phosphatase
activities. According to structural data, endo-
and exonucleolytic cleavage of DNA is executed
in different complexes when the excised residue
is everted from the duplex or placed within the
intrahelical DNA cavity without nucleotide
flipping. The interaction between residues
Argl77 and Met270, which was hypothesized
recently to be a switch for endo- and
exonucleolytic catalytic mode regulation, was
verified by pre-steady-state kinetic analysis of
the R177A APE1 mutant. The function of
another DNA-binding-site residue, Argl81, was
analyzed too; it changed its conformation when
enzyme-substrate and enzyme—product
complexes were compared. Mutation R181A
significantly facilitated the product dissociation
stage and only weakly affected DNA-binding
affinity. Moreover, R181A reduced the catalytic
rate constant severalfold due to a loss of contact
with a phosphate group. Finally, the
protonation/deprotonation state of residues
Tyrl71 and His309 in the catalytic reaction was
verified by their substitution. Mutations Y171F

FRET, Forster

resonance energy transfer; PAGE,

and H309A inhibited the chemical step of the
AP endonucleolytic reaction by several orders
of magnitude with retention of capacity for
(2R,35)-2-(hydroxymethyl)-3-
hydroxytetrahydrofuran-containing-DNA
binding and without changes in the pH
dependence profile of AP endonuclease activity,
indicating that deprotonation of these residues
is likely not important for the catalytic reaction.

INTRODUCTION

Human apurinic/apyrimidinic endonuclease 1
(APEL) is a multifunctional protein that is required
for cell viability (1-8). This enzyme recognizes
apurinic/apyrimidinic (AP) sites in DNA and
cleaves the 2'-deoxyribose-phosphate backbone of
DNA 5’ to an AP site to generate 3'-hydroxyl and
5'-deoxyribose phosphate (dRP) groups at the
DNA ends (AP endonuclease activity) (9).
Nonetheless, APE1 has been found to recognize
and process as substrates some damaged
nucleosides too (nucleotide incision repair [NIR]
activity), for example, 5,6-dihydro-2'-
deoxyuridine (DHU), alpha-2’'-deoxyadenosine
(aA) (10), and 2'-deoxyuridine (U) (11). In
addition, APE1 has 3'-5'-exonuclease activity (12—
14) as well as 3'-phosphodiesterase, 3'-
phosphatase (15), and endoribonuclease (16-20)
activities.



APEL1 activities toward a wide range of its
substrates are realized by the same active site that
is formed by residues Asp308, His309, Glu96,
Asp70, Asp210, Tyrl71, Asn212, and Asnl74 as
revealed by crystal structures of enzyme—substrate
complexes (21-23). For APE1 catalysis, a Mg**
ion is required as a cofactor. This ion is
coordinated by residues Glu96 and Asp70 and
water molecules in the active site (24-26). The
DNA binding involves residues Arg73, Ala74,
Lys78, Argl56, Argl81, Trp280, Asn222,
Asn226, and Asn229, which come into contact
with phosphate groups of the DNA duplex on 5’
and 3’ sides of the AP-site. Residues Tyr128 and
Thr268 span and widen the minor groove of DNA
by ~2 A. The everted damaged nucleotide is
placed into the enzyme’s binding pocket, which is
formed by Asnl74, Asn212, Asn229, Ala230,
Phe266, and Trp280. Into the space (in the DNA
helix) freed by the everted damaged nucleotide,
two amino acid residues (Argl77 and Met270) are
inserted, which form molecular tweezers that
strongly constrain DNA (27).

Although the mechanism of the APE1l AP-
endonuclease activity has been quite extensively
studied to date (28-31), the roles of some APEL1’s
active-site amino acid residues are debated in the
literature. Thus, according to the catalytic
mechanism based on the crystal structure data
(Fig. 1, A), residues Tyr171 and His309 should be
protonated to stabilize the DNA phosphate group
in the transition state complex (Fig. 1, B) (21, 22).
Nonetheless, some experimental data suggest that
Tyrl71 and/or His309 may participate in the
cleavage reaction in the deprotonated form (32,
33). On the other hand, when deprotonated, these
amino acid residues can activate a nucleophilic
water molecule rather than coordinate the
negatively charged scissile phosphate as suggested
in alternative mechanisms (34, 35) (Fig. 1, C).
Recently, it was suggested (33) that the ionized
state of these residues is a molecular switch
between the alternative catalytic mechanisms,
which involve different functionalities of these
residues throughout the reaction.

Another question of great interest is how a
single APE1 active site can process a wide range
of substrates (23, 28, 36-38). Research on the
APEL1 3'-5'-exonuclease activity has suggested that
the hydrophobic pocket comprised of Phe266 and
Trp280 restricts enzyme substrate specificity (23).
It should be noted that DNA structural features of
APE1 exerting 3'-5’-exonuclease activity have
been revealed to contrast sharply with those during
an AP endonuclease reaction.

In fact, an AP-site is flipped out from a DNA
helix into the protein active site. By contrast, in the

case of APE1l 3'-5'-exonuclease activity, the
excised nucleotide is placed within the intrahelical
DNA cavity without nucleotide flipping (Fig. 2)
(23). Currently, there are no crystal structures of
APE1 complexes with damaged-base—containing
DNA,; therefore, the mechanism of NIR activity
remains unclear. Based on the structures of
complexes of APE1 with DNA (23), it has been
suggested that during cleavage of NIR substrates,
APE1 uses an exo-like intrahelical mechanism for
the reason that these substrates are bulky and
would require considerable active-site pocket
volume. Besides, the optimal conditions for NIR
activity are very similar to those required for the
APEL1 exonuclease activity and differ from those
for the AP-endonuclease activity (10).
Nevertheless, a molecular dynamics study of
APE1 NIR-activity in conjunction with pulsed
electron—electron double resonance (PELDOR)
spectroscopy and pre—steady-state kinetic analysis
suggests that damaged nucleotides are flipped out
from the DNA helix into APE1’s binding pocket
(28).

A recently published report revealed that the
interaction between APE1 and its AP-endo- and
exo-DNA-substrates induces a conformational
change of residue Argl77 resulting in the
interaction between Argl77 and Met270 (“RM
bridge”) (36). This “RM bridge” has been
supposed to perform a key function in exonuclease
activity and to give APE1 the AP-site specificity
(36). By contrast, our previous analysis of M270A
APEL1 activity has not revealed significant changes
in APEL substrate specificity in comparison with
wild-type (WT) APEL (30). Hence, the meaning of
the “RM bridge” for APE1 specificity requires
additional research.

Stopped-flow experiments with Trp
fluorescence detection in WT APE1 have been
conducted previously, and the kinetic mechanism
of protein conformational changes has been
determined (39-41). Because of one of seven Trp
residues of APEL (Trp280) is located in the DNA-
binding pocket of the enzyme and forms a
hydrogen bond with the 3’ phosphate group of the
AP-site, the observed changes in Trp fluorescence
most likely reflect the conformational changes
near the Trp280 residue. However, Trp267 residue
is also located in the vicinity of a hydrophobic
pocket of the active site and could be responsible
for changes in the fluorescent signal of APE1.

Changes in Trp fluorescence intensity allow us
to identify the steps of DNA binding, cleavage,
and a product release. It is worth noting that the
enzyme-substrate binding proceeds in two steps as
evidenced by monitoring of 2-aminopurine (42),
Trp (39), and carboxyfluorescein (FAM) (43)



fluorescence traces. The first step is the formation
of the primary enzyme-substrate complex may
include an interaction between the phosphate
groups of the DNA duplex on the 5’ and 3’ sides of
an F-site [(2R,3S)-2-(hydroxymethyl)-3-
hydroxytetrahydrofuran] and amino acid residues
of the substrate-binding cleft. This step is
associated with desolvation of polar groups in the
protein—-DNA contact area and a release of highly
ordered crystalline water molecules from DNA
grooves (44). It seems that at this moment, the
insertion of Argl77 and Met270 takes place,
which is accompanied by displacement of
crystalline water from DNA grooves. At the
second step of the interaction of APE1 with an F-
substrate (F-site—containing DNA), a specific
rearrangement of the primary complex occurs,
which includes eversion of the F-site into the
enzyme active site. Then, the catalytic stage of the
process takes place and causes the formation of
products and subsequent dissociation of the
enzyme-product complex; the latter event is
accompanied by an increase in Trp fluorescence
intensity at later time points.

The above information indicates that detailed
investigation of the functions of some APE1l
amino acid residues is of great interest because it
could help to gain a better insight into the process
of APEL interaction with its substrates. Actually,
the aforementioned residues Tyrl71, His309, and
Argl77 do require clarification of their roles in
catalysis. Besides, here, we decided to elucidate
the functions of the Arg181 residue because it has
been reported to change its conformation during
the enzyme—-DNA interaction, and this change may
affect substrate binding or product dissociation
steps (22).

Therefore, the aim of this study was to clarify
the roles of residues Tyrl71, His309, Argl77, and
Argl81 (Fig. 3) in the interaction between APE1
and DNA. For this purpose, APE1 mutants with
substitutions Y171F, H309A, R177A, and R181A
were obtained. The interaction between these
APE1 mutants and DNA containing a synthetic
analog of an AP-site was investigated by the
stopped-flow fluorescence method, which allows
to monitor the conformational changes in APE1
and DNA during their interaction. Activity of the
APE1 mutants toward different DNA substrates
(AP-endo-, exo-, and NIR substrates) was also
studied by direct detection of the product
formation by polyacrylamide gel electrophoresis
(PAGE). Additionally, the impact of pH on the
AP-endonuclease activity of Y171F and H309A
APE1 was investigated to test the hypothesis that
these residues take part in the catalytic reaction in
the deprotonated state.

EXPERIMENTAL PROCEDURES
Site-directed mutagenesis and protein purification
Mutations Y171F, R177A, R181A, and H309A
were introduced into the pET11a-APE1 plasmid
using a site-directed mutagenesis kit (QuikChange
XL, Stratagene). For expression of the
recombinant proteins, 1 L culture of Escherichia
coli strain Rosetta 1I/(DE3) (Invitrogen, France) (in
2xYT broth) carrying the pET11a-APE1 construct
was grown at 100 pg/mL ampicillin and 25 pg/mL
chloramphenicol and 37°C until absorbance at 600
nm (Agg) reached 0.6-0.7. APE1 expression was
induced overnight with 0.5 mM isopropyl-p-D-
thiogalactopyranoside at 25°C. In the case of the
H309A APE1 mutant, to increase the yield of the
protein, the APE1 induction was carried out in E.
coli strain Arctic Express at 15°C. Isolation and
purification of the enzymes were performed as
described earlier (44, 45). The protein
concentration was measured by means of Agg;
stock solutions were stored at —20°C in 50%
glycerol.

DNA substrates

Sequences of the DNA and RNA substrates
employed in this work are presented in Table 1.
Oligodeoxynucleotides (ODNs) were synthesized
by standard phosphoramidite methods on an ASM-
800 synthesizer (BIOSSET Ltd., Novosibirsk,
Russia) using phosphoramidites purchased from
either Glen Research or ChemGenes. The
synthetic ODNs were purified by HPLC on an
Agilent 1200 chromatograph (USA) and a Zorbax
SB-C18 column (5 pm, 4.6 x 150 mm) via a linear
gradient of acetonitrile (0 — 50%) in the presence
of 20 mM triethylammonium acetate (pH 7.0) for
30 min at a flow rate of 2 mL/min. Fractions
containing ODNs were dried in vacuum, dissolved
in water, and precipitated with 2% LiCIO, in
acetone. After washing with pure acetone and
drying, the ODN precipitates were dissolved in
water and stored at —20°C until experiments.
Concentrations of the ODNs were determined by
means of Ays. Homogeneity of the purified ODNs
was evaluated by PAGE in a denaturing 20% gel.
The ODNSs were visualized with the Stains-All dye
(Sigma, USA). All DNA duplexes were prepared
by annealing of modified and complementary
strands at the 1:1 molar ratio in an aqueous
solution.

It could be noted that the DNA substrates that are
referred to as F/G, FAM-F/G and FRET-F/G differ
only in dye labels at the duplex ends; F-site has
been used as an AP site analogue. The substrate
F/G has no any dyes, because we used it for
kinetic assays with detection of intrinsic
fluorescence of the enzyme’s Trp residues. For the
PAGE analysis of the DNA cleavage we used the



substrate FAM-F/G. The fluorescent label at 5' end
of F-site containing chain allowed us to visualize
cleaved and non-cleaved DNA after the separation
in the polyacrylamide gel. For FRET fluorescence
assays we used the substrate FRET-F/G which
carries fluorescence emitter FAM and quencher
BHQ1 at the opposite ends of DNA duplex. This
substrate allowed us to monitor the changes in the
distance between duplex ends by detecting the
FAM fluorescence intensity.

PAGE analysis of the DNA cleavage

A FAM-F/G-substrate was subjected to cleavage
analysis by PAGE in experiments on a comparison
of APE1 mutants’ activities, in analyses of kinetic
time courses for Y171F and H309A APE1 mutants
and in an assay for the impact of pH on the
activities of these two APE1 mutants.

To start a reaction between an enzyme and
substrate, their solutions were mixed in reaction
buffer consisting of 50 mM HEPES-KOH pH 6.8,
50 mM KCI, 6 mM MgCl,, 1 mM EDTA, 1 mM
DTT, and 7% of glycerol (v/v) unless stated
otherwise.

In addition, FAM-DHU/G and FAM-0A/T
substrates (NIR activity assays) and the Exo-
substrate (exonuclease activity assay) were
subjected to cleavage analysis by PAGE.

NIR activity assays for DHU/G- and oA/T-
substrates were performed at 25°C in NIR buffer
composed of 20 mM NaH,PO,/Na,HPO, pH 6.8,
50 mM KCI, 0.1 mM MgCl, 1 mM DTT, and 7%
of glycerol (v/v).

The exonuclease activity assay was performed at
37°C in a buffer consisting of 50 mM Tris-HCI pH
7.5, 50 mM KCI, 6 mM MgCl, 1 mM EDTA, 1
mM DTT, and 7% of glycerol (v/v).
Concentrations of reactants and reaction times for
NIR activity and exonuclease activity assays are
given in Table 2. Typically, data obtained by
PAGE analysis were averaged as results of at least
three replicates.

pH dependence assay

In the pH dependence assay, reaction buffers
contained the same components at the same
concentrations, except that instead HEPES-KOH
they contained NaH,PO,/Na,HPO, for pH 6.0 and
6.5 or Tris-HCI for pH 7.0, 7.5, 8.0, 8.5, and 9.0.

In all cases, the reaction was conducted at 25°C,
and at a certain time point, the reaction was
immediately quenched with a gel-loading dye
containing 8 M urea and 25 mM EDTA. The
obtained samples were desalted on hand-made
spin-down columns filled with Sephadex G25
(Amersham Biosciences) equilibrated in 8 M urea
and then were loaded on a 20% (w/v)
polyacrylamide/7 M urea gel. The gels were
visualized using an E-Box CX.5 TS gel-

documenting system (Vilber Lourman, France)
and quantified in the Gel-Pro Analyzer software
(Media Cybernetics, Rockville, MD). Relative
error of the PAGE method did not exceed 10%.
The analysis of pH dependence carried out for
mutant forms were performed exactly in the same
experimental conditions as described in (33).

In the case of kinetic time courses for Y171F and
H309A (single turnover assays), the proportion of
the product was fitted to a single exponential curve
using the Origin software (Originlab Corp.):

[product] = A x [1 — exp(—kPACE1)] (1)

where A is amplitude, k™ is the rate constant,
and t is reaction time.

To analyze the dependences of the enzymatic
activity on pH we assumed that enzyme is
characterized by acidity constant K, i.e., the
thermodynamic constant corresponding to the
enzyme deprotonation process. This constant
could characterize the total acidity constants of
some amino acid residues affecting the enzymatic
activity (Scheme 1).

Scheme 1. Enzyme deprotonation process.

EH

-+ a
—————————

+
E+H,

where E denotes the deprotonated enzyme’s
molecule, EH"
molecule.

is the protonated enzyme’s

The thermodynamic constant of this process
corresponds to equation (2):

_ [E][H*]

Ka [EH*]

)

The sum of protonated and deprotonated enzyme
concentrations is equal a total concentration of the
enzyme ([E]y):

[E]e = [E] + [EH™] @)

Hence, the fraction of the deprotonated enzyme
(og) depends on pH according to following

equation:

[E] 1 1

E™ g~ E1T 1+10@Ka-pH) (4)
Ka

Herewith, the fraction of the protonated enzyme
equals to:

gy =1— ag (5)



If Agy, is the activity of the protonated form of
the enzyme and Ap is the activity of the
deprotonated form of the enzyme, the observed
enzyme’s activity 4,5 Would be equal (6):

Aops = Apag + Apy+0pn+=Apny +

Ap—AEH+
(1+10(PKa-P”)) (6)

Therefore, the dependence of the enzymatic
activity on pH for mutants Y171F and H309A
were fitted to this equation.

Stopped-flow fluorescence measurements
Stopped-flow measurements with fluorescence
detection were carried out mostly as described
previously (46-48) by means of a model SX.20
stopped-flow spectrometer (Applied Photophysics
Ltd., UK). The fluorescence of Trp was excited at
Aex = 290 nm and monitored at Aey, > 320 nm as
transmitted by the WG-320 filter (Schott, Mainz,
Germany). If a 6-FAM residue was present in the
ODN, then wavelength Ae = 494 nm was utilized
to excite this residue, and its emission was
analyzed at Ay, > 530 nm (Schott filter OG-530).
The concentration of the enzyme in all the
experiments with Trp fluorescence detection was
1.0 uM, and the concentration of the F/G-substrate
was varied from 0.5 to 3.0 uM. The concentration
of the FRET-F/G-substrate in the experiments with
FAM fluorescence detection was 1.0 uM, and the
enzyme concentration was varied from 0.5 to 3.0
MM. Typically, each trace shown is the average of
three or more individual experiments. All the
experiments were conducted at 25°C in a buffer
consisting of 50 mM HEPES-KOH pH 6.8, 50
mM KCI, 1.0 mM EDTA, 1.0 mM DTT, 6.0 mM
MgCl,, and 7% of glycerol (v/v).

Global fitting of stopped-flow data

The sets of kinetic curves obtained at different
concentrations of the reactants were analyzed in
the DynaFit software (BioKin, Pullman, WA) (49)
as described previously (50-53).

This approach is based on fluorescence intensity
variation in the course of the reaction owing to
sequential formation and subsequent
transformation of the DNA—enzyme complex and
its conformers. Concentrations of each species in
the mechanisms are described by a set of
differential equations according to Schemes 2 and
3 (see Results). The stopped-flow fluorescence
traces were directly fitted to the fluorescence
intensity at any reaction time point as the sum of
background  fluorescence and  fluorescence
intensity values of each intermediate complex
formed by the enzyme with DNA:

F =Fy+ XiLo fi X [ES]; (7)

where F, is an equipment-related photomultiplier
parameter (“noise”), f; is the molar response
coefficient of the ith intermediate ES; (i =
0 corresponds to the free protein in the case of Trp
fluorescence detection or the free substrate in the
case of FAM fluorescence detection, andi > 0 to
the enzyme—DNA complexes).

The software performs numerical integration of a
system of ordinary differential equations with
subsequent nonlinear least-squares regression
analysis. In the fits, we optimized all relevant rate
constants for the forward and reverse steps as well
as specific molar response factors for all
intermediate complexes.

To estimate confidence intervals for the rate
constants, the Monte—Carlo method (54) was used
in DynaFit as described in the DynaFit Scripting
manual.

RESULTS

Relative F-site cleavage activities of APE1l
mutants as revealed by PAGE

To compare effects of mutations on AP-
endonuclease enzymatic activity, we carried out
direct PAGE analysis of product accumulation for
WT, Y171F, R177A, R181A, and H309A APE1l
(Fig. 4). In this experiment, AP-endonuclease
activity was not detectable in Y171F and H309A
mutants, indicating that these amino acid
substitutions strongly reduce enzyme catalytic
activity. This finding is consistent with literature
data (32, 55-58). In the case of R181A, AP-
endonuclease activity diminished only slightly,
and R177A APE1 was found to be ~1.7-fold more
active than the WT enzyme consistently with
previous data on R177A (21). These differences in
F-site cleavage activity detected by steady-state
product accumulation analysis may be caused by
effects of mutations on enzyme—DNA binding, on
the catalytic step, or product dissociation. To
clarify the impact of these amino acid substitutions
on individual steps of the catalytic mechanism,
further experiments were performed.

Single-turnover kinetic time courses of product
accumulation

F-site cleavage activity of the least active APE1
mutants, Y171F and H309A, was assessed via
single-turnover kinetic time courses of product
accumulation (Fig. 5). The values of kg for
Y171A and H309A APE1 have been reported
previously (32, 56). Therefore, obtained data are
aimed rather to compare the activity of mutant
forms at the same concentration conditions. It was
found that these mutant forms retain AP-
endonuclease activity, but their activity is ~10°-



10*fold less than that of WT APE1. Besides,
Y171F is ~6-fold more active than H309A.
Obtained data is revealed that changes in the
enzyme activity associated with these substitutions
are in agreement with the literature data.

The influence of pH on activities of mutants Y171F
and H309A

In our previous work (33), we proposed that the
impact of pH on APEL catalytic activity may be
explained by deprotonation of the Y171 or H309
residue. Furthermore, these residues have been
proposed to activate a nucleophilic water molecule
in the catalytic mechanism (32, 34, 35). To
elucidate this issue, we evaluated the pH impact on
the AP-endonuclease activity of Y171F and
H309A APE1 mutants.

In the pH range from 6.0 to 9.0 the enzyme
activity dependence on pH is consistent with
equation  (6), therefore  supporting that
deprotonation of some amino acid residue
enhances the catalytic efficiency of the enzyme. It
could be suggested, that this dependence
associated with several residues with close K,
values.

In spite of our previous assumption (33) that
deprotonation of H309 or Y171 could enhance the
APE1 activity, it was found that the pH
dependence profiles of Y171F and H309A mutants
(Fig. 6) appeared to be almost identical and similar
to that of the WT enzyme. Thus, these data did not
confirm the supposition that residues Y171 and
H309 participate in the endonucleolytic reaction in
the deprotonated state. Therefore, the mechanism
in which the Asp210 residue activates a
nucleophilic water molecule in accordance with an
analysis of crystal structures (21, 22) is consistent
with our data.

Analysis of Forster resonant energy transfer
(FRET) fluorescence traces

To characterize the influence of the mutations on
various steps of the catalytic mechanism, pre—
steady-state kinetic assays were performed to
evaluate conformational changes in the enzyme
and substrate in the course of their interaction.

To study conformational dynamics of DNA during
the interaction with APE1, we used the FRET-F/G
substrate containing the fluorophore/quencher pair
FAM/BHQL at 5’ termini of the complementary
strands (Fig. 7). In this FRET system, the
fluorescence intensity of FAM depends on FAM—
BHQ1 distance, i.e., the distance between the
duplex termini.

FRET fluorescence traces for WT APE1 contain
an initial phase of a decrease in the fluorescence
intensity corresponding to the formation of the

enzyme-substrate complex in which DNA is bent
and a subsequent increase of fluorescence intensity
corresponding to the DNA cleavage and product
dissociation. The stopped-flow fluorescence assay
with FAM/BHQ1 fluorescence detection has been
performed previously on the WT APEL, and a
two-step substrate-binding kinetic mechanism has
been established (43). Nonetheless, in some cases,
the analysis of fluorescent traces cannot separate
these two steps of enzyme—DNA binding (30, 33);
this problem can be caused by fluorescent system
properties or experimental conditions when, for
example, the second step proceeds considerably
faster than the first one. When the analysis of the
fluorescent traces could not separate the two steps
of APE1-DNA binding, we analyzed a Kinetic
scheme that consists of only one stage of enzyme—
substrate recognition including both primary
binding and a subsequent specific conformational
rearrangement.

In the case of Y171F and H309A APE1, FRET
fluorescence traces contained only an initial fast
decrease phase, suggesting that these mutants
retain the capacity for DNA binding and bending,
but their catalysis is too slow to be detected by the
stopped-flow  fluorescence  assay  because
fluorophore bleaching is faster.

The FRET fluorescence traces for R177A and
R181A contain both an initial decrease and
subsequent growth of fluorescence intensity,
suggesting that these mutants retain both DNA
bending and sufficiently strong catalytic activities.
Kinetic curves reflecting an interaction of Y171F
or H309A APE1 with the FRET-F-substrate were
fitted to Scheme 2 (Table 3). The interaction
involving WT, R177A, or R181A APE1 was fitted
to Scheme 3 (Table 3).

Scheme 2. The Kkinetic mechanism of APE1l
Y171F and H309A binding to the F-site-
containing  DNA substrates revealed by Trp
fluorescence or FRET fluorescence intensity
detection.

ky

E+S m——= E-S

-1
where E is the enzyme, S is the DNA substrate,
E-S is the enzyme—substrate complex; ki/k_; = Ks:
the thermodynamic constant of enzyme—substrate
association.

Scheme 3. The kinetic mechanism underlying the
processing of the F-substrate by WT, R177A, and
R181A APEL, as revealed by Trp fluorescence or
FRET fluorescence intensity detection.



kl k2 k3
E+S <—k_" ES —— EP—= E+P
-1 -3
where E represents the enzyme, S is the F-site—
containing DNA substrate, P denotes the DNA
product, EeS is the enzyme-substrate complex,
and E<P stands for the enzyme—product complex;
kik s = Kp: the product dissociation
thermodynamic constant. In some cases, we could
not determine constants ks and k_; separately but
could determine their ratio, K.

The obtained data indicated that mutations R177A
and R181A lead to a 2—-3-fold decrease of Ks, and
mutations Y171F and H309A cause a 10-20-fold
decrease of Ks. Catalytic constant k, for R177A is
almost unchanged compared to the WT enzyme,
and the R181A substitution diminished k, ~3-fold.
Additionally, Kp is much greater for R181A and
R177A than for WT APE1: 5-fold and ~300-fold,
respectively. The Kkinetic constant of product
dissociation ks is also greater for the mutants. The
increase in K, means that under steady-state
conditions, R177A APE1 was more active than the
WT enzyme and that R181A, which has a 3-fold
lower catalytic constant, was only slightly less
active than WT APEL.

It must be noted that substitutions R177A and
R181A led to a strong increase in Kp but a
relatively weak decrease in Ks. Such phenomena
have been observed previously (22, 59) when an
increase of K, more than 500-fold was registered
by an electrophoretic mobility shift assay for
R177A.

The significant decrease in catalytic constant k, for
R181A suggests that the previously documented
swinging of this residue during the product
formation (22) may not only serve as the product-
binding contact but also facilitate the catalytic
chemical step, probably because Argl81
interaction with a DNA phosphate facilitates the
DNA backbone orientation for a more effective
cleavage reaction.

The steady-state rate of DNA cleavage by WT,
R177A and R181A APE1l was estimated using
constants in Table 3. It was found that, the
estimated steady-state activity of R181A is barely
more than that of WT and the difference in their v;
is within the scope of error. However, v; of R177A
APEl is ~5-fold more than for WT enzyme.
Therefore, obtained pre-steady-state data is well
correlate  with the steady-state experiment
presented in the Fig. 4, which revealed that R181A
is slightly less active than WT, whereas R177A is
more active. Although it should be noted that
PAGE experiment is quite rough in general this

finding is consistent with Kinetic parameters
derived from pre-steady-state experiments.

Analysis of Trp fluorescence traces

To study protein conformational dynamics during
its interaction with DNA containing the F-site, we
recorded intrinsic fluorescence of the enzyme’s
Trp residues (Fig. 8). Previously reported stopped-
flow experiments with Trp fluorescence detection
for WT APEL1 (39-41, 43, 44, 60) allow us to
identify the steps of DNA binding, cleavage, and a
product release.

Indeed, previously reported data for the APE1
interaction with duplexes incorporating the F-site
prompted us to conclude that the initial decrease in
Trp fluorescence intensity could be attributed to
the process of the formation of an enzyme-—
substrate complex that is responsible for the
catalytic hydrolysis of the internucleotide
phosphodiester bond. After that the complex
dissociates with the concomitant release of the
products of the reaction, which results in the
increase in fluorescence intensity.

Trp fluorescence traces for Y171F and H309A, as
in the case of FRET traces, contained only a
decrease in fluorescence intensity corresponding to
the enzyme—DNA binding stage. At the same time,
Trp fluorescence traces of R177A and R181A, just
as WT Trp traces, contain both an initial decrease
and subsequent growth phases, indicating that
these mutants retain DNA-binding and DNA
cleavage activities.

These Trp fluorescence traces were fitted to
Scheme 2 (Y171F and H309A) or Scheme 3 (WT,

R177A, and R181A), to determine Kkinetic
constants for the corresponding mechanisms
(Table 4).

Overall, the data revealed by Trp fluorescence
trace analysis were consistent with the FRET data.
All mutations led to a decrease in the forward
kinetic constant of DNA binding, k;, indicating
that all these mutations reduce the DNA-binding
ability of the enzyme. Nevertheless, DNA-binding
affinity Ks was weaker only for R181A and
H309A, suggesting that both residues play an
important stabilizing role in the enzyme—substrate
complex. The R177A substitution did not affect
catalytic constant k,, and R181A APE1 has 4-fold
lower k,. On the other hand, both mutants R177A
and R181A have higher product dissociation
constant K in comparison with WT APEL. Unlike
the Kp revealed by the FRET analysis, in this case,
the increases in K induced by mutations R177A
and R181A were not so huge. This result can be
explained by the fact that Trp and FRET
fluorescence traces detect different stages of the
product dissociation process. Indeed, enzyme—



product complex dissociation should be a
multistep process that involves protein dissociation
from incised DNA and a melting of the DNA
product duplex containing the low-melting 5-mer
region. Our stopped-flow fluorescence data did not
allow us to resolve the relative order of stages in
this dissociation process. It could be concluded
that the FRET fluorescence traces help to monitor
the development of DNA duplex—melting process,
whereas the Trp fluorescence traces help to
monitor the process of APE1-DNA dissociation.
Nonetheless, if the 5-mer region dissociates from
the complex of incised DNA with APE1, then Trp
fluorescence traces could also help to monitor such
a DNA product melting process. For this reason,
FRET and Trp fluorescence traces alone are not
enough to unveil the detailed step-by-step
mechanism of APE1-product complex
dissociation in our experimental system.

The NIR activity assay

In spite of numerous studies on WT APEL, the
molecular mechanism of damaged nucleotides
discrimination is not yet clear. To investigate the
impact of mutations R177A and R181A on the
NIR activity of APE1l, we performed PAGE
cleavage experiments on DHU- and aA-containing
DNA substrates (Fig. 9). Obtained data allow to
compare the activity of tested mutant forms in the
same experimental conditions to reveal the effect
of amino acid substitutions on the minor enzyme
activities. It was found that both mutants showed
slightly diminished activity toward the DHU-
substrate. Activities of R177A and R181A toward
the aA-substrate were barely noticeable and 2-3-
fold lower as compared to WT APEL. Because of
the very low level of APE1 activity toward the
NIR substrates, we could not precisely determine
the effect of these mutations during NIR activity.
Nevertheless, these data revealed that residues
Argl77 and Argl81 do not play a crucial part in
APE1 specificity to NIR substrates. We did not
find that these residues give APEL the AP-site
specificity or contribute considerably to the NIR
activity of APE1.

Exonuclease activity assay

To study the influence of substitutions R177A and
R181A on exonuclease activity of APE1, the Exo-
substrate was subjected to PAGE cleavage
analysis (Fig. 10). It was found that mutants
R177A and R181A have noticeably weaker
exonuclease activity relative to WT APEL. It is
worth pointing out that a similar reduction in
APE1 exonuclease activity has been observed
previously for R177A APE1 (61). The finding that
R177A catalytic activity is not lower toward F-

site—containing DNA but lower toward the Exo-
substrate is of interest. We cannot say whether this
diminished exonuclease activity is caused by
effects on APE1 DNA 3'-terminal binding or on
the chemical step. It is also noteworthy that
substitutions R177A and M270A have different
effects on enzyme exonuclease activity, although
these amino acid residues have a common
structural function and act cooperatively (36).

Of note, endonuclease cleavage of aA-substrate is
accompanied by simultaneous exonuclease
degradation of blunt-ended DNA. As it was shown
in Fig. 10 exonuclease activity of tested enzymes
toward DNA substrate with 5’ dangling end the
decreases of activity was observed in the order
WT<M270A<R181A~R177A, which is fully
correlate with the intensity of the exonuclease
products in Fig. 9B. Therefore, in Fig. 9B
additionally to the bands of NIR activity at the
bottom of the gel we have observed the bands of
APE1 exonuclease activity toward the blunt end
DNA substrate.

DISCUSSION

The Y171F and H309A APEl mutants have
strikingly weaker AP endonuclease activity owing
to a decrease in ke by ~10%-fold and 10*-fold for
Y171F and H309A, respectively. Meanwhile,
these mutants retain the capacity for specific
binding to the F-site—containing DNA duplex.
Although mutation H309A was found to decrease
Ks in agreement with existing data (56), this
influence is not critical and much weaker than the
kst reduction.

It has been previously supposed that Tyrl71
and/or His309 participate in the catalytic reaction
in the deprotonated state acting as a general base
to activate a nucleophilic water molecule or
attacking a scissile phosphate directly (32-35).
Alternatively, Asp210 is thought to activate a
nucleophilic water molecule according to high-
resolution crystal structure (21, 22). The pH
profiles of Y171F and H309A AP endonuclease
activity observed here do not have any significant
difference from those reported previously (33)
determined by means of WT APEL, indicating that
deprotonation of residues Tyrl71 and His309 is
unlikely play a critical role in the catalytic
reaction.

The fact that D210N APE1 has much slower
activity than that of H309A or Y171F (30, 56)
confirms that residue Asp210 performs the main
function in the catalytic reaction by acting as a
general base activating a nucleophilic water
molecule. Moreover, the weaker affinity for the
DNA substrate found for H309A is consistent with
the notion that His309 takes part in scissile



phosphate coordination. In contrast, substitution
D210N has been found to enhance enzyme-—
substrate affinity (30, 56) thereby corroborating
the participation of Asp210 in nucleophilic-water-
molecule activation but not in the DNA
coordination. Thus, taken together, our data
suggest that Tyrl71 and His309 coordinate the
scissile phosphate and stabilize the
pentacoordinate phosphate transition state of the
hydrolytic reaction while protonated rather than by
activating nucleophilic water while acting as a
general base in the deprotonated state.

Our stopped-flow fluorescence assay of WT,
R177A, and R181A APE1 AP-endonuclease
activities enabled us to monitor the stages of
enzyme-DNA binding, product formation, and
enzyme—product dissociation. It was crucial for us
to extract (from the Kinetic data) separate
parameters for the hydrolytic reaction (k,) and for
the product dissociation process (Kp, as well as ks
and k_3) because steady-state k. is a complex
parameter that may be affected by the rate of
product dissociation.

Our data have revealed that substitution R177A
does not influence catalytic rate constant k, but
significantly facilitates enzyme—product
dissociation, thus confirming a previously
suggested explanation for the increased steady-
state activity of R177A APE1 compared to that of
WT APEL (21). Substitution R181A has also been
found to significantly facilitate  product
dissociation, but in addition, this substitution
reduces the catalytic-step rate constant. It is worth
pointing out that according to our results and other
studies (22, 59), substitutions R177A and R181A
have a significant effect on enzyme—product
dissociation but a relatively weak impact on
enzyme-substrate affinity. This fact confirms that
the key function of these residues is facilitation of
the enzyme—product binding, not the enabling of a
rapid release of a cytotoxic DNA repair
intermediate within a live cell. On the other hand,
R181A has also been reported to considerably
reduce the catalytic rate constant, suggesting that
the previously observed (22) conformational
change of Argl181 during the AP endonuclease
reaction facilitates the chemical step of the APE1
enzyme-substrate interaction. Indeed, according to
enzyme-substrate and enzyme-product crystal
structures, Argl81 forms a hydrogen bond with
Glul54 in the enzyme—substrate complex, but in
the enzyme—product complex, Argl81 is shifted
by 55 A to come within hydrogen-bonding
distance of the backbone phosphate upstream (5)
of the AP-site (22). Consequently, it can be
proposed that Arg181’s forming a hydrogen bond
with the DNA phosphate may facilitate the

positioning of the DNA backbone for cleavage.
Alternatively, the impact of substitution R181A on
the catalytic rate constant can be explained by the
supposition that hydrogen bonding of Arg181 with
Glul54 can give APE1 a more suitable
conformation for the chemical-step execution.

Our assay of NIR and Exo-activities of mutants
R177A and R181A revealed that these
substitutions slightly decrease the activity toward
the DHU- and aA-substrates and appreciably
weaken the exonuclease activity. Therefore, we
can conclude that Argl77 and Argl81 take part in
APE1 exonuclease activity, but their participation
is not critical because the mutants retain a quite
effective exonuclease activity. The decreased
exonuclease activity of R177A corroborates the
recently proposed “RM bridge” consisting of
Argl77 and Met270 playing a functional role in
the exonuclease reaction (36). Nevertheless, the
role of this interaction is not supported by kinetic
data. Substitutions of each of the two amino acid
residues forming the “RM bridge,” Argl77 and
Met270, have different effects on APEl
exonuclease activity: M270A barely affects APE1
exonuclease activity (30), whereas R177A
decreases it significantly (present study).
Furthermore, our and previous (30) data revealed
that R177A and M270A substitutions have only a
weak influence on APE1 substrate specificity, thus
contradicting the proposed (36) key role of the
“RM bridge” in APEL substrate discrimination.

CONCLUSION

In this work, we clarified the functions of APE1
amino acid residues Tyr171, His309, Argl77, and
Argl81 at different stages of the enzyme’s
catalytic mechanism and in APE1l substrate
specificity. Taken together, our data indicate that
substitutions Y171F and H309A weaken the
chemical step of the AP endonuclease reaction by
several orders of magnitude with retention of the
F-site-containing-DNA-binding  ability  and
without alterations of the pH dependence profile of
the AP endonuclease activity. Substitutions
R177A and R181A significantly facilitate the
product dissociation stage while only weakly
affecting DNA-binding efficiency, and in this
context, R177A does not influence the chemical
step, but R181A slows it severalfold due to a loss
of the contact with the phosphate group. In
addition, we demonstrated that substitutions
R177A and R181A decrease the APEl
exonuclease activity noticeably, but overall, these
substitutions were found to not affect APEL
substrate specificity strongly.
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SCHEMES AND FIGURES LEGENDS
Scheme 1. Enzyme deprotonation process.

Scheme 2. The kinetic mechanism of APE1 Y171F and H309A binding to the F-site—containing DNA
substrates revealed by Trp fluorescence or FRET fluorescence intensity detection. E is the enzyme, S is
the DNA substrate, ES is the enzyme-substrate complex; ki/k; = Kg: the thermodynamic constant of
enzyme—substrate association.

Scheme 3. The kinetic mechanism underlying the processing of the F-substrate by WT, R177A, and
R181A APEL, as revealed by Trp fluorescence or FRET fluorescence intensity detection. E represents the
enzyme, S is the F-site—containing DNA substrate, P denotes the DNA product, ES is the enzyme-
substrate complex, and EP stands for the enzyme—product complex; ka/k s = Kp: the product dissociation
thermodynamic constant. In some cases, we could not determine constants ks and k_; separately but could
determine their ratio, Kp.

FIGURE 1. Focused view of the APEL active site with the most important for catalysis amino acid
residues (shown in green) and with the THF phosphorothioate DNA substrate (shown in tan) in the crystal
structure of enzyme-substrate complex (PDB ID 5DGO0). The potential hydrogen bonds are shown by
dashes with distances in angstroms. A probable nucleophilic water molecule is shown with the inline
attack shown with a red arrow. The distance (A) between this supposed nucleophilic water and phosphate
group is indicated. It can be seen that in this structure the residues Tyr171 and His309 can form hydrogen
bonds with scissile phosphate when being protonated. While, the Asp210 can activate the nucleophilic
water molecule (A). The hypothetical model of APE1 DNA cleavage mechanism derived from APE1
bound to DNA crystal structures (22). In this model Asp210 being deprotonated activates a nucleophilic
water molecule and Tyrl71 and His309 being protonated coordinate scissile phosphate stabilizing the
reaction transition state (B). The alternative hypothetical model of APE1 DNA cleavage mechanism in
which deprotonated His309 activates a nucleophilic water molecule (34, 35) (C).

FIGURE 2. Structural alignment of the APE1 exonuclease—substrate complex with a C/T mismatch
(Protein Data Bank [PDB] ID 5WN4) and APE1 endonuclease—substrate complex with F-site—containing
DNA (PDB ID 1DEB8). In the structure of the exonuclease complex, the protein is yellow, the DNA is tan,
and the mismatched C that is excised by APEL via its exonuclease action is colored golden. In the
structure of the endonuclease complex, the protein is green, the DNA is green, and the F-site is olive-
green. Readers can see that the F-site is flipped into the APEL active site while the mismatched 3’
cytosine is placed within the intrahelical DNA cavity without nucleotide flipping.

FIGURE 3. X-ray structure of APE1 complexed with DNA containing an F-site (PDB ID 1DES).
Residues Tyrl71, His309, Argl77, and Argl81 are blue, and the F-site residue [(2R,3S)-2-
(hydroxymethyl)-3-hydroxytetrahydrofuran] is black.

FIGURE 4. F-site cleavage activity of WT APE1 and its mutants as detected by PAGE product
accumulation analysis. [Enzyme] = 0.05 uM, [DNA substrate] = 1.0 UM, the reaction time was 10 s.

FIGURE 5. Kinetic time courses of single-turnover product accumulation for APE1 mutants H309A (A)
and Y171F (B). Kinetic curves are fitted to Eq. 1. [Enzyme] = 1.0 uM, [DNA substrate] = 1.0 uM.

FIGURE 6. The impact of pH on the activity of mutants Y171F (A) and H309A (B). These dependences

were fitted to Eq. 6 to obtain pK, values. [Enzyme] = 1.0 uM, [DNA substrate] = 1.0 uM, the reaction
time was 10 min for Y171F and 30 min for H309A.
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FIGURE 7. Changes in FAM fluorescence intensity during the interaction of WT (A), Y171F (B),
H309A (C), R177A (D), or R181A (E) APE1 with the FRET-F-substrate. Concentrations of the enzymes
and FRET-F-substrate (schematically depicted in panel A) are indicated in the panels. Experimental data
and results of global fitting are presented as jagged and smooth traces, respectively.

FIGURE 8. Changes in Trp fluorescence intensity during the interaction of WT (A), Y171F (B), H309A
(C), R177A (D), or R181A (E) APE1 with the F/G-substrate. Concentrations of the enzymes and F/G-
substrate (schematically depicted in panel A) are indicated in the panels. Experimental data and results of
global fitting are presented as jagged and smooth traces, respectively.

FIGURE 9. DHU (A) and oA (B) DNA cleavage activity of WT APEL and its mutants as detected by
PAGE product accumulation analysis. [Enzyme] = 2.0 uM, [DNA substrate] = 1.0 uM, the reaction time
was 5 min for DHU and 2 hours for aA.

FIGURE 10. Exonuclease activity of WT APELl and its mutants as detected by PAGE product

accumulation analysis. [Enzyme] = 2.0 uM, [DNA substrate] = 1.0 uM, the reaction time points were 1
and 5 min (noted in the figure)).
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TABLES

Table 1. Sequences of ODNSs.*

Shorthand Sequence
FIG 5'-GCTCAFGTACAGAGCTG-3"
3'-CGAGTGCATGTCTCGAC-5"

FAM-F/G 5'-FAM-GCTCAFGTACAGAGCTG-3"

3'-CGAGTGCATGTCTCGAC-5"

FRET-F/G 5'-FAM-GCTCAFGTACAGAGCTG-3"

3'-CGAGTGCATGTCTCGAC-BHQ1-5"

FAM-DHU/G | 5'-FAM-GCTCA (DHU) GTACAGAGCTG-3"
3'-CGAGT G CATGTCTCGAC-5"

FAM-0A/T 5"'-FAM-GCTCA (aA) GTACAGAGCTG-3"
3'-CGAGT T CATGTCTCGAC-5'

Exo-substrate | 5'-FAM-CAGCTCTGTACGTGAGC-3"
3'-GTCGAGACATGCACTCGTCACCACTGTG-5"

*FAM is 6-carboxyfluorescein, BHQ1 is black hole quencher, FRET is Forster resonance energy transfer,
F is (2R,3S)-2-(hydroxymethyl)-3-hydroxytetrahydrofuran (a reduced abasic site analog), DHU is 5,6-
dihydrouridine, and aA is the a-anomer of 2'-deoxyadenosine.

0
HN)‘j
0/)\N
Q) ) O
0] (8] 0
N_ _N
0 (o} 0 X
; : P« Ll
N =
oA NH,

F-site DHU
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Table 2. Concentrations and reaction times for the PAGE assays of DNA cleavage.

Experiment Reactant concentrations | Reaction time
Comparison of APE1l mutants’ | [E] = 0.05 uM 10s
activities [S]=1.0 uM
Kinetic time courses for mutants | [E] = 1.0 uM the reactions were quenched at
Y171F and H309A [S]=1.0uM multiple time points between
minutes 1 and 180
pH-dependence assay for Y171F | [E]=1.0 uM 10 min
[S]=1.0uM
pH dependence assay for H309A | [E] =1.0 uM 30 min
[S]=1.0 uM
NIR activity assay for DHU/G- | [E] =2.0 uM 5 min
substrate [S]=1.0uM
NIR activity assay for oA/T- | [E]=2.0uM 2h
substrate [S]=1.0 uM
Exonuclease activity assay [E]=2.0 uM 1 and 5 min
[S]=1.0uM
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Table 3. Kinetic parameters of the interaction of WT and mutant forms APE1 with F-site containing
substrate revealed by FRET fluorescence traces analysis.

ll<sl_>l<10'6, M Ky, 5 ||\<AS_>1<10'6, K, 5t K 5 I1<S__1><10'6, M Kox105 M | Vo uM/s
Y171F | 230 +20 igg 1.6 £0.4
H309A 160460 |50 | 08205
WT  |350+40 |20+4 |1846 ?_rbz.gs 2‘582 26 +4 2&33 g'gég .
RI77A |520£10 [7547 |7#1 2 |80%03 16202 |53 0.080
RI81A | 740 +90 ﬁg 743 9;67. 33 1402 | 1847 0.08 £0.04 2'8%%6

Ks = ki/K.1, Kp = Ks/k:3, Vinax = KoksXEo/(Kz + K3), Vi = Vimax*S/(Ks + S)
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Table 4. Kinetic parameters of the interaction of WT and mutant APE1 forms with the F-site—containing
substrate as revealed by analysis of Trp fluorescence traces.

k;x10° M7s? kg, st Ksx10®, M? ky, s Kpx10%, M
Y171F 620 +50 19 +4 30 +10
H309A 430 +30 50 +10 9 +2
WT 1600 +100 50 +20 30 +15 24+0.2 |0.06+0.01
R177A 430 +10 15 +2 29 +5 23+0.1 |0.10+0.02
0.61
R181A 1170 + 60 80 +20 15 +5 £0.03 0.12 +0.02
KS = kllk.l
Kp = k3/k.3
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