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Abstract—Human uracil-DNA glycosylase SMUG 1 removes uracil residues and some other noncanonical or damaged bases
from DNA. Despite the functional importance of this enzyme, its X-ray structure is still unavailable. Previously, we per-
formed homology modeling of human SMUGT1 structure and suggested the roles of some amino acid residues in the recog-
nition of damaged nucleotides and their removal from DNA. In this study, we investigated the kinetics of conformational
transitions in the protein and in various DNA substrates during enzymatic catalysis using the stopped-flow method based on
changes in the fluorescence intensity of enzyme’s tryptophan residues and 2-aminopurine in DNA or fluorescence reso-
nance energy transfer (FRET) between fluorophores in DNA. The kinetic mechanism of interactions between reaction
intermediates was identified, and kinetic parameters of the intermediate formation and dissociation were calculated. The
obtained data help in elucidating the functions of His239 and Arg243 residues in the recognition and removal of damaged

nucleotides by SMUG1.
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INTRODUCTION

Uracil is one of the most common types of DNA
damage which is formed by spontaneous [1-3] or enzy-
matic [4, 5] deamination of cytosine or erroneous incor-
poration of uridine residue during replication [6]. In
human DNA, uracil is recognized and removed by several
DNA glycosylases, including uracil-DNA N-glycosylase
(UNG?2), thymine-DNA glycosylase (TDG), single-
stranded DNA-specific monofunctional DNA glycosylase
(SMUG1), and methyl-CpG—binding domain 4 (MBD4)

Abbreviations: AP site, apurinic/apyrimidinic site; aPu,
2-aminopurine; BHQI, black hole fluorescence quencher;
F,  (2R,35)-2-(hydroxymethyl)-3-hydroxytetrahydrofuran;
FAM, 6-carboxyfluorescein; FRET, fluorescence resonance
energy transfer; PAGE, polyacrylamide gel electrophoresis;
SMUGTI, single-stranded DNA-specific monofunctional DNA
glycosylase; WT, wild type.

* To whom correspondence should be addressed.

[7, 8]. Even though all uracil-DNA glycosylases hydrolyze
N-glycosidic bond involving uracil, they differ in their
ability to recognize single-stranded DNA substrates, T/G
mismatches [9-13], or certain oxidized bases, such as 5-
hydroxymethyluracil, 5-formyluracil, and 5-hydroxy-
uracil, which are natural derivatives of 5-methylcytosine
formed in the process of epigenetic regulation [14].

One of the important problems in DNA repair stud-
ies is elucidation of the mechanisms of high-fidelity recog-
nition of damaged bases. Recently, these studies have been
focused on various DNA glycosylases in order to under-
stand how a few damaged heterocyclic bases in genomic
DNA can be searched for and recognized among numer-
ous unmodified bases [15]. Published data [16] suggest
that DNA glycosylases have a common mechanism for the
interaction with substrates, despite completely different
structures of the DNA-binding and active sites and differ-
ent amino acid residues involved in the specific recogni-
tion of damaged nucleotide and catalysis. For example,
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most of DNA glycosylases with the known structure bend
DNA and evert either damaged nucleotide or nucleotide
complementary to it out of the DNA double helix.
Usually, the damaged nucleotide is located in the active
site pocket of the enzyme, where final nucleotide verifica-
tion occurs. Some amino acid residues of the enzyme are
inserted in the void formed in the DNA molecule and sta-
bilize the extrahelical position of the damaged nucleotide.
Next, hydrolysis of the N-glycosidic bond between the
damaged heterocyclic base and ribose takes place, with the
formation of apurinic/ apyrimidinic site (AP site).

At present, the most corroborated mechanism for
the recognition of damaged nucleotides by DNA glycosyl-
ases at the initial interaction stages suggests that the
enzyme inserts into the DNA double helix an amino acid
residue (wedge residue) that acts as a damage sensor [17].
This model of DNA damage recognition has been sub-
stantially developed in the studies using single-molecule
kinetics [18-21] and pre-steady-state kinetics methods
[22]. These techniques allow real-time visualization of
the enzyme movement on a DNA molecule during the
search for a damaged nucleotide and enable studies on
the dynamics of conformational rearrangements in the
enzyme and DNA (at both initial and later stages of dam-
age recognition) and their catalytic transformations.

Currently, the structure of human DNA glycosylase
SMUGTI remains unknown. Previously [23], we carried
out homology modeling based on the structures of
SMUG1 enzymes from Geobacter metallireducens
(Protein Data Bank [PDB] ID 5H98 and SH9I) [24] and
Xenopus laevis (PDB 10E4 and 100ES5) [10] and derived
the structural model of the human enzyme in a free state
and in a complex with uridine-containing DNA (Fig. 1).
It was shown that 11 amino acid residues (239-249) of
human SMUG 1 form an intercalating loop that can serve
as the wedge penetrating the DNA double helix near the
damaged nucleotide [10, 25]. Residues Arg243 (which
occupies the space inside the DNA helix that is formed by
uracil eversion) and His239 (which can make contacts
with uracil located in the active site and DNA phosphate
group) were proposed as functionally important amino
acid residues of the intercalating loop. Mutational analy-
sis [23, 25] has revealed that His239 is necessary for the
catalytic hydrolysis of the N-glycosidic bond.

We also proposed a kinetic mechanism for the inter-
action of the wild type (WT) SMUG1 with damaged
DNA (Scheme 1) [26] using the stopped-flow method for
the registration of changes in the fluorescence intensity of

1 2
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Fig. 1. Structural model of human SMUG1 in a complex with uri-
dine-containing DNA.

(i) Trp residues in the enzyme and (ii) 2-aminopurine
(aPu) in DNA and fluorescence resonance energy trans-
fer (FRET) in the FAM/BHQ1 (6-carboxyfluorescein/
black hole quencher) pair in model DNA substrates. It
was demonstrated that SMUGI interaction with DNA
includes at least two stages (1 and 2) of DNA binding and
damaged nucleotide recognition that lead to the forma-
tion of catalytically competent complex, in which irre-
versible catalytic hydrolysis of the N-glycosidic bond
(stage 3) with uracil takes place. The last stage 4 of the
kinetic mechanism is an equilibrium dissociation of the
enzyme—product complex.

Next, we analyzed fluorescence changes characteriz-
ing conformational transitions in both SMUGI1 and
DNA molecules during the catalytic cycle. At stage 1 of
interaction, translocation of the enzyme’s intercalating
loop is accompanied by partial melting of the DNA
duplex near the damaged nucleotide. Apparently, forma-
tion of the enzyme—substrate contacts at this stage
induces partial eversion of the damaged base out of the
DNA duplex. Stage 2 involves intercalation of amino acid

3 4

E+U <—= (EU), =<—= (EU), — > EP—= E+P

Scheme 1. Kinetic mechanism of the human WT SMUGT interaction with damaged DNA (stages 1-4) [26]. E is SMUG], U is uracil-con-
taining substrate; (E * U)n is enzyme—substrate complex; E * P is enzyme—product (P) complex.
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residues of the enzyme’s intercalating loop. Previously
[23], FRET study of the conformational dynamics of
DNA substrate together with polyacrylamide gel elec-
trophoresis (PAGE) analysis of the kinetics of accumula-
tion of N-glycosylase reaction products revealed that the
SMUGI1 H239A mutant is catalytically inactive, whereas
the R243A mutant retains its full activity. To clarify the
role of Arg243 and His239 in the specific recognition of
damaged nucleotides and catalysis, here we performed
comprehensive pre—steady-state kinetic analysis of con-
formational changes in the SMUG1 mutants R243A and
H239A, substrate DNA, and product of its transforma-
tion. For this purpose, we recorded changes in the fluo-
rescence intensity of (i) Trp residues in the enzyme mol-
ecule and (ii) aPu situated on the 3’-side of the AP site in
DNA, as well as changes in the FRET signal of the
FAM/BHQI pair introduced at the 3'- and 5'-termini of
the DNA duplex. This approach allowed us to monitor in
more detail conformational transitions in the enzyme and
DNA molecules during their interaction and to clarify the
role of functionally important His239 and Arg243
residues in the recognition of damaged bases and their
removal by human DNA glycosylase SMUGT.

MATERIALS AND METHODS

Acrylamide, N,N'-methylenebisacrylamide, dithio-
threitol, urea, EDTA, acetonitrile, glycerol, and Tris were
from Sigma-Aldrich (USA).

IAKOVLEYV et al.

DNA substrates. DNA substrates and enzyme ligands
were 17-mer DNA duplexes presented in Table 1. The
oligonucleotides were purified by HPLC on a PRP-X500
ion-exchange column (3.9 x 300 mm; particle size, 12-
30 um; Hamilton Company, USA) followed by reversed-
phase chromatography on a Nucleoprep 100-20 C,; col-
umn (10 x 250 mm; Macherey-Nagel, Germany). The
purity of the obtained preparations was verified by PAGE
in denaturing 20% gel.

SMUGI1 enzyme. Mutant SMUG1 R243A and
H239A proteins were isolated from FE. coli Rosetta 2 cells,
transformed with the pET28c plasmid carrying the corre-
sponding human uracil-DNA glycosylase gene, as
described elsewhere [23, 26]. All enzymatic assays were
carried out at 25°C in 50 mM Tris-HCI (pH 7.5) contain-
ing 50 mM KCI1, 1 mM EDTA, 1 mM dithiothreitol, and
7% (v/v) glycerol.

Kinetic analysis by the stopped-flow method.
Fluorescence kinetic curves were obtained using an SX.20
stopped-flow spectrometer (Applied Photophysics, UK)
as described elsewhere [27-30]. SMUGT1 contains four
Trp and four Tyr residues. SMUGI1 fluorescence was
excited at 290 nm and registered at wavelengths >320 nm
(WG-320 filter; Schott, Germany). Under these condi-
tions, the main contribution (>90%) to the protein fluo-
rescence was from Trp residues. When aPu-containing
substrates were used, fluorescence was excited at 310 nm
and registered at wavelengths >370 nm (LG-370 filter;
Corion, USA). To measure the FRET signal of the
FAM/BHQI1 pair, FAM fluorescence was excited at

Table 1. Sequences of the DNA substrates/ligands and modified nucleotides F and aPu*

Abbreviation

Sequence

X-substrate/ligand
X=U/F
X-aPu-substrate/ligand
X=U/F
FRET-X-substrate/ligand
X=U/F

5'-GCTCA(X)GTACAGAGCTG-3'
3-CGAGT G CATGTCTCGAC-5'
5'-GCTCA(X)(aPu)TACAGAGCTG-3'
3-CGAGT G C ATGTCTCGAC-5'
5'-FAM-GCTCA(X)GTACAGAGCTG-3'
3-CGAGT G CATGTCTCGAC-BHQI-5'
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* Fis (2R,35)-2-(hydroxymethyl)-3-hydroxytetrahydrofuran (stable analogue of the AP site); aPu is 2-aminopurine.
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494 nm and registered at wavelengths >515 nm (OG-515
filter; Schott). The instrument dead time was 1.0 ms.
Each kinetic curve was averaged from at least three
recordings.

Analysis of kinetic data. To identify the minimal
kinetic scheme describing the enzyme—substrate interac-
tions and to calculate the rate constants of conformation-
al transitions at stages 1-4 of this scheme, a set of kinetic
curves was obtained for different enzyme and substrate
concentrations. Quantitative analysis of the experimental
results was conducted with the DynaFit software
(BioKin, USA) [31] via optimization for the values of
parameters in the kinetic scheme, as described before
[32-34].

RESULTS

SMUGT1 R243A interaction with the stable analog of
N-glycosylase reaction product. To study conformational
changes in the SMUG1 R243A mutant during its interac-
tion with the product of N-glycosidic bond hydrolysis, we
used a model DNA duplex with a tetrahydrofuran analog
of the AP site (F-ligand, Table 1). Enzyme interaction
with the product analog led to the two-phase decline in
Trp fluorescence (Fig. 2a). The signal decrease in the ini-
tial region of kinetic curves (30-50 ms) corresponded to
the formation of first nonspecific contacts with DNA.
The following slight decrease in the fluorescence took
place from 1 to 10 s. Conformational changes in SMUG 1
R243A during its interaction with the F-ligand were
described with Scheme 2, which features two reversible
stages. The resulting rate constants are listed in Table 2.

The nature of processes occurring at these stages of
enzyme—protein interaction was identified by analyzing
the changes in the fluorescence of aPu residue located on
the 3' side of the F-site (F-aPu-ligand, Table 1). This fluo-
rophore is sensitive to changes in the medium dielectric

k

1
Trp, FRET Trp, FRET
E+F ——= (BEF™™),

k.
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Table 2. Rate constants and equilibrium constants corre-
sponding to Scheme 2 of SMUG1

Fluorophore
Constant
Trp aPu FRET
kyx 1078, M.s7! 35+£8 14+4 6+2
ks 0.5£0.3 54+1.0 307
ky, s7! (1.1£0.8) x 1072 - 04+£0.1
ks (7+2)x 1072 - 62

permeability, and its fluorescence decreases with an
increase in the microenvironment hydrophobicity [35].
Enzyme interaction with the F-aPu-ligand caused a
decrease in the fluorescence intensity of the aPu residue
at time points before 200 ms (Fig. 2b), which indicated
formation of hydrophobic environment around aPu, e.g.,
due to the DNA interaction with the amino acid residues
of the intercalating loop. The obtained kinetic curves
were described by Scheme 3, and the corresponding rate
constants are given in Table 2.

At the same time, the kinetic curves obtained by reg-
istering the FRET signal during SMUG1 R243A interac-
tion with the FRET-F-ligand demonstrate a decrease in
the FRET signal in the initial region, before t = 100-
200 ms (Fig. 2c). This suggest a decrease in the distance
between the fluorophores, which might happen in the
course of DNA bending during its binding to the enzyme.
Analysis of kinetic curves showed that this process can be
described as a two-stage equilibrium mechanism
(Scheme 2) with the rate constants listed in Table 2.

Therefore, SMUG1 R243A interaction with the
reaction product analog F includes at least two reversible

k2
—_—
B —

-2

(E.FTrp, FRET)2

Scheme 2. Kinetic mechanism of the SMUG1 R243A complex formation the reaction product F, as determined from changes in Trp fluo-
rescence and FRET signal. Here and in all Schemes, Trp, aPu, and FRET denote the type of fluorescence measurement.

k

E 4+ FaPu —1> (E:.l:aPu)1

-1

Scheme 3. Kinetic mechanism of the SMUG1 R243A complex formation with N-glycosylase reaction product, as determined from changes

in aPu fluorescence.
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Fig. 2. Interaction of SMUG1 R243A with the F-site-containing
DNA duplexes: changes in the fluorescence of protein Trp residues
(a), aPu residues located on the 3’ side of the F-site (b), and FRET
signal (c). Enzyme and DNA concentrations are indicated.
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Fig. 3. SMUG1 R243A interaction with uridine-containing DNA
duplexes: changes in the fluorescence intensity of protein Trp
residues (a) and aPu residues located on the 3' side of uridine (b) and
FRET signal (¢). Enzyme and DNA concentrations are indicated.
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stages. Analysis of the kinetic curve shapes (Fig. 2) and
rate constants (Table 2) suggests that the primary complex
formation is accompanied by conformational changes in
the enzyme (stage 1, Trp, t < 30-50 ms), followed by alter-
ations in the microenvironment of the aPu residue (stage
1, aPu, t < 100 ms). These sequential conformational
changes of the enzyme and DNA substrate indicate that
the enzyme—substrate interaction is most likely associat-
ed with the movement of the intercalating loop and its
interaction with the DNA duplex in the vicinity of the
damaged nucleotide and is probably accompanied by
eversion of the F-site into the enzyme active site.
Formation of contacts between the DNA-binding site
and the DNA duplex also induces the bending of the sub-
strate molecule at times t < 100-200 ms (stage 1, FRET
data). Subsequent slower processes (stage 2, FRET and
Trp data) revealed by changes in Trp fluorescence and
FRET signal point to additional conformational
rearrangements in the enzyme molecule and F-contain-
ing product analog.

Obtained data indicate that each fluorophore detects
different stage of conformational rearrangements in the
interacting molecules. The second stage is the slowest one
and is detectable via Trp fluorescence, which is most like-
ly related to the adaptation of the SMUGT structure to
the structure of the F-containing DNA ligand that mod-
els N-glycosylase reaction product.

SMUG1 R243A interaction with uridine-containing
DNA. We also investigated the full enzymatic cycle using
uridine-containing DNA substrates (Table 1). The enzy-
matic reaction includes substrate binding by the enzyme,
formation of catalytically competent complex, hydrolysis
of the N-glycosidic-bond, and enzyme dissociation from
the product.

The kinetic curves characterizing changes in Trp fluo-
rescence (Fig. 3a) demonstrate a decrease in the fluores-
cence signal at t = 0.3 s followed by the increase to a
plateau at t # 5 s. Comparison of these kinetic curves with
the curves obtained for the enzyme—product binding
(Fig. 2a) suggests that during formation of the catalytic

ky
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complex with the U-substrate, the curves display similar
changes in Trp fluorescence in their initial parts. The
increase in Trp fluorescence intensity at the time points
~0.5-10 s, which is absent in the case of F-ligand, can be
ascribed to the N-glycosidic bond hydrolysis and dissoci-
ation of the enzyme—product complex. Earlier, it has
been shown for the WT SMUGT1 [26] that dissociation of
the enzyme—product complex is the rate-limiting stage of
the enzymatic process. Therefore, it is unlikely that disso-
ciation of the enzyme—product complex occurs within
the 0.5-10 s time interval. Indeed, analysis of kinetic
curves revealed that they correspond to the reaction
Scheme 4, which includes two reversible stages of sub-
strate binding, followed by the irreversible catalytic stage
resulting in the formation of the enzyme—product com-
plex (Table 3).

Based on the changes in the fluorescence of aPu in
the U-aPu-substrate (Fig. 3b) within the first 100 ms, the
kinetics of conformational changes in DNA in the reac-
tion with SMUG1 R234A was similar to the kinetics of
enzyme interaction with the product analog F (Fig. 2b),
indicating that hydrolysis of the N-glycosidic bond does
not require major changes in the substrate geometry.
Besides, in the case of the U-aPu-substrate, we observed
a slight increase in the fluorescence intensity at later time
points (<10 s), which was probably related to slow disso-
ciation of the enzyme—product complex. The obtained
kinetic curves were described by the Scheme 5, which
allowed to estimate the dissociation rate constant kg for
the enzyme—product complex (Table 3).

FRET curves for the SMUG1 R243A interaction
with the FRET-U-substrate (Fig. 3c) feature a decrease
in the FAM fluorescence in the time interval <10 s. In this
case, the decline of the FRET signal can be divided into
two phases: rapid decrease before t ~ 100 ms (as with the
FRET-F-ligand) and subsequent slow decrease before
t ~ 3 s. It can be theorized that the FRET curves do not
reflect the catalytic process, because changes in the aPu
fluorescence show that hydrolysis of the N-glycosidic
bond does not require additional conformational changes

k, k,

E+U"<—= (E‘U"); =<—=(E°U™), ——EP"

-1

-2

Scheme 4. Kinetic mechanism describing SMUG1 R243A interaction with the U-substrate.

k

aPu —1> aPu kOff aPu
E+ U™ =—= (EU™), —— E+U
7 1

-1

Scheme 5. Kinetic mechanism of SMUG1 R243A interaction with the U-aPu-substrate.
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Table 3. Rate constants and equilibrium constants for the interaction of SMUG1 R243A and SMUG1 WT with uri-
dine-containing DNA

SMUGI R243A SMUGI1 WT*
Constant
Trp aPu FRET Trp aPu FRET
kyx 1076, M~'.s7! 2+£5 8§+3 1.2+£0.2 115+ 20 130 £ 60 140 + 20
ks 22%0.6 0.19 £ 0.07 8+1 760 £ 90 240 £ 30 410 £ 20
K, x 107, M 10 41.6 0.16 0.15 0.54 0.34
ky, 57! 9+3 - 1.7£0.3 308 15+£8 3608
k57! 0.8 +0.1 - 0.64 = 0.06 11.5 £ 0.8 256 9.7+0.2
K, 11.1 - 2.66 2.6 0.6 0.37
ks, 57! 20%£0.3 - - 1.7£0.2 - 0.6 £0.1
ks, 57! - - - - - 0.11 £0.02
K; - - - - - 5.4
Koz 87! - 8+3)x 1073 - - - -
K x K, x 1078, M™! 111 - 0.43 0.39 0.32 -
K x Ky x Ky x 1076, M™! - - - - - 0.68

* Data from [26].

in DNA. The resulting kinetic curves were described with
Scheme 6, which features two equilibrium stages of DNA
binding (Table 3).

It should be noted that the initial parts of kinetic
curves were similar for the F-ligands and U-substrates,
regardless of the fluorophore used (Figs. 2 and 3). This
finding suggests that the corresponding processes of the
enzyme—substrate complex formation include identical
stages and are not affected by the nature of damaged
nucleotide.

SMUG1 H239A interaction with the uridine-contain-
ing DNA. As reported previously [23], the activity of the
SMUGI!1 H239A mutant toward U-containing DNA is
substantially lower than that of the WT enzyme or the
R243A mutant. Nonetheless, formation of the
enzyme—substrate complex between SMUG1 H239A and
FRET-U-substrate was registered as changes in the

k

FRET signal within a time interval of 100 s (Fig. 4). The
analysis of the enzyme activity by PAGE demonstrated
only an insignificant accumulation of the reaction prod-
uct amount within this period. Therefore, it can be con-
cluded that the processes revealed by the stopped-flow
method correspond to the DNA binding. As shown in
Fig. 4, the kinetic curves describing this interaction were
characterized by a three-phase decrease in the FRET sig-
nal, which was interpreted with Scheme 7 that includes
three reversible stages (Table 4).

DISCUSSION
Analysis of model structures of the WI SMUGI1

enzyme and its complex with DNA [23, 26] showed that
amino acid residues His239 and Arg243 should alter their

k,

E 4 UFRET—1> (E UFRET) - (E'UFRET)Z

k.

2

Scheme 6. Kinetic mechanism of SMUG 1 R243A interaction with the FRET-U-substrate.

k k,

ks

1
E + UFRET—> (E UFRET) —_— (E.UFRET)Z (E UFRET)3

-1

%

Scheme 7. Kinetic mechanism for SMUG1 H239A interaction with the FRET-U-substrate.
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Fig. 4. SMUG1 H239A interaction with the FRET-U-substrate.
Enzyme and DNA concentrations are indicated.

conformation for intercalation into DNA and formation
of contacts with the everted damaged base (Fig. 1). At the
same time, the H239A and R243A substitutions should
not substantially disrupt the network of protein—DNA
contacts, despite the lost ability for the formation of
hydrogen bonds with DNA. Furthermore, the SMUGI
R243A mutant retains the catalytic activity, whereas the
H239A mutant almost completely lacks it [23].

In this work, the role of His239 and Arg243 residues
was investigated by registering conformational changes in
the enzyme and model DNA substrates during the
enzyme—ligand interaction. To identify conformational
changes in the SMUG1 R243A and SMUG1 H239A pro-
teins in the course of DNA binding, we used model DNA
duplexes containing either uridine or F-site.

Interaction of catalytically active SMUG1 R243A
with the uridine-containing DNA substrate or F-site-
containing DNA product was detected via changes in the

Table 4. Rate constants and equilibrium constants for
SMUGI1 H239A interaction with uridine-containing
DNA

Constant FRET
k; x 107, M.s7! 1.2+0.5
ks 125
K, x 107 M 0.1
ky, s 2+1
ks 0.8+0.7
K, 2.5
ks, s7! 0.04 £0.01
ks, s 0.023 = 0.007
K; 1.74
K x Ky x Ky x 1076, M™! 0.43

fluorescence of protein Trp residues, aPu residue in
DNA, or FRET pair FAM/BHQ1 (Figs. 2 and 3).
Comparative analysis of the conformational dynamics of
the SMUG1 H239A mutant (which has low catalytic
activity) during its interaction with the DNA product also
revealed changes in the fluorescence of Trp residues and
aPu and in the FRET signal, while formation of the
enzyme—substrate complex with the uridine-containing
DNA was successfully registered only by the FRET
method (Fig. 4).

Overall, our experimental data on the conformation-
al transitions in the SMUG1 mutants R243A and H239A
and DNA, along with the data obtained for the WT
enzyme [26], allowed us to propose that SMUG1 under-
goes several stages of conformational changes during spe-
cific DNA binding and catalysis (Scheme 1) [26]
(Table 5). The general kinetic mechanism involves two
reversible stages corresponding to the formation of cat-

Table 5. General mechanism of enzymatic process catalyzed by SMUGT1, as formulated based on the data obtained in
this study by Trp and aPu fluorescence analysis, FRET, and PAGE methods [26]

Type Stages of SMUG1 WT interaction with damaged DNA (Scheme 1)
of analysis Stage 1 Stage 2 Stage 3 Stage 4
Trp conformational changes filling of cavity by amino acid | catalytic nd*
in the intercalating loop region residues reaction
aPu local melting of DNA duplex filling of cavity by amino acid nd nd
and uridine eversion residues
FRET primary complex formation DNA bending nd complex rearrangement
PAGE nd nd catalytic dissociation
reaction of the enzyme—product
complex

* This stage in the kinetic scheme cannot be detected by the indicated method.
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alytically competent complex. These stages were success-
fully detected with all three types of fluorophores used for
signal registration, thus indicating mutual conformation-
al changes in both the enzyme and the DNA substrate.
The first binding stage includes translocation of the
enzyme’s intercalating loop, local melting of DNA near
the damaged nucleotide, and eversion of the damaged
base from the DNA duplex. The movement of the inter-
calating loop is probably related to the intercalation of
amino acid residue (damage sensor) into the DNA
duplex, which is a process responsible for the initial
recognition of damaged nucleotide. We believe this
residue to be Arg243, which is consistent with conclusions
in [23]. At the second stage, the catalytically active com-
plex is formed, in which amino acid residues of the inter-
calating loop are completely inserted into DNA and form
all possible contacts with the everted nucleotide, includ-
ing contacts between His239 and phosphate groups. The
reaction then proceeds to the third irreversible stage.
Previously, it has been reported that dissociation of the
enzyme—product complex is as a rate-limiting stage of
catalysis by the WT enzyme [26]. Because the R243A sub-
stitution reduces the number of hydrogen bonds formed
with DNA, it destabilizes both the enzyme—substrate
complex and the complex of the enzyme with the reaction
product, which increases the enzyme turnover rate.
Comparison of the rate constants of individual stages for
WT SMUGT1 based on Trp fluorescence [26] with the data
for the R243A mutant (Table 3) shows that their catalytic
activities are comparable (k; = 1.7 and 2.0 s™!' for WT and
R243A enzymes, respectively). In contrast, the rates of
the first and second stages, which characterize substrate
recognition and binding, are substantially higher for WT
SMUGT than for the R243A mutant. Similar conclusion
can be drawn from the kinetic data obtained using aPu
fluorescence and FRET, both for the R243A mutant and
the H239A mutant. At the same time, the enzyme affinity
for the DNA substrate is unchanged. Therefore, we can
conclude that Arg243 participates in the recognition of
the damaged nucleotide but is not required at the catalyt-
ic stage, whereas His239 is necessary for both recognition
of the damaged nucleotide and catalysis.
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