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ABSTRACT:. Formamidopyrimidine-DNA glycosylase (Fpg) is responsible for removal of 8-oxoguanine
(8-ox0G) and other oxidized purine lesions from DNA and can also excise some oxidatively modified
pyrimidines [such as dihydrouracil (DHU)]. Fpg is also specific for a base opposite the lesion, efficiently
excising 8-o0xoG paired with C but not with A. We have applied stopped-flow kinetics using intrinsic
tryptophan fluorescence of the enzyme and fluorescence of 2-aminopurine-labeled DNA to analyze the
conformational dynamics dEscherichia coliFpg during processing of good substrates (8-oX©)Gpoor
substrates (8-oxo®), and substrates of unclear specificity (such as DHU and 8-0xoG opposite T or G).
The analysis of fluorescence traces allows us to conclude that when the enzyme encounters its true substrate,
8-0x0GC, the complex enters the productive catalytic reaction af&d ms, partitioning the substrate

away from the competing dissociation process, while poor substrates linger in the initial encounter complex
for longer. Several intermediate ES complexes were attributed to different structures that exist along the
reaction pathway. A likely sequence of events is that the damaged base is first destabilized by the enzyme
binding and then everted from DNA, followed by insertion of several amino acid residues into DNA and
isomerization of the enzyme into a pre-excision complex. We conclude that rejection of the incorrect
substrates occurs mostly at the early stage of formation of the pre-eversion recognition complex, supporting
the role of indirect readout in damage recognition.

Formamidopyrimidine-DNA glycosylase (Fpg) is a key a9 0
enzyme involved in the repair of oxidatively damaged purines N NH HN
in bacterial DNA. A prototypical oxidative purine lesion, o=< | )\ )\
8-oxo0-7,8-dihydroguanine (8-oxoG, Figure 1), is premu- -0 NSNS NH, 02 N
tagenic due to the ability of its deoxynucleoside (8-oxodG) © =0— o
to adopt asyn conformation and pair with dA in the
Hoogstein mode 1(—3). If adenine is inserted opposite 0 o)
8-0x0G by a DNA polymerase, the next round of replication i |
will lead to a GC to T-A transversion in half of the progeny 8-0x0G DHU

unless the 8-oxo@\ mispair is not restored to its original  Ficure 1: Structures of 8-oxoguanine (8-0xoG) and dihydrouracil
G-C form (4). Due to its mutagenicity and perhaps its (DHU).
structural effects in DNA, 8-0xoG and other oxidative lesions
have been implicated in various pathologic conditions such
as cancer and aging<{7).

A three-tier enzymatic system (“GO system”) has been
evolved by most living organisms to deal with 8-0xoG and

the related lesions, 2,6-diamino-4-hydroxy-5-formamidopy-
rimidine (FapyG) (derived from guanine) and 4,5-diamino-
5-formamidopyrimidine (FapyA) (derived from adenine),
which are also miscoding and premutagens; 9). An
8-0xodG triphosphate hydrolase (MutT) prevents incorpora-
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8-0x0G. The resulting 8-oxo® pair is then a substrate for

: g Table 1: Sequences of Oligodeoxynucleotides Used in This Work
Fpg-dependent repair, as described abdy&%). The same

system has been found operating in eukaryotes, most of shorthand sequerte X Y

which possess homologues of MutT and MutY, although the G d(CTCTCXCCTTCC) 8-0x0G

major eukaryotic 8-oxo6DNA glycosylase (OGG1) is not g;'lf oG dé(CCTTCCTTC%(XCCCCTTTTCCC(%) 5.'3306 2-aPu

a homologue of bacterial Fpd ). 0G-aPu d(CTCTCXYCTTCC)  8-0x0G  2-aPu
The preferential excision of 8-0xoG from 8-oxdGbut AP-aPu d(CTCTCXYCTTCC) AP 2-aPu

not 8-0xoGA by Fpg is crucial for the proper functioning F-aPu d(CTCTCXYCTTCC) F 2-aPu

of the GO system. As we have shown previously, Fpg g-aPu dd((GngZ%\c(:gTATG%%) 2-aPu

effectively binds various dsODNSs, including nonspecific ones  a d(GGAAGGAGAGAG)

(17—19). Steady-state kinetic studie$1( 20) suggest that G d(GGAAGGGGAGAG)

8-0x0GC is a 20-100-fold better substrate for Fpg than T d(GGAAGGTGAGAG)

8-0X0GA, if the specificity constantsk, = kea/Ku) derived ggg 3@8??2%?2@

from the minimal Michaelis-Menten scheme are compared.
Interestingly, 8-0x0&5 and 8-0xoGT were reported to be
even better substrates than 8-ox@Gn terms ofkg, (11,
20), although the exact reported values for all 8-oxoG- ) o .
containing substrates vary considerably. reactions catalyze_d. bscherichia coliFpg (17, 19). It was
Another aspect of Fpg substrate specificity is its ability found that recognition of 8-oxoG by Fpg involves at least
to excise lesions other than 8-0xoG from DNA. Fpg has been five equilibrium  steps leading to the final pre-excision
shown to excise more than 20 different lesions from synthetic COmplex. In principle, each of these steps could contribute
dsODNs (reviewed in re21) but only three (8-oxoG and to the functionally important discrimination between 8-oxoG
formamidopyrimidine derivatives of A and G) from irradiated C @nd 8-0x0GA or between 8-0xoG and DHUBE). In the

calf thymus DNA @2). In particular, dihydrouracil (DHU, ~ Present study, we have used stopped-flow kinetics with
Figure 1), a product of deamination of C and reduction of intrinsic Trp fluorescence detection to obtain detailed kinetic

its 5.6 double bond, was shown to be a substrate whenschemes for 8-0xoG opposite different bases and for DHU

incorporated in ODNSs but not to be excised from long DNA; ©PPosite C or G. In addition, we analyze DNA dynamics
this lesion is sometimes referred to as a “nonspecific during the reaction by following fluorescence from a
substrate” for Fpg. The mechanisms of such discrimination 2-aminopurine (2-aPu) label. Combining these two ap-
may include competition from other lesions in long DNA Proaches, we have been able to describe the most likely
or the relatively high concentration of the lesion in the S€duence of e_ven_ts_lea_dmg to preferential recognition of
experiments with oligonucleotides. The structur@atillus 8-0x0GC and discrimination against other possible substrates
stearothermophilu§pg complexed with DHU-containing  PY FPg.
DNA |s_ava|I.abIe 23) and SL,Jgges_ts thgt this IeS|o_n could be MATERIALS AND METHODS
recognized in the enzyme’s active site pocket in the same
way as 8-0xoG but provides no clues to the relative efficiency  Oligodeoxynucleotides and Enzyméfpg protein was
of this lesion as a substrate for Fpg. purified as described.@). The fraction of the active enzyme
Structures of a number of complexes formed by Fpg (~90%) was determined by borohydride trapping. The
proteins from different specie23—29) suggest that both  reaction mixture included ZM enzyme, 25 mM potassium
the protein and the damaged DNA undergo extensive phosphate (pH 6.8), 100 mM NaCl, 100 mM NaBnd
conformational changes in the course of DNA substrate varying amounts of oligonucleotide duplex containing an
binding and cleavage. Therefore, the reaction may proceed8-oxoG residue positioned opposite C. The samples were
in several steps, and a simple Michaelldenten model may  incubated fo 1 h at 25°C, mixed with the loading buffer
be insufficient for a correct kinetic analysis of Fpg substrate [50 mM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol, 1%
specificity. In addition, satisfying some criteria of Michaelis ~ 2-mercaptoethanol, 0.1% bromophenol blue], and separated
Menten kinetics (e.g., a large excess of the substrate overby 12% SDS-PAGE. The gel was stained with Coomassie
the enzyme) is not always practical for DNA-dependent and quantified using Gel-Pro Analyzer 4.0 software (Media
enzymes that often demonstrate substrate inhibition or Cybernetics, Silver Spring, MD).
product inhibition. The sequences of ODNs used in this work are listed in
A stopped-flow approach allows extracting individual rate Table 1. ODNs were synthesized and purified as described
constants from the reactions that follow complex kinetic (17, 19) using phosphoramidites purchased from Glen
schemes, working in the pre-steady-state time range andResearch (Sterling, VA). If needed, the modified strands were
under single-turnover condition8@ 31). As one of many  3?P-labeled using)[-*P]ATP (Radioizotop, Moscow, Russia)
examples, MutY DNA glycosylase is characterized by high and bacteriophage T4 polynucleotide kinase (New England
affinity to its AP site product, and multiple-turnover kinetics Biolabs, Beverly, MA) according to the manufacturer’s
can only reveal the rate of enzyme dissociation from the protocol. ODN duplexes were prepared by annealing modi-
reaction product 32), while stopped-flow experiments fied and complementary strands taken at 1:1 molar ratio.
resulted in the characterization of the complete kinetic  Stopped-Flow StudieS§topped-flow measurements with
scheme of the enzyme33). We have recently applied fluorescence detection were carried out essentially as de-
stopped-flow pre-steady-state kinetics with intrinsic tryp- scribed (7, 19) using a model SX.18MV stopped-flow
tophan fluorescence detection to investigate the fine detail spectrometer (Applied Photophysics, U.K.). To detect in-
of the conformational changes in the enzyme during the trinsic Trp fluorescence onlylex = 290 nm was used and

a Positions of modified nucleotides and their opposite-strand partners
are underlined.
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Scheme 1 RESULTS

E+S<—ESl<---<—ESn > EPl —» - EPm < E+P Fpg Dynamics during Cleage of Substrates with Dif-

ferent Bases Opposite the Lesidrhe crucial property of
Fpg as an antimutagenic enzyme is its ability do discriminate
against 8-oxoG found in 8-oxo@ mispairs (L0, 11); the
opposite-base specificity in respect of G and T is less clear
(see Discussion). We set out to investigate the kinetic models
0 underlying this opposite-base preference. Fpg-catalyzed
' cleavage of dsODNSs containing T, G, or A opposite 8-0x0G
was followed in stopped-flow experiments with intrinsic Trp
fluorescence detection. The results of these experiments are
illustrated in Figure 2 (panel A). Rate constants for individual
teps of the minimal reaction scheme (see Model Assessment
elow) were determined by global fitting and compared with

kinetic data were obtained by numerical fitting using DynaFit our previous result_s fo_r the 8-oxeG subs_trate]ﬁ 19). The
respective fitted kinetic constants are listed in Table 2. (In

BioKin, Pull WA i 19). T
software (BioKin, Pullman, WA)$5) as describedl(7, 19) all tables and the text, superscript indices “Trp” and “2-aPu”

Each kinetic curve was averaged over at least three inde-

pendent experiments after correction for internal absorption !ndlcate the species deduced from or the values measured

and bleaching 17, 19). All kinetic schemes were built as In or CaICl_JIated _from tryptophan quore_scence experiments
sequences oh reversible andn irreversible steps and an and 2-aminopurine fluorescence experiments, respectively.)
enzyme-product complex equilibrium stage (see Scheme 1). It can be seen from Figure 2 (panels A) that the
The conformity of the kinetic schemes with experimental fluorescence timecourse curves were qualitatively identical
data was assessed using a scree test. To do this, thdor all three substrates with different opposite bases. The
dependence of standard deviations of the data residuals aftefluorescence intensity dropped and rose starting at 2 ms to

Aem > 320 nm was followed as transmitted by a Schott filter
WG 320 (Schott, Mainz, Germany). If 2-aPu was present in
the ODNsdex = 310 nm was used to excite 2-aPu residues,
and their emission was followed &f, > 370 nm (Corion
filter LG-370); Trp fluorescence of the enzymé&,(= 290
nm) was detected in this case using a Corion filter P10-34
which transmits a 10 nm wide band &840 nm to avoid
overlapping with 2-aPu emission. When Trp fluorescence
was studied, the enzyme concentration wad\? and the
substrate concentrations varied from 0.25 pd\8 To follow
2-aPu fluorescence, the substrate concentration was fixed a
2 uM, and the enzyme was varied from 0.25 te/8. The

fitting to an n-step binding model was plotted agaimstA a_1~10 s time point, with at Ieas_t five discernible. stages. At
smooth decrease in the standard deviations leveled off afterlimes >10 s the fluorescence increased steadily and then
a certain numberN) of steps, indicating that th&l-step leveled; the plateau fluorescence decreased with increasing

kinetic scheme is indeed the minimal one (see Results). A Substrate concentration. The calculated reaction schemes for

similar analysis was done for the number of irreversible steps, @/l three substrates with different opposite bases were
m identical to the scheme for binding and cleavage of 8-oxoG
PAGE Time-Course ExperimentReaction mixtures (20 € (19) and included five equilibrium binding steps, a single
L) contained 50 mM Tris-HCI (pH 7.5), 50 mM KCI, 1 irreversible chemical step, and a product release_ equilibrium
mM Na&EDTA, 1 mM dithiothreitol, 9% glycerol, LM 32P- (Scheme 2). Th_e comparison of fluorescence tioeurse
labeled substrate, and 2M enzyme. The reaction was curves for the mismatched substrates and for 8-0€0(&9)
initiated by adding the enzyme and allowed to proceed at Unequivocally indicates that the second phase (a modest
25°C; aliquots (L) were withdrawn as required and mixed increase in the fluorescence intensity) ensued much 'earl|er
with 3 uL of gel-loading dye containin 7 M urea. After for the “correct” substrate (8-oxoG) than for the mis-
PAGE, the gels were imaged by autoradiography and Matched ones.
quantified by scanning densitometry using Gel-Pro Analyzer ~We then compared the individual rate constants for all four
4.0. Kinetic parameters were obtained by numerical fiting Fpg substrates with different bases opposite the lesion. To
using OriginPro 7.5 software (OriginLab, Northampton, facilitate comparison of general efficiency of Fpg working
MA). on different substrates, we have also calculated apparent
Molecular Dynamics of FpgThe atomic structure oF. macroscopic valueKging, Kv, Keas Ksp) for a reaction scheme
coli Fpg [PDB ID 1K82, chain A 25)] was taken for with five binding equilibria using kinetic graph theory (see
modeling. As this structure misses residues-2274, their ~ the footnote to Table 2 and Supporting Information). Overall,
coordinates were restored using the following protocol. First, 8-0x0GC was a much better substrate in comparison with
the initial structure of the backbone of the residues217 the three mismatches (compare, for example, the values for
224 has been taken from the corresponding residues 223 Kuina O Ksp Calculated for these substrates in Table 2).
240 of theB. stearothermophiluBpg [PDB ID 1R2Z 23)], Interestingly, the most efficient step for opposite-base
chosen on the basis of a three-dimensional structure align-discrimination was the second equilibrium step (characterized
ment of 1K82 and 1R2Z. Then, the side chains of residues by k. andk-, rate constants, Scheme 2).
217-224 have been restored and their orientation optimized  The equilibrium was shifteet100-fold to the ES2 complex
via the simulated annealing molecular dynamics protocol. in 8-0xoGC (K, = 104) but was approximately 1 for the
A 2 ns molecular dynamics was then run using the Bison other three substrate&{ = 0.3—1.5). On the other hand,
package §6). This program generates a classical molecular two following steps of the reaction scheme were somewhat
dynamics trajectory for a protein in water using the amber94 less efficient for 8-oxo@&C than for the mismatche&{ =
force field 37) and an analytical implicit solvent moded§). 0.15 for 8-0xoGC and 0.75-1.6 for the other opposite bases;
Use of a high-quality implicit solvent model allows a more K, = 3.8 for 8-oxoGC and 3.6-11.4 for the other opposite
effective sampling over the essential conformational spacebases). Rates of other microscopic steps in Scheme 1 were
of a protein by excluding the dynamic friction inherent in not significantly different between 8-o0xeG and the three
the explicit solvent model. mismatches, so overall Fpg displayed-al0-fold preference
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FiGure 2: Processing of 8-0xo@, 8-0xoGG, and 8-0xoGT by Fpg. (A) Stopped-flow Trp fluorescence traces. Jagged traces represent
experimental data; smooth curves are the results of fitting to a five-step kinetic model. Substrate concentrations are shown to the right of
the plot; the enzyme concentration wagM. (B) Time—course of product accumulation during cleavage of 8-0x)B-0x0GA, 8-0x0G

G, and 8-0xo0GT as revealed by PAGE.

for 8-0xoGC at a macroscopic level. Thus, the stopped- changes in the protein, the model was statistically validated
flow studies indicate the following opposite-base preference using the scree test (see Materials and Methods) to ensure
of Fpg: Cl[dmt]T~ A = G. that it indeed represents the minimal kinetic model adequately
The opposite-base preference of Fpg was also confirmeddescribing the results. Figure 3 illustrates the dependence
by using PAGE to follow the substrate cleavage (Figure 2B). of standard deviations of the data residuals after fitting to
The respective timecourse curves (Figure 2B) show that an n-step binding model om, the number of steps in the
8-0x0GC is cleaved by Fpg much more efficiently than model, for Fpg binding to 8-oxo® in a 1:1 molar ratio. It
8-0x0GG and 8-0x0GA, with 8-0xoGT cleaved with an can be clearly seen that the smooth decrease in the standard
intermediate efficiency. Therefore, the opposite-base prefer-deviations levels off after five steps, indicating that the five-
ence C> T > A =~ G determined by PAGE is different step kinetic scheme is indeed the minimal one. The same
from the stopped-flow results only for the 8oxdaGmispair. result was obtained for all substrates investigated by intrinsic
Model Assessmerih view of the multistage nature of the  Trp fluorescence (data not shown). Thus, a kinetic scheme
binding process and the importance of correct identification was considered minimal at steps if at all experimentally
of the equilibria for their correlations with conformational investigated [Fpg]:[DNA] ratios the value of fell into an
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Table 2: Rate Constants of Conformational Transitions and Their Combinations in Fpg during Excision of 8-OxoG Opposite Different Bases

constarft 0G-CP oG-T 0G-G 0GA
kP, M~1s1 3.2x 108 (4.440.1) x 108 (4.54 0.2) x 108 (3.2+£0.1) x 10
k™, st 890 12404+ 30 920+ 20 870+ 20
ko', 571 250 243+ 0.3 95.5+ 2.2 92.7£6.9
ko™, st 2.4 85.3+ 1.4 119+ 11 62.9+ 5.3
ks, 571 6.7 17.1+£0.2 9.6+ 0.3 9.4£0.3
kg™, st 46 10.4+0.1 13+ 0.7 125+ 1.0
kP, 571 9.1 10.9£0.4 11.6£0.3 6.9+ 0.2
k-4, st 2.4 0.96+ 0.03 1.30+0.03 2.324+0.08
k'™, 571 0.2 0.17£0.01 0.244+0.02 0.17+0.01
ks st 0.03 0.020+ 0.002 0.03Gt 0.002 0.015£ 0.002
ke'™P, 571 0.04 0.026+ 0.002 0.038+ 0.002 0.03H: 0.002
Kep'™, M 2.0x 1076 (9.84+ 1.2) x 106 (8.74+0.3)x 10°° (45+0.9)x 107
Kbina™?, M1 202x 10° 18.7x 10° 24.4x 10° 16.3x 10°
Kw™™, M 8.7x10°° 1.3x 107 9.2x 1078 1.5x 1077
Keal ™, s1 0.019 0.019 0.026 0.020
ksp'?, M71s72 2.2x 10° 1.5x 10° 29x 10° 1.3x 10

& Kbind = ZQZ? }ZilKj for five-step binding (Scheme 2y andkea values were calculated from the equations derived for Scheme 2 using enzyme
kinetic graph theory6), as shown in the Supporting Informatidg, = k.o/Ku. Estimated valuet standard error of the estimate is showiFrom
ref 19; cf. the values reported in Table 4 for 8-oxdGwith 2-aPu substitutions.

Scheme 2 [substrate], uM
A7 T k" T k™ T kT BEG A
E+S ES1'P == ES2'P == ES3 'P=== A
kilTrp k,sz kﬁ}Trp k4Ttp —~ 0.25
_ 0.50
k. ksTrp KEPTxp 2 - o 0.75

ES4"™ == ESS™— EP==E + P

early scree region (an apparent breakpoint in Figure 3) of
the plot rather than into the steep descent region.

Fpg Dynamics during Cleage of Dihydrouracil. DHU
has been described as a nonspecific substrate for Fpg, sinc
it is inefficiently excised by this enzyme from long DNA
targets 22) but is an excellent substrate in ODNs (see ref
20 and discussion therein). It has been suggested that
recognition of 8-oxoG and DHU by Fpg could involve
different conformational changes in the protein molecule
(20). Thus, we have used substrates containing DHU oppositeé
C (a mismatch previously investigated by steady-state o
kinetics) or G (the context in which DHU would naturally |
arise in the cell by reductive deamination of C) to determine

hange

DHU/G B

rescence c

0.025
0.020
a
1E-3 0.01 0.1 1 10 100
0.015 Sme:s
' Ficure 4: Processing of DHYC and DHUG by Fpg. (A) Stopped-
flow Trp fluorescence traces for DHG. Jagged traces represent
experimental data; smooth curves are the results of fitting to a five-
. step kinetic model. Substrate concentrations are shown to the right
0.010 , . , i f—!—;——!\ of the plot; the enzyme concentration wagM. (B) Same as (A)
2 4 6 8 10 but for DHU-G.

Number of steps the kinetic scheme and rate constants of Fpg action on such
FIGURe 3: Scree test for Fpg reaction schemes. Fpg and ODN were lesions. The results of stopped-flow experiments with
taken in a 1:1 molar ratio. Standard deviation (SD) of the residuals jntrinsic Trp fluorescence detection are shown in Figure 4

after fitting to ann-step binding model is plotted against The g -
number of steps corresponding to the beginning of the shallow- and"ll'at.)le 3.Inthe casg of DHU, SF:heme 2 with five binding
slope (scree) region is considered minimal for adequately describing€quilibria was also valid. Processing of the substrates was

the binding. clearly observed; however, it was less efficient overall than
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[substrate], uM

Table 3: Rate Constants of Conformational Transitions and Their

Combinations in Fpg during Excision of DHU Opposite C or G 2-aPuOG A
constarit DHU-G DHU-C _ 3_22
kT, M-1st (2404 4) x 10° (2344 4) x 10P ) W f,ff 0.75
T 51 1130+ 20 1270+ 20 W g I
ko™, 57 59.24+3.3 465+ 1.1 N L '
kp™P st 174+ 9 136+ 5
ks'™, 571 484+ 11.8 357+ 27
kg, st 7.7+£0.7 9.2+ 0.4
ke, 571 4.7+ 0.7 8.9+ 0.5
k_4"P, st 0.15+ 0.02 0.58+ 0.06
ks, s71 0.11+0.01 0.16+ 0.02
ks, st 0.033+£ 0.005 0.1140.02
ke'™, 571 0.025+£ 0.005 0.078t 0.007 A
Kep'™, M (9.8+1.2)x 10°¢ (2.5+0.3) x 10°° §
Kping'™®, M1 6.3 x 107 9.7x 10° S
Kw™™, M 3.7x 108 1.6x 1077 &
al?, S 0.016 0.033 §|0G2-aPu B

ksp'™®, M 1571 43x 10° 2.0x 10° 2 . 025
aSee footnote to Table 2 for definitions find, K, Kea, andksp S A b v bl -

Estimated valuet standard error of the estimate is shown. "_'E Ao bt e "'"1:',,;'., 075

= . 1.0

for 8-0xoGC, on a par with 8-oxoG opposite other bases
(cf. Kping @and ksp in Tables 2 and 3). DHU was excised
somewhat better(2.2-fold if ks, are compared) when placed
opposite G than when put opposite C, mostly due to a more
efficient channeling through the last three equilibria; how-
ever,ks (andk.,) values were greater for DHQ, presumably
reflecting better stabilization of the Michaelis complex (or
the transition state) due to a more efficient interaction of
the critical Arg-108 residue with the C base (see Discussion). .
Interestingly, the reaction kinetics were also similar to those 1E-3 0.01 0.1 Tisa 51 10 100
for 8-0x0G opposite A, G, or T, with loWK; and highKs '

ngK‘B vaFIueSf, ﬁupportlg% the |d|f_a that tf;]e recor?nltu()jn of 0G)(CCG) and (0G-aPulGCC). Jagged traces represent experi-
y Fpg follows a different kinetic scheme than does enia| data: smooth curves are the results of fitting to a five-step

recognition of 8-oxoG, which could reflect a fundamental kinetic model. Substrate concentrations are shown to the right of

difference in conformational rearrangements during these twothe plot; the enzyme concentration wag/d.

processes (see Discussion below and in2@f
DNA Dynamics during Binding to Fpgdntrinsic Trp Table 4: Rate Constants of Conformational Transitions and Their

fluorescence only allows one to follow the protein move- Combinations in Fpg.durlng Excision of 8-OxoG Adjacent to 2-aPu

ments during DNA binding. In order to analyze the DNA oM 8:0x0GC Mispairs

Ficure 5: Stopped-flow Trp fluorescence traces for substrates (aPu-

dynamics in this process and to relate these with the protein___constart (0G-aPu)(CCG) (@Pu-0GYGCC)
dynamics, we introduced 2-aPu deoxynucleotides either 5 k'™, M~ts™? (350+ 70) x 10° (689+ 6) x 10°
or 3 next to the lesion (substrates designated aPu-oG and t’ﬁzp' sll gggi 380 ?gi 18
0G-aPu, respectively). The intensity of emission of 2-aPu is ksz;ps;,l 116402 449419
strongly influenced by its envirqnment; in.particular, itis e gt 356+ 0.03 33402
partially quenched when 2-aPu is stacked in a DNA duplex k™, s? 39.1+0.05 60.9+ 2.7
(39). Since the stacking is partially disrupted in the three- k™ s 14.3+0.05 12.240.2

; : ko TP, 571 1.21+0.01 3.00+ 0.08
dimensional structure of Fp@%), we reasoned that changes TP 1
. . LS 0.131+ 0.008 0.20+ 0.02
in 2-aPu quor_escencga could pr_owde a gpod way to observe . g1 0.004+ 0.0006 0.003 0.0002
events associated with the lesion eversion. k'™, 571 0.034+ 0.001 0.029+ 0.0004

Reactions of Fpg with the 2-aPu-containing duplexes (0G- KEPT'T"[;JM . (2.26+0.01)x 10°° (3.4+0.1)x 10°°

aPu)(CCG) and (aPu-oG)GCC) were investigated follow- Koina™, M 286 1¢° 220x 1¢°

ing either the intrinsic Trp fluorescence of Fpg or fluores- @ See footnote to Table 2 for a definition Khine. Estimated value
cence of the 2-aPu residues. As the sequence of the substrate§ Standard error of the estimate is shown.

was changed by introduction of 2-aPu, we have initially

investigated the effect of the 2-aPu residue and its position natural abasic site (AP), tetrahydrofuran abasic site (F), or
relative to 8-oxoG on the kinetics determined from the undamaged G. For the undamaged G substrate, the fluores-
intrinsic Trp fluorescence of Fpg (Figure 5). Although the cence intensity increased slightly at time&0 ms (Figure
fluorescence intensities changed somewhat with the 2-aPu-6) due to a shift of 2-aPu to a more hydrophilic environment,
containing substrates, the five-step binding scheme (Schemeoossibly indicating destabilization of the DNA double helix
2) was again revealed by Trp fluorescence experimentsupon binding the enzyme. No such increase was observed
(Table 4). Figure 6 shows time courses of 2-aPu fluorescencefor the F-containing substrate (Figure 6), since the lack of a
in the duplexes containing 2-aPu residuesrs3 to 8-0xo0G, base next to 2-aPu prevented quenching of 2-aPu fluores-
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fenzyme], iM Scheme 3

2-aPu0G

2-aPu 2-aPu 2-aPu 2-aPu
k k. k. Ky

1 2 3
E+S == ES1**" == E§)**™ — Ep ==E + P

cence in the first place. The drop in 2-aPu fluorescence
intensity was observed at timesl s. The AP-containing
substrate (Figure 6) also showed no initiallQ ms) increase

in fluorescence but demonstrated a decrease atl0sland
then an increase at-110 s. Both 8-o0xoG-containing sub-
strates, (0G-aP¢(CCG) and (aPu-oG|GCC), displayed a
more complicated time course (Figure 6), with an increase
in the fluorescence intensity &t10 ms, a drop at 011 s,

and another increase at-10 s.

Only two binding equilibria were sufficient to describe
conformational changes in DNA in minimal terms (Scheme
3). Table 5 lists the values of the rate constants determined
for this scheme. There was little difference in the 2-aPu
fluorescence curves generated during processing of substrates
containing the fluorescent baseds 3 to the lesion, despite
the different nature of amino acids contacting these bases in
the Michaelis complex of Fpg [e.g., thé-Base is stacked
against the guanidinium group of Arg-108, whereas the 3
base contacts the side chains of Met-73 and, to a lesser
degree, of Phe-11@§)]. Comparison of the macroscopic
parameters calculated for either type of experiment (Kige,
in Tables 2 and 4) also reveals little difference between
8-0xoGC-containing substrates with or without 2-aPu,
indicating that this fluorescent label does not interfere with
productive binding and cleavage of damaged DNA by Fpg.
Thus, these fluorescence experiments with 2-aPu reflect the
true dynamics of DNA binding to Fpg.

To analyze the relationship between different species in
Schemes 2 and 3, we performed a kinetic simulation of both
reaction pathways using the rate constants determined by
Trp fluorescence and 2-aPu fluorescence for the same
substrate and compared the time courses of appearance and
disappearance of the kinetic species. Figure 7 illustrates the
a6 results obtained for the (aPu-o@}CC) substrate, which

suggest that ES12"Ulikely corresponds to ES® and ES3®
i and ES22"!likely corresponds to ES#® and ES5P. Similar

results were obtained for the (0G-aR@QCG) substrate.
i Modeling of Fpg Dynamicshe conformational dynamics

of the free Fpg has been investigatedroa@ nsequilibrium
G-aPu molecular dynamic trajectory. Fluctuations in the total
molecular surface area over the equilibrium trajectory are
shown in Figure 8A. It can be seen that the molecular surface
fluctuations can reach-200 A2 at a fast picosecond scale
and average-100 A? at a 100 ps scale, and the surface area
is stable over a hanosecond scale. This behavior allows us
- to assume that we observed the equilibrium thermal fluctua-

PR =Tt

=10

0G2-aPu

AP2-aPu

2-aPu fluorescence change

F2-aPu

Table 5: Rate Constants of Conformational Transitions in DNA
during Excision of 8-OxoG from 8-Oxo® Mispairs by Fpg

constant (0G-aPu)CCGy (aPu-0G)(GCC)

k28 M1sl  (93.1+ 0.4) x 10° (75.0+ 1.1) x 106
k- 273Pu g7t 143+ 2 146+ 5

FiGure 6: Stopped-flow 2-aPu fluorescence traces for (aPu-0G)  k2-aPu g1 1.26+0.08 0.674 0.01

(CCQG), (0G-aPu)GCC), (AP-aPuGCC), (F-aPuGCC), and (G- k_,2-aPu 571 0.8+ 0.0002 0.32£0.01
aPu}(GCC). Jagged traces represent experimental data; smooth ksg2-aPu g1 0.052+ 0.002 0.033+ 0.002
curves are the results of fitting to a kinetic scheme (Scheme 3). Kg22Pu M (1.6+0.3)x 10°° (1.19+£0.02) x 107
Enzyme concentrations are shown to the right of the plot; the
substrate concentration wasu®/.

T T
0.01 01 1 10 100

Time, s

a Estimated valuet standard error of the estimate is shown.
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FiGURE 7: Kinetic simulation of the timecourse of appearance MD time, ps
and disappearance of different intermediates evident from intrinsic B
Trp fluorescence and 2-aPu fluorescence: solid line, intrinsic Trp
fluorescence; dashed line, 2-aPu fluorescence. The intermediates
are labeled according to Schemes 1 and 3, respectively. The
simulations were run at [E]6- [S]0 = 1 uM; see Materials and
Methods for other details. The most probable attribution of different
intermediates follows. Intermediates detected by Trp fluores-
cence: ESTP, Fpg bound to DNA nonspecifically; ES2, pre-
eversion recognition complex; E83 the complex with the
damaged nucleoside bound in the enzyme’s active site"E $de
complex with the damaged nucleoside bound in the enzyme’s active
site and the void-filling residues plugged into the DNA helix;
ESH™, final Michaelis complex; EPP, enzyme-product complex.
Intermediates detected by 2-aPu fluorescence: 2281 complex
with 2-aPu unstacked from the adjacent 8-oxoG by DNA destabi-
lization or 8-oxodG eversion; ES2PY complex with 2-aPu stacked
against the void-filling enzyme residues; €Y enzyme-product
complex.

tions of the Fpg molecular structure. Four snapshots of the
molecular structure of the Fpg taken with the 500 ps step
are shown in Figure 8B. It can be seen that the Fpg maintainsC
the overall shape of the DNA binding cleft. The distribution 14
of the conformational mobility of the residue over the
sequence is shown in Figure 8C. It can be seen that there 12-
are three segments of the sequence with the mobility of the
residues sharply increased (residues-20, 106-110, and 10+
250-260) by a factor of 34 over the baseline. The first
highly mobile segment includes the Trp-34 residue which
moves with a~12 A amplitude (Figure 8C). The principal
component analysis of the essential conformational move- ]
ments 40) shows that the main mode of the conformational 4
movement is a flip-flop move of two domains of Fpg which ]
form the DNA binding cleft (see the Supporting Information 24
movie). . Trp11

0 T T T T T
DISCUSSION 0 50 100 150 200 250

Kinetic Model Attribution.The structure of Fpg bound to _Resm”e N
Ficure 8: Molecular dynamics of Fpg. (A) Molecular surface of

the lesion, obtained by us and by o_ther_grOlRiS £5-28), Fpg over the equilibrium molecular dynamic trajectory. (B) Four
reveals that the damaged nucleoside is everted from DNA gpapshots of the Fpg protein structure (red, 500 ps; orange, 1000

and resides in the enzyme’s deep active site pocket. DNA isps; green, 1500 ps; blue, 2000 ps). (C) Average rmsd per residue
severely kinked at the point of the lesion, and several protein calculated over the whole 2 ns molecular dynamic trajectory.
residues (Met-73, Arg-108, and Phe-11Encoli Fpg) are Diamonds indicate the positions of the Trp residues in the Fpg
inserted in the DNA double helix to fill the void created by sequence.

eversion of the damaged nucleoside, partially mimicking the multistep binding model structurally justified. In our previous
base stacking through—x or van der Waals interactions work (19) we have combined stopped-flow data and struc-
with the aromatic or hydrophobic protein moieties. Such tural information available for Fpg to attribute five equilib-
extensive rearrangement of protein and DNA molecules is rium steps in Fpg-mediated processing of 8-ox6G@o the
unlikely to be achieved in a single binding step, making the most likely conformational changes in the protein molecule.

=
9 8-
@
£
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These equilibria (Scheme 2) were suggested to correspondpushing the damaged base to initiate the eversion. This model

respectively to (i) nonspecific binding of Fpg to the lesion
and formation of ES1, (ii) formation of the pre-eversion
recognition complex ES2, (iii) eversion of the damaged
nucleoside from DNA into the enzyme’s active site pocket
and formation of ES3, (iv) insertion of the enzyme residues
into DNA to fill the void in the helix (“plugging”) and

formation of ES4, and (v) isomerization of the enzyme
globule to the final pre-excision complex and formation of

has been contemplated for human ura@iNA glycosylase
and human 8-oxoguanir@®dNA glycosylase OGG1 (struc-
turally unrelated to Fpg) based purely on structural défa (
48) but so far has not been probed kinetically. This scheme
seems less likely in the case of Fpg, as it would require the
time course of appearance of the ES2' complex to
coincide with ES3? and ESA" (see Figure 7 for the
complex attribution), with the latter two also likely coalescing

ESS. The' last step was suggested to involve conformationalinto a single step as plugging and the eversion must proceed
changes in the flexible enzyme loop that forms a large part simultaneously in this scheme; neither of these predictions

of the base-binding pocket{, 42).

agrees with our observations.

In the present study, we have extended the pre-steady- 14 egimate the possible contribution of different Trp

state kinetic analysis into a range of other Fpg substrates

residues in the Fpg fluorescence, we have modeled the

and supplemented it with the analysis of 2-aPu fIuorescencedymimiCS of the Fpg molecule. Although no setfofcoli
in the stopped-flow mode. The five-step binding kinetics £ g ctures is available to approximate the movement of

revealed by the enzyme’s internal tryptophan fluorescence

for 8-oxoGC held true for all substrates we have studied.
The analysis of 2-aPu fluorescence provided additional
insight into the nature of different steps in the binding model.

Five reversible steps in Scheme 2 correspond to only two
fluorescently discernible steps in Scheme 3. In the course

of binding of the enzyme to DNA containing a damaged

nucleoside flanked by a 2-aPu residue, the fluorescence o

the latter can be changed by DNA kinking, by eversion of

the damaged nucleoside, and by plugging of the void by the

protein residues. The characteristic times of appearance an
disappearance of different ES intermediates suggest that th
first detectable changes in 2-aPu fluorescens&(( ms,
Figure 6) occur after the formation of the E®Tecognition
complex (Scheme 2) but likely before the eversion of
8-oxodG. Hence, the stage that was attributed to the ES2
complex formation 19) coincides with the stage of DNA
destabilization, indicating that the recognition might be
initiated by a perturbation of the canonical structure in the
vicinity of the lesion. The exact nature of this perturbation

f

the Fpg-DNA along the reaction coordinate, we have
addressed the question, what parts of the enzyme are the
most mobile in a single structure, that of Fpg covalently
complexed with DNA in a reduced Schiff base intermediate
(25). Fluorescence of Trp residues in such regions is likely
to be most responsive to the conformational movements of
the enzyme molecule. Consistently with our earlier sugges-
tion (19), Trp-34 demonstrated the highest rmsdai 2 ns
molecular dynamics, falling into one of the most flexible

éegions of the Fpg molecule (Figure 8C). Trp-156, another
é)ossible candidate for a residue whose fluorescence might

change during the reaction course, was in fact the least
mobile of all Trp residues (Figure 8C). However, its
contribution to the fluorescence changes at the earlier stages
of the reaction cannot be excluded, especially if Fpg
undergoes gross structural changes upon DNA binding, as
was shown for endonuclease VIII, an enzyme closely related

to Fpg @9).
Opposite-Base Specificity of Fpgxcept for the well-

cannot be established at present; the possibilities includereproducible fact that Fpg prefers 8-oxd@as a substrate

DNA kinking, “pinching” of the adjacent phosphates to
introduce strain into DNA, or initial stages of the eversion.
The role of DNA destabilization in recognition by Fpg has

over 8-0x0GA, the opposite-base specificity of this enzyme
is still an open question. It was earlier reported (with no
kinetics provided) that Fpg cleaves the substrates with the

been extensively discussed in the literature (see below), andorder of opposite-base preferencexCT > G > A (50) or

our data seem to add weight to this hypothesis.

C~ T~ G> A (52). On the other hand, in steady-state

The next step that can be discerned by 2-aPu fluorescencéVlichaelis—-Menten kinetic experiments Fpg was found to

(Figure 6, time~1 s) coincides with the formation of the
ES4™ complex. In our previous work this stage of the
tryptophan fluorescence curve was attributed to plugging
(19). The new experiments support this attribution further,

prefer 8-0xoGG and 8-oxoGT over 8-0xoGC (10, 11, 20),
with the specificity constantk{, = kc.a/Km) being ~5—30-
fold higher for the first two mispairs. Since Fpg flips the
damaged base out of the double helix to gain access'to C1

since the fluorescence intensity of 2-aPu most probably the target of the nucleophilic attack in the course of the
changes when three residues of Fpg are inserted into DNAreaction, this preference for 8-oxeG and 8-oxoGT has
and alter the environment of the fluorescent base. The been rationalized in terms of destabilization of dSDNA at

previous stage, the formation of the EB8omplex, can then
be attributed to the eversion of 8-0xoG. A “pinepull—
push” mode of action was proposed by Wong et al.Eor
coli uracil-DNA glycosylase based on stopped-flow data
(43). On the basis of our attribution, we advocate a similar
model for Fpg, with a note that since the insertion of the
void-filling residues does not actively “push” the damaged
base from the helix, the model should be more correctly
termed “pinch-pull—plug”, in accordance with the scheme
proposed by Stivers and colleagudd-{46).

A rival “pinch—push-pull” model of DNA glycosylase
action involves the inserted groups of the enzyme actively

the site of the lesionl(l, 52). Although these events also
may be considered premutagenic, neither 8-oxa@or
8-0x0GT would be normally found in DNA, and thus little
evolutionary pressure has been probably placed on Fpg to
avoid excision of 8-0xoG from these mispairs. Structures of
Fpg fromB. stearothermophilusovalently complexed with

the DNA reaction product containing estranged C, G, or T
indicate that C is optimally contacted by an absolutely
conserved arginine residue in the enzyme, with G and T
allowed but less optimal(7). No structural information on
the estranged A is available. In general, the exact mechanism
of the opposite-base discrimination by Fpg is still unclear.
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Here we have studied the opposite-base specificity of Fpgwould minimize premutagenic excision of 8-oxoG. We
by fast kinetics and obtained the following order of opposite- conclude that most of the poor substrates studied here are
base preference: & T ~ G ~ A. The sequence of the rejected at the first transition energy barrier that the enzyme
12-mer duplex substrate used in our studies was identical tosubstrate complex has to clear on its way to the Michaelis
a central part of the 23-mer duplex substrates for which the complex. Recently, we have suggest&d)(that Fpg could
steady-state kinetics was reportdd,(20). The steady-state  encounter the lesion in two different conformations, one
kinetic data available in the literature show a significant associated with the enzyme sliding along DNA, another
variance even with the same substrate, with values characteristic of direct binding of the enzyme from solution
disagreeing 1.53-fold, Ky values, 8.6-57-fold, andkca/ to the damaged nucleoside, and that the sequence of
Kw ratios, 5.7-33-fold. Such disagreement may be explained conformational changes leading to the Michaelis complex
by excess concentrations of Fpg used in the earlier studiesmight be different in these two cases. Perhaps, the differences
(12) that could shift the reaction conditions into a range in the kinetics of initial stages of enzyme molecule confor-
unsuitable for the MichaelisMenten scheme and by possible mational adjustment reflect the existence of these two binding
differences in the substrate range and time point at which modes, one of which would operate for the correct substrates
the initial rate has been determined. On the other hand,(such as 8-oxo&) and the other, for the nonspecific
stopped-flow kinetics is usually done under single-turnover substrates.

conditions and high enzyme and substrate concentrations, Interestingly, the early rejection of the poor substrates
allowing one to avoid the problems arising when extracting means that they are rejectééforehaving a chance to be
Knm andke constants for complex reaction schemes. sampled in the enzyme’s active site pocket. Most previous
To confirm the order of the opposite-base preference attempts to rationalize Fpg substrate specificity were centered
obtained in the stopped-flow experiments with fluorescence at the specific bonding of the base in the active < 28,
detection, we have analyzed the time courses of product41, 42), although an early publication underscored the
accumulation in these reactions with radioactively labeled significance of the pattern of hydrogen bond donors and
substrate. The results, illustrated in Figure 2D, support the gcceptors presented by 8-oxoG in DNA1). Several
conclusions of the fluorescence experiments, showing the computer modeling and experimental studies suggested that
opposite-base preference orderCT > G ~ A. It should physical parameters of DNA, such as its torsional rigidity,
be also noted that a highly automatized stopped-flow resistance to bending, and the base opening rate, may be
approach is inherently less prone to sampling irregularities influenced by the presence of a 8-oxoG resid6g—(55).
that introduce a large part of the variation during manual Thus, we suggest that “indirect readout” using such physi-
sampling in steady-state kinetics. Both visual inspection of cochemical characteristics of the damaged site could be of
the fluorescence curves (Figure 2A) and the calculations of critical importance for discrimination between correct and
rate constants and their combinations suggest that there argncorrect substrates by Fpg. On the other hand, the events
no substantial differences in processing of 8-oX¥@airs in the active site pocket, such as its adjustment to a
(N=A, G, or T) by Fpg, at least for the substrates we have catalytically competent conformation (characterizeddsnd
used. This preference also coincides with the optimal steric k_s in Scheme 2), are of low discriminatory value.

configuration (C> G ~ T) in the enzyme’s active site a5 g procedure of substrate discrimination by Fpg is clearly
determined for Fpg fronB. stearothermophilug27). multistage, with many possibilities of rejecting the wrong
Substrate Specificity of Fpgihe substrates containing  gypstrate. Pre-steady-state kinetic analysis of different sub-
mismatched 8-0xoG, or DHU opposite C or G, were different gyates for this enzyme should clarify the mechanisms
from the 8-oxoGC substrate in one important respect, operating in the cell to prevent unwelcome excision reactions

evident from Tables24. While all were recognized by Fpg - yhile allowing efficient repair of oxidatively damaged bases.
in a five-step process, the efficiency of some steps varied

dramatically between 8-oxoG, on the one hand, and all ACKNOWLEDGMENT

other substrates, on the other. The second equilibrium step

was especially illustrative, it&, value being up to 2 orders The authors thank Dr. Dmitri Pyshnyi for the synthesis of
of magnitude higher for 8-oxo® than for other substrates. substrates.

On the contrary, the third and fourth equilibrium steps were
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of substrates, there are important differences in the dynamicsthe individual experimentally determined rate constants and

of these processes. As 8-oxdGis considered a physiologi- the Irn:_etlc gra_ph Ttrf:_eory tan_dl I_:pg d);nam'fs dufrlnr? the

cal substrate for Fpg from a multitude of biochemical and S!?ltjhae Imerrr:@?ea.t httIS'/Tal?SrlgCISSOar‘val able lree of charge

genetic data (reviewed in rdj, we regard the kinetic scheme Vi p://pubs.acs.org.
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