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ABSTRACT: Base flipping is a highly conserved strategy used by enzymes to gain catalytic access to DNA
bases that would otherwise be sequestered in the duplex structure. A classic example is the DNA repair
enzyme uracil DNA glycosylase (UDG) which recognizes and excises unwanted uracil bases from DNA
using a flipping mechanism. Previous work has suggested that enzymatic base flipping begins with dynamic
breathing motions of the enzyme-bound DNA substrate, and then, only very late during the reaction
trajectory do strong specific interactions with the extrahelical uracil occur. Here we report that UDG
kinetically and thermodynamically prefers substrate sites where the uracil is paired with an unnatural
adenine analogue that lacks any Wats@mick hydrogen-bonding groups. The magnitude of the preference

is a striking 43000-fold as compared to an adenine analogue that forms three H-bonds. Transient kinetic
and fluorescence measurements suggest that preferential recognition of uracil in the context of a series of
incrementally destabilized base pairs arises from two distinct effects: weak or absent hydrogen bonding,
which thermodynamically assists extrusion, and, most importantly, increased flexibility of the site which
facilitates DNA bending during base flipping. A coupled, stepwise reaction coordinate is implicated in
which DNA bending precedes base pair rupture and flipping.

Enzymes that modify or cleave nucleobases in DNA, such are extruded from the DNA duplex into the enzyme active
as DNA methyltransferases and DNA glycosylases, are site @).
confronted with a formidable chemical problem: gaining  stryctural and mechanistic studies indicate that base
access to s_ubstrate bases that are seque;tered |n3|de thg DN"ﬁpping is a multistep process involving two coupled reaction
double ht_allx -3). A qonserved enzymatic solution to this  qqdinates (Figure 1AB12), which are depicted using a
problem is base flipping, where the target base and sugarfree energy contour plot in Figure 1B. The first coordinate
involves~18( rotation of the entire target nucleotide from
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Ficure 1: Uracil flipping has two coupled reaction coordinates involving base rotation and DNA bending. (A) Upon binding to free B
DNA (left) UDG rotates the deoxyuridine nucleotide from the DNA base stack by 488 bends the DNA by about 20The DNA

structure on the right was extracted from the complex of UDG with substrate analogue DNA (PDB code BrMBI) A two-dimensional

free energy contour map depicting the two coupled reaction coordinates of base rotation (vertical coordinate) and DNA bending (horizontal
coordinate). The diagram shows the two enzyme-bound intermediateg that have been previously detected using rapid kinetic methods

(5, 6) and the final product of the flipping and bending reactiBh (n principle, progress along both reaction coordinates may be synchronized
(diagonal line), or one process may lag behind the other. The contour map depicts the reaction trajectory (curved dashed line) where
bending precedes flipping, and a low energy (blue) bent intermediate is formed before significant progress along the base rotation coordinate
occurs (2). Thus, flipping uracil from unbent DNA is a high-energy (red) improbable process (upper left corner). Formdtiaranfbe

followed using the increased fluorescence of the 2-aminopurine probe which is adjacent to the uracil and is very sensitive to base stacking
(see Figure 2)J, 6). Formation ofP is discretely monitored by following the decrease in tryptophan fluorescence of UDG that accompanies
base flipping b, 6).

rotation, a bent intermediate may form (lower right corner,
Figure 1B) before the hydrogen bonds to the target base are
broken and the base is expelled into the enzyme active site

DNA Bend '

5'-GCG GCC AAZ UFAA AAA GCG C
3'-CGC CGG TTT X TT TTT CGC G

(upper right corner, Figure 1B). A coupled reaction coordi- Z=p, A

nate for base flipping suggests that if discrete alterations in H

the structural or dynamic features of the DNA substrate are UF y o HN N p

made, then progress along one or both coordinates could be N(\i—u -------- N NN

perturbed in a systematic way. This would allow a linear v’ [ H_N\/E" ONA

free energy perturbation (LFEPanalysis analogous to that H

employed in simple chemical reactions involving coupled O Ne A

processes such as bond formation to a nucleophile and bond UF/\ﬁ_H O

breakage to a leaving group3). DNA’N\\g =N DNA
A LFEP approach that we are continuing to explore for 0

the DNA repair enzyme uracil DNA glycosylase (UDG) is ufs e o 0

to use DNA substrates in which the number of hydrogen ona Ny G

bonds between the target uracil (U) and its opposing base o "_">=N\ "oor

(X) are systematically varied (Figure 2)4). Our original ““"h

hypothesis was that removal of base pair hydrogen bonds UF o N

would thermodynamically facilitate uracil flipping and /\ﬁ_H ,,,,,,,, NF\g:N N

enzyme binding by destabilizing the uracil in the DNA base oNA’"‘g ‘=N DNA

stack (i.e., by raising the free energy of the lower left corner 0 M

of the reaction coordinate diagram in Figure 1B). A LFEP UFA %}7 M

analysis has confirmed this initial expectation, where a strong DNA’N\\g DNA

linear correlation was found between the free energy of UDG
binding to a series of DNA duplexes with increasingly FIGURE2: Sequences of 19-mer DNA substrates used in the kinetic

il . i - _ — studies and hydrogen-bonding structures of tHeXUbase pairs
ieitablllzedt.UX ba;g pa}lrsrhth' ,?HS?’ de 0'8.6) (%[4)(1 . based on the literature: &D (57, 58), UF-G (59), U™N (47, 48),
€y question ansing irom this thermodynamic study 1S g4 (f.m (29). Abbreviations: M, 4-methylindole nucleotide; D,

the mechanistic origin of the dramatically increased binding diaminopurine nucleotide; N, purine nucleotide’, 2--fluoro-
affinity to destabilized damaged sites. 2'-deoxyuridine nucleotide.
Here we use a similar LFEP approach to correlate the
effects of stepwise ablation of hydrogen bonds in thXU  base pair with the rate of base extrusion (nucleotide rotation
reaction coordinate) and the rate of conformational changes
1 Abbreviations: LFEP, linear free energy perturbation; 2-AP, in the DNA (bending reaction coordinate). To monitor the
2-aminopurine; FRET, fluorescence resonance energy transfer; M, progress along these coordinates, we employ two indirect
4-methylindole nucleotide; D, diaminopurine nucleotide; Y, pyrene  gjgna| changes. The first follows the increase in fluorescence
nucleotide; N, purine nucleotid@, tetrahydrofuran abasic nucleotide; f . . leoti . h
UF, 2-B-fluoro-2-deoxyuridine nucleotide; UDG, uracil DNA glyco- ~ Of & 2-aminopurine (2-AP) nucleotide adjacent to the target
sylase. uracil (6). This signal is sensitive to the extent of stacking
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of 2-AP with the uracil 15 16) and thus reports on was then monitored as described above for 5 min. Kpe
conformational changes in the DNA as well as progress alongfor each duplex was determined by fitting to the equation
the base rotation coordinaté, 17—19). The second signal

involves a decrease in UDG tryptophan fluorescence that k/k, = 1/(1+ [UF-XV/Kp) (1)
accompanies a conformational change in UDG as it closes

around the fully extrahelical uracil. This signal change has wherek; is the inhibited rate ank} is the rate in the absence
been shown by structuraB), kinetic 5, 6, 17, 20), and of competitor DNA.

mutagenesis studies$,(17) to correlate exclusively with Stopped-Flow Fluorescenc&he observed rate constants
formation of the final hydrogen-bonding and stacking for the formation of UDGDNA complexes were measured
interactions of the uracil base within the enzyme active site on an Applied Photophysics 720 stopped-flow fluorometer
(i.e., formation of the final extrahelical state depicted in the (Surrey, U.K.). All measurements were performed under
upper right corner of Figure 1B). These studies suggest apseudo-first-order conditions where the concentration of the
base flipping pathway in which DNA bending precedes base ynlabeled component was at least 4-fold greater the con-
rotation, thereby opening an unhindered passage by whichcentration of the labeled species. All measurements were
uracil may exit the duplex. Surprisingly, binding studies of made using a buffer containing 10 mM Tris-HCI (pH 8.0),
both rigid and flexible DNA duplexes indicate that a large 60 mM NaCl, and 1 mM DTT. For experiments where
amount of enzyme binding energy is consumed during the changes in 2-AP fluorescence were observed, excitation was
process of DNA bending. This finding appears to be a generalat 315 nm, and a 360 nm long-pass emission filter was used.
feature of base flipping enzymes and is consistent with |n experiments where tryptophan fluorescence was measured,
previous suggestions based on structural and biochemicalan excitation wavelength of 290 nm was used with a 335
observations with UDG as well as other base flipping nm long-pass emission filter. All kinetic traces were well

enzymes 2, 21-27). Accordingly, strong binding of UDG fitted to a first-order rate expression to obtain the observed
to flexible target sites results not only from weakened rate constantkgpss €q 2).

hydrogen bonding of the uracil but also because flexible sites

require less enzyme binding energy to bend. These unique F.= AF exp(1— k,ed) + Fo 2
features of target site recognition by UDG may be shared
by other base flipping enzymeg8). For the experiments in which the rate of 2-AP signal

EXPERIMENTAL PROCEDURES increase of the DNA was monitorec_;l, a so_lution (_:ontair_1ing a
variable amount of UDG was rapidly mixed with a fixed
Materials. The 2-deoxynucleoside phosphoramidites, CPG concentration of 2-AP-labeled DNA. Final concentrations of
supports, and DNA synthesis reagents were purchased fromenzyme and DNA after mixing were in the range 0644
Glen Research (Sterling, VA), except fot-2fluoro-2- uM and 100 nM, respectively. For the experiments in which
deoxyuridine (), 4-methylindole nucleoside (M), and the rate of tryptophan signal decrease of the enzyme was
pyrene nucleoside (Y), which were synthesized as describedmonitored, a solution containing a variable amount of DNA
previously 6, 29, 30). The oligonucleotides were synthesized was rapidly mixed with a fixed concentration of the enzyme.
using standard phosphoramidite chemistry on an Applied In these experiments, the final concentrations of DNA and
Biosystems 392 synthesizer. The oligonucleotides were enzyme after mixing were in the range 6.42.8 uM and
purified by anion-exchange HPLC (Zorbax Oligo), followed 100 nM, respectively. Measurements with the M duplex
by C-18 reversed-phase HPLC (Phenomenex Aqua column).using 2-AP fluorescence could not be accurately made above
Fractions containing pure oligonucleotide were concentrated 1.6 «M because only 20% of the observable signal remained
to dryness in vacuo, redissolved in MilliQ water, and stored after the~1 ms dead time of the instrument had elapsed.
at—20°C. The purity of the oligonucleotides was assessed As previously observed, plots dpsg against [UDG] or
by matrix-assisted laser desorption mass spectroscopy andu®-X] were hyperbolic, indicating a multistep binding
denaturing polyacrylamide gel electrophoresis. The concen-mechanism. The kinetic parameters were extracted by fitting
tration of each oligonucleotide was determined using its the data to a minimal two-step binding model (eqs 3 and 4),
extinction coefficient at 260 nm3(). DNA duplexes were

hybridized in 10 mM Tris-HCI (pH 8.0) and 60 mM NacCl kL ke
as described previouslg). The purification ofEscherichia E+ S'E ES'E ExF ©)
coli UDG has been described previousB2).

Ko MeasurementsThe Kp values for binding of the _ Koit[S] + Ko 4
UF-X duplexes to UDG were measured using a kinetic bsd™ K'[S] + 1 4)

competitive inhibition fluorescence assay under conditions

where the apparer; is equal to theKp value (i.e., [S]< whereK' = ki/(k-1 + kmay is the apparent affinity constant,
Km, Where S exhibits rapid equilibrium binding). Reaction k., = K'(k> + k) is the apparent second-order association
mixtures (148.5uL) containing 10 mM Tris-HCI (pH 8.0), rate constant, ankls = k_ik—o/(k—; + k; + k-5) is the overall

60 mM NaCl, 12.5:g/mL BSA, 2uM AUPA substrate, and  dissociation rate constant. The maximum rate constant for
a variable amount of the X duplex were placed in a 0.3  the unimolecular rearrangements detected by the 2-AP and
cm quartz cuvette, and its fluorescence emission at 370 nmtryptophan fluorescence signals is measured by the asymptote
was monitored every 10 s at 26 on a SPEX FluoroMax-3  kna?" (or kmax' ™) = ko + k-, (5). Although base flipping
fluorometer fex = 320 nm) until the signal stabilized. UDG  has been previously shown to involve two internal steps
(1.5 uL) was then added to the reaction mixture to give a rather than the one shown in eq& 17, 20), the simplified

final concentration of 0.25 nM. The progress of the reaction analytical expression of eq 4 is very useful for comparing
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the kinetic behavior of a series of substrates or mutated A H-bonds

enzymes ). —_—
Very slow dissociation rate constants determined from the UFIM 0

concentration dependencelgksq(eq 3) have a high degree

of uncertainty becaudey is derived from the-intercept of E 1

a plot ofkspsgagainst [S]. Under such conditions, a trapping U'N

experiment is required to obtain a more precise value for

kot Trapping experiments for the substrates containing D, (e 2 (Wobble)

A, G, and N in the base pair with uracil were performed by

rapidly mixing a solution consisting of UDG (2600 nM) T 2

and 2-AP-labeled DNA (200 nM) with a large molar excess
of nonfluorescent trapping duplex (20M AUFA-11) (6)
using a stopped-flow fluorometer. The time-dependent
decrease in 2-AP fluorescence as the bound DNA irreversibly 100 200 300 400 500
dissociated was fit to a single-exponential decay to obtain Ko (nM)

kot (€q 5). Because of the very slow dissociation 6f N,

utD

=

o

F, = AF exp(—k.4t) + F, (5)

its kot was measured by manually mixing a solution
consisting of UDG (100 nM) and PtM (100 nM) with 1

uM high-affinity trap, AUSFA/TMT-15 (14). This reaction
was performed using a 0.3 cm path length quartz cuvette
(150 uL) and a Spex FluoroMax-3 fluorometer. The time-
dependent decrease in 2-AP emission at 370 nm was
followed with excitation at 315 nm.

AAGying (kcal/mol)
N

352 251 150
Change in Number of H-bonds

RESULTS Figure 3

o N ) Ficure 3: Binding affinities of UDG for f-X DNA duplexes and
Binding of UDG to Destabilized Damaged SitéAle incremental change in binding free energy when each hydrogen

synthesized a series of 19-mer DNA duplexes containing abond in removed. (A) Trend in dissociation binding constants as
series of U-X base pairs using a sequence based on a duplexbase pair hydrogen bonds are removed (see also Table 1). The

. | di id Kineti di b fliobing b number of hydrogen bonds in theé"iX base pair is shown to the
previously used In rapid kinetic studies of base flipping BY  (igh¢ of the bars. (B) Incremental change in binding free energy as

UDG (Figure 2) 6). The 2 fluorinated deoxyuridine  each hydrogen bond is removed from theXJbase pair AAGying
substrate analogue flis an extremely slow substrate for = —RTIn Kp"/Kp""%, wheren is the number of hydrogen bonds in

UDG (t2 ~ 1 day), allowing measurements of DNA binding the base pair).

and base flipping without the complication of glycosidic bond o o ) o .
cleavage ). The affinity of UDG for these duplexes was Binding Kinetics.To _d|§sect the origins of the dramatpglly
measured using a competitive inhibition kinetic asskg).(  €nhanced binding affinity of the duplexes with destabilized
As previously observed for a series of 15-mer duplexes with U™X base pairs, the kinetics of association and dissociation
a different sequencelq), the Kp values for the 19-mers ~ Were measured. Association rates were measured using
decreased incrementally as thé-X base pair weakened Stopped-flow fluorescence measurements by monitoring
(Figure 3A and Table 1). The®eM duplex, which contains e|thgr the increase in 2-AP quorescencg that accompanies
no hydrogen bonds, binds a striking43400-fold (6.3 uracil unstacklng and DNA bending (Figure 4A) or'the
kcal/mol) more strongly than the duplex containing the decreas_e in tryptopha_m fluorescenpe that marks the attainment
UF-D base pair with three hydrogen bonds. Of note, the Of the final extrahelical state (Figure 4B%,(6, 17). As
incremental decrease in the free energy of binding was only ©Pserved in previous studies using duplexes withALand
about 1 kcal/mol when the first and second hydrogen bonds U™G base pairs), plots ofkspssversus concentration were
were removed from the D base pair (Figure 3B), which hyperbollc when enher the 2-AP or tryptophan quorescence
is similar to estimates of the free energy contribution of Signals were monitored (panels A and B of Figure 5,
individual hydrogen bonds to the stability of duplex nucleic r_es_p_ectlvely). This k_metlc behavior indicates a change in rate-
acids @3). In contrast, removal of the last hydrogen bond to limiting step from bimolecular encounter at low concentra-
form the UM pair resulted in a much larger 4 kcal/mol tions of the varied reactant to a unlmqlecular conformational
decrease in binding free energy, indicating the presence of¢hange of the DNA and enzyme at high reactant concentra-
additional energetic contributions. These additional contribu- tions. All hyperbolic plots were fit to the two-step binding
tions may involve a loss of both hydrogen bond and base model _(eq 4), and the_ kinetic constants obtained from this
stacking interactions, leading to a large increase in confor- @nalysis are reported in Table 1.

mational entropy of the UM base pair {4). This result There are revealing aspects of the kinetics for the 2-AP
suggests that, with respect to the free energy of binding, and tryptophan fluorescence changes. First, for the substrate
increased flexibility of the site may play a more important with the most stable base pairfiD), the association kinetics
role than the enthalpic benefit of removing single hydrogen measured using the 2-AP signk}£~") is 3-fold faster than
bonds (see below). when the tryptophan signal is followed.{™) (Table 1).
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Table 1: Binding Affinities and Kinetic Parameters for UDG Association and Dissociation vtk Duplexes

k0n2AP konTrp
duplex Kp (M) K’ 2AP (uM 1) K' TP (uM~1) uM~ts™h (uM~tsh Koit (571) Kpeae(nm)d
UF-D 434+ 10¢* 0.29+ 0.05 0.12+ 0.02 206+ 22 72+ 7 44+ 1.3 2144 24
UF-A 80 £ 2P 0.08+ 0.01 0.13+ 0.01 236+ 10 172+ 8 26+ 0.3 110+ 4
UF-G 504 207P 0.10+ 0.01 0.25+ 0.08 292413 331+ 56 6.9+ 0.04 24+ 1
URN 8.2+ 0.3 0.20+ 0.04 0.14+ 0.01 282+ 28 315+ 5 6.0+ 0.05 21+ 2¢
UFM 0.01+ 0.00Z 0.324+0.15 0.64+ 0.08 292+ 40 666+ 45 0.018+ 0.001 0.062+ 0.009

2 Kp was determined by directly monitoring binding of DNA to UDG using 2-AP fluorescence (see Experimental Procéd(akss previously
reported §). ¢ Kp was determined using competitive inhibition assay with"AUsubstrate (see Experimental Procedures). The affinity of-AU
is 2-fold greater than that of PtA (17). ¢ Kp calculated fronkos/Kon?AP.

E E * PUD
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o - m PUF/G
< ! 7504
3 2 Y PUPN
2 B 5001 e PUF/M
=3
S 250+
i
o 0 T T T T T T 1
<| 0 1 2 3 4 5 6
™ 010 } . . . . . [UDG] (uM)
000 001 002 003 004 005
Time (sec) B 500 * AUFD
B A AUTA
0.2 = 600 " AUFIG
F F o v AUN
g E+AU/N — E-AU"/N 3 400 o AU'M
o <)
) X<
3 200
<
° c L] L] L L \J \J
= 0.0 25 5.0 7.5 10.0 125
w F
o [AU/X] (uM)
=
-0.1 Y T T T 1
000 001 002 003 004 005 C 127
Time (sec) o ™
Ficure 4: Stopped-flow fluorescence kinetic measurements of Bg 81
UDG association with ©X duplex DNA. (A) Approach to ;5 .
equilibrium association rate of PtN (0.1xM) and UDG (0.4uM) S
monitored by the increase in 2-AP fluorescence. (B) Approach to <4
equilibrium association rate of UDG (QuM) and AU*N (0.4 M)
monitored by the decrease in tryptophan fluorescence of UDG. 2
0
However, as hydrogen bonds are removed from the base pair b AGNM DAGNM
kor2AP andk,n'™ become indistinguishable. This result arises Zaminopurine aypophan

because,*" is nearly invariant across the whole series of

duplexes, whild,,"™ increases by about 9-fold (Figure 5¢€).  FIGURE 5: Concentration dependence of the apparent association
ThFe) Observatigflnthdto ™ is Slozver thank, ZAP(WEEH the) rate constantskf,9 for the five different U-X base pairs and

. n n i relative ko, values as compared to theFdD substrate. (A)
base pair is strong requires that the conformational changepependence ok,s on the concentration of UDG followed by
in the enzyme lags behind the structural perturbation in the changes in 2-AP fluorescence. Data were fit to the two-step kinetic
DNA that results in the 2-AP fluorescence increase. The model (egs 3 and 4). (B) Dependencekgfs on the concentration
strong dependence &, on base pair hydrogen bonding of DNA followed by changes in Trp fluorescence. Data were fit to

o the two-step kinetic model (egs 3 and 4). (C) Effect of changing
indicates that these hydrogen bonds are broken very lateyr.x hase pair strength ok, expressed as the ratio kf(UF-X)

to kon(UF-D). Ratios determined from the kinetics of the 2-AP and
2 The asymptotidssvalues for the 2-AP signakaP = k2AP + tryptophan fluorescence changes are displayed separately.

k-_,?AP: see eq 3) increase by about 2-fold betweérDUand the -A

or U™-G substrates but then decrease from these peak values by abouhlong the reaction coordinatafter the step that is reported

2-fold for the U-N and U-M substrates. This behavior may be : : ) :
qualitatively understood using the simplified two-step kinetic analysis on by the 2-AP signal anduring the final conformational

we have employed. That ik;?*” andk_,2A" are complex rate constants ~ Step when the enzyme closes around the uracil base. This
that reflect the interconversion &f, 1o, andP on the enzymekma”” result implies that the 6-fold 2-AP signal increase reflects

firstincreases as the conversionlgf— P becomes more rapid due to  tha formation of an intermediaté ( Figure 1) in which the
hydrogen bond ablation and then decreases because the reverse rate 2

(k_»*") becomes negligible for thefN and UM substrates due to  uracil stacking interactions with the adjacent 2-AP base are
stabilization ofl, andP (i.e., kma*? ~ k2P, see Discussion). perturbed, but the uracil retains hydrogen bonding with its
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Ficure 6: Determination ofky using a trapping experiment. A 21 3 5
complex of PW-N (0.20 uM) and UDG (0.25uM) was rapidly 1 1
mixed with a large excess of nonfluorescent L1 single- f wo
stranded DNA (2Q:M) (6). Thek is determined from fitting the o 04
time-dependent decrease in the 2-AP fluorescence 6fNPHs it L
is irreversibly released from UDG (eq 5). 17 0
partner base6( 17). Since the preceding intermediate, ( “5 6 7 8 8 10 11 12
Figure 1) is not detectably ben?)( and the subsequent pKp
extrahelical state is bent by abOUtDZ(B), thenthe structural Ficure 7: Logarithmic dependences kf, andky on the binding

implication of the increase in 2-AP fluorescence is that the affinity of UDG for U™-X DNA (pKp). (A) Logarithmic dependence
DNA is bent in the transition state leading kg3 although ~ Of kon On pKp. The data were fit to the empirical equation lkg

; ; ; ; i~ = log kqir — log(1 + 10PK—PKo), wherekgs is the rate constant for
the magnitude of the bending at this point along the reaction diffusional encounter andqy is an empirical constant. (B) Linear

coordinate is not known. Itis important to point out that the  gyependence of loy on binding affinity (slope= 0.74 + 0.07,
9-fold increase inko,, pales in comparison with the ap- R2= 0.97). For reference, the number of hydrogen bonds in each
proximately 43000-fold increase in UDG binding affinity —destabilized B-X base pair is indicated above each data point.
when these three hydrogen bonds are ablated. Thus, the vast
majority of the binding affinity increase is not attributable last conformational step monitored by tryptophan fluores-
to Kon. cence; see above), then the stabilized species must be one
The above results strongly suggest that the large thermo-or both of the complexes shown in the upper and lower right-
dynamic benefit of removing hydrogen bonds in theXxJ ~ hand corners of Figure 1B P).
base pair arises from profound differences in the dissociation Linear Free Energy CorrelationsThe quantitative de-
rates of these duplexes. To establish this point, the dissociappendence ok,, andk.s on UDG binding affinity provides
tion rates Kor) were measured using an irreversible trapping further insights into the mechanistic basis for the enhanced
experiment %) in which a solution of UDGPU™-X) was binding of duplexes with destabilized base pairs. A plot of
rapidly mixed with a large excess of unlabeled trapping log k.,n?A” versus [Kp is nearly flat across the whole series
DNA, and the decrease in the 2-AP signal was followed (Figure 7A, triangles) with an average valkg = 2.8 x
(Figure 6). The dissociation rate constants are reported in10® M~! s ! indicative of near diffusion-controlled binding
Table 1 and are consistent with tlggntercepts Kq¢) esti- except for the substrate with the most stable base pair
mated from the concentration dependence of the associatio(U-D) which falls slightly below this average value. Thus,
rates in Figure 5A,B. The dissociation rates were strongly all internal kinetic steps preceding and including the 2-AP
dependent on the nature of thé-X base pair, decreasing fluorescence change are rapid as compared to the encounter
by over 4 orders of magnitude over the entire series, with rate. In contrast,,'™ shows a linear increase as a function
kot(U™D) = 44 st andky#(U™-M) = 0.018 s*. These data  of pKp for the more stable WD and U-A duplexes,
provide strong evidence that removal of target base pair followed by downward curvature to a plateau valugf®
hydrogen bonds leads to profound stabilization of one or = 4 x 10° M1 s! for the most destabilized base pairs
more enzyme-bound species on the uracil flipping pathway. (Figure 7A, squares). This behavior indicates a change in
Since the kinetic effect of removing hydrogen bonds appearsrate-limiting step as a function of base pair stability from
very late during the uracil flipping process (i.e., during the the step giving rise to the tryptophan fluorescence change
to that involving diffusion-controlled encounter. We conclude
3\We were unable to detect DNA bending by UDG employing that the thermodynamic stability of thé X base selectively
standard fluorescence resonance energy transfer (FRET) methods andlters the activation barrier for the step reportedkiy™.

DNA substrates with fluorescence donor and acceptor groups on each : : ;
end 61, 52). We attribute this result to interaction of the rhodamine In contrast with logkon, there is a linear dependence of

fluorophore with binding sites in the free DN/A3, 54), which may log kot ON FK_D! WiFh the dissociation rate decreasing steeply
be disrupted when the enzyme binds, resulting in no FRET change.as UDG affinity increases (Figure 7B). From the slope of
Based on crystallographic models of bent DNA bound to UDG (not thjs correlation 0.744 0.07), it can be inferred that about

shown), we would have expected a substantial 1.4-fold FRET increase. -, ,, - PR .
The same negative result was obtained when the donor or acceptor’ 470 Of the difference in binding energies between any two

was placed on the' ®r 5 end of the uracil-containing strand or when ~ UF+X duplexes arises frork,t. The simplest mechanism that
a 15-mer or 19-mer duplex was used. We note that an unexpected ancaccounts for the small effect of base pair strengthkgn

small 15% FRETdecreasewas recently reported fdecoRl methyl- ; ; i At
transferase which also flips a DNA base by a putative bending and the large effect okey, is the progressive stabilization

mechanism, although an increase was expe&8yd (Ve conclude that ~ Of one or more enzyme-b{)und species as hydrogen bonds
FRET results should be interpreted cautiously in base flipping systems. are removed (see Discussion).
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binding energy by UDG in order to distort the DNA as

Table 2: Effect of Pyrene Nucleoside on Binding Affinity of UDG = A . h i
compared to &M. This idea is consistent with previous

to Uracil and the Abasic Site Containing DRA

computational findings suggesting that decreased DNA

Duplex DNA K, (aM) flexibility can lead to reduced UDG binding affinity by
0 " increasing the resistance of the DNA to adopt the bend
ur N/\{H* _____ al 300+ 50 enforced by protein bindindLQ). Increased structural rigidity
ona’ { N D introduced by pyrene is chemically reasonable because the
TN i Y 9xtendedn aroma}tic system of t.he pyrene ba;e pai_r m_imic
H_}/\N CQO 120 + 30 is much more rigid than the native™A base pair which is '
J " ona bNa only restrained by noncovalent hydrogen bonding. Assuming
HeC this interpretation for binding of the Y base pair, its
U m M 0.24 +0.03 unfavorable rigidity is offset by the energetic benefit of
DNA’ DNA e extrahelical preorganization of the uracil. Thus, the binding
H affinity of UFY to UDG is similar to a U-A base pair
o "_"/ N A 100+ 10 because of compensatory energetic effects, Betilbinds
ona "\QN\ Nona more tightly because of the increased flexibility of the site
Ci Y (Table 2).
® + To further test the proposal that rigidity of the DNA has
oned) NA 8700+ 675 an adverse effect on UDG binding affinity, we tested the
HiG effect of the opposing base (A, M, or Y) on binding of DNA
® H @ M 18+3.0 that contained an abasic site product analogbg (Table
DNA” DNA

2). Structural studies have shown that UDG can bind
specifically to and flip out abasic sites to form a structurally
indistinguishable complex as compared to substrate analogue
DNA (2, 8, 37, 38). However, because there is no require-

Base Pair Hydrogen Bonds, DNA Flexibility, and UDG ment for rupture of a base pair upon flipping of an abasic
Binding. To test the role of DNA flexibility on binding  nucleotide, and there is no uracil attached to form hydrogen
affinity, we employed a novel structurg@eactivity approach.  bonds and stacking interactions in the UDG active site, the
This strategy takes advantage of the decrease in flexibility changes in binding affinity between th@-Y and ®-M
of the target site when it is modified with a rigid pyrene duplexes should largely reflect differences in the intrinsic
nucleotide on one strand (Table 2)7( 30, 34—36). We flexibility of the target site. As shown in Table @-M binds
originally used a uracitpyrene base pair (JY) to preor- ~480-fold more tightly thand-Y and 5-fold more tightly
ganize uracil in an extrahelical conformatiddd), with the than ®-A. The observed greater affinity of UDG fab-M
rationale that the planar aromatic ring structure of pyrene over ®-Y is identical to that of §-M and U™-Y (Table 2).
would fully encompass the entire volume normally occupied We conclude from these results that pyrene introduces an
by the standard HA base pair, thereby presenting the uracil unfavorable free energy contribution to binding of as much
to the enzyme in an extrahelical conformation that favors as 3.7 kcal/mol arising from its increased rigidity and
binding (i.e., the energetic penalty for uracil flipping is stacking as compared to sites that contain A or M as the
prepaid, allowing for tighter binding). In accord with this opposing base. In conclusion, the observation that flexible
reasoning, DNA that contained a™¥ pair fully rescued abasic sites bind with much higher affinity than rigid abasic
the catalytic and base flipping activities of UDG mutants sites provides strong experimental evidence that specific
that were incapable of pushing uracil from the DNA base recognition involves a flexibility component regardless of
stack in the context of a A base pair 17, 34). the presence of a uracil base.

Although base flipping mutants showed dramatic mcreaseSDISCUSSION

in their site-specific binding affinity and catalytic activity
when a U-Y pair was used, wild-type UDG bound with The mechanism by which enzymes obtain extraordinary
specificity for their respective target sites in a large back-

nearly equal affinity to DNA containing either a*tY or
ground of random DNA sequences has long been an active

2 The sequence of DNA corresponds to 15-mer duplexes it4ef
@ = tetrahydrofuran abasic nucleotide analogue.

UF-A base pair 84). This finding is reaffirmed in Table 2
where the binding affinity of UDG to a 15-mer duplex area of research. In this general area, DNA glycosylases have
containing a U-A and U™Y pair is shown to differ by only evolved a unique solution to this problem that is divergent
2.5-fold. This result is in dramatic contrast to the 1200-fold from the sequence-dependent mechanisms of restriction
tighter binding of the B-M duplex as compared to A enzymes, transcription factors, and repressor proteins. Ob-
using the same 15-mer context (Table 2). These observationgaining a fundamental understanding of the kinetic and
indicate that there is a cryptic energetic penalty for binding thermodynamic origins of DNA repair glycosylase specificity
of the U™Y duplex that is not present for binding of the has the potential to allow rational targeting of these enzymes
UF-M duplex even though ©M and U-Y both lack to engineered DNA sites that display features that promote
hydrogen bonds to the uracil base. Thus a key question isenhanced binding and reactivity. Indeed, we have previously
the basis for the dramatically tighter binding of thé-M shown that simple rules derived from mechanistic studies
duplex as compared to"t¥ (AAG = 3.7 kcal/mol). of base flipping and catalysis can be used to alter UDG’s
A likely explanation is that the pyrene nucleoside serves specificity to recognize a cytosine base opposite to pyrene
to stiffen the DNA at the apex of the bend induced during (i.e., a CY base pair) rather than uracB%). Such findings
base flipping and thus requires a greater expenditure of offer the promise of altering the coding sequences of genes
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in vivo using engineered glycosylases in combination with uracil base spends an ever increasing time in an extrahelical
assisting targeting molecules such as pyrene-containingconformation as depicted in Figure 8A.
oligonucleotides. The Importance of Being FlexibleThe kinetic and

The Reaction Coordinate for Base Flippirigis difficult thermodynamic data indicate that as the base pair hydrogen
to imagine the pathway for flipping a base 28@m the bonds are removed, the second intermedia)edr the final
DNA base stack ultimately leading to its precise docking extrahelical stateR), is increasingly stabilized (Figure 8B).
into an enzyme active site. It is equally difficult to view how The results also reveal that removal of the first two hydrogen
an enzyme could form specific interactions to guide a target bonds alters binding affinity by-1 kcal/mol per hydrogen
base through a trajectory that arcs widely out of the DNA bond but that removal of the final hydrogen bond results in
helix (Figure 1A) {7, 35). The present data suggest plausible a significantly larger 4 kcal/mol increase in the binding
mechanistic answers to these questions that are consisteraffinity (Figure 3B). Assuming that the base pair remains
with previous NMR dynamic and structural studies of the largely intact when the first two hydrogen bonds are broken,
earliest steps in the base flipping proce®s35) and also which is supported by both NMR and potassium perman-
crystallographic studies of the final extrahelical compl@x (  ganate oxidation sensitivity measuremenit4 47, 48), then

To understand how an enzyme might facilitate the overall the 1 kcal/mol free energy increment may provide an estimate
base flipping process, it is useful to consider the intrinsic of the individual hydrogen bond enthalp$3). The free
kinetic and thermodynamic problems that must be overcomeenergy change when the last bond is removed is substantially
in extruding a base from the B DNA base stack (Figure 8). greater than estimates of DNA base hydrogen bond energy
First, NMR imino proton exchange experiments have estab- (33, 49), indicating the loss of multiple energetic interactions,
lished that TA, T-G, and UA base pairs rapidly open at  perhaps including stacking of the uracil with adjacent bases.
room temperature’( 40, 41). These opening rates are greater We suggest that one ramification of total ablation of
than or equal to the rate constants for kinetic steps on thehydrogen bonds in the X pair is increased conformational
base flipping of UDG (Table 1), indicating that spontaneous flexibility of the target site. Such conformational flexibility
base pair opening provides kinetically competent motions would be expected to facilitate DNA bending and, therefore,
for seeding the enzymatic base flipping process. Indeed, binding affinity. The conclusion that hydrogen bond ablation
recent studies of imino proton exchange of UDG-bound DNA increases target site flexibility is further supported by the
have established that UDG does not alter the opening rate3.7 kcal/mol unfavorable effect of the rigid pyrene (Y)
but instead substantially slows the closing rate constant of nucleotide on binding as compared to 4-methylindole (M)
open TA base pairs¥). This result is intuitively satisfying ~ when these nucleotides are placed opposite to uracil or an
because the base pair closing rates in B DNA are exceedinglyabasic site in duplex DNA (Table 2). We infer that pyrene,
fast (~10" s™1) (42, 43), and one major problem in facilitating by forming strong stacking interactions and occupying a
the migration of a base forward along the flipping trajectory space that spans the width of the DNA duplex, significantly
is to prevent its retrograde motion back into the DNA base increases the resistance of the DNA toward bending, which
stack (Figure 8A). On the basis that adjacemh&and GC is in turn reflected in the binding affinity measurements. Of
base pairs showed identical closing rates in the UDG course, the other destabilized base pairs may also exhibit
complex ~10° s7%), but these rates differed by 25-fold in changes in stacking energetics, but these differences are
the free DNA, we proposed that UDG uses nonspecific DNA expected to be small given the very conservative changes in
backbone interactions to increase the lifetime of a high- the nature of the opposing base0). These differences in
energy open state of the bound DNA that occurs very early stacking energies, if present, would also be manifested in
on the flipping trajectoryl(, Figure 8A) 7). This open state  the flexibility of the DNA and would therefore contribute
of UDG-bound DNA is still extremely unstable and exists to the energetics of enzyme-induced DNA bending.
in dynamic equilibrium with closed B DNA. Nevertheless, A free energy diagram depicting the significant effect of
the equilibrium is now shifted more toward the open state target site flexibility on binding is shown in Figure 8B. The
as compared to the free DNA (Figure 8A). diagram highlights how weaker®tX base pairs are easier

The next intermediatd £) on the flipping pathway has an  to bend due to their increased conformational flexibility,
altered B DNA structure such that the uracil stacking leading to a decrease in the free energy of the bent DNA,
interactions with the adjacent 2-AP are perturbed, but on reflected in the stability of, andP in Figure 8B* In addition
average, the base pair hydrogen bonds are still intact (Figureto the energetic benefit of increased flexibility of thé-M
8A). The experimental observations that support these substrate £3 kcal/mol), theP state realizes the additional
features ofl, are (i) the rapid 2-AP fluorescence change energetic benefit of forming hydrogen bonds with the uracil
indicating a perturbation in the stacking of uracil with 2-AP  base without the penalty of breaking hydrogen bonds in the
during the formation of, (Figure 4A) and (i) that the kinetic ~ base pair 3 kcal/mol).
step betweenl, and the final extrahelical stateP) is The data uncover that a significant portion of UDG’s
kinetically enhanced as hydrogen bonds are removed fromintrinsic binding energy is used to drive the unfavorable
the U-X base pair (Figure 5C), indicating that these bonds process of DNA bending. Thus, a key question is the benefit
persist after formation of,. Once the final state is attained
and the !”ac" is docked and hel_d S‘?CUfe'y _'n the active site 4This is similar to our previous conclusion that enthalpically
by stacking and hydrogen-bonding interactio8s38, 44— destabilizing the uracil base pair promotes enhanced binding by
46), the extrahelical base cannot reenter the DNA stack increasing the probability of extrahelical states that are recognized by

; imhi i ati ; the enzyme14). However, our previous interpretation did not include
without climbing the reverse activation barrier backljo the effect of base pair flexibility on the energetics of DNA bending.

Thus, the base flipping process may be viewed as the|ygeed, increased flexibility appears to be more important than the
progressive formation of enzyme-bound states in which the enthalpic benefit of removing hydrogen bonds.
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Ficure 8: Free energy diagrams depicting the increasing base flipping equilibrium in each intermediate along the reaction coordinate for
uracil flipping and the effect of base pair destabilization on binding affinity of UDG. (A) Free energy diagrams depicting the increasing
equilibrium constant for uracil flipping along the reaction coordinate. The equilibrilggn = [open]/[closed], describes uracil in a closed,
hydrogen-bonded state in the DNA duplex and an open state that is further along the reaction coordinate for base flipping. This flipping
equilibrium is qualitatively depicted for the free DNA, the two enzyme-bound intermediates in Figuieg, 18,(@nd the fully extrahelical

product of the flipping reactiorR). The known structural and dynamic features of each depicted species are listed below each profile. The
equilibrium constanKs, has been measured for the free DNA1LQ5) and for DNA bound inl; (~1073) using NMR solvent magnetization
transfer methods at 1TC (7), establishing that UDG increases the equilibrium by about 100-fold in this early intermediate. Less is known
about the structure d§, but the present results indicate DNA bending and largely intact base pair hydrogen bond$ tatee the uracil

is held tightly in the active site, and the equilibrium is pushed all the way to the fully open stafer{t&on). Access to the closed state
requires passage back over the transition state conndetang P. The estimated rotation angles for the closed and open states are based
on the pseudodihedral reaction coordinate defined by Banavali and MacKerel¥f, which ranges from 10for uracil in B DNA to 180

for full rotation of the base out of the major groove. (B) Free energy effect of base pair destabilization on binding affinity oAWBERY

= AAGHex 4 AAGHond) | The relative free energy profiles for the stablé-D duplex and the flexible &M duplex are depicted. The
increased flexibility of the &M substrate decreases the free energlpdifecause less binding energy is required to bend the DNA at this
step. The magnitude of the flexibility benefit is estimatedAasGfex ~ 3 kcal/mol (see text). In addition to the flexibility benefit, the
absence of base pair hydrogen bonds mMUas compared to the three hydrogen bonds fRDUenhances binding of the state by
AAGHbond ~ 3 kcal/mol (see Figure 3B and text). This benefit arises because™ i there is no energetic price for breaking these bonds

in the base pair. For simplicity we have shown thatGfe arises entirely at thé, state, but this effect is more likely realized at both the

I, and P states.

derived from this significant energetic expenditure. Since the  UDG likely promotes forward migration of the uracil down
rate of spontaneous base pair opening is already fast comthe pathway by forming nonspecific interactions with the

pared to events on the base flipping pathway, it is mecha-

nistically reasonable to propose that the role of enzyme- °Computational studies on UDG and other enzymes have suggested

induced DNA bending is to promote forward commitment that DNA bending facilitates base flipping<{12, 51-55), and a recent
S . computational study on Hhal (cytosine-C5)-methyltransferase indicates

along the pathway rather than to lower activation barriers to ¢ this enzyme acts by forming a web of interactions with several

flipping (i.e., stabilization of extrahelical intermediatés). high-energy intermediates along the flipping pathwa§) (
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DNA backbone which become progressively stronger during
the formation of two discrete intermediatés4ndl ,, Figure

1B). In the earliest nonspecific intermediaktg (NMR imino
exchange experiments indicate that UDG increases the
opening equilibrium ([open]/[closed]) by almost 100-fold (2.8
kcal/mol), largely by decreasing the closing rafg (n the
subsequent intermediatk), the magnitude of the equilib-
rium is currently unknown, but a further increase is suggested

because the uracil has substantially decreased stacking

interactions with the adjacent 2-AP base arising from DNA
bending. Since the presence of uracil is required to achieve
I,, then this intermediate must be considered a specific
complex in which the enzyme recognizes some feature of
the uracil base. The extent or nature of the discrimination
between uracil and other normal DNA bases at this inter-
mediate step is currently not known. In conclusion, our view
based on these findings is that UDG facilitates base flipping
by utilizing binding energy to alter the DNA structure,
thereby progressively shifting the flipping equilibrium toward
the open state that is ultimately trapped by specific interac-
tions located within the uracil binding pocket. The specific
interactions are formed only very late in the process, and
thus, the earlier steps in the flipping pathway are largely
driven by nonspecific interactions. A further experimental
goal with UDG is to unambiguously identify the amino acid
side chains that promote the stepwise transition from the
closed to open state.

ConclusionWe have uncovered the origins of high-affinity
binding of UDG to an extrahelical uracil base. By discretely
altering base pair hydrogen bonding and site flexibility, we
have found that high binding affinity is determined more by
the flexibility of the site than by the enthalpic benefit of
removing base pair hydrogen bonds. Thus a significant
contribution to enzymatic base flipping is the unfavorable
energetic cost of DNA bending. This cost is estimated in
two ways: (i) the stiffening effect of pyrene (3.7 kcal/mol)
and (ii) the additional favorable energetic effect on binding
of removing the last hydrogen bond from the uracil base
pair (~3 kcal/mol). In the future, these simple features of
high-affinity target site binding by UDG may be utilized to
direct UDG to specific sites in genomic DNA.
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