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ABSTRACT: The DNA repair enzyme uracil DNA glycosylase (UDG) locates unwanted uracil bases in
genomic DNA using a remarkable base-flipping mechanism in which the entire deoxyuridine nucleotide
is rotated from the DNA base stack into the enzyme active site. Enzymatic base flipping has been described
as a three-step process involving phosphodiester backiinocing base extrusion through actipeshing

and pluggingby a leucine side chain that inserts in the DNA minor groove, and, finpliyling by
hydrogen-bonding groups that interact with the extrahelical base. Here we employ mutagenesis in
combination with transient kinetic approaches to assess the functional roles of six conserved enzymatic
groups of UDG that have been implicated in the “pinch, push, plug, and pull” base-flipping mechanism.
Our results show that these mutant enzymes are capable of flipping the uracil base from the duplex, but
that many of these mutations prevent a subsequent induced fit conformational step in which catalytic
groups of UDG dock with the flipped-out base. These studies support our previous model for base flipping
in which a conformational gating step closely follows base extrusion from the DNA duplex [Stivers, J.
T., et al. (1999Biochemistry 38952—963]. A model that accounts for the temporal and functional roles

of these side chain interactions along the reaction pathway for base flipping is presented.

Enzymes that alter the covalent structure of DNA bases damaged site is located in correct register with the active
must solve the general problem of gaining access to sitessite pocket. Bending may be induced by the interaction of
that are normally buried in the duplex structure of the DNA. two serine side chains with the phosphodiester groups on
Nearly 10 years ago the crystal structure of cytosine the 3 and 3 sides of the deoxyuridine residue (Ser88 and
5-methyltransferase bound to its DNA substrate revealed thatSer189), leading to compression of thePPdistance (“serine
this enzyme solved the problem by a novel base-flipping pinching”). Although induced DNA strain is an attractive
mechanism involving rotation of the entire cytidine nucle- mechanism for initiation of the base-flipping process, no
otide from the DNA and into the active site where the direct evidence for this mechanism yet exists. The structure
5-position of the cytosine base was positioned for methylation also shows that a completely conserved leucine residue
(1). Subsequently, it has become clear that base flipping is (Leu191) is found protruding into the DNA minor groove
common in nature, and that many enzymes use similar opposite the expelled uracil, suggesting that this group acts
approaches to act on DNA bases. In particular, base flipping as a mechanical wedge to “push” the uracil from the duplex
appears to be absolutely required for damaged base recognif2), and additionally as a “plug” to increase its lifetime in
tion and glycosidic bond cleavage by DNA repair glycos- the active siteq). Recent biochemical studies have provided
ylases 2-5). support for both roles? 8). Finally, the uracil base is

Uracil DNA glycosylase (UDG) has taken a paradigm Stabilized in the extrahelical state by a finely tuned hydrogen-
role in the pursuit to better understand the process of basebonding network that completely satisfies all of the hydrogen
flipping by DNA glycosylases. A crystal structure of human bond donor and acceptor groups of the base (Figure 1A).
UDG bound to uracil-containing DNA has been repor@g)l (  These hydrogen-bonding interactions have been ascribed a
and this structure suggests several structural requirementspulling” function in stabilizing the flipped base (His187 and
that may be required for flipping bases (Figure 1A). First, Asn123) 9). Collectively, this constellation of interactions
the DNA in this structure is sharply bent by about 4B has been termed the “pinch, push, plug, and pull” mechanism
such bending also occurs when UDG first encounters DNA for base flipping T, 9).
at a nonspecific site, then this distortion may serve to  Transient kinetic studies and spectroscopic measurements
destabilize the duplex and promote uracil flipping when the have built upon these structural insights to illuminate the

pathway for attaining the final extrahelical state (Figure 1B).

R One useful approach to isolate the base-flipping step was to

*%%?ﬁigﬁ;gggﬁg&i%ﬁgﬂ bSS gﬁﬁrggsii'%%bne: (410) sop-arrest the chemi_cgl step of the reactic_m using a deoxyuridine
2758. Fax: (410) 955-3023. E-mail: jstivers@jhmi.edu. analogue containing an electron-withdrawingfl@orine

! Abbreviations: wtUDG, wild-type uracil DNA glycosylase;-2 substituent (2FU) (10). The kinetics of the base-flipping
FU, 2-fluoro-2-deoxyuridine; 2-AP, 2-aminopurink.™, the maximal __ stapy could then be monitored in real time using stopped-
rate constant in eq 6 for the tryptophan fluorescence change of UDG; . . .
ka2 A, the maximal rate constant in eq 6 for the 2-AP fluorescence 10W fluorescence, taking advantage of fluorescence intensity
change of the DNA. changes of a 2-aminopurine fluorescent reporter group that
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Ficure 1: (A) Arrangement of the active site groups of UDG that interact with the extrahelical WBadihe Ser88 and Ser189 phosphodiester
pinching residues, the Leu191 pushing and plugging side chain, and the Asn123 and His187 pulling groups are shown. The catalytic group,
Asp64, that is important in transition-state stabilization but not base flipping is also sdjvitE) Three-step mechanism for uracil base

flipping involving nonspecific DNA binding and dissociatiodk & 220uM 1 s71, k_; = 600 s1), reversible uracil flipping into an extrahelical

state kip = 700 s'1, k_1jp = 180 s'1), and conformational docking of UDG around the flipped-out b&ggi(= 350 S, K_cont = 100 S'1).

The microscopic rate constants were obtained from global kinetic simulations of the stopped-flow kinetic traces (see the Supporting Information
and Table 3).

was strategically positioned adjacent to the flipped uracil and transient kinetic measurements. We have found that a
(11). This work revealed that UDG follows a minimal two-  single deletion of either serine pinching side chain does not
step mechanism for base flipping in which a weak nonspe- prevent UDG from flipping the uracil base or undergoing
cific encounter complex is formed before the uracil is rapidly the conformational clamping step. However, removdath
extruded to form the extrahelical state. Raman spectroscopyserine pinching groups or, alternatively, deletion of the
measurements indicated that the structure of the nonspecificceu191 or Asn123 side chains prevents the UDG active site
complex was perturbed, with a significant decrease in the from clamping around the extrahelical base. These mutations
intensities of the DNA base Raman bands, indicating a net perturb the base-flipping process at discrete points along the
increase in base stacking2). A similar hypochromic shift reaction pathway, thereby allowing the temporal mapping

was observed in the specific complex with-FR2J DNA, of these interactions. In the following paper in this iss2®,(
suggesting that the nonspecific and specific complexes shareve extend our recent “substrate rescue” approach to dem-
common structural features. onstrate how these base-flipping phenotypes can be partially

Kinetic studies also revealed that uracil flipping is followed or fully rescued by preorganizing the uracil in an extrahelical
closely by a conformational change in UDG that could be conformation using an unnatural pyrene (Y) nucleotide
monitored by following a decrease in the UDG tryptophan wedge (i.e., a U/Y base pairy)
fluorescence, and that this induced fit change only occurs
for DNA that contains uracil (Figure 1B)10). This step EXPERIMENTAL PROCEDURES
likely involves the closing of the UDG active site around Nucleoside Phosphoramidite and Oligonucleotide Synthe-
the flipped uracil, because the free enzyme is found in an sis. The nucleoside phosphoramidites were purchased from
open state that differs appreciably from its conformation in Applied Biosystems or Glen Research (Sterling, VA), except
the specific complex2, 6, 13, 14). This conformational  for the 2-3-fluoro-2-deoxyuridine phosphoramidite, which
change likely plays a significant role in the high specificity was synthesized as describ&@)( The oligonucleotides were
of UDG for cleavage of the uracil base, because closing of synthesized using standard phosphoramidite chemistry with
the active site is a prerequisite for formation of the specific an Applied Biosystems 390 synthesizer. After synthesis and
hydrogen bonds that are essential for leaving group activationdeprotection, the oligonucleotides were purified by anion
(15—-18). These mechanistic insights initially derived from exchange HPLC and desalted by C-18 reversed-phase HPLC
transient kinetic studies using-2U substrate analogue DNA  (Phenomenex Aqua column). The size, purity, and nucleotide
have been recently confirmed using natural deoxyuridine- composition of the DNA were assessed by analytical
containing DNA (9). reversed-phase HPLC, MALDI mass spectrometry, and

Here we extend our studies of enzymatic base flipping by denaturing polyacrylamide gel electrophoresis. The DNA
selectively deleting the enzymatic side chains that are strands were hybridized as previously described to form the
involved in the pinch, push, plug, and pull mechanism duplexes used in the binding and kinetic studies as shown
(Figure 1A). We interrogate the resultant effects on the in Table 1. In these sequences| & 2'-S-fluoro-2-
multistep process of base flipping using both thermodynamic deoxyuridine nucleotide. The concentrations of the oligo-
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Table 1: DNA Sequencés
5 2
DNA Sequence s
N~
e
GCGCAU*AGTCG 2
AU /A 5 16
CGCGTA TCAGC g
S 340 360 380 400 420 440
F i 1.2 Wavelength (nM)
GCGCPU AGTCG &_
PUF/A b 1 | 1 | 1 | 1
CGCGTA TCAGC 0 5 10 15 20
aThermal melting experiments were performed in TMN buffer using [S88A] (uM)
3 uM concentrations of each duplex (see the Experimental Procedures).
The melting temperatures for ALA and PU/A were 48.8 and 45.8 1.8

°C, respectively.

. . . 1.6
nucleotides were determined by UV absorption measure-

ments at 260 nm, using the pairwise extinction coefficients
for the constituent nucleotides.

Purification of UDG and MutantsAs previously de-
scribed, the recombinant UDG froi. coli strain B was
purified to>99% homogeneity using a T7 polymerase-based 12 |- S88A
overexpression systenl 20). The concentration of the R T Y T T IS
enzyme was determined using an extinction coefficient of 0 2 4 6 8 10
38.5 mMt cm. All of the mutations in this work were [AUTIA] (M)
generated using the Quick-Change double-stranded mutagenFicure 2: Specific DNA Binding of S88A UDG. (A) PUA DNA
esis kit from Stratagene (La Jolla, CA), and the mutations (1500 nM) was titrated with increasing amounts of S88A, and the

were confirmed by sequencing both strands of the DNA. The 2-AP fluorescence increase at 370 nm is plotted as a function of

. . o . . [S88A]. The curve is the best fit to eq 1. (B) S88A (1500 nM) was
6X-His-tagged mutant proteins were purified using nickel irated with increasing amounts of &Ath DNA, and the tryptophan

chelate chromatography as previously descriidd20). The fluorescence decrease at 335 nm is plotted as a function of/[AU
His-tag was removed by cleavage using biotinylated thrombin A]. The Kp values are reported in Table 2.

followed by purification using strepavidin beads and nickel _ _ 200 200
chelate chromatography. The purity of the mutant enzymes 89UationFeor(335 NM)= Fobsg x 10°7% whereA*is the
was greater than 95% as judged by SB®lyacrylamide absorption of the DNA I|gand at the excitation wavellength.
gel electrophoresis with visualization by Coomassie Blue FeorWas then plotted against [DN#{to obtain thekp using
staining. eq 1. For the binding measurements using tryptophan
DNA Binding and Competite Inhibition Studies The fluorescence, the nonfluroescent Al duplex was used
dissociation constantskg) for binding of the various ~ (T@ble 1). L o
enzymes to the DNA molecules listed in Table 1 were Fluorescence Measurements of Association and Dissocia-
determined using two orthogonal methods. All measurementstion Rate ConstantsThe observed rate constants for as-
were performed in TMN buffer, 10 mM TrsHCI (pH 8.0), sociation of 2-AP-Ia_beIed DNA molecu_les with the various
2.5 mM MgCh, 25 mM NaCl, at 25C. In the first method, enzymes were obtained using an Applied Photophysics _720
direct binding measurements were made by following the StoPped-flow fluorescence instrument (Surrey, U.K.) using
increase in 2-AP fluorescence upon titrating fixed concentra- pseudo-first-order conditions in which the concentration of
tions of the 2-AP-containing DNA (Figure 2) with increasing (€ enzyme was always more than 4-fold greater than the
amounts of UDG. Excitation was at 320 nm, and emission concentration of the labeled DNA. In these experiments a
spectra from 330 to 450 nm were collected using a Spex syringe cont_amlng a solution of enzyme was rapidly mixed
Fluoromax 3 fluorimeter. The 2-AP fluorescence intensity With @ solution of labeled DNA delivered from a second

1 1 Il
330 360 390 420 450
Wavelength (nM)

14 —

Trp Fluorescence (331nM)

(F) at 370 nm was plotted against [UDG1o obtain theko syringe. Thg fluorescence chang.e as a functipn _of time was

from egs 1 and 2. recorded using a 360 nm cutoff filter Wl_th exc;ltatlon at 3ZQ
nm. For stopped-flow measurements in which changes in

F=F,—{(F, — F)IDNA] (2} x UDG tryptophan fluorescence were followed, excitation was

) " at 290 nm and emission was monitored at wavelengths

{b— (b° — 4[UDG],,{DNA] ;)3 (1) greater than 320 nm. In all experiments in which tryptophan
fluorescence was followed, the AU/A nonfluorescent sub-

b= Kp + [UDG];o; + [DNA] (2) strate was used. The kinetic traces were fitted to a first-order

rate expression (eq 3)
Tryptophan Fluorescence MeasuremenBissociation

constants were also determined by following the tryptophan F. = AF exp(1— Kyped) + Fo (3)
fluorescence decrease in UDG as DNA binti§)( For these

experiments, excitation was at 290 nm and emission scango obtain the observed rate constaliss() at each concen-
were performed over the range 30850 nm. Corrections  tration of enzyme or DNA. With some mutant enzymes, the
for dilution and inner filter effects were made using the kspsqvalues showed a linear dependence on [E], indicating a
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simple one-step binding mechanism (eq 4) or, alternatively, various enzymes was also measured using irreversible
a multistep mechanism in which bimolecular association is conditions. When 2-AP fluorescence was followed, these
fully rate-limiting at all achievable concentrations of enzyme. experiments were carried out by rapidly mixing a preformed
Accordingly, the association rate was obtained from the slope enzyme-DNA complex with a large excess of nonfluores-
of a plot of kopsq@gainst [E], andk,, andk.; were obtained cent single-stranded trapping DNA. The sequence of the trap
from the slope and intercept of the linear regression best-fit DNA was the same as that of the AWstrand of the duplex

line to the data (eq 5). With other mutant enzymes plots of (Table 1). The time-dependent decrease in 2-AP fluorescence
konsd @gainst [AU/A] showed curvature, indicating a more was then followed using the stopped-flow fluorescence
complex multistep binding mechanism. In these cases theinstrument. When tryptophan fluorescence was followed, the

data were fitted as described below for wtUDG. free enzyme was trapped using a high concentration of
nonspecific DNA (50uM). In all cases, the kinetic traces
E+ U g E-DNA 4) were fitted to a single-exponential decay (eq 8). Further
Kot

experimental details may be found in the figure captions.
bsa— Kon[DNA] =+ Ky ®) F, = AF exp(—ki) + F, 8)

For wild-type UDG, curvature in the plot d§nsqagainst
[E] or [DNA] was observed, indicating a change in rate-
limiting step from bimolecular association to unimolecular
isomerization of the DNA or enzymé(, 21). Thus, the plot
of kopsa@gainst [E] was fitted to eq 6, which is the general
analytical solution for the hyperbolic concentration depen-
dence of a minimal two-step base-flipping mechanism (eq
7).

Computer SimulationsThe values fokon, Kotf, Kmax and
Kp were used as starting values to constrain simulations in
which the microscopic rate constants for a more complex
three-step mechanism for base flipping were determined
(Figure 1B). The simulations were performed by globally
fitting the kinetic traces to a single set of six microscopic
rate constants as defined in the three-step mechanism
depicted in Figure 1BK( 1, k1, Kiip, K-fiip, Keont, K-conf) USING
K'[E]Kax T+ Kot the program DynafitZ2). The requirement for a three-step
bSd:m (6) mechanism in which the conformational clamping step of
UDG lags behind the initial extrusion of the uracil was
K K, suggested by the observation that Kyg™ value obtained
E+ ST ESTFE'F (7) from following the tryptophan fluorescence of UDG was
about 40% less than thkn,? AP value obtained from
[As noted previouslyX0), there are no observed kinetic lags following the 2-AP fluorescence of the DNA (see the Results
in the binding of UDG to DNA because of the rapid rate and Discussion).
constantsk_y, ky, andk—; in eq 7. Thuskopsq IS always a
single exponential with a hyperbolic dependence on DNA RESULTS AND DISCUSSION

or enzyme concentration.] In eq 6, the initial slope of the  pefinitions. To allow facile comparison of the mutational
hyperbolic concentration dependence provides the apparentsfects with the pyrene rescue effects reported in the
second-order rate constant for association of the enzyme Withfollowing paper £3), we have defined the mutational effect
the DNA [kon = K'knaxy, whereK' = ki/(k-1 + ko), the a5 the kinetic (or binding) parameter for the wild-type
asymptotic value provides the observed rate constant forenzyme divided by that for the mutant enzyme. Thus, effects
reversible base flippingkbax = ko + k), and they inter- greater than unity always indicate a falthmagingeffect
cept provides the dissociation rate constdgk = k-1k-/ on a rate constant (i.e., a slower on-rate or faster off-rate) or
(k-1 + kmay]. In this minimal two-step mechanism, the base- 4 \eakeningf binding affinity as a result of the mutation.
flipping step kmax = ko + k-) is a composite of the base 14 maintain consistency and simplicity in the description of
extrusion and UDG isomerization steps shown in Figure 1B ¢ effects, we report the mutational effects on the off-rate
_(10). Depending_on wh_ether 2-AP or tryptophan fluorescence gngk, values as (wild-type value)/(mutant value)® such

is followed, knax is designated alinad " OF knax™®, reSPEC-  {hat ratios greater than unity still reflect the fold damaging
tively. An equation of form identical to that of eq 6 can result affect of the mutatioi.

if more than two steps are involved, but the microscopic rate  \jtational Effects on DNA BindindFight different UDG
constants that comprise the apparent constéhtenax, and mutations are investigated in this study (Figure 1A): three
korr will differ. A three-step mechanism, such as that shown gerine mutations that remove the hydroxyl groups that are
in Figure 1B, is best analyzed by computer simulation proposed topinch the phosphodiester backbone (S88A,
of the kinetic data (see below). Regardless of whether eq 5,5189A, S88A:S189A), two leucine mutations that lack the
eq 6, or a more complex three-step binding mechanism isy|ky side chain thapushesnto the minor groove (L191A,
used to analyze the datas/kon = Ko, the overall dissociation | 191G), asparagine and histidine mutations (N123G, H187G)
constant for the interaction. The apparent rate constantsiat remove hydrogen-bonding groups tpall on the uracil
obtained from these analytical expressions are more accuratgyy ponding to 02, 04, and N3, and an aspartate mutation
than the microscopic rate constants obtained from computerinat removes the water activating group (D64N). These

sim_ulations, an_d provide infprmative parameters for com- yutations probe the four components of the pinch, push,
parison of the kinetic properties of the wild-type and mutant

enzymes. A R 2 The effects of these mutations on the steady-state kinetic parameters
To augment the approach-to-equilibrium kinetic measure- ot ypG have also been measured and will be reported elsewhere (Jiang
ments, the dissociation rate constakg) of U/A from the and Stivers, manuscript in preparation).
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Table 2: Equilibrium and Kinetic Constants for Binding of Mutant UDG Enzymes #AUDNA Analogue$

enzyme substrate  kon (uMts™) Kot (579) Kmax (S73) K' (uM™Y) Koft /Kon (M) Ko (uM)
wtUDG PU/A 160+ 6 21+ 3 650+ 43 0.40+ 0.08 0.13+ 0.02 0.13£ 0.03
AUF/A 120+ 11 22+ 5 400+ 10 0.3+ 0.03 0.18+ 0.04 0.114+ 0.02
S88A PU/A 47 + 15 80+ 15 >650 0.032+ 0.002 1.7+ 0.5 1.2+ 0.3
AUF/A 34+ 14 88+ 6 6804+ 110 0.05+ 0.016 2.6t1.2 1.1+ 0.2
S189A PU/A 46+ 5 23+1 650+ 170 0.09+ 0.03 0.47+ 0.05 0.62+ 0.06
AUF/A 13+5 8+3 210440 0.06+ 0.02 0.6+ 0.2 0.33+ 0.03
S88A:S189A PHA 14+ 3 2054 30 14+ 4 8.4+ 1.4
L191A PUT/A 20+ 6 56+ 12 2.8+ 1.0 0.95+ 0.05
L191G PU/A 99+19 93+ 20 9.44 2.7 51+ 15
N123G PU/A 2.1+ 0.4
H187G PU/A 34+5 4.6+ 0.5 0.14+ 0.03 0.284+ 0.04
D64N PU/A 216+ 9 8.9+ 0.5 0.041+ 0.003 0.0206+ 0.002

a Some of the equilibrium binding parameters for wtUDG have been previously publighethe parameterkon, Kor, Kmax andK' are defined
in eqs 6 and 7. Th&ma values for AU/A were obtained from the rates of tryptophan fluorescence changes in WRE). The kmax values for
PU/A were obtained from the rates of 2-AP fluorescence changes of the BN&F). The parameters for PYA and AU/A were determined
in stopped-flow experiments by following the 2-AP fluorescence of the DNA or the tryptophan fluorescence of UDG, respé@inghya lower
limit value was obtained with the S88A mutafiThis is theK, value of N123G for the corresponding substrate. Binding measurements with
PU"/A were complicated by apparent sigmoidicity, which was not observed in the kinetic measurements (data not shown).

Table 3: Microscopic Rate Constants for a Three-Step Base-Flipping Mechanism by wtUDG Determined from Kinetic Sirhulations
kl (/lM_l S_l) kfl (5_1) kﬂip (5_1) I(7flip (S_l) I<conf (s_l) kfconf (5_1) Kflip Kcontb
220+ 50 600+ 100 700+ 200 180+ 50 350+ 50 100+ 10 14+ 4

@ The rate constants were obtained from global simulations of the transient kinetic data shown in Figure 4A,B,D,E using the program Dynafit
(22) and correspond to the steps in Figure 1B. The simulated fits to the data and the Dynafit script files are provided in the Supporting Information.
A unique fit to the data required an estimate for the equilibrium constant for the first nonspecific binding step. This elstifiate8 (6 + 0.5uM)
was obtained for an 11-mer duplex using competition binding measurements as previously deggribeel ¢ff-rate of nonspecific DNAK(; =
400-750 s1) has been previously estimatelDf. These estimates fato"s andk-; are in good agreement with fluorescence binding measurements
using a nonspecific pyrene-containing 11-mer dupkéy{= 2.7 + 0.3 uM, k-1 = 440+ 40 s!). The data were also constrained by the overall
dissociation constarp = (KiKpipKeon)™ = 0.15+ 0.04 uM (average value). The estimated errors in the microscopic constants are based on
systematic sweeping of the individual rate constants over a 4-fold range, and then comparing visual fits to all the rate and equilibrium data. The
final optimized fits to all of the kinetic data were obtained by constrained nonlinear regression fitting using the same set of six microscopic rate
constants (a-10% deviation in the rate constants was allowed during fitting). The reported values are average values obtained from fitting all of
the four data set<. Kip Keont is the overall equilibrium constant for base flipping on the enzyme ([E*F]/[ES]). This product of equilibrium constants
is comparable to the previously reported net equilibrium constant for base flipping based on a two-step meéharisitd(+ 8 for a U/A base
pair) (10).

plug, and pull mechanism for base flipping, (7). The human UDG productively bound to DNA duplexes of this
characterization of D64N mutation serves as a useful control size have been solved, indicating that these 11-mers capture
for the specificity of the substrate rescue effects that are all of the interactions required for base flipping and catalysis
reported in the following pape@). This aspartate group (2, 6, 14). TheKp values for wtUDG are reported in Table
has previously been shown to have no detrimental effect on2 for comparison with those of the mutants.
DNA binding or base flipping, and mainly serves to stabilize =~ Representative binding data for the S88A “pinching”
the ionic transition state and intermediate for glycosidic bond mutant using the 2-AP and tryptophan fluorescence assays
cleavage by an electrostatic mechanis®#)( Thus, the are shown in parts A and B, respectively, of Figure 2. The
preorganized substrate with the pyrene wedge would not beKp values obtained from these data are +.2.3 and 1.1+
expected to rescue the3000-fold damaging effect of 0.2 uM (Table 2), which indicates that removal of the
removing Asp64 7). hydroxyl group of Ser88 weakens binding by 9-fold as
Binding of Wild-Type and Mutant Enzymes td/AJ compared to that of wtUDG (Table 4). Analogous measure-
AnaloguesTo begin the mutational analysis, we performed ments were performed for the other mutations, andkhe
DNA binding measurements using the nonreactive substratevalues and mutational effects are reported in Tables 2 and
analogue constructs Pl and AUTA employing the 2-AP 4, respectively. In general, the binding defects arising from
and tryptophan fluorescence assays. The 2-AP fluorescenceemoval of the Ser88, Ser189, and L191 side chains are in
is very sensitive to base-stacking interactions and reports onthe range 540-fold, with the largest effect being observed
the expulsion of the uracil from the duplex, while the for the L191G “pushing” mutation. The double mutation,
tryptophan fluorescence detects the postflipping conforma- S88A:S189A, shows a 65-fold detrimental effect on binding,
tional change in UDG. We have employed 11-mer duplex which is only modestly greater than the 44-fold damaging
substrates in this study because of concerns that longer DNAeffect expected from multiplying the individual effects of
sequences, such as the 19-mer used in a previous stQgy (  each single mutation.
might lead to a significant amount of nonspecific DNA We observed a large difference between the mutational
binding for the base-flipping mutants. Accordingly, we have effects of removing the two side chains that hydrogen bond
truncated the DNA to a minimal length that maintains with the flipped-out uracil (Asn123 and His187), indicating
essentially full catalytic activity as observed previously for distinct roles for these two “pulling” groups (Tables 2 and
longer DNA molecules?, 25). Several crystal structures of  4). The N123G mutation binds 16-fold more weakly than
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Table 4: Mutational Effects on DNA Binding, Association, and /
Dissociatioft wtUDG
- S88A
fold mutational effect S189A
enzyme DNA Kp Kon ot Kmax SBBA:E} g?ﬁ 2-AP
S88A PU/A 9.2 34 3.8 b L191G
AUF/A 10 35 4 0.59 N123G y ]
S189A PU/A 438 35 11 1 H187G
AUF/A 3 9.2 0.36 1.9 D64N
S88A:S189A PUA 65 11 9.8
L191A PUTA 7.3 8 2.7 wtUDG
L191G PU/A 39 16 4.4 S88A
N123G PU/A 16 S189A
H187G PU/A 2.1 47 0.22 S88A:S189A
D64N PU/A 0.15 0.74 0.42 L191A Trp
aMutational effects are defined as wild-type value/mutant value. hlg;g
Therefore, effects greater than unity indicate a damaging effect of the H187G
mutation (i.e., a decrease in the on-rate or an increase in the off-rate or / /
Kp). All values are derived from measurements using the/RU D84N T 1T 1 v 71/ /7
1

analogue except for the effects on the S88A and S189A mutants, which 4 20

were obtained with both the AUA and PU/A analogues as indicated.
The definitions of the parameters may be found in egg.4The average
error for all the mutational effects i514%; the largest errors are less
than+30%.° Only a lower limit value forkmaZ AP of ~650 st was
obtained for S88A.

2 3
Fbound I Ffree

Ficure 3: Maximal changes in DNA 2-AP fluorescence and UDG
tryptophan fluorescence. The changes are reported as thEyzatid
Firee WhereF,ounais the fluorescence of the PIA DNA or enzyme

at saturation andrqee is the fluorescence of the free DNA or
enzyme.

wtUDG as determined from it&, = 2.1+ 0.4 uM, which
was measured using the 2-AP steady-state kinetic a&&ay (
In contrast, the H187G mutation has a small 2-fold detri-
mental effect on DNA binding, even though this mutation

cence increase was detected with these mutants, the absence
of a tryptophan fluorescence decrease suggests that the
reaction has been arrested at an otherwise sparsely populated
has a~4000-fold damaging effect on the activation barrier intermediate in which the uracil is extrahelical, but the
(20, 26). Thus, Asn123 interacts strongly with the O4 and enzyme has not yet enveloped the base. These results support
H3 atoms of the uracil in the ground state, while the strong our two previous studies of base flipping where we concluded
hydrogen bond between uracil 02 antldfiHis187 develops  that uracil expulsion was followed closely by a conforma-
later during the transition state for glycosidic bond cleavage tional change in UDG X0), and that part of the action of
(17, 18). As we have previously observed, the D64N Leul91followedthe complete or partial expulsion of the
mutation actually enhances binding by about 8-fold, which uracil from the base stack/,(8). Further insights into the
we have attributed to ablation of an unfavorable electrostatic roles of Leu191 are suggested from the binding and kinetic
interaction between Asp64 and the anionic phosphodiesterstudies described below.
backbone of the DNAY). The fluorescence studies indicate that the N123G mutation
Nature of the Extrahelical State for Each MutaStveral results in a highly unusual binding mode, leading to an
of the mutant enzymes that showed substantial increases irincreased unstacking of the 2-AP base (Figure 3). Binding
2-AP fluorescence did not show any decrease in tryptophanof the N123G mutant to PUA gives rise to an anomalous
fluorescence upon binding of AUA, indicating that these  21-fold increase in 2-AP fluorescence that is 7-ftddger
enzymes were defective in the postflipping conformational than that of wild-type UDG.
change in UDG 10). Shown in Figure 3 are the maximal Transient Kinetic Studies of Base Flipping by Wild-Type
2-AP and tryptophan fluorescence changes for wtUDG and UDG. Although we have already investigated the kinetic
each mutantfyoundFree). The S88A:S189A, L191A, H187G, process of base flipping by UDG using a 19-mer DNA in
and D64N enzymes show almost the saRagundFiree fOr which the uracil was located in an A tract sequent®),(
binding PU/A as the wild-type enzymeéound Fired WtUDG) the significantly different substrates used here required
= 3.1+ 0.2), indicating that for these enzymes the DNA further measurements. This was especially important because
adopts a conformation similar to that found in the wild-type of the strong DNA sequence dependence of the UDG activity
enzyme. The ratidpound Frree fOr the S88A, S189A, and (25, 27, 28). The approach we have taken is based on our
L191G mutants is approximately 35% smaller than that for previous findings that base flipping and the postflipping
wtUDG, suggesting modest differences in the extrahelical conformational change in UDG can be followed using the
state that is detected by 2-AP fluorescence for these enzymes2-AP fluorescence increase of the DNA, or the tryptophan
Most of the mutants show tryptophan fluorescence de- fluorescence decrease of UDG, respectivélf)
creases upon DNA binding that are similar to those of wt-  Several stopped-flow kinetic traces for approach-to-
UDG (Fpound Firee(Trp) = 0.59+ 0.05) (Figure 4). However,  equilibrium binding of the PUA 11-mer to wtUDG are
neither the Leul91 deletion mutants nor the N123G and shown in Figure 4A in which the increase in 2-AP fluores-
serine double mutant shows a significant decrease. Theseence is followed. We also measured the off-rate of/RU
results strongly indicate that removal of these groups severelyfrom wtUDG using irreversible conditions in which the
alters the internal equilibrium for the conformational dock- dissociated enzyme was trapped by a large excess of
ing step that is required to lock in the flipped-out uracil nonfluorescent 11-mer DNA, and the dissociation of this
(keonfK—conr, Figure 1B). Given that a significant 2-AP fluores- complex was well-fitted as a single-exponential kinetic
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Ficure 4: Stopped-flow fluorescence kinetic studies of DNA association and dissociation from wtUDG. (A) Approach-to-equilibrium
association measurements where 100 nM/RUDNA was mixed with the indicated concentrations of UDG and the 2-AP fluorescence
increase was monitored with a 360 nm cutoff filter with excitation at 320 nm. The lines are the fits to a first-order rate equation. (B)
Irreversible dissociation of FIA DNA from UDG. A solution of 500 nM P&A DNA and 1M UDG was mixed with a 1&M concentration
of an ssAU 11-mer nonfluorescent DNA trap to prevent reassociation of the enzyme & PtThe time-dependent decrease in 2-AP
fluorescence was measured. (C) Observed rate constants fromd)an¢ (B) @) against [wtUDG]. The curve is a best fit to eq 6. (D)
Approach-to-equilibrium association measurements where 100 nM UDG was mixed with the indicated concentratidna aiM&Jand
the tryptophan fluorescence decrease was monitored with a 320 nm cutoff filter with excitation at 290 nm. The lines are fits to a first-order
decay rate equation. (E) Irreversible dissociation of AUDNA from UDG as monitored by UDG tryptophan fluorescence. A solution of
500 nM AU/A DNA and 1uM UDG was mixed with a 5:M concentration of a 19-mer nonfluorescent DNA to trap the enzyme as it
dissociated 10). The time-dependent increase in 2-AP fluorescence was measured. (F) Observed rate constants ®pan(D)E) @)
against [AU/A]. The curve is a best fit to eq 6. For comparison, the dashed line is the theoretical curve obtained in (C) from the 2-AP

measurements. The parameters are reported in Table 2.

process (Figure 4B). A plot of the observed association rate with the measure&p = 0.13+ 0.05 (Table 2). The single-
constants against [wtUDG] is hyperbolic (Figure 4C), exponential off-rate of PYA from wtUDG indicates that
suggesting at least a two-step binding mechanism. Fitting the multistep process of DNA dissociation haise major
these data to eq 6 yieldg, = 160+ 6 uM ! 571, kogg = rate-limiting transition state. Further studies described below
21+ 351 K =0.404+ 0.08uM™%, andkmax = 6504 43 indicate that this transition state is for the reverse confor-
s™1 (Table 2). The measured off-rate (closed circle, Figure mational change shown in Figure 1B {ony).

4C) agrees very well with thgintercept obtained from fitting The hyperbolic concentration dependence kgfsq for

the observed association rate constants to eq 6 (Figure 4C)wtUDG binding to PU/A indicates a change in rate-limiting
and the ratid,n/kon = 0.13+ 0.02 is in excellent agreement  step from concentration-dependent association of the enzyme
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with the DNA to concentration-independent isomerization K-np = 180 £ 50 S%, Keont = 350 & 50 s, andk-cont =
of the enzyme-DNA complex. These results using the 100+ 10 s'%; KpipKeont = 14 & 4 (Table 3). The simulated
PUF/A 11-mer are similar to those previously reported using fits to the individual kinetic traces are shown in the
a U/A 19-mer duplex in which the uracil was located in an  Supporting Information.
A-rich tract (B-AAPUFAAAAA-3'). With the previous 19- Kinetic Roles of the Pinch, Push, Plug, and Pull Groups
mer, kon = 320+ 50 uM 1 s7%, kot = 28+ 2 51, Kp = Analogous stopped-flow fluorescence experiments were
0.09+ 0.02, antkmax= 1200+ 200 s*. The 1.8-fold larger  performed for each mutant to assess whether each side chain
kmax value, and the 1.6-fold tighter binding of the 19-mer as interaction was important for the forward rate of DNA
compared to the 11-mer, quantitatively accounts for the association or, alternatively, served to stabilize the major
observation that the 19-mer shows a 1.6-fold larger increaseextrahelical state (E*F, Figure 1B). Representative kinetic
in 2-AP fluorescence upon UDG binding as compared to experiments for binding of L191A to PUA are shown in
the 11-mer used herd@). These results indicate that the Figure 5 in which changes in 2-AP fluorescence were
base-flipping rateskg, and ki), and the equilibrium  followed. From the linear plot ok.psq @against [L191A] in
constant for base flippind<i, = kiip/k-np) may be modestly  Figure 5C we obtainekh, = 20+ 6 uM~* st andke¢ = 56
affected by the sequence context in which the uracil is + 12 s% Thus, for L191A ko, is decreased by 8-fold and
located. DNA sequence effects on the steady-dtain, kot IS increased by 3-fold as compared to those of wtUDG,
for human 27), E. coli (25), and herpes virus UDG28) while slightly larger effects of 16-fold and 4.4-fold were
have been reported, and the results here suggest that part aheasured for the L191G mutant (Tables 2 and 4, data not
the kea/Km effects may arise from a DNA sequence depen- shown). L191A did not show any evidence of curvature in
dence of the base-flipping step. the plots ofkynsaagainst [enzyme] when the PAA substrate

We also followed the forward binding kinetics and the was used, indicating that bimolecular association was slower
reverse dissociation kinetics by monitoring tryptophan than any subsequent isomerization events that may be
fluorescence of wtUDG (Figure 4D,E). The closing of occurring. It should be reemphasized that L191A (as well
the UDG clamp upon AHA binding results in a 1.7- as L191G and S88A:S189A) does not proceed to the
fold decrease in tryptophan fluorescence, and the reverseconformational docking step that results in tryptophan
clamp-opening step results in a recovery of tryptophan fluorescence quenching of wtUDG (Figure 4). Thus, the
fluorescence of the same magnitude. The observed ratekinetic results for L191A binding to PUA measure the
constants for AGA binding showed a hyperbolic depen- observed rate for formation of a metastable extrahelical
dence on [AU/A] similar to that seen when the 2-AP intermediate that most likely resembles the EF complex in
fluorescence of PYA was monitored (Figure 4F). Although  Figure 1B.
the valuekon = 120+ 11uM 1 s ! kg = 224+ 551, and Since the S88A and S189A serine pinching mutants both
K' = 0.3+ 0.03uM~! were similar to those measured by showed tryptophan fluorescence decreases upon binding
following the 2-AP fluorescence, then.x value was found  AUF/A (Figure 3), it was possible to probe the binding
to be 40% smallerkgax = 400+ 10 s). (For comparison,  kinetics by following 2-AP fluorescence and tryptophan
the best-fit curve from fitting th&psqvalues obtained using  fluorescence. Both of these enzymes bind DNA weakly, and
2-AP fluorescence is shown as a dashed line in Figure 4F.)show a lesser increase in 2-AP fluorescence than the wild-
An important observation from these data is that the off- type enzyme, which led to very weak signal changes when
rates measured using tryptophan and 2-AP fluorescence araising the 2-AP assay (Figure 6A). Nevertheless, the results
identical (Figure 4B,E). This result indicates that the same were reproducible on different days, with different batches
rate-limiting step is detected in both experiments, and of enzyme and DNA, and the approach-to-equilibrium kinetic

requires that opening of the conformational clarkp.din results were in good or excellent agreement with both the
Figure 1B) is slow compared to the reverse step of basethermodynamic measurements and the irreversible off-rate
flipping (K-nip) and DNA dissociationk(y). measurements (Table 2). In addition, the tryptophan fluo-

A Three-Step Mechanism for Uracil Flippinghe 40% rescence measurements were more robust than the 2-AP
higher knax value that was measured using the 2-AP measurements (compare parts A and B of Figure 6), and
fluorescence signal strongly indicates that the UDG confor- yielded results that were consistent with those obtained using
mational change slightly lags behind the base-flipping step the 2-AP probe. For both the S88A and S189A mutants
with these substrates that contain a U/A base pair. Our (Figure 6C,D), the plots df,psqagainst enzyme concentration
previous study using a 19-mer DNA with a significantly were slightly curved when 2-AP fluorescence was followed,
different sequence surrounding thé&/A base pair showed  but were distinctly hyperbolic when tryptophan fluorescence
smaller rate differences for the 2-AP and tryptophan fluo- was monitored. In addition, the observed rate constants were
rescence changet(). These differences were hardly beyond always faster for the 2-AP fluorescence changes as compared
the error limits in the measurementg[(2-AP) = 1200+ to the tryptophan fluorescence changes. These results are
200 s%, kmax(trp) = 800+ 200 s1], but we concluded that  reminiscent of wtUDG where the formation of the extra-
base flipping was “followed closely by a conformational helical base was more rapid than the conformational change
change in UDG". Because the binding kinetics and muta- (Figure 4F), and indicate that the conformational change
tional effects reported below clearly reveal that the confor- remains the rate-limiting step for the S88A and S189A
mational change lags behind the flipping step, we have mutants. These mutants have-3%fold slower association
used global kinetic simulation of the data to obtain the micro- rates as compared to wtUDG, showing that these groups play
scopic rate constants for a three-step mechanism (Figure 1B)a modest role in facilitating the formation of the extrahelical
The kinetic constants obtained from these simulations arestates (EF and E*F in Figure 1B). However, the rate of the
ki = 220+ 50,k-1 = 600+ 100 s, ki, = 700+ 200 s'?, conformational change that is detected by tryptophan fluo-
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UF/A + L191A=—= complex double mutant abrogates the conformational change entirely,

A suggesting cooperative action of these groups in the overall

0.2 16uM process of attaining this final state that immediately precedes
] L LA glycosidic bond cleavage. Although these data suggest that

“ iy ' ' U I the serine mutants follow a three-step mechanism for base

(=]
-
3]

flipping like wtUDG, the data do not constrain the modeling
l el o, sufficiently to allow unambiguous assignment of microscopic
l,,r rr TR LR L rate constants. Therefore, in the analysis of these results
below we merely compare the apparent rate constants for
the 2-AP and tryptophan fluorescence changes with those
0.05 | [ wi A (Mihrick et of wtUDG.
e iV ) The N123G and H187G pulling mutations and the D64N
control were also investigated using the same kinetic

8.0uM

'l
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o
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0 L approaches (Tables 2 and 4). Due to the weak DNA binding
0.01 0.02  0.03 by N123G, and the total lack of a tryptophan fluorescence

time (s) change upon DNA binding, we were unable to determine

any kinetic constants for this enzyme. Surprisingly, the

complex kinetic measurements with H187G revealed compensating
0.06 effects onk,, andkys (Table 2). That is, the 5-fold decrease
l Kott in Kon is offset by a nearly equal decreasekif, such that

the ratio ko/kon is unchanged from that of the wild-type
enzyme (Table 2). Finally, the kinetic studies of D64N
indicate that the~3-fold smallerkq/kon ratio for D64N as
compared to wtUDG arises from a 1.3-fold increaségn
and a 2-fold smallekys. These small effects on DNA binding
and base flipping are consistent with the primary function
of Asp64 in transition-state stabilization.

UF/A +L191A
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These results allow construction of a temporal pathway
for base flipping, and suggest functional roles for the
conserved serine, leucine, and asparagine side chains at
several steps in the overall process of base flipping (Figure
7). In this model, which is depicted as a free energy reaction
coordinate diagram in Figure 7, we assign the temporal
formation of these interactions as “early” or “late” in the
overall process of forming the final extrahelical state (E*F).
The early classification includes all ground states and
transition states leading to the metastable state where the

0 5 10 15 20 uracil is extrahelical and the enzyme is in the open
[L191A] (uM) conformation (EF). The late classification includes the
Ficure 5: Stopped-flow fluorescence kinetic studies of DNA asso- transition _State an_d ground state _for formation of the closed
ciation and dissociation from L191A. (A) Approach-to-equilibrium conformation, which can be monitored by tryptophan fluo-
association measurements whergNl PUF/A DNA was mixed rescence (E*F). The functional implications suggested here
with the indicated concentrations of L191A and the 2-AP fluores- by mutagenesis are further supported by the pyrene substrate
cence increase was monitored with a 360 nm cutoff filter with rescue studies in the following pap&d.

excitation at 320 nm. The lines are the fits to a first-order rate . . . . .
equation. (B) Irreversible dissociation of Fid DNA from L191A. Serine Pinching Deletion of Ser88 or Ser189, which

A solution of 500 nM PB/A DNA and 1uM L191A was mixed ~ interact with the 5and 3 phosphodiester groups of the
with a 10uM concentration of an ssAU11-mer nonfluorescent  deoxyuridine nucleotide (Figure 1A), results in less than a
et En Geu 1SR o cnccnes o s ol efect on the overal binding equlrum
© Obé’erve d rate constants from (Ap)(and (B) @) against (Table 4), refk_act[ng perturbatlon_s both at early and late steps
[L191A]. The curve is a best fit to eq 5. The parameters are reported in the base'f"p_p'”g, pqthway (Flgu_re 7). An early and late
in Table 2. role for these pinching interactions is suggested by the effect
of the S88A:S189A double mutation, which shows an 11-
rescence with these mutants is not significantly impaired asfold decrease in the rate of formation of the metastable
compared to the wild-type enzyme (Table 2). Thus, removal intermediate (an early effect), and a strong destabilization
of these individual serine side chains does not prevent of the closed state reflected in the absence of a tryptophan
attainment of the closed conformation as judged by the fluorescence change and a lalgg (late effects). Serine 88
similar tryptophan fluorescence decreases with wtUDG, nor does not appear to form a strong interaction in the apparent
does it dramatically slow its rate of formation. However, as transition state for formation of the closed conformation,
noted above, removal d@othside chains in the S88A:S189A  because it¥ma™ is similar to that of wtUDG (Table 2).
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Ficure 6: Stopped-flow fluorescence kinetic studies of DNA association and dissociation from S189A and S88A. (A) Approach-to-
equilibrium association measurements where 200 nN/RDNA was mixed with the indicated concentrations of S189A and the 2-AP
fluorescence increase was monitored with a 360 nm cutoff filter with excitation at 320 nm. The lines are the fits to a first-order rate
equation. (B) Approach-to-equilibrium association measurements where 100 nM S189A was mixed with the indicated concentrations of
AUF/A DNA and the tryptophan fluorescence decrease was monitored with a 320 nm cutoff filter with excitation at 290 nm. The lines are
fits to a first-order decay rate equation. (C) Observed rate constants fromajAnd (B) ©) against [S189A]. The curve is a best fit to

eq 6. The kinetic parameters are reported in Table 2. (D) Observed rate constants for S88A bindifig toNPland against [ATB/A] (O).

The curve is a best fit to eq 6.

However, a modest interaction of Ser88 in the ground-state occur in the early steps of the base-flipping reaction. An early
E*F complex is indicated by the 4-fold faster off-rate of and late role is also consistent with our previous pyrene
S88A as compared to wtUDG, suggesting that E*F is rescue studies where we suggested that Leu191 pushed the
destabilized when the Ser88 side chain is removed (Figureuracil base in the early stages of the base-flipping process,
7). In contrast, the 2-fold sloweg,™ resulting from the and later served a plugging role to increase the lifetime of
removal of Serl89 is most simply accounted for by a the base in the active site pockél).(The pyrene rescue
transition-state effect rather than a ground-state effect. Thisresults reported in the following pape23) further support
conclusion is supported by the observation that the sagie an early and late role for Leul91.
fold damaging effect is seen both in the forward rate of  Pulling by Asn123 and His1870f these two putative
formation of E*F by Ser189A (i.ekma?) and in the reverse  pulling groups, only the removal of Asn123 shows a strong
direction (i.e. ko) (Figure 7). Most importantly, for both  damaging effect on base flipping. Although we were not able
S88A and S189A, the off-rates measured using tryptophanto measure the binding kinetics with N123G, the weak
fluorescence are equal to or slower than the values measuredbinding and the absence of a tryptophan fluorescence change
using the 2-AP probe. Thus, as observed for wtUDG, the suggest that this Asn123 interacts late in the base-flipping
reverse conformational change is still the rate-limiting step, process, although an additional early role cannot be excluded.
and not the reverse flipping or DNA dissociation steps. The enormous 2-AP fluorescence increase upon N123G
Leucine Pushing and Plugginén early and late role for  binding is so large it suggests that the removal of Asn123
Leul91 is also suggested. Removal of this side chain may have carved out a hole in the base binding pocket that
destabilizes the closed conformation such that no tryptophanis large enough to allow partial or complete flipping of the
fluorescence changes can be detected, requiring a late rol-AP probe or, alternatively, that the DNA conformation is
for Leul91 in stabilizing the E*F complex and perhaps in perturbed such that the 2-AP base becomes significantly more
accelerating its formation. Since the major bound DNA form unstacked with its neighboring bases in the complex with
with the Leul91 mutants is the open EF complex, the 8- N123G. The former explanation is intriguing because it
and 16-fold smallek,, values for these enzymes must reflect implies that UDG could flip other bases, if the active site
the removal of important interactions of this side chain that were sterically compatible. This is clearly possible because
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FIGURE 7: Free energy reaction coordinate diagram for the temporal action of the serine, leucine, and asparagine groups that are involved
in the three-step pinch, push, plug, and pull base-flipping mechanism. The interactions are described loosely as “early” if they are important
in the ground states or transition states that precede the formation of the EF intermediate and “late” if they are important in the formation
or stabilization of the final docked complex (E*F). The first step involves formation of a weak nonspecific encounter complex (ES), which

is rapidly isomerized in the second transition state to the extrahelical state detected by 2-AP fluorescence (EF). Removal of Leu191, Ser88,
or Ser189 diminishes the rate of formation of the EF species. The E*F complex is severely destabilized (a late effect) when Leul91 or
Asn123 is removed or whemoth Ser88 and Ser189 are removed (the long vertical arrow depicts this large destabilization). In addition, the
S189A mutation destabilizes the transition state for formation of the E*F state, while the S88A mutation increases the energy of the ground
state of the complex. These modest effects are depicted as short vertical arrows. To emphasize the energetic features of the pathway, the
diagram is drawn on a roughly linear scale to correspond with the rate constants reported in Table 3.

UDG mutants that act on cytidine and thymidine nucleotides substrate rescue studies that are described in the following
have been reported. However, there is no evidence thatpaper show how the early and late effects can be fully
wtUDG can flip any other base into the active site pocket rescued by a substrate that contains a pyrene nucleotide
due to the strict steric constraints and optimized hydrogen- wedge 23).
bonding groups that are specific for uradl (L0).

The 5-fold smallek,, for the H187G mutant may indicate  SUPPORTING INFORMATION AVAILABLE
an early or late role for this group, but removal of His187
has no large effect on the stability of the flipped-out base or
that of the closed conformation. The observed effects of
His187 on base flipping may arise from its interaction with
uracil O2, and/or the short hydrogen bond between its
backbone amide and the DNA phosphodiester backbone.

Kinetic simulations of the stopped-flow kinetic traces in
Figure 4A,B,E,F and the associated Dynafit script files. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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