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ABSTRACT. We have investigated the inhibition of the DNA repair enzyme uracil DNA glycosylase (UDG)
by an 11-mer oligonucleotide (A) containing a cationic 1-aza-deoxyribodé fesidue designed to be

a stable mimic of the high-energy oxacarbenium ion reaction intermediate [Werner, R. M., and Stivers,
J. T. (2000)Biochemistry 3914054-14064]. Inhibition kinetics and direct binding studies indicate that
Al A binds weakly to the free enzym&4§ = 2 uM) but binds 4000-fold more tightly to the enzyme

uracil anion (EU) product compleX6 = 500 pM). The importance of the positive charge on the 1-nitrogen

in binding is established by the observation thaéfAinds >30 000-fold more tightly to the EU complex

than the corresponding neutral tetrahydrofur& débasic site product analogue KA). The unusual
inhibition mechanism for M results in a time dependence that resembles slow-onset inhibition even
though the apparent on-rate of the inhibitor for the Btinary product complex is moderate g4M

s1). Accordingly, the lowKp of AlA for the EU complex is largely due its very slow off-rate ¥5104

s 1). These results support previous kinetic isotope effect measurements that indicate UDG stabilizes a
discrete oxacarbenium ieturacil anion intermediate. This oxacarbenium ion mimic represents the tightest
binding inhibitor of UDG yet identified.

The design and synthesis of potent and specific glycosidase DNA H H
inhibitors based on cationic nitrogen-containing sugar ana- 0 .
logues has been a focus of considerable research in recent ®
years (Figure 1)X—3). Such glycosyl cation mimics have H DNA-O
been shown to be micromolar to picomolar inhibitorsoef HO |N® 4-aza
andp-glycosidases4), several DNA repair glycosylase®, ( HO&H
5), and the RNA glycosidase ricin6). The underlying HO DNA o M
mechanistic rationale for the inhibition by this class of aza- 6-aza N®
sugars is that the nitrogen is protonated, and therefore mimics HO 9 H
the cationic nature of the oxacarbenium ion-like transition Ho& ’ bNa~®
state of these reactions (Figure 4))( HO N/® DNA.

In principle, the DNA repair enzyme uracil DNA glyco- 1-a2a IL o 0

sylase (UDG) is an excellent candidate for inhibition by
cationic aza-deoxyribose inhibitors because recent kinetic oNa-©
isotope effect studies have indicated that the UDG-catalyzed

reaction proceeds by a stepwise mechanism in which aFiGure 1. Structures of several pyranose and furanose aza-sugars,

discrete oxacarbenium isturacil anion intermediate is @nd the tetrahydrofuran abasic site analogue used in this study.
formed (Scheme 1)7( 8) 6-Azapyranose derivatives (deoxynojirimycin is shown) are good

A= . inhibitors of retainingo-glycosidases, while the 1-azapyranoses
Specific inhibitors of uracil DNA glycosylase could serve  (isofagomine is shown) are better inhibitors of retainfiglycosi-

as antiviral agents, as the pox viruses and type | herpes viruglases4). The 4-azafuranose was shown to be a potent inhibitor of

require a UDG activity for viral DNA replication or escape Many DNA glycosidases when presented in a duplex DNA context,

a . L but did not have any inhibitory potency against UD§). (The
from latency §—12). In principle, such inhibitors could have 77 oc, 1 oce analogue is investigated in this work, and would be

potential for inhibiting DNA glycosylases that counterpro-  expected to mimic the positive charge on the anomeric carbon of
ductively repair damaged bases produced during chemo-the oxacarbenium ion intermediate of the UDG reaction.

therapy treatments with alkylating agents or radiation.

F
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not localize significantly on the'4xygen, that the 4-aza-

using 2-AP fluorescence, an excitation wavelength of 320

deoxyribose analogue introduces unfavorable steric effects,nm was used, and the emission was observed at 370 nm.
or, perhaps, that inhibition by such analogues requires The steady-state data were analyzed by fitting to a standard
electrostatic stabilization by the uracil anion leaving group hyberbolic kinetic expression and by fitting the observed
to realize the full binding potential of the cationic sugar initial velocities to the complete kinetic mechanism shown

(Scheme 1). To resolve these conflicting results, we now
investigate binding and inhibition of UDG by DNA contain-

ing the 1-aza-deoxyribose analogue (Figure 1). The present,

results clearly establish that this analogue is a potent inhibitor
of the UDG reaction that binds tightly to the enzymeacil
anion product complex without binding tightly to the free
enzyme.

EXPERIMENTAL PROCEDURES

EnzymeAs previously described, the recombinant UDG
from E. coli strain B was purified to>99% homogeneity
using a T7 polymerase-based overexpression sysi@n (

in Figure 7 using the computer prograbynafit (19).
Single-Turneer Kinetic Measurements Using Rapid Chemi-
al Quench-FlowExperiments were performed on a three-
syringe apparatus (KinTek RQF-3, University Park, PA) at
25 °C in TMN buffer (10 mM Tris-HCI, pH 8.0, 2.5 mM
MgCl,, 25 mM NacCl) with excess UDG (15 and g/ final
concentration, respectively) and limiting amounts @fAA
(3 and 6uM, respectively). Reactions were initiated by
mixing equal volumes~+30 L) of the labeled substrate and
enzyme solutions. At time points between 0 and 50 ms, the
reactions were quenched with 0.5 M HCI delivered from the
guench syringe. The samples were collected in 2 mL

The concentration of the enzyme was determined using anPPlyethylene tubes and immediately transferred into mem-

extinction coefficient of 38.5 mMt cm™.

Nucleoside Phosphoramidite and Oligonucleotide Synthe-
sis. The nucleoside phosphoramidites were purchased from
Applied Biosystems or Glen Research (Sterling, VA), except
for the 2-B-fluoro-2-deoxyuridine phosphoramidite and the
1-aza-1,2-dideoxy-d-carbap-ribitol phosphoramidite which
were synthesized as describéd,(15). The oligonucleotides

brane-based spin-filters (500L, Microcon-10, Amicon
Bioseparations) and quickly centrifuged to remove the
enzyme. Twenty microliter samples of the reaction mixtures
were injected directly onto the HPLC column using a flow
rate of 1 mL/min. A Phenomenex Aqua reversed-phase C-18
HPLC column (250 mmx 4.60 mm, 5um) and isocratic
elution with 11% CHCN in 0.1 M aqueous TEAA were

were synthesized using standard phosphoramidite chemistry!S€d with UV detection at 260 nm (Waters 486 UWs
with an Applied Biosystems 390 synthesizer. After synthesis detector). The data were fitted to a first-order rate equation

and deprotection, the oligonucleotides were purified by anion
exchange HPLEand desalted by C-18 reversed-phase HPLC
(Phenomenex Agua column). The size, purity, and nucleotide
composition of the DNA were assessed by analytical
reversed-phase HPLC, MALDI mass spectrometry, and

using the computer program Grafit 20). The reported rate
constant Knay is independent of the enzyme concentration
and reflects a single turnover of the enzynseibstrate
complex.

Stopped-Flow Measurements of Uracil Bindiggopped-

denaturing polyacrylamide gel electrophoresis. The sequencesiow fluorescence experiments were performed using a

of the single-stranded DNA molecules used in this work are
shown in Table 2. In these sequendes, 1-aza-1,2-dideoxy-
4o-carbap-deoxyribonucleotideU” = 2'-S-fluoro-2-deox-
yuridine nucleotide, and= = tetrahydrofuran abasic site

stopped-flow device from Applied Photophysics (Surrey,
U.K.) in the two-syringe mode (dead timve 1.1 ms). The
kinetics of uracil association with UDG were followed using
pseudo-first-order conditions, where the uracil base was

analogue. The concentrations of the oligonucleotides werepresent at a concentration at least 4-fold greater than UDG.
determined by UV absorption measurements at 260 nm, usingThe time course for the decrease in tryptophan fluorescence

the pairwise extinction coefficients for the constituent
nucleotides 16).

Steady-State Kinetic StudieShe steady-state kinetic
parametersia;, keafKm®, andK,,S) for uracil glycosidic bond
cleavage in the substratedRA were determined at 28C
in TMN buffer [10 mM Tris-HCI (pH 8.0), 2.5 mM MgGl
25 mM NacCl] using the 2-aminopurine (P) continuous
fluorescence assayl 1, 18). For the kinetic measurements

1 Abbreviations: HPLC, high-performance liquid chromatography;
MALDI, matrix-assisted laser desorption ionization; TEAA, triethy-
lammonium acetate; TMN, buffer consisting of Tris-HCI (pH 8.0), 2.5
mM MgCl,, 25 mM NaCl.

(F) as a result of uracil binding was fit to a single-
exponential expression (eq 1):

F. = AF exp(_kobsc;) +C 1)
where AF and kopsq are the amplitude and observed rate
constant for the fluorescence decrease @nd a constant
offset. In these experiments, UDG was excited at 295 nm,
and the fluorescence was monitored using a 330 nm cut-on
filter. Further experimental details are described in the legend

to Figure 3. The uracil concentration dependence of the
observed rates was fit to eq 2, which describes the simple
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two-state binding mechanism of eq 3. The data were analyzedgreater than the apparef of uracil for the enzyme at pH

using linear regression to obtak, andky:

Kobsa= Kor[U] + Koy )
U

E+U % E-U )
Kot

Progress Cures.Reaction progress curves were obtained
using two different approaches. In the first approach,
reactions were initiated by adding UDG to a Jd0solution
that contained 2M AUPA substrate and various concentra-
tions of inhibitor (AIA, U, AFA, or AUFA). The fluorescence

8, and ensures that the enzyme is saturated with uracil, and
that the measurements reflect bindingydb the EU complex
(212). Excitation was at 320 nm, and emission spectra from
340 to 450 nm were collected using a Spex Fluromax 3
spectrofluorometer2?). The fluorescence intensityF) at

370 nm was plotted against [UDg]Jor [EUJwt ([X] ot in €q

4) to obtain theKp from eq 5:

F=F,—{(Fo = F)l#lit/2{b— (0° = 4[X] o {#]:0)"
(5)
b=Kp + [X] o T[S0t

In the competition binding measurements to determine the

increase due to cleavage of the glycosidic bond of deox- afinity of AIA for free UDG, increasing concentrations of

yuridine was then followed for 20 min. For analysis of the

AlA were added to a solution containing 200 vand 750

progress curves, the observed 2-aminopurine fluorescence,, UDG. In the competition binding measurements to
increase as a function of time was converted to a [P] versusgetermine the affinity of A and ¢ for the UDG-uracil

time curve using eq 4:

[P, = (Fy = F/(Fs — Fo) x [Slg (4)

In eq 4,F, is the initial fluorescencer; is the fluorescence
at timet, andF; — F, is the total fluorescence increase for
100% conversion of a given substrate concentratione{[S]
to product. The values fdf; — F, were determined either
by letting the reaction go to completion or by adding-10
20 nM wild-type UDG to rapidly bring the reaction to its
endpoint after completing the initial rate measurements.

The second approach was designed to obtain information

about the off-rates of BA from the EAIA and EU-AIA
complexesk!, koi"EY). In these experiments, UDG (Qua/)
was preincubated for 20 min with 1A (200 M), or a
combination of AA (0.25uM) and uracil (5QuM), and then
diluted 10 000-fold into a reaction mixture containing 2l
AUPA substrate DNA. The recovery of UDG activity was

then recorded by following the increase in fluorescence as

the glycosidic bond of deoxyuridine in thel JlPA substrate

anion complex, the titrations included a saturating concentra-
tion of uracil (1 mM) so that at the beginning of the titration
the enzyme was completely bound adJEor E-U-¢. The
concentrations of PA and UDG in this experiment were
0.2 and 0.%«M, respectively. The dissociation constants of
AlA for free UDG (Kp') and the EU complexKp"EY) were
determined using the computer progr&gnafit (19) em-
ploying the known dissociation constantsdfor the free
enzyme and the EU complex (eq 5), and the equilibria shown
in egs 6-9:

was cleaved (see above). The resulting progress curves were

analyzed using the prograbynafit using the mechanism
shown in Figure 7 (seKinetic Analysi$.

Determination of the Binding Affinity of IA Using
Competitve Binding MethodsThe dissociation constants for
binding of AlA to free UDG and the UDGuracil complex

were determined by competition binding measurements in
which a 2-aminopurine (2-AP)-labeled 19mer duplex abasic

analogue DNA ¢) was displaced from the enzyme or the
enzyme-uracil complex 4, 17). The sequence ap has
been previously reported ), and this DNA construct shows

a strong fluorescence decrease when it binds to UDG that

Ko
Ed—=E+® (6)
I
E-AIA==E -+ AIA @)
K(D,EU
D
E-U-d E-U+® )
KI,EU
E-U-AIA ——E-U + AIA 9)

Binding of Substrate and Product Analogue DNZor
measuring the binding of the single-stranded 11mefA
substrate analogue DNA andpA product analogue DNA
to the free enzyme, competitive kinetic inhibition measure-
ments were performed using the substratdJppp (22).
Conditions were chosen whereby [UDg]< [AUFA],
[A¢A], or [ApUpAp], and [ApUpAp] < Kn. Accordingly,

Ki could be obtained directly from a plot d&fk, against

can be used as a spectroscopic signal in competition binding[AUFA] or [A$A] as shown in eq 10, wheteis the observed

measurements. All measurements were performed in TMN

buffer [10 mM Tris-HCI (pH 8.0), 2.5 mM MgG| 25 mM
NaCl] at 25°C. Before performing the competition binding
experiments, th&p values ofg for the free enzyme and the

EU complex were determined using direct binding measure-

rate constant{[UDG]i) at a given [X] (where X is AJFA
or AgA), andk, is the observed rate constant in the absence
of the inhibitor:

Kk, = 1/(1+ [X]/ K) (10)

ments. In these measurements, the decrease in 2-AP fluo-
rescence was followed upon titrating fixed concentrations For these measurements, a sensitive HPLC kinetic assay for

of ¢ (200 nM) with increasing concentrations of UDGH0
3.2uM). In the case of binding to the EU complex, UDG
was added to a solution containing both 200 givand 1
mM uracil. This concentration of uracil is about 20-fold

monitoring the formation of the abasic product was employed
(18).

Kinetic Analysis.Given the complexity of the inhibition
mechanism, the progress curve data shown in Figures 4A
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Km Keat
E + S«>»ES —> E+ ApPA+ U
12

Table 1: Steady-State and Single-Turnover Kinetic Parameters for
AUPA at pH 8.6

LA ] substrate kma? (51 keat(S™) K¢ (M)  KealKm (uM~1s7Y)
10 5 5AUPA3 120410 135+0.9 4.7+0.9 2.9+ 0.59
8 i aThe steady-state kinetic parameters were obtained using the
A Ty 2-aminopurine fluorescence assay=R2-aminopurine) by fitting to a
<z 8 v standard hyperbolic kinetic expressidiv(26). ® The maximal rate of
< r/ glycosidic bond cleavage obtained in single-turnover kinetic measure-
4 "/ ments using the related 4mefUAA (see Figure 2B)¢ The on-rate
r and off-rate of AJPA, kon = 8 uM 1 s7* andk. = 36 s°%, were obtained
2 from computer simulation of the steady-state kinetic data in Figure
0 L L 2A. A value forkon = 10uM ™ s7* for AUPA has been measured using

o 5 10 15 20 stopped-flow fluorescence methods, consistent withktheobtained

from the simulation (Jiang and Stivers, unpublished results).

AUPA (M)
kmax
AUAAE —>  MAAA + U dissociate very quickly as compared to thieiy; values 8,
, L. 13). The 4mer abasic productF®A binds very weakly to
L UDG, with a lower limit Kp of greater than 1%M as
08 - estimated in competition binding measurements (not shown).

r Thus, none of the initial rate or inhibition measurements
08 - reported here usingBPA are influenced by inhibition from
04 - the abasic product.

r To extend these steady-state kinetic measurements so that

fraction reaction

0-2 the inhibition by AA could be computer-simulated using a
0 I S minimal number of floating variables, we also determined
0 0.02 0.04 0.06 the maximal single-turnover cleavage rate for a 4mer
time (s) substrate in the presence of excess UDG (Figure 2B). In these
FiGURE 2: Steady-state and single-turnover kinetic studies of experiments, the cleavage of the glycosidic bond was
glycosidic bond cleavage for the substratésfi and AUAA. (A) followed using rapid chemical-quench kinetic methods from

Substrate concentration dependence of the observed rates usingyhich the maximal single-turnover ratky., = 120 + 10

steady-state conditions ([UDG] 250 pM). The steady-state kinetic —1 : . . .
parameters are reported in Table 1, and the solid line is the best-fitS ’ WaS. d_etermmed. As shown in Figure _ZB’ this rate
to a hyperbolic kinetic expression. The dashed line is obtained from Constant is independent of enzyme concentration, and reflects

a computer simulation using the kinetic mechanism and microscopic a single turnover of enzyme-bound substrate. As described
rate constants shown in Figure 7. (B) Single-turnover kinetic in the sections that follow, nearly all of the microscopic rate
_Tﬁ:i%rﬁgﬁ?rt:t%tr’]t:ipoﬁ #esi[‘vg(;ilf)’(ige‘i?;gi]‘t:g'v‘a;‘?engrs";g‘l’(‘;w”;th(o"sconstants in the steady-state reaction scheme of the substrate
_ _ . e i AUPA have been determined, which allowed computer
UDG] = 15uM and [AUAA] = 3 uM; (@) [UDG] = 30uM and . . .
%A UA]A] = 6?‘!'\/'- The[ solid I]ines a/fre th(e %gn"ne]ar regr/éssion pest Simulation of the concentration dependence of the steady-
fits to a first-order rate equatiorkdsqs= 120 £+ 10 s7%). state initial velocities using the ordered uni-bi kinetic
mechanism shown in Figure 7. The simulated curve, obtained
and 5B were fitted to the mechanism shown in Figure 7 using using the microscopic kinetic constants shown in Figure 7,
the computer programynafit (19). This program determines, is shown as a dashed line in Figure 2A.
and then integrates, the system of differential equations for - ginging Kinetics of the Uracil ProductOnce again, to
agiven kinetic mechanism and then uses nonlinear regressiofjjjitate the computer simulation of the inhibition data (see
analysis to determine the best-fit parameters to the experi-pejow), we determined the rates of association and dissocia-
mental data. To facilitate this analysis, the valueskgf, tion of uracil from UDG (Figure 3). UDG shows an
Kin®, Ko = kot “/kon”, KpP, KpPE%, Kp!, andKp"= in Figure approximately 2-fold decrease in tryptophan fluorescence
7 were allowed to float+10% of their experimentally  \yhen uracil bindsZ1), and this provides a strong signal to
determined values given in Tables 1 and 2. From this yeermine the observed rate constants for uracil binding using
analysis k"= and ko,"=" were determined. These values  giopped-flow fluorescence methods (Figure 3A). A plot of
were also constrained by the measured dissociation constanine ohserved rate constants against uracil concentration was

of AlA for the UDG-uracil complex Kp'™ = kot =/kon™") |inear, with a nonzero intercept (Figure 3B), consistent with
optalned from analysis of the competition binding data in a simple two-state binding mechanism (eq 3). From the slope
Figure 6B. and intercepts, respectively, the rate constants for uracil

RESULTS association KoY = 3.1 + 0.1 uM~* s7%) and dissociation
(koY = 150 &= 17 s) were determined. The ratio of the
Kinetic Characterization of the WPA Substrate.The rate constantk,V/ko,n” = 150/3.1= 50 uM agrees very well
steady-state kinetic parameters for the substr&tB Awere with the apparent dissociation constant of uracil at pH 8.0
obtained using the 2-AP continuous fluorescence kinetic (Kp¥ = 56 uM) (21). The large values dV andkmax (see
assay by fitting the data to a standard hyperbolic kinetic above), which are at least 10-fold greater thankhevalue
expression (solid line, Figure 2A), and are reported in Table for AUPA, exclude uracil release or glycosidic bond cleavage
1. For this small substrate, tig, value approximates a true  as the rate-limiting step und&g,: conditions. Thus, by this
dissociation constant, because small substrates of UDGprocess of elimination, release of the abasic product from
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Ficure 3: Binding of the uracil product to free UDG. (A) Stopped- o

flow fluorescence trace for the association of uracil with UDG. FIGURE4: Progress curves for the inhibition of UDG byAand

The final concentrations were;@ UDG and 32uM uracil. The several classical competitive inhibitors. (A) Inhibitory effects of

curve is the best-fit of the data to a single-exponential decay. (B) increasing concentrations ofl A on the steady-state reaction of

Uracil concentration dependence of the observed rates of binding.UDG using the AJPA substrate ([UDGJ= 25 pM, [AUPA] = 2

The linear fit to eq 1 is shown, which givésV = 3.1+ 0.1uM? uM, [AlA] as indicated.) The reactions were initiated by the

st andk,Y = 150+ 17 s°*. The dissociation constant for uracil ~ addition of UDG. The curves were obtained using the program

calculated from these data gV = 50 uM. Dynafit using the kinetic parameters and mechanism shown in
Figure 7. The rate constants in Figure 7 were allowed to float by

the EUP product complex must be the overall rate-limiting 310% of their experimental values, and the enzyme, substrate, and

step. This conclusion is supported by computer simulation AIA concentrations were allowed to float by15% of their
of the steady-state kinetic data (see below). determined values. The average difference between the experimen-

A i . tally determined concentrations and those fitted in simulations of
Characterization of the Inhibition by 1-Aza-deoxyribose- gach of the individual progress curves was 5.4%. (B) Inhibition by

Containing DNA.In steady-state kinetic experiments to the 11mer abasic product (] = 104M), 2'-fluorodeoxyuridine
estimate the apparekt of AlA for UDG, we observed that  substrate analogue ([4£A] = 0.3xM), and uracil (0.8 mM). The
the time course for product formation was concave- reactions were initiated by the addition of UDG (25 pM). The lines
downward in the presence oflA (Figure 4A). Such are nonlinear regression fits to the data.
behavior suggested that A was a slow-binding inhibitof, For slow-binding inhibitors, the progress curve for product
and we focused on experiments that would establish this formation in the absence of product inhibition is expected
preliminary conclusion. Since quantitative analysis of the to be concave-downwamhly when the reaction is initiated
inhibition mechanism requires information derived from by adding enzyme to a solution of substrate and inhibitor
several experiments, we first present a qualitative description(23). In contrast, when the enzyme is preincubated with the
of the findings, and then use all of the experimental results inhibitor for a sufficient length of time to allow equilibrium
as constraints in a global analysis of the progress curvesto be established, and the reaction is then initiated with
shown in Figures 4A and 5B (sé@netic Analysi$. substrate, upward curvature in the progress curve should be

To confirm that the curvature was not an artifact, we first observed 23). This upward curvature results from slow
tested whether other inhibitors of UDG produced the same release of the enzyme from the inhibitory complex followed
effect. We found that the 11mer-Bouro-2-deoxyribose by establishment of the final steady-state concentrations of
substrate analogue DNA (4fA), abasic product analogue free and bound enzyme. We tested these predictions by
DNA (AFA), and uracil produced linear progress curves preincubating UDG (0.2M) with a high concentration of
(Figure 4B). We have previously established using an HPLC- AIA (200 uM) and then diluting this mixture 10 000-fold
based kinetic assay that similar substrate and productinto a solution containing 2«M AUPA substrate. The
analogue DNA molecules were linear competitive inhibitors fluorescence measurements were begun 30 s after the dilution
of the UDG-catalyzed reactior2?). step, and the recovery of UDG activity was complete within
the resolving time of the experiment, yielding a linear time

2 Slow-binding inhibition is defined as “the process of reversible course (Figure 5A). This result indicates that the slow
enzyme inhibition that is slow when compared to the enzyme-catalyzed inhibition did not involve binding to the free enzyme, and
substrate conversion reactiodd". Slow-binding inhibition is mani- suggested that another enzyme form present during steady-
fested as a slow attainment of the steady-state in the presence of an I, .
inhibitor (i.e., downward curvature in the progress curve for product State turnover was the target for inhibition. A strong candidate
formation). was the EU product complex.
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Ficure 5: Progress curves for the recovery of UDG activity after
preincubation for 20 min with RA or AIA + U. (A) UDG (0.2
uM) was preincubated for 20 min withIA alone (200uM), and 16 -
then diluted 10 000-fold into a solution containing:® AUPA. -
The 2-aminopurine fluorescence was monitored beginning exactly 14
30 s after the dilution step. A control reaction in which UDG only
was diluted into a solution containingi AUPA is also shown. 1.2
The lines are linear regression best-fits to the linear time courses. $
(B) UDG (0.2uM) was preincubated for 20 min withIA (0.25 1
uM) and uracil (5quM), and then diluted 10 000-fold into a solution ! EsAIA + ¢
containing 2¢«M AUPA. Fluorescence readings were begun exactly 0.8 , |
30 s after the dilution step. The curve was obtained from a computer "o 50 100
fit of the progress curve to the mechanism in Figure 7. The constants
Kmax= 120 S%, KiS = 4.7 uM, Kp¥ = kottU/Kor? = 50 uM, KpP > [AIA] M
15uM, KpPEV > 8.5uM, Kp' = 2 uM, andKp'EY = 0.6 nM were FiGURE 6: Binding measurements oflA to free UDG and the
allowed to float by=10% of their experimentally determined values  UDG—uracil complex (EU) at pH 8.0 by displacement of the
given in Tables 1 and 2 and the text. From this analysigF = fluorescent abasic DNAg). (A) Preliminary measurements of the
5 x 10* andk,®Y = 1 uM s~™. The errors in these parameters  pinding affinity of ¢ to the free enzymeX) and EU complex@®).
are estimated to be less th#30% based on trial and error analysis  The curves are obtained from fits to eq 4. (B) Displacemens of
of the kinetic and thermodynamic data in Figures 2A, 4A, 5B, and from the EU complex by AA ([E] = 0.3uM, [¢] = 0.2uM, [U]
6B. =1 mM). (C) Displacement op from free UDG by AA ([E] =
. . 0.75 uM, = 0.2 uM). The curves in (B) and (C) are from

If AIA binds selectively to the EUproduct complex, then comrftuter[g)i]mulation/é u)sing the progr:my%a)fit and(thza binding
preincubation of UDG with AA and uracil should resultin  equilibria shown in eqs 58 (19). The Kp values obtained from
the expected upward curvature in the progress curve. To testhese dataKp', Kp"EY) are reported in Table 2.
this prediction, a preincubation mix consisting of UDG (0.2
uM), AlA (0.25uM), and uracil (5Q:M) was diluted 10 000- ~ measurements using eq 4 (Figure 6A). Kagvalues of AA
fold into a solution containing 2ZM AUPA substrate (Figure ~ were then determined from thel A concentration depen-
5B). Consistent with the hypothesis, a prolonged lag (upward dence of the fluorescence increase upon displacemept of
curvature) in the time course for product formation is from the EU complex or the free enzyme (Figure 6B and
observed using these conditions. 6C, respectively). The data were analyzed using the program

AlA-11 Binds Weakly to Free UDG but Tightly to the Dynafit which calculates the equilibrium distribution of each
UDG—Uracil Anion Product Complex.To provide an species at each point in the titration using the equations for
independent confirmation thatl A binds tightly to the EU mass balance and the coupled equilibria, and then uses a
complex, we measured the affinity ofl A for the free nonlinear regression analysis to calculate a bedtdifor
enzyme and the EU complex in competition binding the data set. Using this approadfy, values of 2100 and
experiments in which a fluorescent abasic DNA analogue 0.600 nM for binding of AA to the free enzyme and EU
(¢) was displaced from the free enzyme and the EU complex complex were calculated, confirming the conclusion thigk A
(egs 5-8). In this analysis, th&p values of¢p for the free binds most tightly to the EU complex (Table 2). For
enzyme Kp? = 87 4+ 9 nM) and the EU complex<p?EY = comparison, we determined th€ values for the single-
28 + 5 nM) were first determined in direct binding stranded 11mer substratelyBA) and product analogue DNA

E:® +AA

F (370 nm)
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Table 2: Dissociation Constants for Single-Stranded 11mer enzymatic f(_)'jces that Ie_ac_j to its stabilization. Although a
Analogues perfect transition-state mimic would possess as many of these
analogue interaction value features as possible, the_ 1-aza-deoxyribose rgally _onIy mimics
tested mimicked parameter  (uM) the charge characteristics of the oxacarbenium ion.
AUFA Formation and Stabilization of the Oxacarbenium lon
5GCGCAUFAGTCG3 E+S<E'S Kp® 0.2+0.018 Intermediate UDG uses at least three general mechanisms
AlA E- U +I<EU™  KpEP (5 ﬂlc é;)x to stabilize the dissociative transition state and positively
5GCGCAAGTCG3 E 4| < El Ko 21406 charged oxacarbenium ion |nterm¢d|ate: preorgamzaﬂon of
- _ the substrate and enzyme groups into reactive conformations
AFA E'U"+P<EUP KpfEY 295 in th d stat lectrostati d h Luoati
5GCGCAFAGTCGE  E 4 P< E-P KoF 1543 in the ground state, electrostatic and hyperconjugative

a2 TheKp values were obtained using kinetic or binding competition
measurements (see Experimental Procedubds)-FY =5 x 104 and
ko'BY = 1 uM s™1. These are average values obtained from computer
simulation of the data in Figures 4A, 5B, and 6B.

(AFA) of the same sequence a$M As reported in Table

stabilization of the transition state and intermediate, and
exclusion of mobile water molecules from the reaction center
(Scheme 2. In the ground state, UDG distorts the deoxyribose
sugar into an unusual’-8xo conformation that aligns the
2'-hydrogens for maximum hyperconjugative orbital overlap
with the nascent p orbital of the oxacarbenium ion in the

2, both of these analogues bind orders of magnitude moretransition state28). Strong hydrogen-bonding interactions

weakly than AA.

Analysis of Progress Cues. The progress curves in
Figures 4A and 5B, and the steady-state initial velocities in
Figure 2A, were simulated using the computer program
Dynafit employing the mechanism shown in Figure 7, and

from the backbone amide of GIn63 and Asn123 to uracil
02 and 04, respectively, serve to make the uracil leaving
group electron-deficient in the ground state and destabilize
the glycosidic bondZ9). At this point, Asp64, the conserved
active site carboxylate, is poised below theface of the

the measured equilibrium and rate constants for the systemsugar ring, hydrogen-bonded to an ordered water molecule

reported in Tables 1 and 2. The average values for the on-

rate and off-rates of BA for the EU complex Ko 'EY = 1
UMt st ko"EY = 0.0005 s?) were constrained by the fits

that likely serves as the ultimate nucleophilic trap of the
reactive oxacarbenium ion intermediate. As the reaction
proceeds to the transition state, a strong hydrogen bond

to the data in Figures 4A and 5B, as well as the measureddevelops between the nascent negative charge on uracil O2

Kp"EY = 0.500 nM determined from fitting the data in Figure
6B. The off-rate of AA corresponds to a half-life of about
23 min for the release of A from the EU complex. We

and the H of the electrophilic catalyst His1877,(13, 21,
30). This interaction serves to pull the electron density away
from N1, thereby decreasing its nucleophilic reactivity and

estimate the errors in these inhibition parameters to be lesshindering re-formation of the glycosidic bond. Large 2

than+30% based on trial and error fitting of all the kinetic

B-KIE measurements revealed that the sugar remains in the

and thermodynamic data. Further details of the computer 3 -€X0 conformation in the transition state and intermediate

simulations are described in the figure legends.

DISCUSSION

The UDG reaction is an ideal case to test the transition-
state character of the 1-aza-deoxyribose class of inhibitors

because of the highly dissociative transition state for hy-
drolysis of deoxyuridine by UDG, and the experimental
evidence for the stabilization of an oxacarbenium ion
intermediate in the enzyme active site environme)t In

addition, high-resolution crystal structures of UDG have been

determined in the presence of substrate analogue M)A (
abasic DNA and uracildb, 26), abasic DNA alone 25),
and uracil aloneZ7). This family of structural snapshots, in

combination with the detailed transition-state analysis using

kinetic isotope effect methods, provides the basis for

(8), indicating that UDG preorganizes the substrate in the
ground state to minimize motion of reactive atoms during
achievement of the transition state. When the positively
charged intermediate is formed, electrostatic interactions with
Asp64, the uracil anion, and nearby phosphate groups are
used for its stabilizationl@, 31, 32). Once the nucleophilic
water attacks C1the sugar relaxes back to a normal’' C2
endo configuration in the product complex.

Inhibition Mechanism of BA. As may be inferred from
the above discussion, the positive chdrga N1 is well

8 The (K, for freel nucleoside of 9.4k 0.03 has been measured in
pH titrations (O) using proton NMR 31). Although we cannot
measure thelf, for | in the context of single-stranded DNA, it is likely
to be even higher given the proximity of the anionic phosphate groups
of DNA. Thus, at the pH of this work (pH= 8.0), | is positively

understanding the structure of the intermediate and thecharged.
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situated to be stabilized by electrostatic interactions with E-Usl

Asp64, the uracil anion, and thé-3and 3-phosphodiester — “wms -

groups of the substrate. The other features of the true

enzyme-bound intermediate such as the trigonal center at gum’s K@t g T

CY and the charge distribution along the’©€1' bond axis Brs = O BUP e o0 P
are poorly mimicked. Nevertheless, the fact th&fAinds K= ZHM““,] 31uMst “moakﬁum
most tightly to the EU complex, rather than the free enzyme, EP
and interacts more strongly than either substrate or product El u-+e©e

by factors of 400 and 30 000-fold, respectively, is consistent FiGure 7:  Kinetic mechanism for UDG (E) and WPA (S)
with the hypothesis that I is at least partially mimicking Lr;ﬁi;?éng ;Ea%beliﬁ&o by the AéA OXfE(ﬁTgﬁg'L’On? Jon mllmlfﬂ 5'1)';[‘8
. e ; . : EU =5 x EU —

the oxa_carbenlum lon |r_1ter_m_e_d|a_te pf _the reaction. This were deprived from tﬁe global analysis of thenprogres:cuwes shown
mechanism of aza-sugar inhibition is similar to that observed i, Figures 4A, 5B, and 6B, and were restrained by the kinetic and
for a-1,3-fucosyltransferase V, which catalyzes the transfer binding constants obtained from the experimental data (Tables 1
of anL-fucose moiety from GDP (GDP-Fuc) to an acceptor and 2). The on- and off-rates ofJPA from the free enzyme and
sugar 8). In this case, potent inhibition by the aza-sugar the off-rate of the abasic product (P) from the EUP ternary complex

: were obtained from computer simulations of the steady-state kinetic
was observed only in the presence of thg product GDp'datain Figure 2A. The data establish thadbinds weakly to the
presumably because of electrostatic interactions between theree enzymeKy'), but that it binds very tightly to the EU product
aza group and the terminal phosphate of GDP that mimicked complex Kp"EY). The overall rate-limiting step during steady-state
the transition state of the reaction. Thus, it might be expectedturlﬂO\ller i? Irleleazebof thedabaSi_lc dprOd”-Ctt-frﬁo'Euthel'Egp f)emary

; ; complex, followed by rapid uracil dissociatio = sh.
that other egCQSIdaseS.’ .phpsphqrylgs;.els, or phOSp.honbOSyl The uracil product binds to UDG witKpY = 50 uM at pH 8.0
transferases might exhibit similar inhibition mechanisms that (Figure 3)

require the presence of an anionic nucleophile or leaving
group. We note that slow-binding inhibition by aza-sugar giapjlization of the cationic inhibitor in the EUI complex. A

inhibitors has been ObSGFVeq previogsly for alm¢ijglu- significant role for electrostatic stabilization of the bound
cosidase §3) and hypoxanthineguanine phosphoribosyl- 1-aza-deoxyribose by the uracil anion and Asp64 has been
transferase34). recently established3().*

The binding and dissociation mechanism d#rom the
EU complex differs significantly as compared toffioro- CONCLUSION
2'-deoxyuridine substrate analogue DN24). The on-rate o . . )
for AIA (1 uM~1 s7Y) is about 200-fold slower than this The nearly complete kinetic mechanism of UDG, including
substrate analogue DNA, which is diffusion-controlldd)( the inhibition by AA, is shown in Figure 7. The kinetic
This large difference may result from a conformational and binding parameters that are shown were derived from
change in the EU complex that is required to bintAA the global analysis of the progress curves shown in Figures
Alternatively, it is possible that the ionization state of the 4A and 5B, and were restrained by the kinetic and binding
active site in the EU complex is not ideal for bindingAa constants obtained from the experimental data (Tables 1 and
In this respect, it is already known that the uracil base loses 2)- A new insight from this computer analysis is that release
a proton from N1 upon binding to UDG KaV(bound)= of the abasic product DNA from the EUP complex is the
7.2, (KNY(free)= 9.5], and is therefore already in the correct rate-limiting step in steady-state turnover of UDG (Figure
anionic form that would facilitate tight binding of IA. 7). R o
However, the fate of the N1 proton of uracil is not known, ~ The strong inhibition of AA through binding to the EU
and this proton may very well reside on Asp64 in the EU complex is best explained by the similarity of the A~
complex. In this case, Asp64 would likely become depro- uracil anion pair to the ionic intermediate implicated in
tonated upon binding of the cationic inhibitor, and if this previous KIE studiesg). Completion of the thermodynamic
proton-transfer step is slow, then the on-rate déAAould cycle for uracil and AA binding to UDG reveals that uracil
be diminished. The off-rate of K from the EU complex  binds with an apparent affinity of 11 nM to the EI complex
(0.0005 s?) is 80 000-fold slower than single-stranded at pH 8.0 Kp”& = Kp" x Kp'EY/Kp'). This value is 4500-
substrate analogue DNA dissociates from the free enzymefold tighter than the binding affinity of uracil for free UDG
(~40 s%) (14). This indicates a 6.8 kcal/mol larger activation at pH 8 (Figure 3), and suggests that, in principle, the
barrier for dissociation that may result from electrostatic concentration of free uracil in the cell may be high enough
to allow significant inhibition of UDG by azafuranose

4 An alternative role for Asp64 as a nucleophile that directly attacks analogues such aslA.
the anomeric carbon is rendered very unlikely in light of the crystal
structure of the ternary product complex of UDG with abasic DNA REFERENCES
and uracil 5, 26). This structure shows that thé Hydroxy! group is
on thea face of the sugar as expected for a single displacement reaction 1. Liu, H., Liang, X., Sohoel, H., Bulow, A., and Bols, M. (2001)

involving water attack from thet face. In addition, Asp64 is 3.7 and J. Am. Chem. Soc. 128116-5117.
3.5 A from C1 in the substrate analogue and product complexes, 2. Hollis, T., Ichikawa, Y., and Ellenberger, T. (20@MBO J.
respectively, which is too large a distance for a nucleophilic role unless 19, 758-766.

a substantial movement of the protein backbone occurs. In support of f : :
a mechanism involving direct attack of a water nucleophile on the 3. gl?Ho‘ I(_lgl\g/;lg)r‘rja),laﬁ VC\Z/HeSnTInéizcakkll\gé&;ssc—h#(-l;tg'zl' and Wong,
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