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ABSTRACT. Apurinic/apyrimidinic endonuclease (AP endo) is a key enzyme in the repair of oxidatively
damaged DNA. Using single-turnover conditions, we recently described substrate binding parameters for
wild type human AP endo. In this study, we utilized four enzyme mutants, D283A, D308A, D283A/
D308A, and H309N, and assayed them under steady state and single-turnover conditions. The turnover
number of the single aspartate mutants was decrease8Qttbld in comparison to that of the wild type.

The decrease in the turnover number was accompanied by a 17- and 50-fold decrease in the forward rate
constant o) for substrate binding by D308A and D283A, respectively. The dissociation rate constant
for substrate ) was unchanged for the D308A mutant but was 10 times faster for the D283A mutant
than for the wild type. The apparekt, values for both of the single aspartate mutants were about equal

to their respectivélp values. To account for the kinetic behavior of the D308A mutant, it was necessary

to insert a conformational change into the kinetic scheme. In contrast to the single aspartate mutants, the
turnover number for the double mutant was 500-fold lower than that of the wild type, its apfaresmts

2.5-fold higher, and binding to substrate was weak. Mutation of®laused the greatest decrease in
activity, resulting in a turnover number that was more than 30000-fold lower than that of the wild type
and an appareri, that was 13-fold higher, supporting the notion that¥figs intimately involved in
catalysis. Molecular dynamics simulation techniques suggested that conversion of either aspartate to alanine
resulted in major shifts in the spatial localization of key amino acids. Despite the fact that the two aspartates
flank His*®9 the movement they engendered was distinct, consistent with the differences in catalytic
behavior. We suggest that the conformation of the active site is largely maintained by the two aspartates,
which enable efficient binding and cleavage of abasic site-containing DNA.

Apurinic/apyrimidinic endonuclease (AP endo) isa human  The three-dimensional structure of human AP endo has
enzyme that is critical to the repair of abasic sites in DNA been determined by X-ray crystallograptly.(Some of the
arising through either base excision repair or oxidative polar residues that are present at the proposed active site of
damage. AP endo recognizes abasic sites in DNA and cleave@P endo are GRF, Asp?®3 Asp*®® and His® (4—8). The
the phosphodiester backborigdthe abasic site. Both steady  Glu®® residue is believed to bind the metal cation required
state (—3) and single-turnoverl] kinetic assays have been for catalysis, while the other residues are thought to be
performed on wild type AP endo, demonstrating a Briggs required for substrate binding and cleavage of the DNA
Haldane mechanism. In the absence of physical methods forbackbone. To test this hypothesis, we utilized four enzyme
observing catalysis directly during millisecond intervals, mutants, D283A, D308A, D283A/D308A, and H309N, to
single-turnover measurements make it possible to observe aneasure both steady state and substrate binding parameters.
single catalytic event. The single-turnover assays were In the case of the first three mutants, alanine was substituted
possible because of the discovery of an extremely efficient for aspartate to remove a negative charge that might be
inhibitor of AP endo. This inhibitor, known as HDP, is the involved in the orientation of active site residues or aligning
pB-elimination product of an abasic site which forms during either the divalent cation or the substrate or both; in the case
heating. of the H309N mutant, we replaced a basic amino acid

containing an aromatic ring with the amide of an acidic
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EXPERIMENTAL PROCEDURES Table 1: Comparison of Kinetic Constants of Wild Type AP Endo

Site-Directed MutagenesiFhree residues thought to be 2194 AP Endo Mutants

at the active site or directly involved in catalysis, A%p Keat  Km  KealKm koo kot Kp
Asp® and Hi$%, were selected for mutation (Figure 5). mutant () (M) Mis™) (MIs) (s (M)
Four mutant proteins, D283A, D308A, D283A/D308A, and  Wwild type 10 100 1x1* 5x10° 0.04 0.8
H309N, were prepared by site-directed mutagenegjs ( ggggﬁ (1):2 1%8 ;’z ig ii ig 8:84 %0
overexpression in BL21/DEEscherichia colicells, and D283A/D308A 2x 102 240 8x 10° ND ND —
purification as described in ré In each case, the gene was H309N 3x 104 1300 2x 1® ND ND —

sequenced to verify the mutation. Since all the mutants eluted = Constants calculated from data presented in Figures 3 aKg 4.
in exactly the same position on each of the columns, grosswas obtained from the equilibrium concentration in single-turnover
misfolding during expression leading to loss of enzymatic experiments 18). Substrate bindingkgn) and dissociationkqr) rate
activity was unlikely. constants were modeled by kinetic simulation. ND, not done.

Enzyme AssaysEnzymatic assays were performed as
described by Strauss et all)( using a substrate prepared in the case of D308A by 40 s and in the case of D283A in
from a double-stranded 45 bp oligomer containing a single <5 s. Attempts to measure the extent of binding by the
G/U pair at position 21: D283A/D308A and the H309N mutants were performed with

4, 10, or 50 nM enzyme and 4, 10, or 80 nM substrate.
57-AGC TAC CAT GCC TGC ACG AAU TAA GCA ATT CGT AAT CAT GGT CAT-3' Single-turnover assays were performed in 50 mM Hepes/
3’-TCG ATG GTA CGG ACG TGC TTG ATT CGT TAA GCA TTA GTA CCA GTA-5 NaOH (pH 75) Containing 25 mM NaCl and 4 mM EDTA
s before, the enzyme dilution buffer contributed additional
a" to the final assay mix. The presence of EDTA prevented
cleavage of substrate by the enzyme during the binding step
and turnover. Enzymatic cleavage was initiated by the
addition of 10 mM MgC} in the presence of trap (2 mg/mL
heparin and 6.1M HDP). The reaction was terminated 30
s later by the addition of EDTA to a final concentration of
87 mM. Kinetic simulation using the KINSIM kinetic
simulation packagel(Q) was used along with the data from
the single-turnover experiments to approximate the forward
(kon) and backwardlGs) binding constants for the D283A
and D308A mutants (Table 1).

Computer Simulationg-or energy minimization analysis,

e used starting coordinates of human AP endo provided P.
Freemont 4). Mutant structures were created by replacing
the appropriate residue(s) of the wild type crystal structure
. with the desired amino acid(s). All residues were represented
nusing the AMBER all atom modellQ). TIP3P (2) water
#nolecules were added, where possible, at any point within
5.0 A of each atom, using the EDIT module of AMBER 4.1
(13). Potential energy minimization calculations were then
carried out for each mutant as well as for the wild type using
ROAR 1.0 (L4) with the standard 1994 AMBER force field
(15). Each minimization was carried out for 2000 cycles.
Minimized structures were then examined using Midas Plus
(16) and Rasmol 17), and conformational shifts were
measured.

To generate the abasic site at position 21, single-strandeoﬁ
oligomer containing the uracil was labeled at theebd and
annealed with the complementary strand. This double-
stranded oligomer was then treated with uracil DNA glyco-
sylase (1 unit/100 pmol of U-containing oligonucleotide;
Epicenter Technologies, Madison, WI) for-280 min at 37

°C in the presence of 0.1 M NaBHJracil DNA glycosylase
was heat inactivated at 705 °C for 5 min. After cleavage
with AP endo, the product was &%P-labeled 20-mer with

a hydroxyl group at the’3nd and an unlabeled 24-mer with
a phosphodeoxyribose at theénd. The strand without the
abasic site remained intact)(

Steady state time course assays were carried out a
described previouslylj in a 5uL reaction volume at room
temperature using 250 nM substrate over a220 s time
interval. The concentration of enzyme was 6-300 nM,

dependence was determined between 16 and 300 nM over
20 s time interval for the D283A and the D308A mutants, a
30 s time interval for the D283A/D308A mutant, and a 180
s time interval for the H309N mutant. Enzyme concentrations
are indicated in the legends of each figure. The incubation
mixture for steady state assays contained 25 mM NacCl, 50
mM Hepes/NaOH (pH 7.5), 0.1 mM EDTA, and 5 mM
MgCl,. Since enzyme was diluted to 5 times the desired
concentration in 50% glycerol in 50 mM Hepes, 1 mM
EDTA, and 125 mM NacCl, the final concentration of Na
during the assay was 50 mM. The reaction was terminated RESULTS AND DISCUSSION
by addition of EDTA to a final concentration of 87 mM. Steady State Measurements of AP Endo Mutantifycti
Substrate and product were resolved by gel electrophoresisReveal Major Changes in Rate, but Minimal Changes in K
by employing a 15% polyacrylamide gel in the presence of The time dependence for wild type AP endo and the four
8 M urea. The distribution of the isotope on the gel was site-directed mutants was examined over a time interval of
determined by Phosphorimager analysis (Molecular Dynam- up to 180 s (Figures 1 and 2). Note that to demonstrate the
ics, Sunnyvale, CA). time dependence of the nicking activity seen in Figure 1,
Substrate binding under single-turnover conditions was different concentrations of enzyme were used. On the basis
assayed in a bL reaction volume between 5 and 120 s using of initial rates of reaction at 250 nM substrate, both single
a range of substrate and enzyme concentratibn8(nding aspartate mutants were-180-fold less active than the wild
by the wild type enzyme was performed with 0.4 nM enzyme type while the double aspartate mutant was 500-fold less
and 4 nM substrate, while binding by the D283A or the active and the histidine mutant was more than 30000-fold
D308A mutant was performed with 4 nM enzyme and 4 nM less active. The time course for nicking H309N was repeated
substrate. The effectiveness of the trap was demonstratedat 10 nM enzyme and 250 nM substrate over intervals of up
by achieving a constant-E concentration, which occurred to 3 h with a similar result in the rate of nicking.
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Ficure 1: Time dependence of DNA nicking by AP endo mutants. The steady state time dependence of product formation by AP endo
mutants was determined using 250 nM substrate. The reactions were initiated by the addition of either 1.0 nM D308A Tpr&8 &M

D283A (lanes 814), 20 nM D283A/D308A (lanes 1521), or 500 nM H309N (lanes 2228) and then terminated at 20, 40, 60, 120, and

180 s by the addition of EDTA. Substrate and product were resolved by gel electrophoresis employing a 15% polyacrylamide gel in the
presence 08 M urea.

The apparenK;, and k., values were examined for all  Binding and dissociation parameters were distinctly different
four mutants and compared with that of the wild type enzyme for the wild type and the two single aspartate mutants (Figure
(). The apparenK,, values for D283A, D308A, D283A/  4). Binding curves for the double and histidine mutants could
D308A, and H309N were 120 nM 38% (SE), 50 n\VH not be constructed despite repeated attempts over a range of
31% (SE), 240 nMt 38% (SE), and 1300 nM: 42% (SE), concentrations of both substrate and enzyme due to the low
respectively. See Table 1. They values were 0.273 4 stability of the enzymesubstrate complex. The equilibrium
14% (SE), 1.2 st 4+ 9% (SE), 2x 102 s 4+ 21% (SE), level of ES for the wild type enzyme was 0.29 nM,
and 3x 10 st £ 24% (SE), respectively. In contrast to measured at 0.4 nM enzyme and 4 nM substrate, conditions
the marked difference in catalytic activity shown by these chosen because of the efficiency of binding by the wild type
rate studies, there was surprisingly little difference in the enzyme. The equilibrium level of-5 for the D283A mutant
apparenKp, for the single and double aspartate mutants. The was 0.092+ 0.009 nM (SE), measured at 4 nM enzyme
apparenKp, for the histidine mutant, however, was 13-fold and 4 nM substrate, while that for the D308A mutant was
higher than for the wild type (Figure 3 and Table 1). Hence, 0.32+ 0.02 nM (SE), also measured at 4 nM enzyme and
these studies support the likelihood that ¥iss involved 4 nM substrate. (Note that the equilibrium level of binding
in catalysis. The enzymatic activity of the D283A mutant for the wild type enzyme at the enzyme and substrate
reported here is in sharp contrast to reports that this mutantconcentrations used with the mutant enzymes would have
had~0.05% of the activity of the wild typerj. Since neither been 0.81 nM, as determined by kinetic simulation. This level
the substrate nor enzyme concentration was specified ands ~10 and 3 times greater than those of the D283A and
since the substrate differed from the one used in these studiesD308A mutants, respectively.) Furthermore, the shapes of
it is difficult to make direct comparisons with the data the binding curves for the wild type and for the two mutants
presented here. However, the retention of substantial enzy-were markedly different (Figure 4). The half-time for
matic activity on the part of D283A is consistent with the maximal binding for the wild type was-5 s under the
ability of this mutant to bind an abasic site-containing experimental conditions (data not shown andlethat for
oligonucleotide as shown by other enzymatic and electro- the D283A mutant was clearly5 s, since maximal substrate
phoretic mobility shift assays (EMSARY). was bound at the earliest measurement possible by this

Single-Turneer Measurements Show That D283A and Methodology, and that for the D308A mutant was-18 +
D308A Bind Substrate in Different MannerSubstrate 4 s. The root-mean-square deviation of the calculated binding
binding, determined using single-turnover conditions, was curve by D308A was:0.35 fmol. In short, both equilibrium
initiated by addition of enzyme to substrate in the presence binding levels andty, values for the wild type and the
of 4 mM EDTA to prevent nicking. The enzynmibstrate ~ mutants were different.
complex was then observed by activating nicking with?Mg Kinetic Modeling Indicates That the Diminution of the
in the presence of trap that prevented enzyme recycling. Catalytic Efficiency by D283A and D308A Arises from
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FIGURE 2: Quantitative analysis of the steady state time dependence 0 50 100 180 200 250 300 350

for wild type AP endo and four site-directed mutants. Experimental Substrate (nM)

data were obtained as described in Experimental Procedures andFIGURE 3: Steady state concentration dependence. Velocities are
in the legend of Figure 1 and normalized to product formed per normalized to 1 nM enzyme, and data are based on an average of
0.25 nM enzyme. Data in this figure represent an average of two four experiments each for D283A and D308A and two experiments
experiments for wild type AP endo (0.25 or 0.5 nM enzyme), five each for D283A/D308A and H309N. THes and Ky, values are
experiments each for D283A (2.0 nM enzyme) and D308A (1.0 shown in Table 1. (A) The concentration dependence for nicking
nM enzyme), four experiments for D283A/D308A (20 or 50 nM by 1 nM D283A @) and by 1 nM D308A ©) was determined
enzyme), and three experiments for H309N (500 nM enzyme). (A) between 16 and 300 nM over 20 s time intervals. (B) The
Comparison of wild type AP endo®), D283A (@), and D308A concentration dependence was determined between 16 and 300 nM
(O). The nicking rates (nanomoles of product per nanomole of over 30 s time intervals for 50 nM D283A/D308M) and over
enzyme per second) under these conditions were 10, 0.3, and 1.91.80 s time intervals for 500 nM H309NOj.

s~ for wild type AP endo, D283A, and D308A, respectively. (B)

Time course of D283A/D308ANM) and H309N ). The nicking

rates were 1.5 10~2and 1.9x 1074 s7%, respectively, under these  the scheme shown above. Instead, #ig was best ap-

conditions. proximated by theKp, calculated a%oi/kon. In general, as

Different SourcesKinetic simulation {, 10) allowed us to Keat fOT an enzyme decreases a”‘?' Is no longer much greater

mimic the shape of the binding curves as well as the steadythan ko, the Kn is best approximated by thip (18).

state levels of ES to estimate binding and dissociation HOWeVer, since thé, obtained from steady state measure-

constants (Table 1). We showed previously that the wild type Ments was still 30 timegreaterthan theko (see Table 1),

enzyme follows a BriggsHaldane mechanism (Scheme 1) while theK,, wasreducedcompared to that of the wild type,
the simple Briggs Haldane mechanism no longer applied

Scheme 1 to the D308A mutant.
N ok . L .
E+ DNAabasic% EDNAabasic % EDNA'“'Cke"g E+ The major difference between the single-turnover and the
" DNA steady state experiments was the presence of 4 mM EDTA
nicked in the former studies during the step when enzyme bound to

where Ky, is approximated by Ky + ko)/kon ko is ap- the gbgsic .site-contai.ning_DNA. Since EDTA chelated
proximated bykes; andks > k, (18). In Scheme 1, ENAabasic remaining d|valgnt cation, it prevented the enzyme from
represents the enzymseibstrate complex and DAnicked |n|t|at|r_19 catalysis and ensured that a true equmbrlum was
represents the enzynpoduct complex. We considerdd established between enzyme that was free of abasic site-
to be a good approximation fé., because we were unable containing DNA and enzyme that was bound to abasic site-
to demonstrate a burst during the first turnovéy. (The ~ containing DNA. Thereafter, catalysis was initiated by
D283A mutant continued to follow the Briggdialdane  addition of divalent cation (M) in the presence of trap,
scheme. However, for the D308A mutant the substrate thereby limiting catalysis to a single round. One explanation
association and dissociation rate constamts &nd Ko, for the failure to match the calculaté€}, from Scheme 1
respectively) determined from the equilibrium levels e8E ~ with the observedK, could be that the D308A mutant
and the shape of the binding curves (Figure 4) did not match kinetics revealed a step masked during steady state studies,
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15 limiting for the D308A mutant. At this time, we feel it is
S unlikely that the enzyme ordinarily dissociates from Vg
with each catalytic round. In that case, the sequence of steps
D308 would always involve the conformational change proposed
for the D308A mutant as well as a final step where enzyme
and divalent cation dissociate from one another. Then the
dissociation and reassociation steps would appear in the
steady state kinetics for D308A, which they do not. In other
studies using rapid start EMSA, the response tMgas
o D283 also complex with effects on both stability of the3E
. complex and dissociation of produd9). Furthermore, the

¢ response of the D308A mutant differed from those of both
the wild type and D283A mutant.

Molecular Modeling Analysis Suggests That Multiple
Residues Shift Position When either Z3pr Asp©® Is
Mutated Changes in primary structure of a protein are often
accompanied by unexpected perturbations in local tertiary
FiGure 4: Single-turnover experiments. The extent of substrate structurel. Although such mllnlmlzatlon mEthoqs are theoreti-
binding to D283A ®) and D308A () was determined between 5  cal algorithms and are subject to error, there is a remarkable
and 120 s. Substrate (4 nM) was allowed to bind to enzyme (4 concordance where minimizations performed with ROAR
nM) in the presence of 4 mM EDTA over the indicated time jn an AMBER force field have been compared with solved

intervals, whereupon Mg and trap were added to discharge the .y qa| structures 20). To examine possible changes in
enzyme bound to an abasic site. Data are based on six experiments

for D283A and five experiments for D308A. The forwaid§ and configuration at the active site of AP endo upon site-directed
backward k) binding constants were calculated from theand mutagenesis, we performed molecular minimization analysis
the ES concentration at equilibrium by kinetic simulation using using ROAR in an AMBER force field on mutations mapped
the KINSIM kinetics simulation packagd.Q). These values are  onto AP endo. The locations of residues with major shifts
reported in Table 1. relative to the minimized wild type>0.5 A) are illustrated

in Figure 5. In particular, mutation of A3} to alanine

one that occurred so rapidly in the wild type and in the LT .
: - resulted in displacing of S&rby 1.8 A and of Cy3° by
D283A mutant that it was transparent. Catalysis could only 2.06 A and in tilting of the entire Hi€° side chain by~0.5

occur when the active site was properly aligned, which ) .
occurred when divalent cation was added to the reactionf&' Despite the fact that ASp* hydrogen bonds with TH®

265
mixture. We exclude an effect occurring after catalysis in the crystal structure as noted by Gorman et4)l. Thr

because such a post catalytic event would not have resulted” as not disturbed by the rl((e)place.ment of this aspartate with
in alteration of the rate of binding and dissociation and the 2lanine. Both Séfand Cys®are highly conserved residues

. - 4), making it even more likely that they play roles in
decreased K. We propose that, when divalent cation was ( . - s !
absent, the conversion of A8pto alanine might alter the enzymatic activity. Although the shift in C$8 occurred with

; - both aspartate mutations (see below), the shift irff®Seas
nformation of the enzyme in h a way that not only w . . . s
conformation of the enzyme in such a way that not only was unique to the D283A mutant. Since Seis not within

catalysis disabled but also the enzyme had to undergo ahydrogen bonding distance of any residue in the wild type
realignment. Ordinarily, any realignment that might be or mutant enzymes, it would be free to hydrogen bond with

necessary occurred so quickly that it did not appear in the i . i it faDNAb C "
kinetic scheme. However, when alanine was substituted for '€f O an Incoming nitrogen of a + base. Lonsequently,
we propose that S may interact directly with either

Asp*®8 alignment pr lowly that it was n r )
sp*, alignment proceeded so slowly that it was necessa y:sub:strate, product, or both. In short, the D283A mutation

Loe;gjv(?rt itinto the kinetic scheme as depicted in Scheme 2 disturbed binding of substrate to the active site but not the
ability of the enzyme to rapidly adopt the conformation
necessary to perform the catalytic step. Furthermore, while
Asp?®3is clearly important in maintaining the alignment of
His3°, it is not directly involved in catalysis as has been
proposed previoushp( 6). Neither Sef® nor Cys'®has been
noted in previous mutagenesis studies with AP erfded].

In contrast to the changes that were predicted to occur in
the D283A mutant, the predicted changes in tertiary structure
for the D308A mutant involved many more residues and the
disruption extended over a greater distance. While active site

Product (fmol)
T

o
&)

0 20 40 60 80 100 120 140

Loading Time (s)

Scheme 2
(A) binding assay
kon(EDTA)

abasiC kg epra)

E(Mg2+)DNA,abasicg E(Mgz+)DNA,nicked g E(Mg2+) +

DNA
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E =
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. kdiss
E(Mg?")P AT E (M) + DNA
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Thus, the conversion offA.abasictg E(Mg?T)PNAabasicyould

His3% remained unchanged relative to the wild type, numer-
ous residues in the vicinity of Hi¥ shifted position. Of
particular note were THRf, which shifted by 1.24 A; Ly,
where the entire side chain shifted §y1.3 A; Trp?®7, which
shifted by 0.97 A; TH%8, where the entire side chain shifted
by 2.06 A; TyrS®, where the entire side chain shifted out of
the plane by 1.3 A; Argf4 where the side chain shifted by

involve a conformational change that became partially rate- 0.94 A; Asr#'2 which shifted by 1.17 A; Cy&% which
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similar molecular modeling of exonuclease Il with the
mutation equivalent to D308A resulted in a large displace-
ment in the equivalent glutamate residue. In sum, despite
multiple predicted shifts of as much as 2.29 A in the D308A
mutant, thek.o: dropped by only 1 order of magnitude and
thek,n decreased 50-fold. However, the ability of the mutant
to recover the tertiary structure necessary for catalysis was
diminished substantially to the point where a conformational
shift involved with binding Mg" became a part of the
catalytic scheme.

The predicted changes in conformation of the double
aspartate mutant by molecular modeling were roughly
equivalent to the sum of the changes in the individual
mutants. The observed kinetic changes involved a 500-fold
decrease in thi, and a 125-fold decrease in the catalytic
efficiency. The extent of substrate binding could not be
measured in single-turnover experiments. Furthermore, changes
in the Arrhenius activation were calculated for the wild type
enzyme, the single aspartate mutants, and the double aspartate
mutant. TheAAG® for the double mutant relative to the wild
type enzyméwas 15.2 kJ, which is approximately the sum
of the difference of the two single mutantsAG° = 8.6 kJ
for the D283A mutant andAG° = 5.2 kJ for the D308A
mutant). On this basis, both aspartate residues were probably
involved independently in maintaining the proper conforma-
tion of the active site so as to enable efficient catalysis.

Kinetic Measurements Combined with Molecular Mini-
mization Analysis of AP Endo Mutants Ride Insight into
the Molecular Mechanism of Abasic Site Nickifigvo major
models for cleavage by AP endo have been proposed. The

FIGURE 5: (A) Three-dimensional structure of AP endo, showing fot s hased on similarities of the nuclease fold in DNase |
the residues mutated in this study and the residues likely to be

affected by the mutations, as determined from molecular model- (21), xonuclease 11122), and AP endog) and the fact that
ing: white, Hi$% red, Asg® cyan, Aspe® yellow, Cy$™® light DNase | has been cocrystallized with DNA1J. The active
blue, GI¢; orange, SéFf; and green, TyFS, Arg?’4, Thr?68 Trp?57, site of the enzyme is postulated to lie in a pocket at the top
I e e s oo kS r e, O 164} sandich and s surunded by oo regions, One
identified by domain mapping experimen). (B) Enlargempent .Of these qups I_nvolvea?hellx S- The attacking nL_JcIeophIIe
of the active site region shown in panel A. is a hydroxide ion obtained through deprotonation of water
by His*®. The single divalent cation aids in the attack on
shifted by 2.29 A; and, finally, GRS, where the entire side  the labile phosphate by either polarizing the ®3 bond
chain shifted by~1.4 A. The shift in Cy& is the only (8) or stabilizing it @).The second model argues that the
alteration to occur in both aspartate single mutants. Many nucleophile that attacks the Caf the deoxyribose located
of the disrupted residues are highly conserved, including 5' to the abasic site is one of the ring nitrogens ofMis
GIu®s, Thr??, Lys®, Asr?2 Tyr?%9 and Tr®” (4, 8). Of these itself rather than an activated water and that the divalent
residues, replacement of A8Awith alanine, aspartic acid, cation serves to orient Hi®¥ and stabilize its electronic
or glutamine greatly diminished the ability to cleave an abasic distribution. Neither model takes into account the possibility
site or retard the movement of an oligonucleotide containing that the enzyme changes conformation when it binds
an abasic site during electrophoresis on a nondenaturing gekubstrate or product or that substrate and product may bind

(7). Indeed, the shift in GRt is noteworthy in that it dichot differently to the enzyme whether or not it changes confor-
occur in the D283A mutant. Gifi along with Asg® has mation. Since there are currently no X-ray crystallographic
been proposed to play a key role in positioning the*Mat data for a cocrystal of DNA containing an abasic site with

the active site4—6, 8). If Asp3*® were the critical residue  either AP endo or exonuclease llI, it is not possible to decide
for binding to the divalent cation, then the D308A mutant which model is correct. Furthermore, despite clear evidence
should be devoid of enzymatic activity, which it is not. If, from NMR studies that the structure of DNA in the
on the other hand, Asf? along with other residues that shift neighborhood of an abasic site depends on the sequence
in its absence serves instead to position*Glinen replace-  context @3, 24), AP endo appears to have no sequence
ment of As% with alanine would result in the observed

effects. Indeed, assay in the presence 6f @astead of Mg* L AG for the wild type enzyme was calculated according to transition
restores the full enzymatic activity of D308A (data not state theory18) asRT In(kealKm x WKT) = —AG* — AGs, wherek is
shown). Since the larger divalent cation restores catalytic the Boltzmann constant ardis Planck’s constantAGs was obtained

; ; ; from the single-turnover equilibrium binding level A$5s = —RTIn
function, it probably offsets the displacement of Blu Ke. The changes in Arrhenius activation energy relative to the wild

providing support for the arg_ument that displacement ofGlu type enzyme were calculated aska(widypdKeaymua) = (—Eaidiype+
determined the observed kinetic effects. Also, we note that E. muan)/RT.
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preference Z5; D. Carey and P. Strauss, manuscript in
preparation). Hence, NMR studies with abasic site-containing
DNA by itself may provide insight about structural changes
in DNA containing an abasic site but are probably not so
helpful in predicting how the enzyme interacts with its
substrate. Finally, on the basis of copper phenanthroline
footprinting, abasic site-containing DNA undergoes a struc-

tural distortion in binding to the enzym&8®), and on the
basis of domain mapping by limited proteolys®&7); it is

likely that substrate containing an abasic site and product
containing the nicked abasic site bind differently to the

enzyme.

Thus, the data presented in this study clearly support a

role for two active site aspartates, A%pand Asg®, that
spatially flank the catalytically active Hi¥. Each plays a

distinct role in maintaining the integrity of the active site,
the orientation of Hi¥® and the supporting residues such

as Gl and Sef. They also support a role for AZS in
maintaining the orientation of G, which may bind the
catalytically critical divalent cation.
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