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Abstract: DNA catalyzes the reactions of many small molecules and assists enzymes catalyzing modifications of
DNA itself. Previous work by the authors showed that hydronium ions constitute an important component of the
counterion atmosphere surrounding polyelectrolytes in general and DNA in particular. It was proposed that local
regions at the surface of DNA, termadidic domainsmight be responsible for the protonation of epoxides to form
reactive intermediates. This acid catalysis is DNA-mediated in the sense that DNA associatively binds the reactant
hydronium ions. DNA catalysis of the hydrolysis of thgn-andanti-7,8-diol 9,10-epoxides of the procarcinogen
benzof]pyrene 6yn-andanti-BPDE) has been investigated for over a decade. Jerina and co-workers have shown
that, in the absence of DNA, the observed rate of hydrolygig) (can be represented as the sum of a spontaneous,
pH-independent contributiorkd) and an acid-catalyzed componekt) kons = ko + kn[H™], where [H"] denotes

the (bulk) hydronium ion concentration. An important aspect of that work is that while the acid-catalyzed reactions
of both BPDE diastereomers occur via similar mechanisms, considerable differences are found in their rates of
hydrolysis. Later work by Jerina involved the catalyzed hydrolysisyf- and anti-BPDE by DNA. Typical
Michaelis—Menten saturation curves were used to extract apparent rate constants in the presence of DNA. To illustrate
the utility of the acidic domains concept in DNA-mediated acid hydrolysis, we have modeled both the intercalative
and associative (outside-binding) reaction modes of specific BPDE diastereomers with DNA by combining-Poisson
Boltzmann (PB), Monte Carlo, and molecular mechanics techniques. First, the hydronium ion concentration near a
B-form model of DNA was obtained by using a previously described PB method for mapping the electrostatic potential
in counterion volume elements surrounding DNA. Second, the Metropolis Monte Carlo procedure was used to find
the equilibrium distribution of BPDE externally associated with DNA in the PB-calculated electrostatic potential.
Finally, the intercalation of a single BPDE molecule into the base-pair stack of DNA was modeled by using AMBER

to generate conformations of possible intercalation complexes and then using the PB method td hmagaiflthe
suspected binding sites. Hydrolysis rates for the intercalated molecules were subsequently calculated and combined
with external hydrolysis rates to yield total rate curves for the hydrolysis of BPDE as a function of DNA concentration
and bulk pH. These curves were then compared with available experimental results. Agreement with experiment
was very good in all cases. While use of experimentally derived rate constants practically guarantees reasonable
agreement, the calculated hydrolysis rates can be dissected to provide separate intercalated and associated rates and
to see how they are individually affected by bulk pH. Furthermore, the application of the acidic domains model to
DNA-catalyzed BPDE hydrolysis points out that the measured apparent rate constant for acid-catalyzed hydrolysis
can be expressed as the product of the DNA-independent rate constant and the local increase in the hydronium ion
concentration over the bulk value.
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Introduction

Duplex DNA catalyzes reactions of small molecules such as
diol epoxideg nitrogen mustard, cyclopropylpyrroloin-
doles®7” and platinum-triamine complexe8. The cleavage of
DNA by the restriction enzymescdR| andecdRV is a substrate-
assisted catalytic proce3& Other enzyme DNA reactions
involve the protein acting as a general acid or bdsié these
reactions the effectivelfy of the proton donor or acceptor amino
acid should be greatly perturbed by the strong electrostatic o . . )
potential at the DNA surfac®. We have hypothesized that there A carbocation intermediate is formed in the spontaneous
is a common mechanism in these and other reactions involving ydrolysis reaction osynBPDE. Spontaneous hydrolysis of
DNA: the electrostatic potential generated by this polyelectro- ant-BPDE appears to have a different mechanism, although a
|yte pred|ctab|y alters the kinetics Of proton transfer. In th|s Cal'bocatIOI’IIC Intel‘medlate |S St|" |IkerThe fOI’matlon Of a
paper we describe a combination of computational studies carbocation suggests that the diol epoxide can react with
designed to test this hypo[hesis on a System with well- nucleophilic sites on DNA as an alkylatlng agent. Studies of

(+) syn-BPDE

(+) anti-BPDE
Figure 1. The structures off)syn and +)anti-BPDE.

characterized kinetic properties.

The ability of DNA to catalyze the hydrolysis of the diol
epoxides of polycyclic aromatic hydrocarbons has been well
studied. An example is the 7,8-diol 9,10-epoxide of bealo[

the general acid-catalyzed hydrolysis ©9fn- and anti-BPDE
point to reactions that involve the formation of a benzylic
carbocation intermediate in the rate-determining step. In the
reactions of both diastereomersz®t can act as a general-

pyrene (BPDE), the metabolic product formed by monooxidation acid catalyst in a mechanism in which the rate-determining step
of its parent hydrocarbon. The stereoisomers of the diastere-is proton transfer to the epoxide oxygen in concert with a

omeric pair in which the 7-hydroxyl is eithaynor anti with

benzylic C-O bond cleavaggé.

respect to the oxirane oxygen have been the subject of the most |n 1980, Slaga and co-workdPsshowed that the rate of

intense study. Denotedyn and anti-BPDE, each of these
isomers exists as a pair of enantiomers, th¢ hembers of
which are considered in this study and are depicted in Figure
1. Both syn-and anti-BPDE have been found to undergo a
detoxification reaction resulting in a tetraol that does not react
with DNA. Through an alternate mechanisamti-BPDE may
instead react with the exocyclic amino group of guanine to form
a covalent adduct responsible for carcinogenic mutations. For
example, this diastereomer induces a high frequency of Gto T
transversions in codon 249 of the p53 tumor-suppressor gene
a mutation associated with hepatocellular carcinédfna.

Whalenet al1* showed that kinetic data of BPDE hydrolysis
can be accurately fit by

kobs= k0 + kH[H+]

in which kg is the rate constant for spontaneous hydrolysis and
kq[H™] is the pseudo-first-order rate constant for acid-catalyzed
hydrolysis, where [H] is the bulk hydronium ion concentration.
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hydrolysis ofanti-BPDE increases significantly in the presence
of DNA. Michaudet al* measured the pH dependence of this
reaction and suggested that hydrolysis in the presence of DNA
is acid catalyzed. Itis generally accepted that the formation of
noncovalent BPDEDNA complexes precedes covalent adduct
formation161” These noncovalent complexes have been cat-
egorized as either “Site I” or “Site 11*® Site | complexes
involve intercalation into the base-pair stack of DNA and thus
require that the conformation of the nucleic acid change. Site
1l complexes involve little or no stacking of the planar portion
of BPDE with the nucleotide bases and so are regarded as
external site formations. It has been suggested that an intercala-
tion complex would precede hydrolys. Studies of the pH
dependence of DNA-catalyzed hydrolysisgfr andanti-BPDE
show that an intercalation complex is not an absolute require-
ment for catalysis since the reaction is also catalyzed by single-
stranded poly(dG) and poly(d&).In fact, poly(dG) is a more
efficient catalyst than double-stranded DNA.

The increase in the hydrolysis rate with increasing DNA
concentration (at constant pH) suggests that general acid
catalysis would occur with DNA being the proton donor. While
MacLeod and Zacha?®} have suggested that the donor proton
may be covalently attached to the exocyclic amino group of
guanine, this need not be the case. The proton donor may reside
within the minor groove of the nucleic acid as part of a local
acidic domaint?2 This hydronium ion, as a constituent of the
ionic atmosphere of DNA, is bound to the polyelectrolyte
molecule in the same sense that condensed counterions are
bound. The transient nature of the®f species suggests an
alternate way of viewing the acidic domains at the DNA surface,
namely, as regions in which the effectiv&gof local water
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molecules is increased by the large negative electrostatic Poissor-Boltzmann calculatior®$ have shown that, for canoni-

potential generated by the phosphate groups of DNA.

Theory

In the absence of DNA, BPDE hydrolysis is described by eq 1 with
[H*] constant and determined by the pH of the solution. DNA-
catalyzed hydrolysis contains contributions from three reaction mech-
anisms: Site | intercalated complexes, Site Il externally associated
complexes, and DNA-independent (free) hydrolysis. Site Il and free
hydrolysis can be unified if we modify eq 1 to allow {Hto vary
throughout the volum& of the system:

ki =V [ (ko + kylH™D) do

This result can be further generalized to account for a non-uniform
distribution of BPDE:

@)

~ J (ks + k[H*]BPDE] dv

(3)
f [BPDE] dv

In writing eq 3 we have assumed that the spontaneous rate cokstant
and the acid-catalyzed rate constintare constant throughottand

retain their values measured in the absence of DNA. This assumption

is reasonable for externally associated, noncovalently bound BPDE.
Site I-mediated hydrolysis may also be described by a generalization
of eq 1:

k=3 W(Ko+KyH ) (4)
]

where we sum over all intercalation binding sifesach having a
probable weightv,. We have used a “prime” notation to indicate that

cal B-DNA, the electrostatic potential in the environment is
largely independent of nucleotide sequence. The helical axis
of DNA was chosen to be coincident with the axis of the
cylindrical system cell of height 33.8 A and radius 170 A
resulting in a DNA concentration of 10.8 mM. Other concen-
trations of DNA are obtained by adjusting this system radius.
A series of cross sections, 1.69 A in height and perpendicular
to the helical axis, was defined and a rolling-sphere algorithm
used to generate a curvilinear lattice contoured to the static DNA
surface. The fixed atomic charges of DNA were distributed
among interior parallelopiped cells according to each cell's
three-dimensional overlap with the atomic van der Waals
spheres. Cells within the DNA boundary were assigned a
dielectric constant of 2 while those of the environment were
set to 78.4; the former approximates the high-frequency
(electronic) dielectric coefficient of hydrocarbons while the latter
represents the dielectric constant of bulk water. A value of 2
has been used for PoisseBoltzmann calculations of proteitts
although higher values have also been suggestedell
volumes and shared surface areas among neighboring cells were
recorded to be used in the following Poiss@oltzmann
algorithm.

Calculation of [H*]. The distribution of hydrogen ions in a
dielectric continuum representing an electrolyte solution around
DNA was obtained by solving the nonlinear Poiss@ovltz-
mann equation on a curvilinear 3-dimensional lattice contoured
to the DNA surface? Briefly, the Poisson equation for the
electrostatic potential was combined with the nonlinear Boltz-
mann equation for the distribution of (univalent) counterions.
The finite difference version of the Poisson equation for
theelectrostatic potentiah at cell locationi on a curvilinear
grid is

intercalation may lead to spontaneous and acid-catalyzed rate constants

with different values than those in the bulk solution.

Equations 3 and 4 may be combined in a simple two-state model to
give the total rate of hydrolysis if the relative fractiérof intercalated
BPDE is known:

kcalc= 0k| + (1 - 6)k|| (5)
wheref depends on the DNA concentration. We describe below how
various computational techniques were applied in the calculation of
rate curves based on eq 5 for DNA-catalyzed hydrolysis of BPDE.
Results are presented for both 8y& andanti-diastereomers of BPDE
as a function of DNA concentration and bulk pH. Comparison with
experiment allowed the validity of the assumptions used in developing
eg 5 to be tested.

Methods

Evaluation of eq 5 for a specific diastereomer at a given DNA
concentration and bulk pH entailed the following steps:

(1) Define the system including the discretization of space
into finite volumes.

(2) Calculate the [H] distribution throughout the system
volume.

(3) Calculate the [BPDE] distribution throughout the system
volume.

(4) Calculate the fractio® of BPDE that is intercalated.

(5) Determine the intercalation sites for BPDE in a base-pair
stack of DNA and [H] at these sites.

(6) Obtain values for the spontaneous, (ko) and acid-
catalyzed Ky, k'y) hydrolysis rate constants.

Definition of the System. The system used for the Site |l
calculations consisted of an all-atom model of B-form poly-
(dG)-poly(dC) and BPDE in a dielectric continuum. Previous

[4mvple; + Z(¢j€ijslj/rij)]
T

&; (6)

Z(Eiij/rij)
]

wherev; is the volume of celi, p; is the total charge density,

€j = (¢ + €)/2 is the arithmetic average of the dielectric
constants in cells andj, S; is the shared surface area of these
cells, andrjj is the distance between cell centers. Summations
are taken over all cellssharing a surface with a given céll
Inside the DNA the charge within each cell was fixed as
calculated from the overlap with the atomic van der Waals
spheres and provided a charge dengity= qi/v;. The total
charge density in each cell in the environment was obtained
from the individual ionic charge densities by summati@n=
Skoi. The Boltzmann equation for each ion type was then
written

Ny exp(—fz4)
> v exp(—fz)

P = (7)

in which zis the ion valence anig is the total number of ions
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Figure 2. Cross-sectional views, 1.69 A apart, perpendicular to the
helical axis of B-DNA showing the division of space into a curvilinear
grid of finite volume elements. The value #8fp[H]) in each of the
finite elements in the environment surrounding DNA is shown in gray
scale. The unshaded central portion is occupied by DNA. The

Lamm et al.

charge of atom. The full energy expression could then be
written

BPDE DNA

U= Z [Z<¢kqi)+ ;(aan/rim”— CCltim)] (10)

whereg¢y was the full (DNA plus counterions) PB electrostatic
potential in thekth volume element, the element in which atom
i of the diol epoxide was located. By calculating the electrostatic
potential energy as the interaction of the diol epoxide atomic
charges with the average electrostatic potential of the BNA
electrolyte system, average properties of the BBBPBRA
system could be obtained. Further discussions of this method,
including a discussion of the convergence properties, are given
elsewhere®

Analysis of the spatial distribution of an asymmetric poly-
atomic molecule is more complicated than that required for

approximate regions of the major and minor grooves are indicated by simple counterions. The mechanism of acid-catalyzed carboca-

a ‘" and an “n”, respectively.

of type k within the system. One species was the hydronium
ion, represented as™ Using the definition

p[H], = —log[H ], = pH + 2.303 ‘B¢, (8)

tion formation requires that a proton be transferred to the oxirane
oxygen making the location of this atom paramount. A

histogram for this oxygen was maintained during the calculation
by recording the number of configurations in which this atom

occurred in each volume element. The fraction of configurations
in which a given volume element contained the oxirane oxygen
was converted to probability densities (having the dimensions

the local hydrogen ion concentration could be described in termsof concentration) at the completion of the calculation and is

of the bulk solution pH and the local electrostatic potential.
The PB solution to eqs 6 and 7 is insensitive to the bulk pH

denoted by [BPDE].
This procedure also allowed the determination of bound vs

since hydronium ions are several orders of magnitude lessfree BPDE by obtaining the average energy for a BPDE
numerous than the accompanying counterions. Thus, once themolecule whose oxirane oxygen resided in a particular volume
PB equation had been solved and the spatial distribution of element. We have showhthat a consistent and reliable
hydronium ions, [H]i"®, had been obtained for a given DNA  criterion for a counterion to be bound in the sense of counterion-
concentration and reference bulk pH, hydronium ion concentra- condensation theory is that its electrostatic energy is less than
tions at other bulk pH values were readily obtained from the —kT. Using this criterion, we could then calculate the individual

approximate invarianf(p[H];):

p[H]; — pH = A(p[H]) = p[H]" — pH*'  (9)
Figure 2 presents cross-sectional mapsAgp[H];) for two
planes, 1.69 A apart, for B-form poly(dgply(dC) at 298 K.
Calculation of [BPDE]. As discussed above, noncovalent
binding of benzaf]pyrene diol epoxide to DNA was assumed
to involve a multiplicity of sites categorizable as either Site |
(intercalation) or Site Il (external association). The equilibrium
distribution of BPDE can be determined by sampling Metropolis
Monte Carlo energy configurations of BPDE in the electrostatic
field of DNA. A BPDE molecule was randomly translated and
rotated within a periodic box that extended radially to the
cylinder walls and axially for 10 nucleotide pairs (33.8 A) of a
rigid B-DNA helical duplex. The grid of finite volume elements
previously defined for the PoisseiBoltzmann calculation was

contributions of Site Il and free hydrolysis to the total rate for
DNA-catalyzed BPDE hydrolysis.

Calculation of 6, the Fraction of BPDE Intercalated.
Michaud et al# and Islamet al2 have measured equilibrium
constants foranti- and synBPDE-DNA binding, based on a
similar two-state model. Denoting the concentration of Site
I-bound, Site Il-bound, and free BPDE by,[B[By], and [F],
the measured equilibrium binding constant is given by

« ___ [B]
" ((B4] + [FDIDNA]

(11)

The fraction of BPDE that is intercalated can be written as
0 =1[B,J/([B] + [By] + [F]) (12)

or, similarly,

used to generate histograms that report the probability density

for individual atoms of BPDE residing in each spatial location.

The nonelectrostatic potential energy of the system was

calculated as the sum of all pairwise inversel@ interactions
of BPDE with DNA. Parameters for the-d.2 interactions were
taken from the AMBER parameter $&t. To calculate the

electrostatic energy in a way that included the electrostatic

contribution from the full, electrically neutral system, determi-
nation of the potential in the volume element in which each

Keq

0= Keq ™ L/[DNA]

(13)

which is equivalent to that used by Michaud and by Islam. The
reported equilibrium constants lead to

0yn= 1070~ /(1070 * + 1/[DNA])

atom resides was necessary. The electrostatic contribution to nd

the energy of théth atom in thekth volume element was defined
as the product of the electrostatic potential in detind the
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0, = 2400M~Y/(2400\~* + 1/[DNA]) (14)

anti
Determination of the Intercalation Sites and Their [H*]
Values. Numerous conformations are possible for the nonco-
valent intercalated complex. By analogy with the known
structures of covalently bound diol epoxides, it can be inferred
that physically bound BPDE may be oriented in the minor
groove with its planar portion approximately parallel to the
DNA-helix axis or it may intercalate with its plane perpendicular
to the helical axis. This analogy should not be overextended

NH; residing in the minor groove. However, this does not
necessarily imply that an intercalation complex preceding
hydroxylation would have the oxirane ring oriented toward the

minor groove. An exhaustive search of possible structures and
subsequent Boltzmann averaging of their contributions to the H
hydrolysis rates was not feasible. Nonetheless, it is possible to
generate representative structures and determine whether thei

characteristics are compatible with experimental data.
Generation of representative structures for intercalation
complexes is described in detail elsewh&reSolution confor-
mations of the covalent adduct of-f-anti-BPDE with the
exocyclic amino group of gof this oligonucleotide duplex are

known, having been learned from NMR measurements and

energy minimizatio?-31 Reasonable results for BPBIDNA
intercalation complexes were obtained using AMBERo-
lecular mechanics calculations with TIP3P watées imple-
mented in HyperCher## Model conformations were con-
structed from the 11-mer d(CCAEGsC;TACC)—
d(GGTAGC17/G1sATGG) with two intercalation sites: in the
first, the BPDE molecule was placed between th&{g and
GsCy7 base pairs; in the second, a site between tg@;and

C;G;7 base pairs was chosen. This provided major and minor

groove locations for the epoxide moiety with both C§3G
and G(3-5')C sites in a sequence to which BPDE is known to
bind2°~31 Two orientations for BPDE in each intercalation site
were constructed, one with the oxirane group in the major

groove and the other with the oxirane oriented toward the minor

groove, providing four possible intercalation complexes for each
diastereomer. A periodic b A larger in each dimension
than the minimum box enclosing the complex, was filled with
TIP3P waters to simulate two hydration shells. Twenty-two
sodium counterions were added to neutralize the system.
Unconstrained energy minimizations using periodic boundary
conditions with the minimum image restriction resulted in four

representative intercalation geometries for each BPDE diaste-

reomer.

J. Am. Chem. Soc., Vol. 118, No. 1433296

this grid. ForsynBPDE, the values of p[H](in a reference
system at bulk pH 7) for the cell in which the epoxide oxygen
resides for the fousynBPDE—-DNA intercalation complexes
were 4.5, 4.9, 5.6, and 4.4. The corresponding pitdjues

for the environmental cell closest to the oxygen were 5.5, 5.8,
6.2, and 5.8. Foanti-BPDE-DNA intercalation complexes,
the values of p[H]for the cell in which the oxygen resides for
the four calculated intercalation structures were 4.2, 3.4, 4.3,
and 4.3 and those of the closest environmental cell were 5.5,
5.2, 5.5, and 5.8. Assigning equal weights to all intercalation

Covalent adducts are formed by attachment of the benzylic complexes for a given diastereomee(, w = 1) and choosing

carbon of the oxirane moiety with the deoxyguanosine exocyclic

a p[H] value for Site | as the average among the eight p[H]
values gives

p[H],¥"=5.3+0.7 and p[HP"=4.8+0.8 (15)
Determination of the Spontaneous and Acid-Catalyzed
ydrolysis Ratesko and ky. Whalenet all4 measured the
spontaneous and acid-catalyzed hydrolysis in the absence of
BNA for both diastereomers investigated here. They found the
first- and second-order rate constants

kY"=18x10%s"' and Kk "=30x10"s™

(16a)
k,Y"=550M's?' and k/"=1400M"'s" (16h)
We use these values for free and Site Il (externally associated)
interactions.

For Site | complexes, changes in the conformation or
electronic structure of BPDE induced by intercalation and/or
disruption of water structure at the surface of DNA could lead
to changes in any of the above hydrolysis rate constants.
Michaudet al# and Islamet al2 have fit data for DNA-catalyzed
anti- andsynBPDE hydrolysis and obtained apparent first- and
second-order rate constants for Site | complexes. It is reasonable
to assume that intercalation alters the structure of BPDE
sufficiently to change the first-order hydrolysis rate constant.
Comparison of the intercalation structures generated above with
the native forms ofyn- and anti-BPDE shows considerable
distortion. While this would be expected to affect hydrolysis
rates, quantitative predictions would require detailed quantum
mechanical calculations. The Michaul$lam first-order values
of ko for intercalated BPDE are

K, "=3.3x10%s" KoM=14x107s"
17)

and

(Michaud and Islam use the subscript “cat” to designate rate

Poisson-Boltzmann potentials were calculated in a grid of constants of the intercalated molecules; we use the "prime"
volume elements generated around each optimized intercalatethotation for the same quantity.)

structure in a manner similar to that described previously and  Michaud et al# and Islamet al? also determined second-
the positions of the oxirane oxygen were recorded relative to order rate constants for physically bound BPDE. However, their
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analyses ignored changes in the local hydrogen ion concentration
at the binding site due to the electrostatic field of DNA. This
results in an effective second-order rate constant given by

k™ = K[ H ' /IH T = i 2OV

whereA(p[H]) = pH — p[H];. This change in the second-order
rate constant was interpreted as binding-induced by Michaud
and by Islam. In fact, the experimentally determined rate
constants given by Michaud and by Islam can be used to provide
p[H]i at the intercalation site(s) (for reference pH 7):

pH], =7~

(18)

syn log(30600/550) 5.25
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anti:  p[H], =7 — log(85500/1400% 5.21 (19) 0.06 5.7
syn-BPDE
The closeness of these site p[Hplues and their agreement 0.05
with the estimated values given in eq 15 demonstrate both the

validity and utility of the acidic domains concept. Thule o
apparent change in the second-order rate for the DNA-catalyzed
hydrolysis of BPDE with respect to free hydrolysis actually -
results from a change in the local concentration of hydrogen %%
ions. Therefore, in the evaluation of eq 20 we used the free-
hydrolysis values of eq 16b for the Site | second-order rate  o.02
constants.

Results

Having calculated the components of the rate const&nts, 0.00 ! ! : L1
ki, andkeaic (€gs 3, 4, and 5), the overall rate curves for DNA- 0.0 0.2 0.4 0.6 0.8 1.0 1.2
mediated acid hydrolysis were evaluated for different concentra- [DNA] mM

tions of DNA as a function of bulk pH. As mentioned earlier, Figure 3. A comparison of the experimentally-observed rates (symbols,
the PoissorBoltzmann calculation of electrostatic potentials, replotted from Islanet al, 1987) and calculated rate curves (smooth
and hence the [H concentrations, needed to be done only once curves) forsynBPDE for the experimental bulk pH values as a function
at a reference bulk pH. Additional [ values for other bulk ~ ©f DNA concentration.

pH choices were readily obtained through eq 9. WritixygH 0.030
= pH — pH*f as the difference between the reference bulk pH | anti-BPDE
(7.0) and the bulk pH for which the rate curve was calculated,
we combined egs 3, 4, and 5 with the assumptions discussed
above to obtain

kcalc= e(k’o + kH[H+]|107ApH) + T;\
S (ko + kylH 1,20 *P)[BPDE}, N

1-06) (20) 0.010
Z[BPDE]iUi

0.005

where integrals have been converted to summations over all ¢ )
volume elements. 0.0 0.5 1.0 s 2.0 2. 3.0

Islamet al? obtained experimental DNA-catalyzegnBPDE [DNA] mM
hydrolysis rates for DNA concentrations varying from 0 to 1.2 Figure 4. A comparison of the experimentally-observed rates (symbols,
mM and for pH values of 5.7, 6.07, and 7.0. These observed replotted from Michauet al., 1983) and calculated rate curves (smooth
rates are compared with the results obtained using eq 20 withcurves) foranti-BPDE for the experimental bulk pH values as a function
the parameters of eqs 14, 16, 17, and 19 in Figure 3. The slightof DNA concentration.
deviation between the experimental values and the calculated
curves, particularly at lower pH, results from using the
experimentally determined rate constants. Use of eq 20 to fit
the experimental curves would yield slightly different rate
constants but a more accurate fit.

Michaudet al3 obtained experimental DNA-catalyzeahti- 0.0¢
BPDE hydrolysis rates for DNA concentrations varying from  ~
0to 3.0 mM and for bulk pH values of 6.5, 7.0, and 7.5. These =, .,
values are compared with the results obtained using eq 20 in
Figure 4 and agreement is close, as expected.

Use of experimentally determined rate constagik'o, and
ky in eq 20 guarantees that the calculated hydrolysis rate curves
will not deviate greatly from the experimental values. Equation 0.01

0.06 Total

syn-BPDE
Site T
pH=5.7

0.05 [

External

20 is derived, however, from a physical model of the experi- site 11
ments and can be used to extract the separate contributions from  0.00 7777, ! PR Free
Site |, Site Il, and free hydrolysis. Figure 5 shows these 0.0 0.2 0.4 0.6 0.8 1.0 1.2

contributions forsynBPDE at a bulk pH of 5.7. Intercalated [DNA] mM

Site | dominates the hydrolysis rate for most of the DNA Figure 5. Calculated hydrolysis rate curves feynBPDE showing
concentration range due to the relatively high concentration of the Site |, Site II, free, and external (SiteH free) contributions to
hydronium ions near the epoxide oxygen of the intercalated the total rate as a function of DNA concentration for a bulk pH value
BPDE (p[H] = 5.25). Also, only for DNA concentrations larger S

than about 0.9 mM does the Site Il contribution become larger  The major contribution to DNA-mediated BPDE hydrolysis
than that for free hydrolysis. The total rate of hydrolysis for results from intercalation. Figure 6 shows the change in
all nonintercalated BPDEthe sum of the Site Il and free intercalated BPDE hydrolysis as a function of the local
rates—is also plotted for comparison. hydronium concentration for a narrow range of p[M§lues.
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0.12 constant for BPDE retains its DNA-free value even when
‘ intercalated. The local increase in the hydronium ion concen-
tration over its bulk value results in a change in the “apparent”
acid-catalyzed rate constant which can be calculated using
standard PoisserBoltzmann theory. The acidic domains
concept thus provides a natural framework for analyzing the
DNA-induced rate enhancement for the hydrolysisyfi-and
anti-BPDE.

It should be emphasized that the location of the proton
immediately prior to transfer to the epoxide oxygen is not
addressed in these calculations. The large negative electrostatic
potential at the DNA surface increases the appar€pppeach
species in this domain. Thes8* species is stabilized in this
region and the quantitative expression of this is given by local
p[H] values. Michaucet al# and Islamet al? have suggested

0.0 0.2 0.4 0.6 0.8 1.0 1.2

[DNA] mM that the proton donor could be a protonated phosphodiester
Figure 6. The intercalation contribution to the hydrolysis rate $gn group or nucle!c acid base. MacLeod afﬁd ZE}C%U@VE
BPDE as a function of DNA concentration for several p[H] values at argued for the involvement of the exocyclic amino group of
the intercalation site. deoxyguanosine as a general acid. The extremely high mobility

of protons leads to a mean lifetime of approximately *Gs

Fitting experimental data to eq 20 thus allows the local (average) for an HsO™ ion with a mean interval between the associations
hydronium ion concentration to be determined quite accurately. of a given water molecule with a proton of approximately 5

One aspect of the experiments we have not discussed is thel0~* s in pure water at 28C.3233 The rates of proton transfer
effect of ionic strength on the hydrolysis rate. The influence undoubtedly are altered at the DNA surface but the protons of
of ionic strength on electrostatic potentials and counterion the acidic domains are expected to retain a very high mobility.
concentrations near DNA has been discussed in previousafork. It is our approach to view the donors as transiently protonated
Knowledge of the relative change in the local electrostatic surface water molecules, recognizing tgp[H];) calculated
potential as the bulk ionic strength is altered readily provides in this manner is an approximation to the increase in the apparent
the change in the local hydronium ion concentration (via eq 8) pK, of the proton acceptor, the diol epoxide.
and therefore the intercalated hydrolysis rate constant (via the The present calculations indicate that in at least one well-
first term in eq 20). A difficulty arises because the hydrolysis characterized system, the primary catalytic effect of DNA is to
rate depends on the local hydrogen ion concentration and alsaincrease the rate constant for acid catalysis in a way that is
on the association constant: both quantities are affected by thepredictable from the electrostatic potential. This is accomplished
ionic strength. The present approach to the prediction of overall by stabilizing the cationic intermediate in the reaction in the
hydrolysis rates would require the association rate constant asstrongly negative DNA-induced electrostatic potential. This
a function of ionic strength to predict the salt-dependence of electrostatic stabilization must also affect thégof ionizable

the hydrolysis rate. residues of enzymes such as EcoRlI DNA methyltransferase
_ whose activity is dependent on the presence of these resitlues.
Conclusions The magnitude of theky, shift induced by binding to DNA is

The model on which the present investigation is based gives déPendent on the location of these groups in the enzyDieA
some insight into the mechanism of a specific catalytic function cOMplex. Based on the calculations discussed above, those
of DNA: the DNA-mediated acid hydrolysis of benafjjyrene groups in the grooves, part_|cularly in the minor groove, woulq
diol epoxide. The calculations show that a minor, yet signifi- €XPerience the largest shift. Use of computed electrostatic
cant, fraction of hydrolysis results from the external association Potential maps for proteiADNA complexes should provide
of BPDE with DNA. The hydrolysis rate constants for Site Il 2dditional insight into general and specific achiase catalytic
associative binding are well represented by those experimentally™echanisms. We expect the acidic domains concept of coun-
obtained in the absence of DNA. The major contribution to terion con_densatlon th.eory to.be useful in mterpretlng ot.her
catalyzed hydrolysis occurs via intercalation of a BPDE DNA-mediated catalytic reactions of small or site-specific
molecule into the base pair stack of DNA. The increase in the Molecules and that much of DNA catalysis can be understood
spontaneous hydrolysis rate constant of the intercalated moleculd” terms of DNA-mediated acid catalysis.
relative to that measured in the absence of DNA is attributed
to environmental effects and/or conformational change in the
intercalated molecule. In contrast, the acid-catalyzed rate (36) Mashoon, N.; Reich, N. GBiochemistry1994 33, 7113-7119.
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