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The physical and chemical reaction pathways of the metabolice model compound benzo(o)pyrene-7.8-dial-9.10-epoxide 
(BPDE) in aqueous (double-stranded) DNA solutions was investigated as a function of temperature (O-30 o C), pH (7.0-9.5). 
sodium chloride concentration (O-1SM) and DNA concentration in order to clarify the relationships between the multiple 
reaction mechanisms of this dial epoxide in the presence of nucleic acids. The reaction pathways are (1) nonco-alent 
intercalative complex formarion with DNA, characterized by the equilibrium constant K, and X, the fraction of molecules 
physically bound; (2) accelerated hydrolysis of BPDE bound to DNA: (3) covalent binding to DNA: and (4) hydrolysis of free 
BPDE (k,). The DNA-induced hydrolysis of BPDE to tetraols and the covalent binding to DNA are parallel pseudo-first-order 
reactions. Following the rapid (millisecond iime scale) noncovalent complex formation between. BPDE and DNA. a much 
slower ( - minutes) H+-dependent (either specific or general acid catalysis) formation of a DNA-bound trio1 carbonium ion 
(rate constant k,) OCCUE.. At pH 7.0 the activation energy of k, is 8.7&0.9 kcal/mol. which is lower than the activation energy 
of hydrolysis of free BPDE in buffer solurion (14.2kO.7 kcal/mol). and which thus partially accounts for the acceleration of 
hydrolysis of BPDE upon complexation with DNA. The formation of Ihe t&l arbonium ion is followed by a rapid reaction 
with either water lo form tecraols (rate constant k,), or covalent binding to DNA (k,). The fraction of BPDE molecules which 
undergo covalent binding is /_, = k,/(k,+ k,)=O.lO and is independent of the overall BPDE reaction rate constant 
k = k,(l- X&t k,X, if X, -1.0, or is independent of X, as long as k,X, > k,(l- X,,). Thus. at X, = 0.9. f_ is 
independent of pH (7.0-9.5) even though k exhibits a 70-fold variation in this pH range and k - k, above pH 9 (k, = k,,). 

SimilnrIy./_v is independent of temperature (O-30 o C). while k varies by a factor of approx. 3. In the range of O-1.5 M NaCl. 
/,,y decreases from 0.10 to 0.04. These variations are attributed fo a combination of salt-induced variations in rhe factors k,. 
X, and the ratio kc/k,. 

1. Introduction 

Polycyclic aromatic hydrocarbons are metaboli- 
calIy converted to a variety of oxygenated deriva- 
tives some of which are highly carcinogenic and 

mutagenic [l-7]. The metabolic pathways and bio- 
logical activity of benzo(a)pyrene, which is a com- 

mon environmental pollutant, have been most 

thoroughly investigated. The ultimate carcinogenic 
form of benzo(a)pyrene is believed to be a ‘bay 

region’ dioi epoxide, 78,8a-dihydroxy-9a,lOa- 
epoxy-7,8,9,10-tetrahydrobenzo(u)pyrene (BPDE), 

which bears the epoxide ring in the 9,10-position 

adjacent to the angular benzo ring (fig. 1). the bay 
region. Perturbational molecular orbital calcula- 

tions indicate that bay-region dial epoxides are the 
most reactive of all the possible isomeric dial 

epoxides [5,8]. This exceptional reactivity is related 
to the relative ease of formation of trio1 carbonium 
ions (with the positive charge at the lo-position in 
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Fig. 1. Structur~11 formulas of the dial epoxidr (BPDE) and its 

rclraol (BPT) hydrolysis product (the ~r~lns stereoisomer is 

shown). 

the case of BPDE) which can subsequently react 
with ceIIuIar nucleophiles. Thus, BPDE reacts with 
DNA in viva and in vitro to form covalent bonds 
between the IO-position of BPDE and nucleotides. 
The dominant BPDE-DNA adduct involves the 
binding of BPDE to the exocyclic amino group of 
guanine [9-151. The presence of such BPDE- 
guanine adducts has been correlated with the bio- 
logical activity of BPDE in living cells [16-181. 

We have extensively studied the reaction path- 
ways of BPDE with DNA in aqueous solutions 
under controlled conditions. The major reaction 
pathway of BPDE with DNA in an aqueous en- 
vironment is not covalent adduct formation. but 
the hydrolysis of BPDE to the tetraols BPT (fig. 
1). This reaction is markedly accelerated in the 
presence of DNA and the hydrolysis rate constant 
X- depends on the DNA concentration [19-231. 
Under normal conditions (pH 7.0. 25 “C) hydroly- 
sis to tetraols rather than covalent binding con- 
stitutes the major reaction pathway by a factor of 
approx. lo-20 [19]. The tetrao!s thus formed also 
form noncovalent complexes with DNA. A combi- 
nation of equilibrium dialysis and fluorescence 
techniques has shown that there are two types of 
binding sites for BPT: an intercalation and an 
exterior binding site [24].The covalently bound 
pyrene residue resulting from the reac:ion of BPDE 
with DNA is located at an external binding site 
[25-271. Therefore, the possibility was raised that 
initial noncovalent complex formation between 
BPDE and DNA gives rise to both an external and 
an intercalation binding site, and that the former 
undergoes a covalent binding reaction. while the 
latter results in hydrolysis and tetraol formation 

1221. 
In order to clarify the relationship between the 

covalent binding reaction and hydrolysis of BPDE 

complexed with DNA, we have studied in detail 
the dependence of these two reactions on tempera- 
ture and on pH [28] *. and the dependence of the 
covalent binding reaction on the DNA and NaCI 
concentrations. A simple model is proposed to 
explain these observations and the results suggest 
that the rate-determining step in both reactions is 
the formation of a trio1 carbonium ion [S&29-32] 
derived from BPDE noncovalently complexed with 
DNA. 

2. Experimental section 

The sources and preparation of racemic BPDE 
and native calf thymus DNA (hyperchromicity 
38-4056) were the same as those described previ- 
ously [20]. A lo-’ M stock solution of BPDE in 
tetrahydrofuran was prepared and small aliquots 
of this stock solution were added to the aqueous 
buffer solutions (sodium cacodylate). 

A fluorescence method [33] was utilized to 
monitor the hydrolysis of BPDE (nonfhrorescent) 
to the tetraols BPT (fluorescent). The pH of the 
solutions containing sodium cacodylate buffer (5 
mM unless mentioned otherwise) was adjusted 
utilizing NaOH. The temperature of these solu- 
tions (contained in a l x 1 cm cuvette) was then 
allowed to reach equilibrium in the sample com- 
partment of a Hitachi MPF-2A fluorometer whose 
temperature was maintained at the desired value 
by utilizing a Neslab RT8 circulating water bath. 
In some experiments involving rapid hydrolysis 
rates, a stopped-Bow system was utilized [20,22]. 
In the experiments at lower temperatures the 
surface of the cuvette was continuously exposed to 
a stream of dry nitrogen gas to prevent the con- 
densation of moisture. Aliquots of the BPDE/ 
tetrahydrofuran stock solution were then added to 

l A prelimina~ account of this work was presented at the 

73rd Annual Meeting of lhe Association of American Cancer 
Research. St. Louis. MO. April 1982. 



the aqueous solution {the amount of organic 
solvent in the mixture did not exceed 0.2% by 
volume), and the fluorescence intensity was moni- 
tored as a function of time. During the time course 
of these experiments the temperature was constant 
to within kO.l°C. 

2.3. Determination of extent of coualent binding of 
BPDE to DNA 

The solutions were prepared as described in 
section 2.2 and the reactions were allowed to pro- 
ceed to completion (until the BPDE concentration 
reached zero). The DNA was then precipitated by 
adding 2.5 ~01s. of cold ethanol in the presence of 
0.1 M NaCI. The precipitates were washed four to 
five times with ethanol and dried by flushing with 
nitrogen. The dried DNA was then redissolved in 
5 mM sodium cacodylate buffer solution (pH 7.0) 
and dialysed five to six times at 4°C against the 
buffer solution to remove the remaining traces of 
tetraols. The amount of BPDE bound covalently 
to DNA was determined spectrophotophotometri- 
tally utilizing an extinction coefficient of 29000 
M-* cm-’ for the covalently bound pyrene chro- 
mophore at 345 nm [lo]. 

3. Results 

3.1. pH dependence of the hydrobsis rate constant k 

It has been previously demonstrated that hy- 
drolysis of BPDE in the presence of DNA is a 
pseudo-first-order process with rate constant k 
[20]. Observed values of k in the absence and 
presence of DNA are shown in fig. 2 at different 
pH values (at 25 f O.l°C). At a pH of 7.0 the 
values of k are about 30-times greater in the 
presence of 1.5 x 10e4 M DNA * than in the 
buffer solution. As the pH is increased, this dif- 
ference gradually decreases and the catalytic effect 
of DNA disappears in the range pH 9-10 with the 
sodium cacodylate solutions utilized in this work. 

* rhe DNA concentrations mentioned throughout this work 

refer to equivalent molar concentrations of nucleotides. 

Fig. 2. The obserwd mte constzmt (X-j for hydrolysis of BPDE 
to BPT in buffer solution (0) and in the presence of DNA (0) 
as 3 function of pH. (temperacure. 25+0.1°C; initial BPDE 
concentration. 3.4~ 10~-6 M: buffer. 5 mM sodium cacodylate). 

3.2. Temperature dependence of k 

The temperature dependence of the hydrolysis 
rate constant in the presence of DNA at two 
different DNA concentrations and in buffer solu- 
tion is shown in fig. 3. In buffer solution the 
activation energy is E, = 14.2 + 0.7 kcal/mol and 
that in the DNA solution is 8.7 f 0.9 kcal/mol for 
both DNA concentrations. 

3.3. Coualent binding of BPDE to DNA 

The fraction, f,,,,, of BPDE molecules initially 
present in the reaction mixture which react by 
binding covalently to DNA rather than by hydrol- 
ysis to tetraols has been determined as a function 
of pH and of temperature. The fraction j&,, re- 
mains constant, within experimental error, at all 
pH values and temperatures investigated (fig. 4), 
even though the kinetic rate constant of hydroly- 
sis. and thus the lifetime of BPDE in solution, 
change by factors of as much as approx. 70. 

3.4. Kinetics of hydro&sis and of coualent bittding 

Both of these reactions follow the same time 
course regardless of the pH or temperature (pH 
and temperature ranges as in fig. 4) at which the 
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TEhlPERATUAE (deg C) 
elsewhere 134). These two processes thus constitute 
a set of parallel pseudo-first-order reactions. They 
are characterized by the same pH-dependent, and 
temperature-dependent, experimentally observed 
rate constant k in cacodylate buffer. 

3.5. Dependence of k and of coualenf binding on rlre 
DNA concenfrazion 

It is by now we%recognized that the hydrolysis 
of BPDE to tetraols is greatly accelerated in the 
presence of DNA [20,23,35,36]. Using stopped-flow 
techniques [20] we have shown that k increases 
with increasing DNA concentration and reaches a 
limiting vaIue of 0.068 s-’ at a DNA concentra- 
tion of 10W3 M and at pH 7.0. The dependence of 
k on the concentration of DNA taken from ref. 20 
is depicted schematically in fig_ 5 by the continu- 
ous line. 

Fig. 3. Temperature dependence of the hydrolysis rate cons~anf 
k as a function of kmperalure in buffer solution (lower set of 
points) and in the preeence of DNA at two different concentw- 
tions at pH = 7.0. All other conditions are otherwise the same 
as in the legend to fig. 2. The experiments at the higher DNA 
conccnrra~ion were perkrmcd with a stopped-flow apparatus. 

experiments are performed. The overall concentra- 
tion dependence of diol epoxide morecules decays 
exponentially (emK’). while the concentration of 
molecules bound covalently to DNA increases with 
time according to the expression (I - e-“). A more 
detailed presentation of typical data may be found 

In view of the parallel kinetics of hydrolysis and 
covalent binding. it was of interest to investigate 
the dependence of fo.. on the DNA concentration 
at a fixed ratio r defined by 

[BPDE] 

r=m (1) 

o.io 

i 

* 
. . 

~------L-_. 1 10 

008 -;I- 

i 
._” 0.05 

k 
0' , J 

0 5 10 15 20 25 30 35 
TELlnPERATURE Weg C, 

Jo 
0 5 10 15 

DNA CONCENTRATION fhf X 10’1 

Fig. 4. Extent of covalent binding of BPDE to DNA (/,,,) as a 
function of pH at 25_10,1”C (top). and as a function of 
temperature at pH 7.0 (bottom). Reacrion conditions: initinl 
BPDE concentration. 3.4X IOwe M: DNA concentration. 7.5X 
lo-’ M (top). 1.5~10-~ M (bottom). Top. Ti-i‘s buffer (5 
mM): bottom. 5 mh? sodium. cacodylate buffer. 

Fig. 5. DNA concentration dependence (expressed in con- 
cmlration of nuclaoides) of the yield of covalenf binding 
(/,,,) determined at a constant ratio r=[BPDE]/IDNAl= 
0.01. where BPDE is the initial concenrrarion of BPDE mok- 
cules: (- ) DNA concentration dependence of k (the 
hydrolysis rate constant) and of X,. the fracIion of dial epoxide 
molecules bound IO DNA noncovaIentIy (intercalation) just 
after mixing the solutions (from ref. 20); 25k0.1°C, 5 mM 
sodium cacodyIa~e buffer solution. pH 7.0. 



N.E. Geacinroo er aL/Reacrion mechanisms of ben;o(a)ps~ene-7.8-diol-9.IO-epoxide wirh DNA 125 

where [BPDE] refers to the initial concentration of 
dio1 epoxide molecules. 

With r = 0.01 at all DNA concentrations, it is 
found that f,,, is independent of [DNA] and is 
equal to 0.098 f 0.007. This means that only ap- 
prox. 10% of the diol epoxide molecules under 
these particular reaction conditions decay by cova- 
lent binding rather than by hydrolysis, at all DNA 
concentrations greater tSan 5 x 10m5 M. 

This constancy in f,,, is observed only if DNA 
is present in excess (small r)_ If the experiments 
depicted in fig. 5 are performed not at constant r. 
but at a constant BPDE concentration, r will rise 
as the DNA concentration is decreased, giving rise 
to an apparent decrease in f,,,_ We have found 
that this occurs when r 2 0.1, i.e., when there are 
less than five base-pairs available for binding per 
BPDE molecule. MacLeod et al. 1371 have indeed 
observed a DNA concentration dependence off,,,, 
since their reactions were apparently carried out 
under conditions such that r was greater than 0.11. 

Therefore. in order to measure the intrinsic 
reactivities of diol epoxides with DNA. it is evi- 
dent that the concentration of DNA should always 
be kept in excess (r CC 0.1). 

4. Discussion 

We first discuss the pH dependence of the 
hydrolysis rate constant k. Subsequently, a kinetic 
model is postulated and the experimental results 
are discussed in terms of this model. 

4.1. The pH dependence 

It is of interest to compare the hydrolysis mech- 
anisms of BPDE in DNA-free buffer solution, and 
in the same buffer solution, but with DNA added. 

In buffer solution the hydrolysis rate constant 
can be represented by the following [30,31]: 

k=k,+k,a,+k,,[HA] (2) 

where a” is the activity of H’, k, the rate con- 
stant for specific acid catalysis. [HA] the cacodylic 
acid concentration and kHA the appropriate gen- 
eral acid catalysis rate constant; the term k, repre- 
sents the spontaneous (water-induced) rate con- 

stant. In the pH range investigated, general and 
specific base catalysis appear to be negligible and 
thus have not been included-The value of k,, was 
determined by measuring k w a function of added 
concentration of cacodylic acid at pH = 7.0 in the 
range O-30 mM. Utilizing the fact that the pK of 
cacodylic acid is 6.15 *, we find from the slopes of 
such plots (which are linear) that kHA = 0.71 + 0.02 
M-1 s-1 *t 

The quantities k, and k, were also determined 
from the data in fig. 2. Using the known pK, value 
of cacodylic acid, the HA concentration was 
calculated at each experimental pH value. Then, 
since the experimental values of k are known, the 
quantity k - k,,[HA] = k, + k,a, was calcu- 
lated and plotted vs. (I~ according to eq. 2. The 
data can be well represented by a straight line with 
an intercept of k,=(4.4+0.2)X10m4 s-‘, and 
slope k, = (2.1 &- 0.2) X lo3 M-’ s-I_ Utilizing eq. 
2, the solid line in fig. 2 ((DNA]= 0) has been 
calculated using these constants, and superim- 
posed on the experimental points. A good repre- 
sentation of the acid- and buffer-catalyzed hydrol- 
ysis processes is thus obtained_ Whalen et al. 1381 
have previously obtained k, = (5.4 +_ 0.8) x lob4 
s-’ in water, and k, = (1.4 + 0.2) x lo3 M-’ s-I_ 
Our vaIues are slightly different, but the overall 
agreement can be considered to be satisfactory_ 

In the present- of DNA, however, the hydroIy- 
sis rate constant &ncreases in magnitude for pH I= 

* We remeasured the pK, of cacodylic acid under our own 
reaction conditions (5 mM concentralion) and obtained a 
pK, of 6.1. which is sufficiently close 10 the published 
handbook value of 6.15. 

** Experiments of determining k as a function of cacodylic 
acid concentration (O-30 mM) were Performed in water as 
we11 as in 0.1 M N&IO, solution to maintain the ionic 
strength constant; in the latter case the ionic strength varied 
by not more than 10% while without the added salt the 
ionic strength varied by a factor of as much rc 6 as the 
cacodylic acid concentration was varied. A plot of k vs. the 
cacodylic acid concentration is linear and the values of kHA 

can be determined from the slopes. Thus. within experimen- 
tal error, the slopes of the lines with and without added 
N&IO, were Ihe same. Thus. no effect of ionic srrength on 
the hydrolysis rate of BPDE catalyzed by cacodylic acid 
was detected (see ref. 56). The reasons for selecting 0.1 M 
NaCIO, to maintain the ionic strength constant are also 
discussed in ref. 56. 



9.0 and. in the range pH 7.0-8.5. the experimental 
points (open circles in fig. 2) can be superimposed 
on a straight line whose slope is - 1.0 as shown in 
fig. 2. Above pH 9. the values of k are the same 
with and without DNA. The hydrolysis rate con- 
stant is thus represented by the equation: 

L (DNA) = X-;,a,, + k_ (3) 

where x-’ ,, is the hydronium ion catalysis rate con- 
stant for BPDE complexed with DNA. For the 
DNA concentration of 1.5 x lo-’ M utilized in 
the experiments of fig. 2. we find that X-it = (3.6 2 
0.4) x lo5 M-’ s-‘_ Michaud et al. [23] have re- 
cently studied the salt concentration and pH de- 
pendence of the DNA-catalyzed hydrolysis of 
BPDE: a similar pH dependence was observed 
and the value of X-i, was reported to be 8.55 X 10J 
M-t s-t under somewhat different experimental 
conditions from ours. 

The ratio of the hydronium ion-catalyzed con- 
stants in the presence and absence of DNA is 
I;;,/k,, = 180. This enhancement for complexed 
BPDE may he due to a direct attachment of the 
hydronium ion to the epoxide oxygen thus catalyz- 
ing the formation of a benzylic carbocation in a 
rate-determining step [30]. The local environment 
of BPDE complexed to DNA may facilitate this 
process for reasons that are not yet clear. How- 
ever. general acid catalysis would also give the 
same pH dependence. Thus. Michaud et al. [23] 
suggest that another, kinetically equivalent mecha- 
nism involving general acid catalysis by a proto- 
natcd phosphodiestrr group of the DNA is possi- 
ble_ Such a mechanism in general acid-catalyzed 
hydrolysis of several different epoxides by un- 
ionized phosphoric acid. even at pH values about 
4 units above the pK, of phosphoric acid, have 
hecn reported (39.401. 

It is well cstahlished that BPDE forms noncova- 
Icnt complexes with DNA immediately (within less 
than a few milliseconds) upon mixing 1221. If 
r cc 1. and if the DNA concentration is in excess 
<>f 10 ’ M. more than 95% of the dial epoxida 

molecules are bound to the DNA. The ensuing 
hydrolysis reaction occurs on time scales of minutes 
and appears to take place at these DNA-binding 
sites 1201. 

The constancy of the fraction of BPDE mole- 
cules which bind covalently to DNA (fig. 4), as 
well as the parallel behavior of the kinetics of the 
hydrolysis and the covalent binding reactions, sug- 
gest that both reactions may proceed via a kineti- 
cally common intermediate. The rate-determining 
step in both reactions is the formation of this 
intermediate which is both temperature and pH 
dependent. Based on previous work on the mecha- 
nisms of hydrolysis of BPDE in aqueous solutions 
[30,31,41-461 and the chemical reactivities of 
aromatic epoxide derivatives in general 
[5,29.32,47,48]. this reactive intermediate is likely 

Povalen~l” bound with Non EOYale”~ly bound 

nucleotlde IN1 trxrao, 

Fig. 6. proposed renc:ion scheme for BP3E noncovalenlly 

bound to DhTA (intercakdion complex). Formation of a trio1 

carbonium ion constitutes the rate-determining step. For the 

sake of simplicity. the srereochemical properties of the renctioa 

products are not indicated. 



N. E. Geacinrov er oI./Reacrion nzechanisnrr of 6en=ofa~p~rene-7.8-dioI- 9.10-epoxide rrirh DNA 127 

to be a benzylic trio1 carbocation derived from the 
oxirane ring opening of BPDE bound noncova- 
lently to DNA. The structure of a protonated trio1 
carbonium ion, and the suggested reaction scheme 
in general, are depicted in fig. 6. 

A more quantitative picture of this kinetic model 
is useful in order to allow a better insight into the 
different factors which govern noncovalent bind- 
ing of BPDE to DNA, the hydro!ysis, and covalent 
binding reaction of the complexed diol epoxide 
molecules_ 

The simplest kinetic scheme which encompasses 
all of the above considerations is the following: 

BPi$+DNA 2 [BPDE-. -DNA] 2 [BPDE*- .-DNA] 
h 

tetrao1s 
AC I kr 

J 
covalent rerraols 

pKXIUCtS 

(4) 

It is assumed that the activated complex (rate 
constant of formation k,) decays irreversibly either 
by reacting with a nearby nucleic acid base, or by 
the formation of tetraols. In order to simplify the 

notation, the following abbreviations will be 
adopted:[BPDE] = [B], the BPDE - - - DNA non- 
covalent complex will be denoted by C. and the 
activated comples by C*, and the DNA concentra- 
tion is repIaced by [DJ 

The rate equations describing the time depen- 
dence of [B], [Cl and [C*J are: 

d[BI 
-= - {k, + r?-,[D](l --sr,)}[B] +k,[C] (5) dt 

~=~,[BI[Dl(l -y,)-(kz+k,)[c] ('5) 

(7) 

where ‘; = [C]/[D], and y is the number of bases 
which become unavailable to physical binding by 
a second BPDE molecule, after a first one has 
bound noncovalently. The first two coupled equa- 
tions can be solved separately. thus obtaining the 
quantities [B(t)] and [C(t)]. 

Since C* is presumed to be highly reactive, its 
concentration is likely to be very smali (k,. kr L+ 
k,). As usual in kinetic problems of this type. 

under these conditions the stationary-state ap- 
proximation d[C*]/dr = 0 can be applied, giving: 

[C’] =k’[C] 
k,t-k, 

(8) 

The coupled equations, eqs. 5 and 6. can be 
easily solved in the case where r, -=z 1. Since in our 
work r +z 0.1. the r, terms in these equations can 
be neglected. 

We have previously shown [20] that the condi- 
tion 

k,[D],kz >5- k,.k, (9) 

is valid for noncovalent complex formation be- 
tween BPDE and DNA. This means that the for- 
mation and dissociation of the complexes are much 
more rapid than the decay of BPDE either within 
the complex or in the aqueous solution outside of 
the DNA macromolecule. When the condition. eq. 
9, is fulfulled, both of the species (B and C) decay 
according to first-order kinetics with the same rate 
constant [20]: 

[C(f)] = [C,]e-“’ 

[B(t)] = [B,]e-“’ (10) 

where the quantities [B,,] and [C,] are the initial 
concentrations of free and DNA-bound noncova- 
lent diol epoxide molecules respectively. These two 
quantities are related to one another by the equi- 
librium constant K: 

[co1 K=Z= [B,][D] 
(11) 

The rate constant A can be identified with the 
experimentally observed hydrolysis rate constant k 
and its value is [20]. 

kz),= kh +k KIDI 
I+ K’[D] ‘1 +K’[D] 

(12) 

The first term on the right-hand side represents 
the rate constant of hydrolysis of uncomplexed 
BPDE; the second term describes the decay of 
complexed molecules, and is the rate-determining 
step of the formation of tetraols and covalent 
products when DNA is present in excess. The 
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constant K’ is given by: 

K’= k, 
k, + k, + k, 

=K (13) 

We have shown experimentally [20] that K’ = K, 

signifying that k,. k, B k,, k, in accord with the 
approximation of eq. 9. 

4.5 Charucrerisrics of covalent binding 

The rate of appearance of covalent products 
(cov) is given by 

!!$!+-[,*I 

The concentration of covalently bound BPDE 
molecules at any time I after the start of the 

reaction is 

[covl, = (A)( ?)[C”l(l -c-K’) (15) 

This equation is in accord with the experimen- 
tally observed kinetics of the covalent binding [34], 
and the fact that the observed pseudo-first-order 
rate constat is equal to the hydrolysis rate constant 
x-. 

We define the fraction X,, of diol epoxide mole- 
cules which are complexed noncovalently to DNA: 

,y =_[cl= K[Dl 
h [B-,] 1 +K[D] 

(16) 

Where [Br] = [B,] + [C,] is the total concentra- 
tion of diol epoxide molecules which are initially 
present. The fraction of BPDE molecules which at 
the end of the reaction (I + co) become bound 
covalently to DNA can be calculated from eq. 
12. 13. 15 and 16. and is equal to the quantity/,,, 

(see fig. 4): 

L...=(&)(y) 

(17) 

We have experimentally verified that X,, the 
fraction of noncovalently intercalated BPDE mole- 
cules. and the equilibrium constant K do not 
change significantly with temperature nor as a 

function of pH in the pH range studied. The 
decreases in the hydrolysis rate constant k with 
decreasing temperature or increasing pH thus can- 
not be attributed to variations in K, nor in X,. 

This equation explains the lack of a dependence In fig. 3, the slope of the lines drawn through 

of IL,%. on the DNA concentration (fig. 5). Since the experimental points of k as a function of l/T 

k, = 10e3 s-‘, k, = 0.068 s-‘, and K= 12000 M-t 
at pH 7 [ZO], for all DNA concentrations [D]g 
lo-’ M, eq. 14 reduces to the DNA-independent 
quantity: 

k 
f cc 
CO” k,+k, 

(18) 

in agreement with the experimental results. It 
should be emphasized that this relationship is valid 
only if DNA is present in excess, and the hydroly- 
sis of free BPDE in the solvent medium is a 
negligible decay channel compared to hydrolysis 
of BPDE at the DNA-binding sites. 

Thus, while the intercalation binding isotherm 
X, (eq. 16, fig. 5) and the experimentally measured 
hydrolysis rate k increase strongly in the DNA 
concentration range 5 x lo-‘-lo--’ M, f,_ re- 
mains constant within experimental error. This 
fact suggests that changes in the equilibrium con- 

stant K, brought about by changes in the solvent 
composition, do not effect the values off,,,. pro- 
vided k,X, =-=r k,(l - X,). 

For example, we have shown that addition of 
ethanol to a rection mixture (BPDE, DNA, 5 mM 
sodium cacolylate buffer) decreases k and X, sig- 
nificantly, but f,,, remains unchanged [34]. Be- 
cause of dynamic equilibrium (large k, and k,), 

even if X, -=z 1.0 all BPDE molecules will have a 
chance to reside at a DNA-binding site and react 
there with a rate constant k,, which is the rate-de- 
termining step for both hydrolysis and covalent 
binding. Thus, f,,, is independent of X,, upon 
addition of ethanol as long as decay channels of 
BPDE in the free solution can be neglected (k, -S 

k, D. k,). 

4.4. The pH and temperature dependence 
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at the two different DNA concentrations are the 
same within experimental error. At the lower DNA 
concentration X, = 0.7, while at the higher DNA 
concentration X, = 0.9, and the dependence of k 
on the equilibrium constant K, and thus X,, disap- 
pears. Since k, x=-k, in these experiments, these 
results indicate that the activation energy E, = 8.7 
f 0.9 kcal/mol pertains to the rate-determining 
step characterized by k,. In the buffer solution the 
hydrolysis mechanism is a composite one consist- 
ing of three terms (eq. Z), and it is not possible to 
attribute the observed E, = 14.2 & O-7 kcal/mol to 
any one of these mechanisms_ It is of interest to 
note, however, that there is a significant lowering 
of the effective activation energies upon binding of 

BPDE to DNA which. at least in part, accounts 
for the enhancement of the hydrolysis rate in the 
presence of DNA. 

Throughout the temperature range investigated 
(figs. 3 and 4) k, -C k, f,,, reduces to eq. 18. 
Therefore, under these conditions, the fraction of 
BPDE molecules initially present which bind cova- 
lently to DNA is independent of X,,, the fraction 
which is noncovalently bound to DNA at any 
instant of time. This is supported by data in fig. 4 
(bottom) which shows that I,,, is independent of 
temperature at X, = 0.7, and by the fact that the 

same L, values are obtained when X, = 0.9 (data 
not shown). At X,, = 0.7, only 70% of all BPDE 
molecules present are bound noncovalently to 
DNA at any instant of time. Howrzver, using the 
values of k, and k, (pH 7) given u.?der eq. 17, it 
can be calculated that greater than 99% of the 
BPDE molecules undergo reaction wnile bound 
noncovalently to the DNA, rather than as free 
molecules in the solution_ 

Because of the dynamic equilibrium in eq. 4 
with k,,k,> k,,k, there is a rapid exchange of 
BPDE molecules between the binding sites and the 
outside solution. As long as the rate constant of 
hydrolysis for free BPDE is lower than the rate of 
reaction at DNA-binding sites, f,,, is independent 
of x,. 

Similar conclusions can be reached regarding 
the pH dependence of k (fig. 2) and of I_, (fig. 4, 
top). However, as the pH is raised, k --, k, in the 
range pH 9.0-9.5; under these conditions, k, = k, 
for all values of X,, while eq. 17 reduces to 

Lo”= (&)Xb (19) 

Thus, at pH values for which k x=- k,, f,., obeys 
eq. 18 and gradually changes to eq. 19 as k -k, 

at the higher pH values. However. in the presence 
of an excess of DNA, when X, -j 1, f,,,. is predic- 
ted to be independent of the values of k. even 
when k = k, = k,. Thus, provided X, is indepen- 
dent of pH (which we have experimentally verified 
in the range pH 7-9.5). f,,,. is also independent of 
pH (fig. 4, top). within the experimental error of 
f 8%. 

4.5. Effects of ionic strength on /,,, and on ‘c 

Additions of small amounts of Mg” [20,35] 
and Na’ can bring about dramatic decreases in 
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Fig. 7. Effect of NaCI concentration on the yield of covalent 

binding products (&). determined at 25.0 + 0.1 o C, pH 7.0, 5 

mM sodium cacodylate buffer solution. [DNA] = 7.5 x 10e4 M. 
initial [BPDE] = 1.7 x lo-’ M. Note: the BPDE solubility un- 

der these conditions decreases with increasing salt concentr.+ 

rim, however. this effect does not affect /,,_ as long as the 

reaction time is at least 12-24 h. This was demonstrated by 

carying out similar reactions in 15% ethanol: the solubility is 

unaffected by NaCl under these conditions, and identical re- 

sults to those shown here are obtained. 



Effect of NxCI concentration on hydrolysis (k-k,). noncovalent binding (X,). and covnlcnt binding (/,,,) of BPDE in DNA 

(7.5 x 10 ’ %I) solution of pH 7.0. 25O C. 5 mM sodium cacodylarr buffer 

[S.*Cl] (Xl) x-(s-‘)(x10~) k, (s-1)( x IO’) X, (x-,X,)/x- * / SL,” 

0 67 53 74 +3 0.90 i 0.02 0.T9 0.10 

0.5 3.5 to.3 5.2&0.3 0.52~G.02 0.86 0.050 

1 .I) 1.5kO.2 2.0 f 0.2 0.45 * 0.02 0.62 0.046 

I .5 1.1 co.2 1.3kO.2 0.42 f 0.03 0.49 0.040 

* Fraction of BPDE molcculrs which undergo reaction while complexed to DNA. 

the hydrolysis rate constant k. Addition of cations 
is knwvn to decrease intercalnction by aromatic 
dye molecules 1491. of BPDE and of similar mole- 
cules [35.50]. It has also been reported that Mg’+ 
and Na’ reduce the level of covalent binding of 
BPDE to DNA [37.51]. For example. Gamper et 
a!. [51] have studied the NaC! concentration de- 
pendence of the covalent binding of BPDE to viral 
DNA: however. their experiments were performed 
at high relative concentrations of BPDE (r = 0.6). 
In order to explore further the relationships be- 
t\vccn f,.,, . k and X, we investigated the effect of 
NaC! on these variables at pH 7 and in the pres- 
encc of an cxccss of DNA (r= 0.022). 

2400 M-’ under different conditions of ionic 
strength (0.1 M NaCl and 1 mM sodium cacody- 
late buffer concentration) which is consistent with 
our data. Such decreases in Kin the presence of an 
excess of positive cations can be attributed to a 
reduction in the repulsive forces between neighbor- 
ing negatively charged phosphate groups. resulting 
in a tighter winding of the helix and a decrease in 
the base-pair separation [52]. It is therefore rea- 
sonable to assume that insertion of a BPDE mole- 
cule between adjacent base-pairs becomes energet- 
ically more difficult. thus leading to a lowering in 
the values of K. 

The effect of NaC! concentration on f,.,, is 
~h~ww in fig. 4. In contrast to the behavior of the 
efficiency <>f covalent binding as a function of pH. 
tcmperaturc. and ethanol concentration [34]. there 
is a significant decrease in /,_, as the sait con- 
ccntration is increased. In view of the dependence 

Q,f L on k 1 X, and k (eq. 17). it is necessary to 
examine the behavior of these parameters at differ- 
cnt NaC! concentrations (table 1). 

The values of L-,, = lo-” SK’ are independent of 
ionic strength within experimental error. Thus. k, 
can be calculated utilizing eq. 12 and the data in 
table 1; as reported elsewhere [23]. we also find 
that k, decreases more dramatically with increas- 
ing NnCl concentration than either K or X,. Thus. 
the major effect of increasing ionic strength on the 
reaction rate constant k is due to variations in k, 
rather than on the fraction of molecules X, which 
are intercalated. 

As reported by Michaud et a!. [23]. k decreases The factor k, X,/k, the fraction of BPDE mole- 
with increasing salt concentration by a factor of as cules which undergo reaction while bound nonco- 
much as 70. However. X,. the fraction of BPDE valently to DNA. is tabulated at various NaCl 
molecules hound noncovalrntly to DNA (as mea- concentrations in table 1. This fraction is greater 
3urcd according to previously described ahsorp- than 99% at zero NaCI concentration. but de- 
rikm techniques [20.22]). decreases by a factor of creases to 40% at 1.5 M NaC!. According to eq. 17, 
CV~IY 2-3 in the same range of salt concentrations. 
At -this particular DNA concentration (7.5 X 10eJ 

L is proportional to variations in X-,X,/k only if 
the reaction branching ratio k,/( A-, + I?.,-) remains 

xl). .\‘,_ is a relatively weak function of the non-co- independent of ionic strength. By comparing the 
\a!cnt equilibrium constant f(. Using eq. 16 and last two columns on the right in table 1 it is 
I; = 12Otltl + 2OOC m M-’ [20] for [NaC!] = 0. \,a!- evident that the NaCl-induced variations in these 
ucs of K = 1400 + 250. 1100 + 200 and 750 L- 150 two quantities are different from one another. 
\l ’ at 0.5. 1.0 and 1.5 M NaC!. respectively. can Thus. utilizing eq. 17 and the data in table 1. it is 
IV calculated. hlichaud et al. [23] found a value of evident that the branching ratio decreases from 0.1 



at zero NaCl concentration to values between ap- 
prox. 0.06 and 0.08 at the higher salt concentra- 
tions. We thus conclude that the decrease in f,,, 
with increasing ionic strength is induced in part by 
a drop in the fraction of molecules which undergo 
reactions at DNA-binding sites, and in part to 
decreases in the branching ratio k,/(k,+ k,). 
The exact dependence of this ratio as a function of 
ionic strength is presently being investigated in 
detail and will be reported elsewhere. The effects 
of Na+ on the branching ratio are small as com- 
pared to the effect on the rate of formation of the 
trio1 carbonium ion (Ic,). The effect of positive 
metal ions on the latter effects was considered by 
Miller et al. [53] from a theoretical point of view: 
counterions, upon binding to DNA. may displace 
Hf or other acids which otherwise induce 
carbonium ion formation by general acid catalysis. 
thus decreasing the value of k,. Variations in 
k,/k,, on the other hand, are likely to be due to 
changes in the microstructure of the trio1 
carbonium ion-DNA transition complex and/or 
to variations in the electrostatic free energy change 
on the binding of the charged transition state 
complex to DNA [23]. 

5. Conclusions and summary 

Experimental results [20,22] and the covalent 
binding data of Meehan and Straub [54], as well as 
the theoretical considerations by Lin et al. [55] and 
Miller et al. [53], indicate that a noncovalent inter- 
calation type of complex is formed rapidly upon 
mixing BPDE into a DNA solution. The three 
reaction pathways of BPDE in the presence of 
DNA are thus (1) hydrolysis to tetraols of free 
uncomplexed BPDE, (2) hydrolysis at DNA-bi- 
nding sites. and (3) covalent binding of BPDE at 
DNA-binding sites. Pathways 2 and 3 are parallel 
pseudo-first-order reactions which appear to in- 
volve a common intermediate. This intermediate is 
most likely a trio1 carbonium ion whose rate of 
formation (rate constant k3) is greatly accelerated 
upon binding of BPDE to DNA at pH 7. but 
decreases with decreasing pH, temperature and 
ionic strength. The rate of addition of water mole- 
cules to this carbocation is about IO-times faster 

than the rate of covalent binding to the DNA 
bases, and is independent of pH and temperature. 
but decreases by 20 + 10% in the presence of 
NaCl. 

The fraction of molecules undergoing the cova- 
lent binding reaction (f,,,) is directly proportional 
to k,X,/k. which is the fraction of BPDE mole- 
cules which undergo reaction at DNA-binding sites 
rather than in solution, where X,, is the fraction of 
molecules bound physically to DNA at any instant 
of time. Thus, f,,, is independent of X, as long as 
k3X,, z+ k, and is independent of k, and k, pro- 
vided X,, -t 1. since under these conditions k = 
k,(l - X,,) + k,X,, = k,X,,. 

In conclusion, it is evident that alterations in 
the intercalative. physical binding of BPDE to 
DNA induced by metal ions [37,51.53]. and the 
concomitant decreases in covalent binding, cannot 
be used as evidence supporting the hypothesis that 
intercalation (X,) is or is not an important pre- 
liminary step in the covalent binding reaction. The 
covalent binding efficiency depends on the branch- 
ing ratio k,X,,/k. Thus, changes in X, do not 
necessarily entail a change in the efficiency of 
covalent binding. 

The noncovalent BPDE-DNA adducts which 
are initially formed are believed to be intercalation 
complexes [20,22,35.50]. On the other hand. the 
covalent BPDE-DNA adducts which are formed 
subsequently. display the characteristics of exter- 
nal binding site complexes [25-271. The covalent 
binding reaction may thus involve externally 
physically complexed diol epoxide molecule which 
may be present as minor components [24]. or a 
local conformational transformation at the bind- 
ing site during or after the covaient binding reac- 
tion. These subjects will be discussed in more 
detail in a future publication. 
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