PHARM

aspet

MOLECULAR PHARMACOLOGY, 19:496-504

Nucleophilic Selectivity Ratios of Model and Clinical Alkylating Agents

by 4-(4'-Nitrobenzyl)pyridine Competition

C. PauL SPEARS!

Cancer Research Laboratories, University of Southern California Comprehensive Cancer Center, Los Angeles, California
90033

Received August 13, 1980; Accepted December 3, 1980

SUMMARY

SpPEARSs, C. P. Nucleophilic selectivity ratios of model and clinical alkylating agents
by 4-(4’-nitrobenzyl)pyridine competition. Mol. Pharmacol. 19:496-504 (1981).

An aqueous acetone 4-(4’-nitrobenzyl)pyridine (NBP) assay for alkylating activity was
used at neutral pH to reproduce the Swain-Scott-Ogston reactivity sequence of nucleo-
phile n constants, based on bimolecular competition between NBP and added nucleophiles
for alkylation by nitrogen mustards, methanesulfonate esters, methyl iodide, epichloroh-
ydrin, or 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU). Nucleophile concentration-depen-
dent decreases in the 540-nm NBP product(s) permitted determination of the second-
order rate constant ratio, k. /kxsp, for alkylation of the competing nucleophile/NBP. The
slope, s*, of several log(k./knsp) values versus n constants closely paralleled literature
Swain-Scott s constants and could be derived from the value for thiosulfate competition,
log(k,zoa /knep). Alkylating activity, defined by the maximal 540-nm absorbance found for
reactions up to 1 hr, was clearly related to an alkylating agent’s nucleophilic sensitivity
[s, s*, or log(k; ., /knsp) value]. Values of log(k,,.,/knsp) corresponding to s constants 0.78-
1.39 for clinical alkylating agents increased in the order 1-chloroethyl-3-(4-methylcycloh-
exyl)-1-nitrosourea ~ streptozotocin < 1,4-bis(methanesulfonoxy)butane ~ BCNU <
1,1’,1”-phosphinothioylidynetrisaziridine ~ methyl-bis(2-chloroethyl)amine < 4-[bis(2-
chloroethyl)amino]-L-phenylalanine. NBP competition methods for determination of
nucleophilic selectivity ratios should be highly useful for rapid identification of protective
nucleophile-clinical alkylating agent combinations, and for classification of alkylating
agent biological mechanism of action according to recent interpretations of alkylating

agent kinetic behavior.

INTRODUCTION

The reactivity of an alkylating agent is often defined
by its time-dependent alkylation of NBP? in the presence
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of competing nucleophiles such as buffer and solvent
molecules (1, 2). The reactivity of NBP toward alkylating
agents results from the relatively strong nucleophilicity
of the anionoid (3) electron pair of the pyridine ring
nitrogen. The nucleophilicity order described for sulfur
mustard in water (4) is essentially the same order as that
reported for nitrogen mustards (5) and for primary (ster-
ically unhindered, saturated) carbon electrophilic centers
in protic solvents (6-8):

S:05%~ > HS™ > pyridine > SO,*~ > NO;~ > H;0

The reactivities within this nucleophilic series are de-
termined by polarizability factors and to a lesser extent,
by basicity strength; molar refractivities of nucleophiles
parallel their reactivities as do electrode potentials (9).
There is also a resemblance of the nucleophilicity order
to the lyotropic (Hofmeister) anion series for salting
proteins out of solution (10). Increased hydrogen bonding
and greater solvation energies accompany higher electron
localization of the weaker nucleophiles in solvents with
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high dielectric constants. Thus, poorly polarizable reac-
tants in polar solvents are rendered less nucleophilic by
solvation energy barriers which contribute to, or perhaps
cause, the normally wide range of nucleophilic reactivi-
ties.

Alkylating agents show exponential variation in the
degree of their discrimination among nucleophiles in
protic solvents. This property, alkylating agent nucleo-
philc selectivity, was placed on a quantitative basis by
Swain and Scott (6) soon after the original nucleophilicity
order was published by Ogston et al. (4) in 1948. The
nucleophilic selectivity of an alkylating species is most
simply defined as the ratio of second-order rate constants,
k. /k,, for the independent, competitive reactions of the
electrophilic species that alkylates nucleophiles X and Y,
under pseudo-first-order conditions of excess nucleophile
concentrations (11, 12).

Recently, it has become apparent that variation in an
alkylating agent’s nucleophilic selectivity is a major de-
terminant of initial patterns of intracellular alkylation of
biological macromolecules. In particular, it has been pos-
tulated that relatively low nucleophilic selectivity may
result in greater alkylation of weakly nucleophilic oxygen
substituents in nucleic acids and in enhanced mutagenic
efficiency (12, 13). Conversely, extremely poor discrimi-
nation among biological nucleophiles may result in hy-
drolysis of the alkylating species prior to diffusion to
target nucleophile(s) (14), thus quenching its biological
effects. The extremely fast reactions of antitumor mus-
tard-type alkylating agents has until now precluded a
meaningful comparison of their nucleophilic selectivities.
Nevertheless, Ross (5) early recognized the potential
importance of nucleophilic selectivity in clinical alkylat-
ing agent drug design by suggesting that the high nucleo-
philic selectivities of mustards caused suboptimal intra-
cellular alkylation due to biologically irrelevant alkyla-
tion of strongly nucleophilic groups during transport.

NBP-derived alkylating activities of various antineo-
plastic agents are well known to correlate with drug
toxicities and occasionally, with antineoplastic effects (2,
15). However desirable, few conclusions regarding an
alkylating agent’s nucleophilic selectivity can be drawn
from published NBP reactivity values, because of the
varying NBP reaction conditions employed, and because
of the unpredictability of reactivity-selectivity relation-
ships (11). Pross (11), a Swedish group (12), and others
(16) have emphasized the useful fact that nucleophilic
selectivity, the ratio of second-order rates k,./k,, can be
calculated from P,/P,, the ratio of alkyl products formed:

ke _ (PILY) o
k,  (P)IX]

where [X] and [Y] are the initial nucleophile concentra-
tions. Since nucleophilic displacement reactions at pri-
mary carbon electrophilic centers may be expected to
follow bimolecular kinetics (16), a rate-product correla-
tion is expected upon addition of a nucleophilic salt to
the solvolytic reaction medium (17). Bimolecular kinetics
are followed in the NBP assay of “classical” alkylating
agents, since the rate of formation of product chromo-
phore is first-order in NBP as well as in alkylating agent
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concentration (2, 18). If it is assumed that a decrease in
absorbance in the NBP assay, which occurs on addition
of a nucleophile, X, is entirely a result of new alkyl
product formed, then

P, A

=011

P, A4, (2)
where P./P, is the ratio of new alkyl product (P;) to
product chromophore(s) of NBP alkylation (P,), and
A./Ao is the control absorbance divided by the absorb-
ance with added competing nucleophile. It follows that

ofi) (@5 ]) o

Equation 3 is related to the Swain-Scott (6) linear free
energy relationship (Eq. 4), whereby the nucleophilic
selectivity of an alkylating agent is defined as the slope,
s, of second-order rate constants for nucleophilic substi-
tution plotted against standard relative rates (expressed
as n constants for different nucleophiles) for reaction
with the reference substrate CH;Br

log(k./k,)) = s(n, — n,) (4)

The intrinsic nucleophilic strengths of reagents X and
Y for attack on CH;Br are given by the constants n. and
n,. By convention, the intrinsic electrophilicity constant
(the degree of selectivity among nucleophiles by the
alkylating agent), s, equals 1.00 for CH;Br. When Y is
H.0, n, = 0.00, and the familiar expression log(k./ko) =
sn, results where kg is the second-order hydrolysis con-
stant. Thus, the logarithm of the second-order rate con-
stant ratio, k., /ko, describing thiosulfate competition
with water for alkylation by CH3Br is 6.36, which is the
n constant for thiosulfate (4, 6, 8). Log (k.o /ko) is a
surprisingly clear predictor of s (using several nucleo-
philes) for nitrosoureas, methanesulfonate esters, nitro-
gen and sulfur mustards, as well as for traditional Swain-
Scott substrates such as EPI (5-8, 12, 13, 19), whether
the slopes of second-order rates versus n constants rep-
resent basic or anionic nucleophiles (7, 12). However, use
of hydrolysis rate denominators has been criticized (8)
because of the dual role of solvent, both as nucleophile
and electrophile. NBP is weakly basic, with a pK, of 3.51
(this report). The large difference in nucleophilicities of
thiosulfate and NBP, taken together with their predict-
ably weak leaving group constants (20) and weak basici-
ties, therefore suggested use of thiosulfate competition in
the NBP assay for rapid estimation of s for a wide variety
of alkylating agents, including several examples of ther-
apeutic, mutagenic, and Swain-Scott alkyl substrates.

MATERIALS AND METHODS

Chemicals. Alkylating agents were obtained from the
following sources and used in the solvents indicated:
MMS, EMS, iodoacetic acid, benzyl chloride, and EPI,
Eastman Organic Chemicals, Rochester, N. Y. (acetone);
methyl iodide, Aldrich Chemical Company, Milwaukee,
Wisc. (acetone); ethylene oxide, Pfaltz & Bauer Inc.,
Stamford, Conn. (acetone); HN2 and nor-HN2, Aldrich
Chemical Company (water); chlorambucil (ether), L-
PAM (ethanol), and busulfan (acetone), Burroughs-Well-
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come, Research Triangle Park, N. C.; streptozotocin (wa-
ter) and MeCCNU (dimethyl sulfoxide), the Division of
Cancer Treatment, National Cancer Institute; BCNU
(ethanol) and mitomycin C (water), Bristol Laboratories,
Syracuse, N. Y.; thioTEPA (acetone), Lederle Labora-
tories, Wayne, N. J.; HSM (ether), Dajac, Philadelphia,
Pa. PM.CHA (water) was a gift of Dr. T. C. Hall, and
MNNG (acetone) was kindly supplied by Dr. A. R.
Peterson of the University of Southern California Cancer
Center. NBP was an Aldrich product. Folinic acid (cal-
cium leukovorin) was obtained from Lederle, and L-1-
(+)-tetrahydrofolate was prepared as described previ-
ously (21). All other reagents were commercially avail-
able reagent grade and were used as received.

NBP nucleophilic selectivity assay. A modification of
the Friedman and Boger procedure (1) was used. In
sequence, 1 ml of H;0, 0.2 ml of Tris-HCI buffer (0.2 M,
pH 7.0), and 1 ml of 2% (w/v) solution of NBP in acetone
were added at 10° in 13 X 100 mm borosilicate air-tight
screw-cap test tubes, and the solution was Vortexed to a
single phase; 0.1 ml of the alkylating agent (<1.0 mM in
the appropriate solvent) was added. The tubes were
tightly stoppered, mixed, shielded from ambient light,
and placed in a 95° water bath for periods of time
corresponding to 3-10 half-lives of the NBP alkylation
reaction, up to 60 min. The reaction mixtures were cooled
in an ice-water bath, in which the NBP chromophore
was stable for up to 2 hr. To the mixtures at 20° were
added 1 ml of acetone, 2.5 ml of ethyl acetate, and 1 ml
of 0.25 N NaOH; the tubes were inverted 20 times and
centrifuged for 45 sec at 1300 X g. The E{%, of the upper,
organic phase, was determined in a Beckman Model 25
spectrophotometer exactly 3 min after alkalinization. A
blank for each determination was obtained from paired
reaction mixtures without alkylating agent, or without
NBP.

A, values were obtained from the standard NBP assay.
Paired A, values were obtained by adding the competing
nucleophile, over a several log concentration range, into
the NBP assay in the 0.2 M Tris-HCI buffer at pH 7.0. Of
the nucleophiles studied, only pyridine and Na;SO; re-
quired pH adjustment, which was done with glacial acetic
acid (at concentrations below measurable effects on NBP
absorbance). Only sodium salts of anions were used. The
measured incubation pH in all cases was between 6.5 and
7.0, before or after heating, using a Beckman 3550 pH
meter. Control A, values over this pH range did not vary
beyond experimental error, and gave absorbances at least
as great as the standard NBP assay (1) which uses
acetate buffer. Values of A, between 5% and 95% of A.
and which occurred between a 4-fold and 1000-fold molar
excess of added nucleophile over the initial alkylating
agent concentration were used for nucleophilic selectivity
calculations by Eq. 3.

Statistics. Linear regression analyses were done by use
of standard SR-51-II and TI-55 programs and standard
N-2 significance tables.

RESULTS

Nucleophilic reactivity order. HN2 was chosen ini-
tially as the standard alkylating agent because of its
predictably high selectivity among nucleophiles (5, 12),

its high reactivity, and broad solubility characteristics.
Reagents with established Swain-Scott n values were
used for nucleophilicity assay by their concentration-
dependent inhibition of formation of the 540-nm HN2-
NBP product(s). Decreases in absorbance at 540 nm were
found to occur at nucleophile concentrations logarith-
mically related to their n constants. Representative data
from individual runs for five nucleophiles are shown in
Fig. 1. The sigmoidal curves of absorbance inhibition
caused by increasing concentrations of added nucleophile
followed bimolecular kinetics calculated by Eq. 3 within
experimental error. Percentage decrease curves for
S;0:>" and N3~ did not change with log-fold variation in
HN2 concentration below competing nucleophile concen-
tration. Chloride ion’s absorbance decreases [log(k.:/knvp)
= —1.03 £ 0.06] were in surprisingly good agreement with
its n value (Fig. 2). The concentration of Tris-HCI (17.4
mM) was 5% of its concentration causing a 50% decrease
in the NBP product. Heat treatment at 95° of alkylating
agent -free NBP assay mixtures containing 0.80 mMm
[S:05*"] caused a decrease of =<0.10/hr in log(k.,., /knby)
value for subsequent HN2 addition, which effect was
ignored in log(ks,0,/%wyp) calculation for more slowly re-
acting alkylating agents.

The results of log(k./k.wp) values derived from Eq. 3
were correlated with literature n constants for 10 nucleo-
philes in competition with NBP for attack on HN2, as
summarized in Table 1. The individual data are shown in
Fig. 2. The standard deviations in Fig. 2 reflect the
experimental error found for the 5%-95% absorbance
decrease range, and represent the average results of two
or more runs per nucleophile. The order of nucleophilic
reactivities for HN2, spanning a 100,000 fold range, from
the powerfully nucleophilic thiosulfate ion [log (k. /%abp)

100

[44]
o

PERCENT ABSORBANCE AT 540 nm

o

log (x] - log [NBP]

F16. 1. Nucleophile concentration versus absorbance decrease in
the NBP assay of HN2

Representative single runs shown were the result of 10-min incuba-
tions of mixtures at 95° containing 40.6 mM NBP, 0.043 mm HN2, 17.4
mM Tris-HCl (pH 7.0), 52% (v/v) aqueous acetone, and varying con-
centrations of competing nucleophile, X: a, [S:05*"); b, [SOs*}; ¢, [Na];
d, [pyridine]; e, [CHsCOO™]. Solid lines show the predicted curvature
of simple bimolecular kinetics between NBP and an added nucleophile
for alkylation by HN2. Data points of the absorbance profiles were
used for Eq. 3 calculation of second-order rate constant ratios, log(k./
knng) values.
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F1G. 2. Relationship of log(k:/kns) values for 10 nucleophiles in
reaction with HN2, to Swain-Scott-Ogston nucleophilic reactivity n
constants for alkylation by CHsBr (refs. 4, 6, 8)

At constant (40.6 mm) NBP concentration for all nucleophiles stud-
ied, log(k./knbp) is equal by Eq. 3 to log(40.6/[X]) at that concentration
of added nucleophile, [X], which causes a 50% absorbance decrease: a,
[S:0:>°]; b, [SOs*"J; ¢, [Ns}; d, [pyridine]; e, [CH:COO}; £, [(NH,).CS};
& [HPOZ7); h, [SO&7]; i, [C17); j, [NOs™]. The linear correlation (see
Eq. 5 and Table 1) showing the high nucleophilic selectivity of HN2
(8* = 0.983) was used for derivation of n (~3.5) for NBP, and permitted
measurement of n for new nucleophiles such as reduced folates (see
Results).

= 2.81] to the poorly reactive nitrate ion [log(%no./Rnbp)
= —2.35], accurately reproduced the sequence of litera-
ture n constants:

0.983n = log(k«/kubp) + 3.391 (5)
(r = 0.9871; N = 10; p < 0.001)

This was expected because the correlation between the
logarithm of Qgston’s “competition factor” characterizing
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nucleophilés for sulfur mustard (4) and Swain-Scott n
constants (6) is nearly perfect (r = 0.9969) for the 11
nucleophiles common to those studies (omitting OH™,
these were HPSO3*", S;05*7, HS™, I, NCS™, (NH.).CS,
HCOs~, HPO", CI°, CH;COO™, and SO,*"). The com-
petition factor of a nucleophilic reagent for sulfur mus-
tard was historically defined as “the ratio of the rate of
its reaction to that of water, when the concentration of
the reagent is 1 equivalent per liter” (22). The present
approach, instead, has varied the added nucleophile con-
centration in order to achieve a competing rate of alkyl-
ation similar to the NBP alkylation rate, assumed to be
a constant. Hydrolytic rates were not assayed in this
study, but the effects of hydrolysis on nucleophilic selec-
tivity determinations by log(ks,0,/kbp) measurement do
become significant for poorly selective alkylating agents,
discussed below and in the Appendix.

The very good (8) correlation shown by Eq. 5 (Fig. 2)
is in accord with the assumption that the NBP product
method gives second-order rate ratio, kinetic (n constant)
results; this is attributable in part to the stability of the
products, and to the expected general correspondence
between rates in the product-forming reactions and the
product spread for primary alkyl substrates (11, 16, 17).
High acidity in the nucleophile facilitates leaving group
behavior (20) and therefore secondary displacement on
the alkyl-nucleophile product. Significant secondary
NBP alkylation by nucleophile product(s) should cause
increasingly negative deviations in log(k:/knbp) values
with increasing nucleophile concentration, unlike the
result shown in Fig. 1. Prolonged heating (90 min) in the
case of NO3;~, however, was found to lead to increases in
alkylating activity approximately 10% above A. values,
with consequent decreases in log(k./knbp) values, possibly
due to secondary NBP alkylation by HN2-nitrate(s).
With shorter heating periods, no apparent difference
between nonbasic [S:05°", (NH;):CS, SO.2", Cl-, NO;™]
and basic (SO:*~, Ns~, HPO,*", pyridine, CH;COO~) nu-
cleophiles is evident in the correlation between log(k./
knvp) and n constants for HN2 (Fig. 2). Low acidity, with

TaBLE 1
Nucleophilic selectivities of model and clinical alkylating agents
Slopes (s*) of linear regression correlations between log(k: /knbp) values and Swain-Scott-Ogston nucleophilicity n constants®: s*n = log(k./

kubp) — 10g(Ro/Rubp).

Alkylating agent Nucleophiles (X) studied for log(k; /knbp) value s* log(ko/knbp)® r p Lite(ra:_t.;re s
retl.

HN; S:0:%7, SO0:*7, (NH:).CS, N;~, HPO/*", pyridine,

S0,%", CH,COO™, C1-, NOs~ 0.983 -3.391 0.9871 <0.001 1.13° (19)
CHlI 8,027, NCS™, N5~, NOs~ 0.926 -3.418 0.9835 <0.02 1.23 (7)
EPI 32", NCS™, N5~, NOs~ 0.753 —3.390 0.9982 <0.01 0.93 (6)
MMS 32, NCS™, N3~, NOs~ 0.717 -3.101 0.9818 <0.02 0.86 (12)
EMS S:0s*", HPO*", pyridine, C1~, NOs™ 0.606 —2.737 0.9907 <0.001 0.67 (12)
BCNU 327, SOs*~, NCS™, N3~, HPO,*", pyridine, C1 0.717 —2.799 0.9473 <0.01
PM.CHA S:0,%", S05*", N3~, MEA, ascorbate 0.953 —-3.527 0.9915 <0.001
L-PAM S:05>, N3~ 1.186 —4.146 — —

“Values for n constants were taken to be 6.36 (S20,>7), 5.1 (SO5%"), 4.77 (NCS"), 4.1 ([NH;].CS), 4.0 (N57), 3.8 (HPO.?*"), 3.6 (pyridine), 2.72
(CH;COO0™), 2.7 (C17), 2.5 (SO,*"), and 1.03 (NOs"), refs. 4, 6, 8; n constants for MEA and ascorbate were 3.4 and 3.3 (this study). Log(k. /kanp)
values were calculated by Eq. 3 (where Y = NBP) as described under Materials and Methods. At constant (40.6 mMm) NBP concentration in the
NBP assay, (k:/knwp) i8 equal to the concentration ratio [40.6])/X at which a 50% absorbance decrease is found to occur.

® Intercept values represent the theoretical second-order rate ratio (ko/kup) of water/NBP at n = 0.00.

¢ Value for N,N-diethylethylenimonium ion.

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet..

500 C. PAUL SPEARS

the exception of the halides, is characteristic of the
Ogston nucleophiles, which had been selected for “com-
petition therapy” potential (4, 5, 22) and therefore for
anticipated stability in the alkyl products.

The n constant of NBP can be calculated from the Eq.
5 relationship for HN2. At n = 0.00, %k, represents the
hydrolysis constant, ko, so that n of NBP is approximately
3.5. This is not significantly different from the n constant
for pyridine which is about 3.6 (4). Equation 5 also
permitted study of nucleophiles of unknown n constants
for which bimolecular, sigmoidal curves of absorbance
decreases in the NBP assay of HN2 occurred with in-
creasing concentration of nucleophile. According to Eq.
5, experimentally derived n constants for Tris-HC], MEA,
and sodium ascorbate were 2.3 + 0.2, 3.4 + 0.2, and 3.3
+ 0.1, respectively. The n constants found for L-1-(+)-
tetrahydrofolate and folinic acid were identical at 5.4 +
0.1, which result may suggest that the N-10 site is the
strongest nucleophilic center for these folates.

Alkylating agent selectivity. The slope of the regres-
sion line given by Eq. 5 shown in Fig. 2 directly gives the
apparent Swain-Scott nucleophilic selectivity value, s*
(to be distinguished from previously published s con-
stants), equal to 0.983 for HN2. This value is somewhat
lower than the s constant found by Jones et al. (19) of
1.13 for the N,N-diethylethylenimonium ion. In order to
determine the relationship of the present s* value ob-
tained by varying ratios of nucleophile concentrations
versus the traditional approach of taking rate ratios at
similar nucleophile concentrations, s* was determined
for other alkylating agents with well-established litera-
ture s constants in protic solvents. These were CH;l (s
= 1.23, ref. 7); EPI (s = 0.93, ref. 6); MMS (s = 0.86) and
EMS (s = 0.67) (12). The nucleophiles used in s* deter-
mination were mostly nonbasic: S;0:>~, NCS™, N;~, NO;™~
(CH:l, EPI, MMS); S;0,*~, HPO,*", pyridine, C1~, and
NO;~ (EMS). The resulting correlation between s* (listed
in Table 1) and published s constants for the five alkyl-
ating agents was

s =1.365s* — 0.124 (6)
(r = 0.9542; N = 5; p < 0.02)

If zero intercepts are assumed, s = 1.234 s*. Alkylating
agents for which no previously published s constant could
be found were studied for s* determination: L-PAM,
BCNU, and PM.CHA. Table 1 lists the nucleophiles
used and the resulting s* values. No significant differ-
ences in s* occurred on omission of the basic nucleo-
philes, but only the calculated concentrations of the
divalent species of phosphate and sulfite, and of unpro-
tonated pyridine were considered (from pK, at 20° in
H0 at pH (6.8).

For reasons given, and to standardize and simplify
nucleophilic selectivity determinations, correlations were
sought and found between the results of thiosulfate con-
centration changes in the NBP assay, log(ks, /knwp) val-
ues alone, and published s constants or the present s*
values. The results are shown in Fig. 3. Since the derived
n of NBP is 3.5, under the conditions of this study, it
might have been expected based on Eq. 4 that

10g(kayo,/ k) = $*(6.36 — 3.5) = 2.865* ()

0.1
1 1 1 1 -l 1 1
0 0.5 1.0 1.5 20 25 3.0 3.5
log kg,05 = 109 knbp

13F b

L //,;/

// 1

1.1F .

L 3-

7
0.9 /,/ 40,
s. - g“,f e

L 9 o7

0.7 ///o A
< 10
05} s
7
- e
//
03 Ry
e

L -
0.1 o //

// 1 1 1 1 1 1 1

0 0.5 1.0 1.5 2.0 25 3.0 3.5

(logk 5,05~ 109 Knpp)
Corrected for Hydrolysis and Tris Alkylation

Fi1G. 3. Nucleophilic selectivity determination by changing thiosul-
fate concentration in the NBP assay of 10 alkylating agents

Charts show the linearity between alkylating agents’ published
Swain-Scott s constant (@) or present s* value (O) and the second-
order rate constant ratio, 10g(ks,/knbp) value by Eq. 3 in panel a and
after correction (OJ) for bimolecular hydrolysis and Tris alkylation in b,
discussed in Appendix (Eq. 16). Alkylating agents were: 1, L-PAM; 2,
CH.l; 3, HN2 and the N,N-diethylethylenimonium ion; 4, PM.CHA; 5,
EPI; 6, MMS; 7, BCNU; 8, benzyl chloride; 9, ethylene oxide; and 10,
EMS. The s* values of benzyl chloride and ethylene oxide in b were
calculated by Eq. 6. The results in b were anticipated by Eq. 7, shown
by - - -, based on the HN2-derived nucleophilicity of NBP.

However, these approximately linear relationships (Fig.
3a) were obtained:
s = 0.285 log(ks,0,/ knvp) + 0.381 8)
(r=09811; N = 7; p < 0.001)

and
§* = 0.237 log(ks,0,/ knbp) + 0.304 9)
(r =0.9814; N = 8; p < 0.001)

The ratio of the slopes of Egs. 8 and 9 (1.20) points up
the somewhat lower s* values compared to literature s
constants. Both slopes similarly demonstrate that the
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less selective agents show increasingly negative devia-
tions from their expected (Eq. 7) log(&s,0,/knbp) values.
These deviations are clearly a result of the increasing
role of water as a competing nucleophile for decreasingly
selective alkylating agents. Incorporation of a term for
the concentration of water into Eq. 7 makes the a priori
prediction that at zero observed log(ks,o,/kunp), the cal-
culated s constant will be 0.45, which is close to the Eq.
8 experimental result. However, s* determinations by
use of two or more nucleophiles’ log(k./knyy) values,
should not in a likewise manner be affected by hydrolysis
and other competing side reactions such as alkylation of
the Tris buffer (see Appendix for discussion), which
explains the similar intercepts of Egs. 8 and 9 and ex-
plains the Fig. 3b demonstration of the simple corre-
spondence between s* and “corrected” log(ks,,/%nbp) val-
ues.

The finding of consistently lower s* values as com-
pared with s constants is probably due to complex posi-
tive salt effects, caused in part by the large range of
nucleophilic salt concentrations required for log(k./Znqbp)
determination via Eq. 3. Most of the nucleophilic salts of
the present study are likely to linearly increase first-order
rates of alkyl substrate consumption beyond that ex-
pected for alkylation of the salt per se, yet quantitative
separation of such effects from simple bimolecular alkyl-
ation of the added salt proves exceedingly difficult (7, 17,
19). Furthermore, weakly nucleophilic protonated buffer
molecules have a catalytic role in NBP alkylation by
mustards (1, 18). No evidence for lowering of nucleophilic
selectivity by the high temperature of the present study
was obtained by repeating measurements of log(k., /
knbp) values of L-PAM, HN2, nor-HN2, CH;I, MMS, and
EMS at 20°, for long incubation times (up to 7 days in
the dark). In fact, all of the latter values (not shown)
were approximately 0.3 log unit lower than their 95°
values, and their control (no added nucleophile) absorb-
ances or alkylating activities were likewise decreased
about 50%.

The nucleophilic selectivity ratio, log(ks,,/knbp), for 21
alkylating agents (all of which gave absorbance peaks at
540 nm) is presented in Table 2, together with Eq. 8
derived s constants and relative alkylating activity. The
derived s constant of thiocTEPA is 1.10, slightly higher
than the 0.90 value reported (23) for simpler aziridines.
The result for MNNG may be compatible with published
data (ref. 13, and references cited therein) for several
nucleophiles, which, however, show large enough devia-
tions from the normal nucleophilic order (in part because
MNNG possesses two asymmetrical electrophilic sites)
that choice of a suitable literature s constant is difficult.
The most serious deviation occurs for MNU, which has
a reported s of 0.42 (13) and a calculated s of 0.71, which
could be in error because of the extremely low alkylating
activity of MNU (or alternatively, because of tempera-
ture- or nucleophile-related effects on its mechanism(s)
of nucleophilic substitution).

The significance of alkylating activity is that it is
another parameter of nucleophilic selectivity. This is
shown by the parallelism between log(ks, /%qwp) values
and alkylating activity (Table 2). Furthermore there is a
correspondence between values of log(ko/&nbp) (Table 1)

ALKYLATING AGENT NUCLEOPHILIC SELECTIVITY 501

TABLE 2
Nucleophilic selectivity of alkylating agents by thiosulfate-mediated
decreases in the NBP assay

Alkylating agent AA° Log(ka,/knbp)® Derived® s
L-PAM 110% 3.54 + 0.08 1.39
Chlorambucil 100% 3.10 + 0.21 1.26
Nor-HN2 100% 3.08 + 0.06 1.26
CHsl 62% 2.88 £ 0.15 1.20
HN2 100% 281 £ 0.12 1.18
PM.CHA 62% 2.75 £ 0.10 1.16
HSM — 2.69 + 0.03 1.15
ThiocTEPA 80% 2.53 £ 0.17 1.10
ICH,COOH 75% 2.51 £ 0.11 1.10
BCNU 50% 1.95 £ 0.12 0.94
Busulfan 20% 1.81 £ 0.13 0.90
EPI 42% 1.80 + 0.06 0.89
MMS 60% 1.72 £ 0.05 0.87
Benzyl chloride 40% 1.67 + 0.08 0.86
Ethylene oxide 5% 1.58 + 0.05 0.83
MNNG 1% 1.55 £+ 0.18 0.82
Mitomycin C 13% 1.52 £ 0.21 0.81
Streptozotocin 3% 143 £ 0.10 0.79
MeCCNU 2% 1.39 + 0.04 0.78
EMS 15% 1.17 £ 0.02 0.71
MNU 2% 1.14 £ 0.04 0.71

“ Alkylating activity as percentage of equimolar HN2 540-nm ab-
sorbance at >3 half-lives of the observed alkylation rate, up to 60 min.

® Represents the average + standard deviation of five data points
per run and two runs per alkylating agent, based on Eq. 3.

¢ Directly calculated from log(k.,0,/knp) values by Eq. 8 shown in

and nucleophilic selectivity parameters. The ratio (ko/
kuvp) represents the theoretical ratio of NBP to water,
which will cause a 50% decrease in alkylated NBP prod-
uct due to bimolecular competing hydrolysis (and which
allowed calculation of the n constant of NBP, above).
Direct determination of log(ko/k.p) Was not possible.
Although NBP absorbance does increase in a sigmoidal,
bimolecular fashion with increasing NBP concentration,
and the 40.6 mM NBP assay concentration was on the
“plateau” portion of the curve for HN2, at [NBP] =200
mM, paradoxical absorbance increases were observed in
the extracted colorimetric product. Variation in [H,0]
was limited by the insolubility of NBP in water, and also
by water’s over-all rate-accelerating effect. Therefore,
alkylating activity is expressed simply as percentage of
the absorbance found in the NBP assay for equimolar
HN2.

DISCUSSION

Since it is likely that intracellular reactivities of nu-
cleophiles correspond to their chemical reactivities (5,
12, 13), the broad range of nucleophilic selectivities found
in this study for the clinical alkylating agents implies
necessarily varied biological mechanisms of action. Many
biologically important nucleophiles such as sulfhydryl,
phosphate, bicarbonate, and imidazole groups are intrin-
sic to the Swain-Scott-Ogston nucleophilic reactivity or-
der. The strongest nucleophile known is a reduced form
of vitamin B,, that has an n constant of ~10.3 (24).
Duplex, native DNA is perhaps 20-fold more nucleophilic
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than monomeric DNA (25) and thus may have a calcul-
able n constant of ~5.2 (4, 13, 25). The present finding of
n = 54 for reduced folates suggests that these are also
important intracellular alkylating agent targets.

The preferential reaction of an alkylating agent with
the stronger nucleophiles relative to weaker ones, when
both are present in excess, will rise steeply with increas-
ing nucleophilic selectivity, i.e., with increasing Swain-
Scott s constant. The slopes of log(k./k.vp) values for two
or more nucleophiles plotted against their literature n
constants, i.e., 8* values (Table 1), closely paralleled
literature s constants for CHsl, EPI, MMS, EMS, and
the ethylenimonium ion (Eq. 6). The s* values were
slightly lower than s constants, most likely due to com-
plex positive salt effects caused by the high concentra-
tions of nucleophiles needed for s* determination. It may
be that high nucleophile concentrations have subtle “sol-
vent sorting” effects on nucleophilic selectivity. For ex-
ample, preliminary results with HN2 have suggested a
lowering of log(ka,0,/kabp) values in the presence of half-
molar concentrations of NBP and NaNO;.

More conveniently, and to avoid the potential prob-
lems of the higher concentrations used for weaker nu-
cleophiles, log(ks,0,/knbp) values for thiosulfate competi-
tion alone were correlated with s and s*. Although the
effect of competing hydrolysis caused a calculable, wider
spread of log(ks,,/kmp) values than expected (see Fig. 3
and Appendix), strongly linear relationships (Egs. 8 and
9) were found for prediction of s or s* by the sole use of
thiosulfate addition to the NBP assay.

A great advantage of the present NBP product com-
petition approach for determination of s* is that the
concentration of alkylating species need not be precisely
known, as is necessary for determination of second-order
rate ratios by traditional kinetic methods. NBP alkylat-
ing activity (below the limiting value of 100%) itself may
give some approximation of nucleophilic selectivity; how-
ever, the extinction coefficient of the alkylated NBP
chromophore will depend on the nature of the alkyl
moiety, although this is perhaps not significant if sub-
stituent effects within a single class of alkylating agents
are considered (2, 18).

Observed first-order rates of NBP alkylation have not
been included in the present study but have been used in
the past for comparison of the relative tendencies of
aromatic and aliphatic nitrogen mustards to undergo
bimolecular substitution mechanisms of reaction (2).
Such an approach has limited utility, because in many
cases the observed NBP alkylation rate will only reflect
the slowness of the initial ionization step in forming the
reactive aziridinium intermediate (4, 5, 25).

Table 2 lists the nucleophilic selectivity parameters
log(ka,0,/kubp), calculated s constant, and alkylating activ-
ity of 21 alkyl substrates for nucleophilic substitution
reaction. It should be noted that the selectivity of an
alkylating agent for the thiosulfate anion does not always
predict for reaction rates with other model nucleophiles.
For example, the triphenylmethyl halides, which proba-
bly react through a tertiary carbonium ion intermediate,
react faster with azide ion than with thiosulfate (26).
However, with the exception of MNNG and mitomycin
C (which is a 1,2-disubstituted aziridine) all alkyl sub-
strates in the present report (Table 2) are primary,

saturated carbon electrophiles which are expected to
follow the normal nucleophilic order.

The NBP product competition method for determi-
nation of Swain-Scott s and n constants is ideally suited
for the screening of nucleophiles for their potential “pro-
tective” effect against a given alkylating agent. Ogston’s
nucleophilicity series was in fact studied for the purpose
of identifying antidotes for sulfur mustard toxicity (4, 5,
22). The n constant for small molecular weight nucleo-
philes is readily determined from their relative log
(kx/kuvp) values, using a standard substrate such as HN2
(shown in Fig. 2). The high nucleophilicity of the clini-
cally useful folinic acid, for example, makes this a partic-
ularly interesting “protective” candidate. Concentration-
dependent protection by thiols against alkylating agent
cytotoxicity or against DNA alkylation in vitro has re-
peatedly been demonstrated for highly selective alkylat-
ing agents such as L-PAM and HN2, but has been less
convincingly shown for busulfan (27), which is less selec-
tive among nucleophiles (Table 2).

The clinical alkylating agents vary so greatly in their
nucleophilic selectivities that nearly the entire range of
published s constants is represented. The mustards dem-
onstrate nucleophilic selectivities that are comparable to
or greater than that of model sulfhydryl-inhibiting mon-
ofunctional alkylating agents, such as iodoacetic acid. In
contrast, streptozotocin and MeCCNU show nucleophilic
selectivities similar to that of model mutagenic and car-
cinogenic alkylating agents, such as MNNG, EMS, and
MNU. Potentially the most important observation in this
study is that nucleophilic selectivity values for the most
selective clinical alkylating agents have been found to
decrease in the order L-PAM > chlorambucil > HN2 >
thiocTEPA > busulfan; this is remarkable insofar as the
broad-spectrum activities of these agents against rodent
neoplasms appear to decrease in the same sequence in
Schmidt’s definitive study [analyzed by Montgomery
(28)], which unfortunately antedated the advent of many
of the newer agents of Table 2. The nucleophilic selectiv-
ity of cyclophosphamide metabolites may not be ade-
quately represented by nor-HN2 and PM -CHA, but both
do show high log(ks,0 /knbp) values. The lack of overlap in
nucleophilic selectivity values for the mustards and the
nitrosoureas could well be a factor contributing to the
observation (29) of marked therapeutic synergism be-
tween these two classes.

A possible explanation for the finding that a number
of alkylating agents with broad antitumor activities show
high nucleophilic selectivity is that alkylation of the
strongly nucleophilic N-7 position of guanine (25) is
necessary for antitumor action, but that competing re-
actions with less nucleophilic sites in nucleic acids cause
relatively more toxicity than therapeutic effect. Alkyla-
tion of nucleic acid monoanionic phosphates may occur
increasingly with decreasing selectivity, resulting in for-
mation alkyl phosphotriesters which are likely to act
secondarily as alkylating centers with possibly low nu-
cleophilic selectivity (13, 25). Of course, many factors
other than nucleophilic selectivity influence patterns of
nucleic acid alkylation, such as site of formation of the
aziridinium ion, carrier charge, solubility characteristics,
membrane transport phenomena, and DNA repair
events; other linear free energy relationships, including
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Bronsted and Hammett parameters, are also important
determinants of alkylating agent reactivity and selectiv-
ity (11, 18, 27, 29, 30). Different linear free energy rela-
tionships may be interrelated, such as the expectation
(17) that high s constant alkylating agents undergo sol-
volysis with reduced sensitivity to changes in the dielec-
tric constant of the medium, represented by low Winstein
m values. For general acid-catalyzed reactions, nucleo-
philic selectivity will theoretically be a function of the
pK. of the catalyzing acid (10).

In conclusion, it seems clear that nucleophilic selectiv-
ity has been an important yet neglected drug design
variable of clinical alkylating agents. A high degree of
selectivity among nucleophiles may be requisite for
broad-spectrum antitumor activity for certain alkylating
agent classes. Concern over the mutagenic and carcino-
genic potential of an alkylating agent with poor selectiv-
ity for the stronger (more polarizable) nucleophile should
be tempered by an understanding that the drug’s reactiv-
ity may be dominated by basicity and steric factors (9)
not considered in the present approach.
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APPENDIX

If the Swain-Scott relationship, Eq. 4, applies to all
nucleophiles in the NBP reaction mixture, including sol-
vent molecules, then the product spread characterizing
an alkylating agent should be calculable to a first ap-
proximation, assuming no side reactions or secondary
alkylations. Since the amount of alkyl product formed,
P, is proportional to 10°**[X], where [X] and n are a
nucleophile’s initial concentration and n constant, then

P o< 10™[X,] + 10" Xz] + 10*9[X;] ...  (10)

where the subscripts denote the series of nucleophiles in
the reaction mixture. At a concentration of added nu-
cleophile, say thiosulfate concentration [a], which causes
a 50% decrease in alkyl-NBP chromophore product(s), if
NBP is the only significantly competing nucleophile,
then

10°"[a]
10*[NBP]

However, for poorly selective alkylating agents, weak
nucleophiles will also be effective competitors for reac-
tion, and the observed concentration of thiosulfate, [b],
required to decrease the NBP product by one-half will
be given by Eq. 12, which ignores acetolysis as a signifi-
cant reaction:

=1 (11)

10°™M[b]
10°{NBP] + 10**[H,0] + 10**[Tris]
The ratio of Eq. 11 to Eq. 12 allows calculation of the

lower thiosulfate concentration [a] for “corrected”
log(ks,0,/ kubp) determination:

[a] = [b]

=1 (12)
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v 10*"[NBP] (13)
10*{NBP] + 10**{H,0] + 10*[T'ris]
Substituting n constants and nucleophile concentrations

(which were essentially constant) and s* for the electro-
philicity parameter in the NBP assay gives

[a] =[]
10>°°[40.6] (14)
10°°:140.6] + 10°[28696] + 10**[17.4]

Substitution of concentration [a] for concentration [5]
into Eq. 3 at (A./Aq — 1) = 1 (the average experimental
value), and letting the correction factor = ¢, so that [a]
= [b]c, leads to the conclusion that
corrected 10g(ks,0,/ nbp)

= observed log(k.,o,/k..bp) —loge (15)

Correlation of corrected log(kso /knby) values and s*
values for all of the Fig. 3a alkylating agents satisfactorily
reproduced the relationship predicted by Eq. 7, shown in
Fig. 3b,

corrected log(ks,o,/knbp) = 2.87s* + 0.18 (16)
(r = 0.9670; n = 10; P < 0.001)

Since c for a given alkylating agent is independent of the
nucleophile studied, s* determinations by use of two or
more nucleophile log(k./k.p) values should not be af-
fected by omission of consideration of minor alkylation
products.
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