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ABSTRACT: The thermodynamics and kinetics for the
monofunctional binding of nitrogen mustard class of
anticancer drugs to purine bases of DNA were studied
computationally using guanine and adenine as model
substrates. Mechlorethamine and melphalan are used as
model systems in order to better understand the difference
in antitumor activity of aliphatic and aromatic mustards,
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respectively. In good agreement with experiments that suggested the accumulation of a reactive intermediate in the case of
mechlorethamine, our model predicts a significant preference for the formation of corresponding aziridinium ion for
mechlorethamine, while the formation of the aziridinium ion is not computed to be preferred when melphalan is used. Two
effects are found that contribute to this difference. First, the ground state of the drug shows a highly delocalized lone pair on the
amine nitrogen of the melphalan, which makes the subsequent cyclization more difficult. Second, because of the aromatic
substituent connected to the amine nitrogen of melphalan, a large energy penalty has to be paid for solvation. A detailed study of
energy profiles for the two-step mechanism for alkylation of guanine and adenine was performed. Alkylation of guanine is ~6 kcal
mol~" preferred over adenine, and the factors contributing to this preference were explained in our previous study of cisplatin
binding to purine bases. A detailed analysis of energy profiles of mechlorethamine and melphalan binding to guanine and adenine
are presented to provide an insight into rate limiting step and the difference in reactivity and stability of the intermediate in both

nitrogen mustards, respectively.

B INTRODUCTION

Nitrogen mustards form a class of versatile anticancer drugs
used in the treatment of various cancers including Hodgkin’s
disease, non-Hodgkin’s lymphoma, chronic leukemia, and lung,
ovarian, and breast cancer.' ¢ Mechlorethamine, N-methylbis-
(2-chloroethyl)amine (1), is the simplest representative of the
nitrogen mustard drug family and was the first effective clinical
anticancer drug that is still in use today.””” The mode of action
of these drugs is relatively well understood with the main
cellular target being genomic DNA.'*™"* Nitrogen mustards act
as nonspecific DNA alkylating agents with the N7-site of
guanine being the preferred site of initial attack.""'*'*~** Two
subsequent electrophilic attacks on two guanine moieties can
afford bifunctional adducts with both inter- and intrastrand
cross-links’*** in DNA that are reminiscent of the binding
mode of cisplatin,®***” another potent and widely used
anticancer drug.“’zs_41 These cross-links and the resulting
distortions of the double helix of DNA are believed to be
responsible for the cytotoxic action, as they are expected to
block or at least interfere with the passage of polymerases,
thereby inhibiting DNA transcription, which ultimately leads to
cell apoptosis.*>>*> Mechlorethamine, chlorambucil,*~>* and
melphalan®~%* (Figure 1) are some of the nitrogen mustards
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Figure 1. (i) Mechlorethamine, (ii) chlorambucil, and (iii) melphalan.

that are in clinical use. Antitumor activity and cytotoxicity
require the presence of two chloroethyl groups per nitrogen

Previous work established that most
30,65,66

mustard molecule.
nitrogen mustards alkylate at the N7 position of guanine.

Despite significant efforts toward devising second and third
generation drugs that exploit the DNA-binding strategy while

S . 67—6

minimizing side effects, ?
L 470,71

toxicity

of systematically improving these drug candidates remains

such as nephro- and neuro-

4,70,72—82

and fighting resistance, our current ability
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limited.**~* A promising future direction is to base our design
efforts on a deeper mechanistic understanding accompanied by
a quantitative assessment of the intrinsic reactivity patterns
using high-level quantum chemical models.***~% We have
recently demonstrated that significant mechanistic insight can
be derived from these models.”” " Several mechanistic issues
have been discussed in the past that deserve a closer
examination 30#+5%589499 pop example, the difference in
anticancer activity of aliphatic and aromatic mustards was
suggested to result from differences in the rate of DNA-
alkylation, but there is no satisfying explanation of why the rates
are so different.”*'%°~'% Similarly, it is unclear what controls
the activation process and whether or not the aliphatic and
aromatic mustards display different reactivity patterns at this
early stage of the reaction.””'®" As the structural character-
ization of the mustard adducts with DNA has been notoriously
difficult because of their instability in solution, computational
studies provide a unique alternative for structure assessment
while allowing for comparing the energetic consequences of
decorating the periphery of the drug molecule.*"*%'**~1%¢ Wwe
modeled both the initial activation of mustards involving the
aziridinium ion intermediate and the DNA-bindin% event using
guanine and adenine as primary targets.*>>>'®”~""> The nature
of the rate limiting step of the overall reaction is currently
unknown, and it is unclear whether or not meaningful reactivity
differences between the aromatic and aliphatic mustards exist.
Below, we present common mechanistic features and highlight
distinctive differences between these two classes of nitrogen
mustards.

B COMPUTATIONAL DETAILS

All calculations were carried out using density functional theory as
implemented in the Jaguar 7 suite of ab initio quantum chemistry
programs.''® Geometries were optimized by using the B3LYP
functional """ with the 6-31G** basis set. The energies were
reevaluated by additional single point calculations at each optimized
geometry using Dunning’s correlation consistent triple-{ basis set cc—
pVTZ(—£)"'® with the standard double set of polarization functions.
Vibrational frequency calculations based on analytical second
derivatives at the B3LYP/6-31G** level of theory were used to
confirm proper convergence to local minima and saddle points for
equilibrium and transition state geometries, respectively. Unscaled
vibrational frequencies were used to derive the zero-point energy
(ZPE) and vibrational entropy corrections at room temperature.
Solvation energies were evaluated by a self-consistent reaction field
(SCRF) approach based on accurate numerical solutions of the
Poisson—Boltzmann equations.''® These solvation calculations were
carried out at the gas phase geometry using the 6-31G** basis and
employing a dielectric constant of & = 80.37 for water. Absolute
solvation energies remain challenging to estimate accurately, and we
cannot expect simplistic continuum models to deliver highly accurate
solvation energies of complex molecular assemblies. However, we
expect solvation energy difference to be more meaningful because of
significant error cancellation when the same empirical parameters are
used. As utilized in many of our previous, unrelated works,">°~"** the
energy components have been computed with the following protocol:

G(sol) = G(gas) + AG(solv) (1)
G(gas) = H(gas) - TS(gas) (2)
H(gas) = E(SCF) + ZPE (3)

AE(SCF) = Z E(SCF) for products — 2 E(SCF) for reactants
(4)
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AG(sol) = Z G(sol) for products — Z G(sol) for reactants

©)

G(gas) is the free energy in gas phase; AG(solv) is the free energy
of solvation as computed using the continuum solvation model. For
the chloride ion, the free energy of solvation is obtained from
experiments (—74.7 kcal mol™');'** H(gas) is the enthalpy in gas
phase; T is the temperature (298.15 K); S(gas) is the entropy in gas
phase; E(SCF) is the self-consistent field energy, i.e. “raw” electronic
energy as computed from the SCF procedure; and ZPE is the zero-
point energy. Note that by entropy here we refer specifically to the
vibrational /rotational/translational entropy of the solute(s); the
entropy of the solvent is incorporated implicitly in the continuum
solvation model. The entropy of chloride ion that is released during
the formation of aziridinium ion intermediate was calculated using the
Sackur—Tetrode equation. To locate transition states, the potential
energy surface was first explored approximately using the linear
synchronous transit (LST) method, followed by a quadratic
synchronous transit (QST)"** search using the LST geometry as an
initial guess. For computing the pK, values of the conjugated acids of
nitrogen mustards, it is essential to include the free energy of proton in
solution. The following formula is used to compute the free energy of
a proton in solution, G(H"):

G(H") = Hg (H") — TS + $/2RT + G, (H")

solv

(6)

where Hy, (H"), the enthalpy in gas phase is zero, R is the universal gas
constant, T is 298.15 K, S is the translational entropy of a free
hydrogen atom (7.76 kcal mol™") calculated using the Sackur—Tetrode
equation, and G,,,(H") is the free energy of solvation (—265.9 kcal
mol ™! in water).126 At room temperature (298.15 K), free energy in
solution phase G(H") is calculated to be —272.11 kcal mol™" in water.
pK, is calculated using the reaction isotherm:

AG(sol) = —RT In K,

(2.303)RTpK

136pK_ (at 298.15 K) )

B RESULTS AND DISCUSSION

The mechanism of drug activation involves the elimination of a
chloride anion to afford an aziridinium cation in the first

step,'*” "% illustrated in Scheme 1 using mechlorethamine
Scheme 1
?NHB —~ CH, -
R e o/ NG " ©
1a 1b

(1a) as an example. As shown in Figure 1, the nitrogen atom
serves as an important functionalization site that differentiates
the various drug molecules from each other, where the bis(2-
chloroethyl)amine fragment constitutes the common structural
pattern."”>*"3! As the charge distribution profiles of the parent
molecule and the activated aziridinjum ion are significantly
different, we expect the energetics of this step to be highly
dependent on the inductive properties of the N-substituents. In
general, electron-donating groups should increase the rate of
activation, as additional electron density is pushed into the
aziridinium moiety, likely leading to a stabilization of the
product and increasing the driving force of the reaction.
Conversely, electron-withdrawing groups should make activa-
tion more difficult, if not impossible, by distorting the relative
energy in favor of the reactant state. Of particular interest is the
addition of a proton to the N-site, as protonation of the
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nitrogen should make the activation of nitrogen mustards
impossible (Scheme 2).

Scheme 2
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To quantify the influence of the N-substituents (R) on the
basicity of the nitrogen mustards, we calculated the pK, values
of the respective conjugate acids, and they are summarized in
Table 1. All aromatic substituents give rise to highly negative

Table 1. Computed pK, Values of the Conjugate Acids of
Various Nitrogen Mustards

substituents R pK,
aliphatic R

—CH,OH 12
—CH,CH, 2.9
—CH, 4.9
—CH,NH, 63
aromatic R

—-C¢H,COOH -9.1
—C¢H,CH, -0.1
—CH, 21

pK, values ranging from 0 to -9, indicating that the
protonation equilibrium lies far on the deprotonated side,
whereas the aliphatic substituents shift the equilibrium to the
protonated side with calculated pK, values ranging from 1 to 6.
Thus, the nitrogen center is much more basic when it carries an
aliphatic substituent. This trend is intuitively understandable, if
we consider that the nitrogen lone-pair will engage in a 7-
delocalization into the aromatic ring forcing the nitrogen center
to adopt a sp> hybridization, whereas such interaction will be
absent when an aliphatic group is attached to the nitrogen
atom. As a consequence, the nitrogen lone-pair is not as
available to act as a proton acceptor when the nitrogen atom
carries an aromatic substituent. This intuitive rationale is
supported by the trigonal-planar geometry, characteristic of the
sp” hybridization, obtained for the nitrogen mustards carrying
aromatic N-substituents (see Figure 3). The basicity of the
nitrogen atom assessed in this intuitive manner has a profound
impact on the drug activation profile, as we can conclude that
the nitrogen in the aromatic mustards is much less nucleophilic
than the aliphatic mustards. Therefore, we expect that the
aliphatic mustards will engage much more readily in the
chloride elimination reaction, outlined in Scheme 1. In other
words, the aliphatic mustards should form the active form of
the drug much more readily. In previous experimental work, it
was recognized that aliphatic mustards disappeared more
rapidly from the solution than aromatic analogues,'® which
may be interpreted as a reflection of the above-mentioned
reactivity difference. The orbitals responsible for the z-
delocalization in the phenyl mustard 2a and its analogous
molecular orbital in the aliphatic analogue la are shown in
Figure 2.

Drug Activation. To better understand the mechanism of
drug activation and investigate the reaction pathway explicitly,
we carried out a series of calculations using mechlorethamine
(1a) and melphalan (3a) as reactants that serve as
representatives of aliphatic and aromatic mustards, respectively.
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Figure 2. HOMO of (1a) mechlorethamine and HOMO-2 of (2a)
phenyl mustard.

As a convenient reference point, we also studied the simple N-
phenyl substituted mustard 2a. The structures of the nitrogen
mustards and their respective aziridinium ions are shown in
Figure 3, and their energies are listed in Table 2. The 7-
delocalization present in the aromatic mustards, as discussed
above, should also lead to higher activation barrier for the
aziridinium forming reaction, and Figure 4 compares the
computed reaction energy profiles of la, 2a, and 3a. The
transition state energy differences between the aromatic and
aliphatic mustards are much greater than anticipated:
mechlorethamine la forms the associated aziridinium ion 1b
traversing the transition state 1a-TS at 9.3 kcal mol ™}, whereas
the same reaction requires an activation barrier of 22.5 kcal
mol™! in the case of melphalan (3a). The transition state
associated with the model compound 2a is found at 23.0 kcal
mol ™, indicating that the aminocarboxylic acid moiety in 3a
has a negligible impact on the reaction profile. The transition
state structures shown in Figure 3 characterize the chloride
displacement as 1,2-shift from the f to a carbon.

Whereas this reaction energy profile is plausible, there is an
alternative imminum intermediate that deserves attention. After
the formation of the cyclic intermediate 1b, a rearrangement
can be envisioned to occur involving an opening of the three-
membered ring concomitant to a 1,2-hydride shift to afford the
imminium ion intermediate 1b’, as shown in Scheme 3.
Interestingly, this reaction is —23.53 kcal mol™ downhill
thermodynamically, raising serious questions about the
relevance of the proposed mechanism, as 1b’ should be the
dominating intermediate in a competitive equilibrium situation
with 1b. Figure S shows the reaction energy profile for this
equilibrium reaction and reveals that the transition state that
connects the two imminjum intermediates is extremely high in
energy and intermediate 1b is kinetically protected by a
reaction barrier of nearly 46 kcal mol™', rendering this
thermodynamically viable rearrangement practically impossible
under standard reaction conditions. Hence, we conclude that
the aziridinium ion 1b is the only relevant reactive intermediate
in the DNA adduct formation by nitrogen mustards.

Binding to G and A. Once activated, the aziridinium ion
attacks the N7-position of purine bases in an electrophilic
fashion to alkylate the purine, as illustrated in Scheme 4.
Among the possible attack sites, only the N7 position is
biologically relevant, as the other basic nitrogen sites in the
nucleobase are structurally not accessible to an incoming
alkylating agent."** Figure 6 shows the optimized geometries of
the mechlorethamine adducts with guanine (G) and adenine
(A). Whereas we only found one low energy adduct structure
with G labeled 1cg, there are two distinctively different nearly
isoenergetic adducts 1lcy and 1c, with A. In 1c, a strong
hydrogen bond is formed between the C6-NH, moiety of
adenine and the nitrogen atom of the mustard, as illustrated in
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1a-TS

2a-TS

3a-TS

Figure 3. Optimized nitrogen mustard reactants and transition states. Selected atomic distances are given in A.

Table 2. Computed Energy Components in kcal mol™" for
the Aziridinium Ion Forming Reaction, as shown in Scheme
1

AH(gas) AG(gas) AG(solv) AG(sol)
1b 134.22 127.79 —130.31 —2.52
2b 135.56 128.77 —121.75 7.02
3b 136.09 129.23 —122.39 6.84
1a-TS 44.11 43.67 —-34.41 9.26
2a-TS 50.82 50.59 —-27.59 23.00
3a-TS 54.33 51.86 -29.33 22.53

Figure 6, whereas the mustard fragment is extended in Ic,.
Table 3 summarizes the energies of the three adducts.
Interestingly, our calculations predict no thermodynamic
driving force for 1b binding to adenine, with relative free
energies of lc, and lcy being essentially zero, whereas the
binding energy to guanine is approximately —6 kcal mol ™. This
intrinsic preference for binding of G over A is in good
agreement with previous experimental observations'*>'** and is
well documented in other purine binding agents. In our
previous work,”" we found that cisplatin prefers G over A by ~5
kcal mol™!, as the N7 position of G is notably more
nucleophilic than that of A. It is interesting to note that the
absolute value of the binding energy is significantly smaller for
mechlorethamine than what we have found for cisplatin, as we
had previously found monofunctional binding energies of
—11.5 and —16.0 kcal mol™" for the cisplatin-A and cisplatin-G
adducts, respectively.”"

The energetics of the phenyl mustard and melphalan reaction
with guanine and adenine are enumerated in Table 3. With the
aromatic mustards, the transition state leading to the guanine
adduct is ~7 kcal mol ™" lower in energy than that giving rise to
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Figure 4. Computed reaction profile for the formation of aziridinium
ion from mechlorethamine (1a), phenyl mustard (2a), and melphalan

(3a).

the adenine adduct, which is very comparable to what was
observed for mechlorethamine, as discussed above. We
observed similar profiles for cisplatin binding to guanine and
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adenine previously,” thus further supporting the notion that N-
mustard and cisplatin binding to DNA are comparable
processes mechanistically. Figures 7, 8, and 9 show the energy
profiles for the reaction of mechlorethamine, phenyl mustard,
and melphalan, respectively. It is evident from these profiles
that the formation of aziridinium ion is thermodynamically
downhill for aliphatic mustards, whereas in the case of aromatic
mustards, the corresponding aziridinium ions are higher in
energy than the reactants. This consequence of the electronic
demand of the aliphatic vs aromatic functional groups leads to a
slightly different chemical behavior, in that we expect that the
aziridinium intermediate should accumulate in a rapid pre-
equilibrium type of scenario and should be experimentally
detectable, whereas the aromatic mustards will not exhibit such
an equilibrium, and the aziridinium intermediate should be
truly a transient intermediate with a short lifetime at best. This
result is in good agreement with prior experiments,'® which
suggested that aziridinijum ion intermediate formation was
much faster for mechlorethamine than for vL-sarcolysin
(melphalan) and accumulation of the reactive intermediate
aziridinium ion was indeed observed for mechlorethamine but
not for melphalan and other aromatic mustards. To test the
aforementioned role of the z-delocalization, we repeated the
calculations on the phenyl N-mustard with a constraint that the
phenyl ring must maintain a dihedral angle of 90° to the N-lone
pair, thus effectively destroying the a-delocalization. The
electronic energies of this putative system 2a*-TS are shown

Scheme 4
?Hj o
o
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NN, N7 NN,
1b G 1eg

in Table 4. As the geometrical constraint renders all of the
intermediates not true minima on the potential energy surface,
we cannot reliably compute the entropy corrections for these
species and only the electronic energies are meaningful. The
electronic component of the cyclization barrier of this putative
system 2a*-T§ is 43.1S kcal mol™", which is very similar to that
of mechlorethamine. Because of the loss of 7-delocalization in
2a%, the transition state 2a*-TS has acquired an electronic
stabilization of ~7 kcal mol™. Therefore, when there is no 7-
delocalization, the aromatic phenyl mustard behaves similarly to
mechlorethamine. In a recent computational study,"** it was
suggested that the internal cyclization step may be rate limiting
for both aliphatic and aromatic mustards, which is not
consistent with the above-mentioned experimental observation
and also disagrees with our computational results.

B CONCLUSIONS

Our detailed study of how nitrogen mustards are activated and
how they interact with purine bases confirmed that aliphatic N-
mustards are easier to activate than their aromatic analogues.
This finding is in good agreement with the experimental
observation that mechlorethamine activates faster compared to
aromatic mustards like melphalan. The formation of aziridinium
ion in the case of mechlorethamine is both thermodynamically
and kinetically more favorable compared to aromatic mustards.
The reason for this preference lies in the greater basicity of the
nitrogen in the aliphatic N-mustards. The lone pair in the
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Figure S. Reaction profile for the formation of imminium ion intermediate 1b’.
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Figure 6. Optimized structures of mechlorethamine adducts with adenine and guanine.

Table 3. Computed Energy Components for the Formation
of Guanine and Adenine Adducts

AH(gas) AG(gas) AG(solv) AG(sol)
Mechlorethamine adducts
Icy 111.23 115.46 —118.08 —2.62
Icy 106.06 112.36 —114.03 —-1.67
Icg 94.04 101.33 —109.80 —8.47
1b-TS, 135.40 140.96 —113.37 27.59
1b-TSg 121.66 126.08 —104.84 21.24
Phenyl mustard adducts
2cy 112.61 116.41 —118.90 —2.49
2cqg 99.89 104.52 —114.41 -9.89
2b-TS, 144.00 147.68 —-112.35 35.33
2b-TSg 125.45 129.34 —101.60 27.74
Melphalan adducts
3¢y 144.50 122.85 —121.56 1.29
3cg 101.47 107.97 —113.14 -5.17
3b-TS, 145.24 150.24 —-117.23 33.01
3b-TSg 126.64 134.78 —105.90 28.88
4
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l cl ~"g

Figure 7. Reaction profile for the addition of mechlorethamine to A
and G.

aromatic mustards is delocalized to a greater extent because of
conjugation with the 7 orbitals in the phenyl ring and is not as
available for stabilizing the positive charge of the aziridinium
ion. In mechlorethamine no such delocalization is possible, and
the nitrogen lone pair orbital is fully available to participate in
the attack by an electrophile. As a result, mechlorethamine is
easily activated.

The energy profiles of the adduct formation with DNA bases
show many common features with those of cisplatin reacting
with purine bases. Both the transition state and product
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Figure 8. Computed reaction profile for addition of phenyl mustard to
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Figure 9. Computed reaction profile for the addition of melphalan to
A and G.

structures are also comparable to those located for cisplatin
binding to purine bases. The alkylation of guanine and adenine
by mechlorethamine has a barrier difference of ~6 kcal mol™,
and the thermodynamic preference is also around 6 kcal mol™".
In the case of phenyl mustard, the thermodynamic and kinetic
preference of guanine over adenine is ~7 kcal mol™'. These
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Table 4. Computed Cyclization Barrier Energy Components
in kcal mol ™" for the Aziridinium Ion Forming Reaction

transition states AH(gas)
1a-TS 44.11
2a-TS 50.82
2a*-TS 43.15
3a-TS 54.33

values are again very comparable to those found in the reaction
of cisplatin with guanine and adenine.
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