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ABSTRACT

Previous work showed that melphalan-induced
mutations in the aprt gene of CHO cells are primarily
transversions and occur preferentially at G-G-C
sequences, which are potential sites for various
bifunctional alkylations involving guanine N-7. To
identify the DNA lesion(s) which may be responsible
for these mutations, an end-labeled DNA duplex
containing a frequent site of melphalan-induced
mutation in the aprt gene was treated with melphalan,
mechlorethamine or phosphoramide mustard. The
sequence specificity and kinetics of formation of both
interstrand and intrastrand crosslinks were determined.

All mustards selectively formed two base-staggered
interstrand crosslinks between the 5 ' G and the G
opposite C in the 5 ' G-G-C sequence. Secondary
alkylation was much slower for melphalan than for the
other mustards and the resulting crosslink was more
stable. Mechlorethamine and phosphoramide mustard
induced intrastrand crosslinks between the two
contiguous Gs in the G-G-C sequence in double-
stranded DNA, but melphalan did not. Molecular
dynamic simulations provided a structural explanation

for this difference, in that the monofunctionally bound
intermediates of mechlorethamine and phosphoramide
mustard assumed thermodynamically stable ¢~ onforma-
tions with the second arm in a position appropriate for
intrastrand crosslink formation, while the correspon-
ding melphalan monoadduct did not.

INTRODUCTION

side chains of these compounds can spontaneously cyclize to
form an aziridinium ion capable of adding to a nucleophilic site
in DNA. The resulting monoadduct can form a second aziridinium
ion which can simply react with solvent or can add to another
nearby nucleophilic site, resulting in a crosslink either between
DNA and protein or between two DNA bases (revieweg).in
While DNA interstrand crosslinking has been demonstrated for
several nitrogen mustards, the abundance of bifunctional adducts
in mustard-treated DNA3J] suggests that intrastrand crosslinks
may also be formed, however, the existence of such lesions in
defined sequence DNA has not been demonstrated.

A serious complication of treatment with nitrogen mustards is the
increased risk of a secondary leukemia in long-term survigprs (
The occurrence of characteristic karyotypic changes, particularly
deletion of a 5q or 7q arm, in therapy-related acute myelogenous
leukemias¥,6) suggests that specific genetic loci are consistently
being altered. The exact mechanisms of these putative drug-induced
genetic alterations remain largely unknown. If the therapeutic and
mutagenic effects of these drugs result from different lesions in
the genome, the two effects may be separable.

The predominant mutations induced by the aromatic nitrogen
mustards melphalan and chlorambucil in the shuttle vector pZ189
replicated in human 293 cells were A-T-A transversions,
apparently resulting from adenine N-3 alkylations8)( In
contrast, however, most melphalan-induced base substitutions in
theaprtgene of CHO cells occurred at G-C base pairs=3-@
and G-G=C.G transversions predominatifyy Many of the base
substitutions were at G-N-C (particularly G-G-C) sequences, which
are potential interstrand crosslink sites, at least for the prototypical
mustard mechlorethamin&(). Surprisingly, however, many of
these substitutions occurred at the internal base p&ri3the
G-G-C), which is not expected to participate in the crosslink.

To identify possible guanine lesions which mediate-&FGA

The nitrogen mustards are among the oldest cancer chemothenad G-C~C-G transversions, adducts formed by several nitrogen
peutic agents and remain the drugs of choice for treatment mfustards were examined in a 20 bp DNA duplex containing a
many human cancers, including Hodgkin’s disease, multiplé-G-C site and resembling a frequently mutated sequence in the
myeloma, Burkitt's lymphoma and, in combination chemotherapieaprt gene. Separaté-5and 3-end-labeling experiments reveal
various carcinomag). Clinically useful mustard analogs include that both interstrand and intrastrand crosslinks are formed at the
melphalan ((-phenylalanine mustard), the prototypical mustard>-G-C site, with significant differences between the various
mechlorethamine (HNZ2) and cyclophosphamide, which is convertealstards in their propensity to form particular bifunctional
to its active form, phosphoramide mustard, via the cytochronslducts. Moreover, molecular dynamic simulations suggest a
P450 pathway (Fid.). In aqueous solution, each of the chloroethypossible structural basis for some of these differences in specificity.
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COO0- CH,CH,CI EDTA) and the indicated concentrations of nitrogen mustards.
\CHCHZ NS After an initial 30 min incubation at 3, the DNA was ethanol
NCH.CH.CI precipitated in the presence of 1G§ml carrier tRNA, in order
2 2 . . .
NH+ to remove free drug. The DNA was redissolved ipl5@action
Melphalan buffer and split into five 1l aliquots, which were incubated for
0, 3,6, 12 or 24 h at 3T and then frozen at —70. At 24 h, the
N samples were thawed, ethanol precipitated, dried, dissolved in 0.1 N
CH,CH,CI \ ,CHCH,CL sodium hydroxide and incubated for 1 h atG7n order to
H,C—N: 0=/P——N=\ convert N-7 adducts to the more stable formamidopyrimidine
\CHZCHZCI .0 CH,CH,CI (FAPY) derivatives 13). After a final precipitation to remove
NaOH, each sample was dissolved inu@eaction buffer and
Mechlorethamine Phlglslll’sl:gl;?lmide split into two aliquots to be either frozen at 2C®r treated with

1 M piperidine at 90C for 30 min in a volume of 1Q4 in order

0 cleave both N-7 adducts and their FAPY derivativie. (
liquots of 10ul loading solution (80% formamide plus 20 mM

EDTA) were added to untreated and lyophilized piperidine-treated

samples and DNA was denatured for 1 min &C9nmediately

before loading. The samples were electrophoresed in a 20%

Figure 1. Stuctures of melphalan, mechlorethamine and phosphoramide mustar
Phosphoramide mustard is the active metabolite of cyclophosphamide.

MATERIALS AND METHODS denaturing polyacrylamide/bisacrylamide (20:1) gel. The wet
_ gels were autoradiographed at =<Cdor 10 h.
Materials B-Emissions from bands in the gel corresponding to radioactive

rosslinked DNA or broken DNA fragments were quantitated
ing a Betascope 603 Blot Analyzer (Betagen Inc.). Radioactivity
‘each band was normalized to the total radioactivity in the lane
give the percent DNA in each band. Each assay was reproduced

Phosphoramide mustard was obtained from Dr V.N.Narayan
(Developmental Therapeutics Program, National Cancer Institut
Since phosphoramide mustard is highly reactive in aqueoy

solution (1), it was freshly dissolved in reaction buffer (10 mMa minimum of three times; the mean and standard error of each

Tris—HCI, 0.1 mM EDTA, pH 8) at a concentration of 100 mM_; .
immediately before use. Melphalan and mechlorethami%me point was calculated and plotted. An ANOVEGY was

(Sigma, St Louis, MO) were dissolved in 0.1 N HCI at ﬁggrrgse?ntgli;ﬁaﬁ)sntgf ggag;]sgﬁgl significance of time-dependent
concentration of 10 mM, stored at <@and diluted in reaction 9 '
buffer before use. o N )

The oligonucleotides 'HCCACACTCGCOGCGATCG- Determlnlng the sequence positions of interstrand
Gon-3' (oligonucleotide 1), 'BoHCCGATCGCAGGMGAGTGT-  crosslinks
GGopr3' (oligonucleotide 2) and "HTCCACACTCGCO- tq10ying Betascope analysis, the slower migrating crosslinked
GCGATCGGpir3' (oligonucleotide 3) were synthesized by thepyz wa.g, excised ?rom th?el gel. Crosslinked gDNA gands for all
prosphohramlo_hte OTethOd | and q puriﬁed dbg pgﬁgﬁ"%ﬂ'% 9%he time points for each concentration were pooled and eluted for
electrophoresis. Oligonucleotides 1 and 2 w: -labeled, 16 1. After removal of gel fragments by centrifugation, the DNA
was ethanol precipitated and heated indld0M piperidine for
polynucleotide kinase (New England Biolabs) according 1§ j, 4 99 to cleave the stabilized FAPY interstrand crosslinks.

standard procedures?). Each labeled oligonucleotide KB)  tojiowing lyophilization, the samples were analyzed on denaturing
was either repurified on a denaturing gel or annealed to a 2—fc§ s as above.

excess of its complement at"XDfor 3 h in 7511 0.5 M NaCl,
25 mM Tris—HCI, pH 8.0, and purified on a non-denaturing geb . o . .
run at 2C. uantitative determination of intrastrand crosslinks

To obtain a 3end-labeled duplex, oligonucleotide 2 (Ol8)  The extent of intrastrand crosslinking between the two adjacent Gs
was incubated for 3 h at 10 in the presence of 0.969  inthe G-G-C sequence was calculated by comparison of cleavage
complementary oligonucleotide 3, 2QCi [a-*P]dATP (3000 patterns of 5 and 3-end-labeled DNA as follows.
Ci/mmol; New Ehgland Nuclear), 0.2 mM each dGTP, dCTP and | et A be the the apparent ratio 6tG/3-G cleavage when
dTTP and 10 U Klenow fragment (New England Biolabs) in thg|igonucleotide 2 is'send-labeledB be the the apparent ratio of
buffer provided plus 0.1 M NaCl and the labeled duplex wag.G/5-G cleavage when oligonucleotide 2'igfd-labeled be
purified on a non-denaturing gel. _ the fraction of adducts at the G-G site which are either
_ To obtain a single-strandetiéhd-labeled substrate, oligonucleo- monoadducts at thé 6 or interstrand crosslinks involving the 5
tide 2 was treated with terminal transferase (US Biochemical Cq) y be the fraction of adducts at the G-G site which are
and 10QuCi [0-3%P]ddATP (3000 Ci/mmol; Amersham) according monoadducts at the & andz be the fraction of adducts at the
to the manufacturer’s instructions, ethanol precipitated and purifigslG site which are intrastrand crosslinks between 'thad 3

on a denaturing gel. Gs. The total of all adduct fractions, 1, is equal to the sum of the
fractions of monofunctional adducts, interstrand crosslinks and

Drug treatment and quantitative analysis of adducts intrastrand crosslinks at the G-G site.

Reaction mixtures (1@) contained 8Qug/ml calf thymus DNA, l=x+y+z

single- or double-strandééP-end-labeled DNA oligonucleotide When an intrastrand crosslink occurs between tieds3 Gs and
(<10 pg/ml), reaction buffer (10 mM Tris—HCI, pH 8, 0.1 mM the backbone is cleaved at both sites by piperidine, the lesion will
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appear on a sequencing gel as a single break at the G nearest the
labeled end. Thus, the apparent ratio @£&-G cleavage when o e e M
oligonucleotide 2 is'send-labeled is:
A=Xx+2ly=(1-yly
or

y=1/A+1) _
Similarly, the apparent ratio of'-&/5-G cleavage when

oligonucleotide 2 is'3end-labeled is:
B=(+2/x=(1-x)/x

or
x=1B+1)
Thus, '
z=1-¢+x)=1-[U/A+1)+1/8+1)
Modeling -

Molecular modeling studies were performed on a Silicon

Graphics Crimson VGXT workstation. The 9mer GCAGEG

with its complement was constructed as B-DNA in Sybyl 6.1

(Tripos Associates, St Louis, MO), with charges calculated by the

method of Gasteiger-Hiickel. The DNA was solvated with one

layer of water and relaxed by steepest descent for 300 iterations

and then by conjugate gradient to an energy change of 0.05 kcal/mol

between iterations. The aziridinium forms of melphalan (zwitterion), . ) ] o

mechlorethamine and phosphoramide mustard (anion) were ealg ur:(; I2.SI0W formation of interstrand crosslinks in melphalan-treated DNA.
S _ -End-labeled oligonucleotide 1 annealed to oligonucleotide 2 was treated

minimized and then attached to the firsh@e GG-C Sequence with 0, 200 or 40@M melphalan, then incubated at&7for 0-24 h and treated

and rotated around the N7-@HDNA-drug bond in 13 with 0.1 N NaOH. Analysis on a denaturing gel revealed the slow formation of

incrementsusing the gridsearch option. Each rotamer wasilkali-stabilized crosslinked DNA (top arrow), which had slower mobility than

minimized with DNA constrained and an initial rotamer wasfull-ength single—stranded_DNA_. The bottom arrow shows a band correspondin_g

chosen based on a favorable energy minimum. In general, tﬁ@qg\?vae‘éag; ;Lg;fiﬁézise"d”'é;g%gfsumab'y due to spontaneous depurination

resulted in the adduct being centered in the major groove '

approximately equidistant from the interstrand or intrastrand

crosslink sites. The water was then removed and each adduct was

subjected to a 100 ps molecular dynamics simulation using tgosslinks in a dose-dependent manner, as evidenced by the

TRIPOS force field, with a step length of 1 fs and a temperatufgesence on the denaturing gel of a slower migrating band (shown

of 300 K, with DNA constrained. The dielectric function was Sefor me|pha|an in F|¢) This band was not seen with Samp|e3 of

to ‘Distance’, which simulates solvent screening of electrostatisither untreated DNA or drug-treated single-stranded DNA.

charges by substituting a distance-dependent function for thghough the samples were heat denatured for 1 mirf&t a6d

dielectric constant. The simulations were saved every 100 fectrophoresed on a denaturing gel, the crosslink was apparently

giving a total of 1000 configurations. stable under these conditions. The location of the interstrand
crosslink was determined by isolating the slower migrating
RESULTS fragments and heating them for 1 h af®@Qin piperidine,
conditions known to hydrolyze most guanine N-7 adducts and
Sequence specificity of interstrand crosslinks in double- their FAPY derivatives1(4). The products were resolved on a
stranded DNA denaturing gel (Figd). For all three drugs, the major alkylated

base in the crosslinked DNA was th&®f the GG-C sequence.
To determine the positions of interstrand crosslinks, the doubleew levels of cleavage were also detected at other guanines in the
stranded DNA duplex was-5or 3-end-labeled in the G-G-C- fragment, but it is not known whether these represented
containing strand or was-&nd-labeled in the complementary interstrand crosslinks or independent monofunctional alkylations
strand. Each labeled duplex was exposed to melphalan, mechloré@tithe same molecule. Crosslink formation at the &pparently
amine or phosphoramide mustard. Following drug removal lprecluded alkylation at the adjacent@, as cleavage at this
precipitation, the samples were incubated for 24 h to alloyosition was conspicuously absent. Surprisingly, a fraction of the
formation of interstrand crosslinks. It is generally accepted thatelphalan-induced crosslinks apparently remained intact follow-
guanine N-7 adducts are responsible for interstrand crosslinksg piperidine treatment, asl7% of the radioactivity still
however, these alkylated adducts easily depuribh&feTherefore, migrated in a position characteristic of crosslinked DNA. This
following the 24 h incubation, samples were treated with alkali teesult suggests that one or more isomessdf the ring-opened
convert N-7 adducts, including interstrand crosslinks, to the momeelphalan—FAPY adducts is unusually stable, although the
stable, imidazole ring-opened FAPY derivativés)( When possibility of some very stable non-FAPY adduct (e.g. &n O
either strand was end-labeled, each drug produced interstramtiuct) cannot be ruled out.
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Figure 4. Time course of interstrand crosslink formation by melphalan.
Interstrand crosslinking of 'end-labeled oligonucleotide 1 annealed to
oligonucleotide 2 was determined at various times following an initial treatment
with 200 ¢ ) or 400uM (M) melphalan, as described in Figure 3. Spontaneous
depurination at the crosslink site’ 6 in the G-C-C sequence) was also
determined at various times following treatment with 20@¢ 400uM (O)
melphalan. Alkylation sites which were cleaved rather than stabilized by
G treatment with 0.1 N NaOH were assumed to have undergone depurination.

\
6 -4 050000 b DO-BO

- increase in piperidine-mediated cleavage at longer incubation
times at sites associated with interstrand crosslinks confirmed that
Figure 3. Determination of the site of interstrand crosslinking by nitrogen 6,‘” meChIQrethamme"nduced crosslinks were formed within the
mustards in the’3nd-labeled G-G-C-containing oligonucleotide. The more first 30 min.
slowly migrating crosslinked species formed by phosphoramide mustard Phosphoramide mustard, which on a molar basis was 50-100
é‘;':;)drme'mg’l"zf:] é"’:rE‘;)t ;j”%v?hechhg?re;h:%;‘]ee (gNii)dr::aes ggg’\‘}gdefrgtmt Ztimes less effective in forming interstrand crosslinks than mechlor-
aIkyIation%itge. For all three drugs, the mpafor alkylated site in crosslinged DNAFétham.me. or m_elphalan, exhibited umqu.e kinetics O.f interstrand
was at the 5G in the. GG-C sequence (arrow). crosslinking (Fig6B). Although the majority of crosslinks were
formed within the first 30 min of drug treatment, crosslink
formation continued for at least 3 h following drug removal. After
3 h, however, the level of crosslinked DNA began to slowly
Kinetics of interstrand crosslinking decline. These data, combined with the appearance of alkali-labile
sites at the position of the crosslink and the known lability of
When the 20 bp duplex was treated with melphalan, very littlghosphoramide mustard adductd)( suggest that the cross-
crosslinking occurred during the initial 30 min drug treatmentinked bases slowly depurinated. However, the rate of crosslink
Rather, following drug removal, crosslinks formed very slowlydecline was slower than that seen for mechlorethamine, a
reaching a maximum between 6 and 1213 € 3 h) (Fig.4).  difference which was especially noticeable within the first 6 h
When total alkylation at individual guanines in each strand (ascubation. In contrast, phosphoramide mustard produced mono-
judged by piperidine-mediated cleavage) was examined asfumctional adducts (i.e. not in the G-G-C sequence) which
function of time (Fig5), it was apparent that alkylation ofi® depurinated more rapidly than mechlorethamine-induced mono-
G-C-C in oligonucleotide 1 increased substantially over timefunctional adducts (data not shown). Spontaneous conversion of
while alkylation of_Gin G-G-C in oligonucleotide 2 did not. phosphoramide mustard adducts to FAPY derivatives has been
Taken together, these data suggest that'tliib the GG-C  reported {9). Thus, one possible explanation of the data is that
sequence usually becomes alkylated first and, over a periodthis conversion to the more stable FAPY form occurred more
several hours, the second arm of the bifunctional alkylator sparsadily for the interstrand crosslinks than for monoadducts. It is
the major groove and attaches to the fn the complementary known that the rate of FAPY conversion can vary dramatically
G-C-C sequence. Preferential alkylation of guanines flanked kiepending on the structure of the substituent adducted t@M0-7 (
adjacent guanines has also been reported by othgrs (
In _contrast, meCh'Oretha‘.”‘.iUe"”d“.Ce,d cross!inks reached thf’rjﬁrastrand crosslinks in double- and single-stranded DNA
maximum level during the initial 30 min incubation (F&g) and
then decayed substantially over time, presumably due to sporfidelphalan-induced mutations in ttugrt gene of CHO cells were
neous depurination. This decay did not conform to a simpfeund preferentially at potential interstrand crosslink sie®(t
exponential, suggesting two populations of adducts, perhapsmany of these mutations occurred at the internal G-G-C
mixture of guanine N-7 and the more stable FAPY interstramsequences, a position which clearly does not directly participate
crosslinks. All mechlorethamine-induced guanine adducts weir interstrand crosslinking. One possible explanation is that the
much more labile than melphalan-induced adducts, as indicateditagenic lesion may be an intrastrand crosslink between the
by the much higher levels of strand breaks in mechlorethaminadjacent Gs, as has been reported with cisplatin, another
treated samples incubated for long time periods and then exposédnctional chemotherapeutic agehit) To test this possibility,
to alkali; presumably, the adducts at these sites had spontaneoustyphalan-adducted DNA was treated with hot piperidine to
depurinated and could no longer be alkali stabilized. The lack obnvert N-7 alkylations to strand breaks and cleavage patterns
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Figure 6. Time course of interstrand crosslink formation by mechlorethamine

(A) and phosphoramide mustaBj (n the G-G-C sequence. (A) Crosslinking
Figure 5. Time course of alkylation at interstrand crosslink sites in each strand following treatment with 1504() or 300 uM (H) mechlorethamine was

following melphalan removal. Alkylation was determined as the fraction of assessed as in Figure 3. Depurination was determined (as in Fig. 4) & the 5
piperidine-cleavable sites at each nucleotide position in the total DNA sample following treatment at 15@§ or 300uM (O) or at the 3G following treatment
(A) Alkylation at G opposite the i@l the G-G-Csequence following treatment  at 150 ¢ ) or 300uM ([J). (B) Crosslinking was assessed following treatment
with 200 ¢ ) or 400uM (M) melphalan. The time-dependent increase, which  with 5 (# ) or 10 mM @) phosphoramide mustard. Depurination was assessed
was statistically significant by ANOVA for both doses, suggests slow atthe 5G following treatment at @\ or 10 mM (O) or at the 3G following
crosslinking at this site by drug already attached to the opposite stran@ (at5 treatment at 5&) or 10 mM (J).
of G-G-C). B) Alkylation at the 5G in the G-G-C sequence following
treatment with 125«() or 200uM () melphalan or at the' & following
treatment at 12%3\) or 200uM (O) melphalan. A relatively constant alkylation
level at the 5position (no significant change by ANOVA at either dose) . . . .
confirms that this site was the target of primary rather than secondary alkylation The highly reactive mechlorethamine, which produced the
during the crosslinking reaction. largest number of interstrand crosslinks, also generated the most
intrastrand crosslinks in both single-stranded (13%) and double-
stranded (28%) DNA. No increase in the numbet of 3 breaks
at the G-G site during a 24 h time period was detected, indicating
were compared for'5versus 3end-labeled fragments. Since rap|d.crossl|nkformatllc?nk_PhosEhorarF|Qe mustielrd produced detect-
intrastrand crosslinks are detected as strand breaks only at "f\%e intrastrand crosslinking (8%) only in double-stranded DNA.
base nearest the labeled end, these data can be used to calculate
the extent of intrastrand crosslinking, expressed as a fractiongblecular dynamics simulations
the total alkylation at the G-G site. However, in melphalan-treated
double-stranded DNA there was no evidence of intrastraridechlorethamine, melphalan and phosphoramide mustard adducts
crosslinking, as the cleavage pattern was essentially identidaldouble-stranded DNA were subjected to molecular dynamic
whether the strand was labeled at th@Bthe 5-end (Tablel).  simulations in an attempt to determine a structural basis for
Thus, the adducts involving thé G were apparently monofunc- differences in intrastrand crosslink formation. The movement of
tional and those at the & were either interstrand crosslinks orthe aziridinium ion intermediate was evaluated in terms of the
monofunctional adducts. Although melphalan treatment of singldistance from each aziridinium carbon to either the guanine N-7
stranded DNA did generate slightly different cleavage patterms the opposite strand, corresponding to a potentidd@G GN-C
for 5- and 3-end-labeled fragments, the amount of cleavagimterstrand crosslink, or the adjacent guanine N-7 in the same
remained unchanged during a 24 h time period, indicating thstrand, corresponding to a potential intrastrand crosslink. The
intrastrand crosslinks (5%) were formed within the first 30 mipotential energy of the drug—DNA complex was also calculated
of drug incubation. for each conformation.
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Table 1.Fraction of interstrand crosslinks formed at a G-G-C site in double- and single-strand@d DNA

5-G/3-GP 3-G/5-GP Intrastrand
5'-end-label 3end-label crosslinks
Double-stranded DNA
Melphalan 2.3@: 0.030 0.45 0.025 0.0 0.011
Mechlorethamine 2.54 0.058 1.28 0.044 0.28: 0.013
Phosphoramidemustard 1.98.026 0.7G: 0.012 0.08 0.007
Single-stranded DNA
Melphalan 0.95- 0.026 1.23+ 0.020 0.05t 0.011
Mechlorethamine 1.0% 0.025 1.56 0.070 0.13+ 0.011
Phosphoramide mustard 0.78+ 0.026 1.34+ 00.076 0.01+0.021

A/alues are presented as the meatandard error of the mean (SEM) for a minimum of four experiments.
bApparent ratio of cleavage at the two sites in samples incubated for 24 h following drug exposure and then treated with piperidine.

In each of these simulations, equilibrium was reached withiBince such crosslinks are likely to be more difficult to repair than
10 ps, after which both the energy and the adduct orientatiomonofunctional alkylations, they represent prime candidates for
remained essentially constant (data not shown). Prior to reachimgmutagenic DNA lesions. The present study was undertaken to
equilibrium, all three adducts briefly sampled conformationadletermine the propensity of several nitrogen mustards to cross-
space to within#.5-5.3 A of the guanine N-7 corresponding tdink specific guanine residues in a G-G-C-G-C-C sequence.
the interstrand crosslink site. Although this distance has beerThe results show that both melphalan and phosphoramide
considered sufficiently small to allow interstrand crosslinkingnustard induce interstrand guanine—guanine crosslinks with the
(22,23), the equilibrium conformations of both mechlorethamingame two base-staggeredNaC-GN-C specificity previously
and phosphoramide mustard adducts appeared to favor intrastrgsisbrted for mechlorethaming((13), but that melphalan-induced
crosslink formation. The average distance from the nearegiosslinks were formed much more slowly and were more stable
aziridinium carbon atom to the adjacent guanine N-7 was 3.14an mechlorethamine-induced crosslinks. The slow kinetics of
(mechlorethamine, Fig7, left) or 3.36 A (phosphoramide formation, which were detected previously in an agarose gel
mustard, not shown), witth.5 A deviation from these positions assay#4), appear to be due to the very slow second arm reaction
and direct van der Waals contacts between these two moietiggnonofunctionally bound melphalan. The greater persistence of
during the simulation. Thus, modeling studies predict thghelphalan-induced interstrand crosslimkeivo(ty> > 24 h) £5)
mechlorethamine and phosphoramide mustard, when adductegéa:ompared with mechlorethamine-induced crosslinks is probably
DNA, assume relatively stable conformations wherein the secogfle at least in part to differences in rates of spontaneous
mustard arm is appropriately positioned for intrastrand crossligdepyrination. Conversely, single- and double-strand cleavage

formation at G-G sequences. , resulting from spontaneous depurination of mechlorethamine-
In contrast, the melphalan-DNA adduct was stably oriented |fjyced adducts and crosslinks may account for the high
the major groove with an average distance of &0%2 and  yronrion of deletion mutations induced by this drug in the
6.44+ 0.20 A from each carbon atom in the aziridinium ion to th 7189 shuttle vector system, as well as inHIRRT gene in
adjacent guanine N-7. A major factor in stabilizing this conformas yan lymphoblastoid cellg6). In contrast, aromatic mustards,
tion appeared to be hydrogen bonding of the positively charggthioh torm more stable adducts, induce predominantly point
terminal amine group of melphalan to theXtygen (09 andthe ) yiatigns, both in shuttle vectors and in endogenous ganes (
corresponding phosphate oxygens (O1P or O2P) of the deoxyCyx , .G-C sequence in double-stranded DNA, the proportion

tidylate residue located 2 basesfihe adduct site (FIg, right). ¢ actrand crosslinks formed by various mustards differed by
These hydrogen bonds tended to draw the aziridinium away fro%nfactor of >20-fold, with mechlorethamine > phosphoramide
r L

the adjacent guanine, thus providing a possible structural basis : |
the lack of intrastrand crosslinking by melphalan. _n?ustard > melphalan. _These differences appear to be du_e at leas
in part to differences in the geometry of the monofunctionally
bound drug in the major DNA groove, since they were less
DISCUSSION pronounced in single-stranded DNA. Moreover, molecular

Nitrogen mustards produce a variety of monofunctional an@iodeling predicted that mechlorethamine and phosphoramide
bifunctional DNA lesions and a diverse spectrum of mutationgpustard would assume monoadduct conformations consistent
including substitutions at both G-C and A-T base pairs, as well\&#h intrastrand crosslinking, while melphalan, due to hydrogen
large deletions?). In the endogenowprt gene of CHO cells, the bonding of its phenylalanine moiety to the DNA backbone, would
most frequent mutations induced by the aromatic mustartbt. It should be noted that the lack of intrastrand crosslinking by
melphalan were G-6T-A and G-G>C-G transversions and melphalan cannot be attributed to the mere bulkiness of the
these occurred preferentially at G-G-C, G-G-C-C and to a lesggtenylalanine side chain, as additional modeling studies (not shown)
extent G-A-C sequences. Stereochemical considerations suggdwiwed that a melphalan molecule bifunctionally linked to N-7
that G-G-C sequences could be potential sites for formation pbsitions of adjacent guanines can easily fit into the major groove
both interstrand and intrastrand crosslinks involving guanine N-With essentially no distortion in DNA structure.
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Figure 7. Calculated average structure of the mechlorethamine and melphalan aziridinium ion intermediates taken from the 100 ps dynamics. Each monoadd
attached to the N-7 of (& the 3-pGCAGGCGAGoH-3' sequence and is shown with a view into the major groove. Mechlorethamine (top) adopts an energetically
stable conformation in which the aziridinium carbons are positioned near the N-7 of the adjacent G (just below the adducted base), a potential intrastrand cro:
site. Melphalan (bottom) is positioned with the aziridinium >6 A away from the N-7 of the adjacent G, in a conformation stabilized by hydrogen bonding (dotted lin
of the terminal amine of melphalan to th@bosphodiester oxygen and th@Bosphate oxygen of the deoxycytidylate residue located two badelsebadducted

base. The adducted mustards are shown in yellow and the DNA in purple, except for the guanine (red), which is the monoaduct site, and the N-7 (green) of the ac
guanine, which is the target for intrastrand crosslink formation. The left panel shows stereoviews of the monoadducts. The right panel shows a simplified monoch
view of the same adducts, but with mustard structures indicated and with the complementary DNA strand and all hydrogens eliminated for clarity. The asterisk indi

the target N-7 for intrastrand crosslinking.

The relatively high frequency of intrastrand crosslinkingevels of interstrand crosslinking, melphalan is somewhat more
induced by mechlorethamine supports the proposal of Rieper  cytotoxic £5).
(27) that selective transcription termination at G-G sequences inThe present data do not clearly implicate any one DNA lesion
mechlorethamine-treated DNA may be attributable to intrastrarad accounting for the relatively high frequency of melphalan-
crosslinks. Intrastrand crosslinks could also account for at leastluced mutations at G-G-C sequencesjmt. Interstrand
some mechlorethamine-induced base substitutions in pZ18%psslinks could account for substitutions at the first and last
most of which occur at G-G siteg)( However, there is no positions in the sequence, but not at the internal G, which is
evidence that intrastrand crosslinks correlate with cytotoxicitynutated just as frequent§)( Intrastrand crosslinks, which have
since the ratio of intrastrand to interstrand crosslinks is mudieen implicated in mutagenesis by cispla#i§49), remain a
higher for mechlorethamine than for melphalan, yet, at equivalepbssible candidate lesion for melphalan-induced mutations
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