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Abstract

The product ion formation characteristics of the protonated molecule ions generated from 10 different deoxynucleoside adducts
benzo[ghi]fluoranthene (B[ghi]F) have been studied using electrospray ionization (ESI) and quadrupole ion trap mass spectrometry to gain a b
understanding of the fragmentation mechanisms that govern structure-specific fragmentation. The reactigon-cditidensi-diastereomers of
trans-3,4-dihydroxy-5,5a-tetrahydrobenzo[ghi]fluoranthene with DNA produce four deoxyguanosine, four deoxyadenosine, and two deoxycytidil
adducts whose structures differ based onciverans arrangement of the hydroxyl groups and nucleic acids bound to B[ghi]F. Those adducts that
have structures where the nucleic acid aftiygIroxyl group of B[ghi]F areis with respect to each other undergo extensive water loss whereas
those isomers where the nucleic acid aktiygiroxyl group arerans do not. These results are consistent with a mechanism of water loss initiated
by a hydrogen-bonding interaction between the charge-bearing proton on a heterocyclic nitrogen atom on the nucleic acidtaydtdbkgl 3
oxygen on the PAH. The dG and dC adducts are observed to undergo more extensive water loss than the dA adducts. Molecular modeling indic
that the larger relative abundances of the product ions formed by water loss for the dG and dC relative to dA are due to stronger hydrogen-bon
interactions prior to fragmentation and the greater stability of the carbocations formed at ttegtfe® after fragmentation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Studies of the mutagenic potential of benzo[ghilfluoranthene
are motivated by the fact that this PAH has been detected
Interest in the analysis of carcinogen-modified nucleic acidat considerable levels in urban atmospheres and is known
is motivated by the belief that DNA modifications play an to have a variety of sourcg$]. The rigid, planar structure
important role in the initiation of cancer. Polycyclic aromatic of B[ghi]F suggests that it could be a good probe of the
hydrocarbons (PAH) are an important class of carcinogens tetructure—activity relationships in PAH mutagenesis. This is
which human exposure is widesprefdgR]. It is believed that because the diol configurations of the diastereomeritz and
PAH exert their carcinogenic effects by the metabolic oxida-syn-diol-epoxides formed from B[ghi]F are locked into diax-
tion of these compounds in route to DNA binding. The primaryial and diequitorial configurations, respectively, thus providing
metabolic pathway involves conversion of the PAH to a diol-a means of examining the mutagenic potential of adducts that
epoxide that binds to the primary amine groups on DNA basepossess fixed conformations. Studies of B[ghi]F diol-epoxide
[3,4]. diastereomers showed differences in their DNA binding in
vitro and in the mutagenicity of the different diol-epoxide
adducts when tested iSulmonella typhimurium TA 100 [6].
. _ o Structure—activity studies of B[ghi]F diol-epoxides in vivo will
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N Sheridan Rd, Chicago, IL 60626, USA. Tel.: +1 773 508 3106: require analyt|cal_ methodology that can dlﬁergntlate the struc-
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Analytical methods based on electrospray ionization (ESIhucleosideg16], and PAH-tetraol§17] suggest that diastere-
and tandem mass spectrometry are one means of detecting bulgners may be differentiated based ondhérans arrangement
DNA adducts at physiologically relevant levdlg]. ESI cou-  of hydroxyl groups bound to a PAH.
pled with tandem MS is used to identify and/or quantify DNA  In this study, we examine the fragmentation characteristics
adducts in human tissue. Recent examples include the analgf the protonated molecule ions derived from a total of 10 differ-
sis of tamoxifen adducts in endometrial tis§@§, estrogen- ent B[ghi]F adducts. These adducts include four diastereomers
DNA adducts in human breast tissf@, and 4-aminobiphenyl of B[ghi]F-5a#V2-dG and B[ghi]F-5a¥%-dA and two diastere-
adducts in pancreatic tiss{E0]. Product ion (MS/MS) studies omers of B[ghi]F-5a¥*-dC. The ESI product ion spectra sug-
of carcinogen-DNA adducts derived from in vitro reactions aregest that diastereomers whose structures differ based on the
carried out to determine fragmentation pathways that may beis/trans-arrangement of the hydroxyl group and base bound to
used to differentiate different adduct structures when isolatethe C3 and C5acarbons of B[ghi]F may be differentiated based
from in vivo sources. Product ion analyses carried out usingn their tendency to fragment by the loss of water. Product ion
matrix-assisted laser desorption ionization (MALDI) and elec-formation is rationalized in terms of a mechanism that involves
trospray have shown promise for the differentiation of positionathe formation of a hydrogen-bond between the charge-bearing
adduct isomers of individual nucleosidgs,12] and oligonu-  proton on the nucleic acid and the ‘@kygen on the B[ghi]F
cleotideq[13,14] at low levels. Differentiating the structures of group. Molecular modeling suggests that the abundance of the
geometric isomers obtained from the reaction of a metabolizeftagment ions formed by water loss increases with the strength
carcinogen with DNA has proven to be more challenging. How-of this hydrogen-bonding interaction and the stability of ben-
ever, recent studies of thymidine glycfl5], PAH-modified  zylic carbocation formed after loss of water. This study suggests

syn-trans-B[ghi]F-N*-dG (1) syn-cis-B[ghi]F-N>-dG (1l) antitrans-B[ghi]F-N°-dG (Il ) anti-cis-B[ghi]F-N*-dG (IV )

syn-trans-B[ghi]F-NG-dA (V) anti-cis-B[ghi]F—Ns-dA (Vi)

syn-trans-B[ghi]F-N"-dC (1X) anti-trans-B[ghi]F-N‘-dC (X)

Fig. 1. The structures, and numbering of the 10 benzo[ghi]fluoranthene-deoxynucleoside adducts used in this study.
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that the structures of different adduct diastereomers produced y1.3. Molecular modeling

thesyn- or anti-diol-epoxide of B[ghi]F might be differentiated
when DNA binding studies are carried out in rodents.

Molecular modeling was used to find the minimum energy
conformations for the protonated nucleic acid adducts in the gas

phase and the corresponding carbocations produced afterthe loss
of water. The models were built using Spartan 5.0 (Wavefunc-
tion, Irvine, CA) and the initial geometry was optimized using
the PM3 semi-empirical method as implemented in Spartan.
Models were constructed for the adenine, guanine and cytosine
2.1.1. Sample preparation adducts of B_[ghi]F. Calculations were carried_ out assuming that

' ;I'He B[ghi]F-derived deoxynucleoside adducts used in thi chargg—bearmg_protc_)n was attgched to a nitrogen atom of the

base ring. Starting with this optimized structure for each proto-

thuc:])i/ \évz:e|.synﬂ:(?dslzev(\j/i?r¥ thﬁ trre]arc]:qtlon S)Lfcﬁlmﬁt?mitsyf' ¢ nated adduct, a conformational search was done rotating about
[ghi]F diol-epoxides caltthymus - 'hestructures o the two conformational sensitive bonds on either side of the

Lheﬁisg?ﬁgtgﬁfasggﬁsmg ;‘.ezhse?gl:ﬁgr;:g.?lg.tg_n;hép. dnitrogen bridging the base and the PAH. The 36 conformations
” uai Ir dlo-epoxi Senerated for each structure were geometry optimized using

ELZ?;L?g:iSz;Sticl)lLugirtit:geI:ngdu%ﬁ;rg]aasr)énézgzlr?bzgdelsstésvcr:gF:l PM3 and the final energies were com_pgred. Additional sFarting
" structures were generated by constraining the NH to O distance
of a potential hydrogen bond tofeand then initially minimizing
2.1.2. Mass spectrometry the energy of the structure using a molecular mechanics potential
ESI-MS and MS/MS spectra were acquired with a Ther-function. These structures were also geometry optimized using
moFinnigan Advantage (San Jose, CA) LCQ ion trap mas®M3 and the final energies were compared with those obtained
spectrometer. The same instrument parameter values were usgtlier via the conformational search. Vibrational frequencies
for all adducts under study. The relative collision energy forcomputed for the optimized structures were universally posi-
MS/MS experiments was set to 35% of its maximum value fortive, indicating that the geometries were positioned at energy
fragmentation of all the molecule ions in this study. Productminima. The results were similar for both methods since the
ion spectra of all the Bb" ions were acquired by direct infu- final energies were calculated using PM3, but the combination
sion of low picomolar amounts of sample. A 1:1:1 mixture of of these methods gave a complete picture of conformational
water:methanol:acetonitrile was used as the mobile phase. Fepace for all adducts. The carbocation structures were gener-
comparative purposes, eight product ion spectra were acquireded by maintaining the most stable adduct conformations after
for each compound. The capillary temperature was°#ZDand  removing water. Single point energies were calculated using the
the spray voltage was 4.5KkV. PM3 method for each carbocation for comparison.

2. Experimental

2.1. Materials

HO

Calf Thymus DNA

—_—
Hydrolysis +

trans-3,4-dihydroxy-syn-5,5a-epoxy-

3,4,5,5a-tetrahydrobenzo[ghilfluoranthene syn - trans - B[ghi]F - N2 - dG (1)

</Nf\NH
HO N N/K H
%% Calf Thymus DNA o NH, oH Ho
—_— -
“rom Hydrolysis OH O" +

“OH

trans-3,4-dihydroxy-anti-5,5a-epoxy-

3,4,5,5a-tetrahydrobenzo[ghiJfluoranthene anti - trans - B[ghi]F - N> dG (1ll) anti - cis - B[ghi]F - N> dG (IV)
Fig. 2. The structures of the B[ghi]F-dG adducts formed by the reaction of DNA with the diol-epoxide diastereameBs4-dihydroxy gnri)- andtrans-3,4-

dihydroxy (syn)-5,5a-epoxy-3,4,5,5a-tetrahydrobenzo[ghi]fluoranthene.
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Fig. 3. ESI/QIT product ion mass spectra of thé+ H]* ion atm/z 544 formed from (Alnti-trans-B[ghi]F-N?-dG (III) and (B)anti-cis-B[ghi]F-N?-dG (V).

3. Results and discussion ions acquired from B[ghi]F adducts of different deoxynucleo-
sides. MALDI-PSD studies of the four dA®-B[ghi]F adducts
3.1. Fragmentation characteristics of B[ghi]F adducts indicate that water loss is favored for those adducts where the

3'-hydroxy group of B[ghi]F and the nucleic acid ar& with

Motivation for the product ion studies of these ten B[ghi]F respect to each other. However, comparison of the PSD spectra
deoxynucleoside adducts is two-fold. The first is to determineacquired using the dA adducts with B[ghi]F adducts of dG and
fragmentation pathways that may be used to differentiate thdC was not possible because the dG and dC adducts did not yield
structures of different diastereomeric adducts. The second is { + H) " ions of sufficient abundance for the acquisition of PSD
gain a better understanding of the fragmentation mechanism(spectrg16].
that govern this structure-specific fragmentation through the The fragmentation pathway that is most indicative of struc-
comparison of product ion spectra of the protonated moleculéural differences between these diastereomeric B[ghi]F adducts

388 388
1001 (A)
907
80
370
8 707
c
]
T g0A syn-trans-B[ghi]F-N*-dC (V)
E 231 anti-trans-B[ghi]F-N"-dC (VI )
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< 40
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301 30
201 20 4
J 370 B 259
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Fig. 4. ESI/QIT product ion mass spectra of the4 H]* ion atm/z 528 formed from (Aynti-trans-B[ghi]F-N8-dA (VII) and (B)anti-cis-B[ghi]F-N®-dA (VIII).
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Fig. 5. ESI/QIT product ion mass spectra of the+ H]* ion atm/z 504 formed from (A)syn-trans-B[ghi]F-N*-dC (IX) and (B)anti-cis-B[ghi]F-N*-dC (X).

is loss of water from the Bpt ion after the loss of the deoxyri- B[ghi]F. Water loss is preceded by the formation of a hydrogen

bose. Those adducts where the nucleic acid ardy8roxy  bond between the charge-bearing proton attached to nitrogen

group on the B[ghi]F areis with respect to each other show in the six-membered pyrimidine ring and thel8/droxyl oxy-

a much greater propensity to undergo water loss than thosgen on the B[ghi]F ring. After collisional activation, cleavage of

adducts where these two functional groupsatres with respect

to each other. This difference in water loss abundance is most

pronounced for theis/trans isomers of dG and dC. Represen- Table 1 ) ) )

tative product ion spectra of all the B[ghi]F adducts used in thié:;verage r(_alanve at_)undances ofthe p_roductlonsformedln(?AD of the protonated
L . olecule ions derived from the B[ghi]F adducts used in this study

study are shown ifrigs. 3—5 The most abundant fragment ions

observed in all spectra are formed by the loss of the deoxyribosg Deoxyguanosine?-benzo[ghilfluoranthene adducts

group. Then/z values associated with the fragment ions formedm/; syn-trans (I) syn-cis (I1) anti-trans (I1I) anti-cis (IV)

by consecutive losses of the deoxyribose and watemnéré10

) : ; 428 100 100 100 100

(dG, Flg 3), milz 370 (dC,FIg 4), andml/z 394 (dA, Flg 5) 410 1.1+0.2 17.740.7 70+ 2 1.6+0.4
The other fragmentation pathways observed here are consisterttz 0.4+0.1 0.240.1 0.6+0.2 0.4+0.2
with those described previoudl$9,20]and do not appear to be 259 1.1+0.2 0.9£0.2 3.8+0.4 1202
indicative of the geometric isomerism of these compounds. Th&3l ~ 4.4:0.2 4.9+£0.3 6.3£0.6 9.4+0.6

. . : 152 4.0+0.3 7.8£0.2 14+1 7.8+0.6
average relative abundances of all productions observed in thesg

determinations are summarizedTiable 1 The ions ain/z 277, 5 _peoxyadenosina®-benzo[ghilfluoranthene adducts
259, and 231 are formed from bond cleavages in the trihydroxy/
miz

syn-trans (V) syn-cis (VI) anti-trans (VII) anti-cis (VIII)

B[ghi]F group.

510 4.5+0.4 1.1+£0.3 10+1 1.6+ 05

. 412 64+3 43+3 100 99+ 1
3.2. Mechanism of water loss 394  6.7+05 0.9+0.3 2241 1.9+ 0.4
277 17403 0.9+0.2 2.5+£0.6 3.0+ 05

The relative abundances of the fragment ion$dble 1sug- 259  8.7+0.9 4.7+0.5 18+1 17+ 1

gests a mechanism of water loss that proceeds from a precursti? =~ 66+ 3 100 84+ 3 61+ 3

ion conformation that possesses a hydrogen bond betweenZdl 100 45k 2 81+4 97x2

protonated nitrogen on the nucleic acid and th@3/gen on

- . . 2'-DeoxycytidineN*-benzo[ghilfluoranthene adducts
the B[ghi]F group, as was suggested previously in MALDI- e zolghtu !

PSD studies of the four deoxyadenosine addid@k Molecular ™/ syn-trans (IX) anti-cis (X)
modeling was carried out to explain the differences in the relativess 100 100
abundances of the B¥1-H,0 ions observed in the ESI product 370 6+2 73+5

ion spectra of the five adducts observed to undergo extensi\i’é; Zi 8-; gg’i g-i
water loss. The mechanism of water loss suggested by tiﬁl e 3 3912

observed fragmentation is showrfiiy. 6for anti-trans-dC-N*-
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Fig. 6. Proposed mechanism of water loss from the Bidn formed fromanti-trans-B[ghi]F-dC (X).

the C3-03 bond produces a carbocation localized at thé C3must be on the same side of the PAH ring. Examination of

position of the B[ghi]F group. Table 1shows that all cases where no hydrogen bond could
found the base nitrogen and B[ghi]F hydroxyl oxygens were
3.3. Molecular modeling trans with respect to each other. The hydrogen bonds formed

for cis-cytosine adducts are more stableH; = 94 kcal/mol)

We carried out semiempirical molecular modeling of thethan those formed by guanosinef; = 115 kcal/mol) or adeno-
protonated-adduct molecular ions to determine if hydrogensine (AH; =165 kcal/mol). The position of the hydroxyl group
bonding interactions between the base and B[ghi]F hydroxytlid not significantly affect the stability of the hydrogen-
oxygens were possible. The heats of formation of differenbonded structures. The averagy#l;'s for these structures were
carbocations formed by water loss were calculated as well td34 kcal/mol for adducts involving hydrogen bonds to the,3
identify the most stable fragment ion structures. The results 039 kcal/mol for adducts involving hydrogen bonds to the 4
these calculations are summarizedTable 2 These calcula- and 133 kcal/mol for adducts involving hydrogen bonds to the
tions suggest several aspects of the fragmentation mechanissO.
and they are summarized as follows. Carbocations formed after the elimination of water were

Stable hydrogen bonds (less thas 3n length) are only  slightly more stable for cytosine adducts than for adenine or
possible when the base and the hydrogen-acceptor oxygemanine adducts. The averagyély's for these carbocation struc-

Table 2
Calculated heats of formation (kcal/mol) for the hydrogen-bonded intermediates and carbocations formed during the fragmentation of tlterpod¢ooéteons
derived from the 2deoxynucleoside-B[ghi]F adducts in this study

Adduct NH* 50 40 30
H-bond Carbocation H-bond Carbocation H-bond Carbocation

syn-trans-B[ghi]F-N2-dG (I) 1 nf 122 292 nf

3 nf 118 274 nf
syn-cis-B[ghi]F-N?-dG (II) 1 105 273 nf 105 251

3 116 274 nf 118 251
anti-trans-B[ghi]F-N?-dG (III) 1 nf nf 109 251

3 nf nf 116 251
anti-cis-B[ghi]F-N?-dG (V) 1 118 288 120 287 nf

3 116 277 120 280 nf
syn-trans-B[ghi]F-N6-dA (V) 1 nf 164 319 nf

7 nf 165 323 nf
syn-cis-B[ghi]F-N8-dA (VI) 1 158 316 nf 160 292

7 172 319 nf 160 291
anti-trans-B[ghi]F-N8-dA (VII) 1 nf nf 173 299

7 nf nf 167 295
anti-cis-B[ghi]F-N8-dA (VIII) 1 159 321 166 325 nf

7 165 318 168 324 nf
syn-trans-B[ghi]F-N*-dC (IX) 5 nf 92 251 nf
anti-trans-B[ghi]F-N*-dC (X) 5 nf nf 98 233

nf: not formed.
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tures were 261 kcal/mol for the adenine adducts, 270 kcal/mdB[ghi]F-DNA adduct diastereomers may be determined in a
for guanine adducts and 246 kcal/mol for cytosine adductscodent model when a single B[ghi]F diol-epoxide is studied.
Carbocations formed after the elimination of water were more
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