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Abstract 

771e j o ~ m a ~ i o ~ i  of (BH+riSO) L. ~ O J ~ S  in the E l  spccrra OJ ~ i i ~ 1 t . i ~  acid was Lrwsrigared. 77fc r c / o h i . d ! i / >  
belrvemf llte base iom arid fliese chrsler. iorrs as well as llie nuntre oJ6ortdirig is drscrtssed. 

INTRODUCTION 

In our previous mass spectrometric studies of intact nucleic acids, particularly of seberal DNAs, we 

ha\e looked into pyrolysis electron impact1,* (Pyr-El data),ionization as well as softer ionization techniques 

(Py7-DCI3 data). In each case, DNA pyrolysis lead to various neutrals (cytosine, thymine, adenine or 

guanine) and corresponding to nucleoside-like fragments which contain a base B with CSHSO fragment 

(noted [B-C~HSO] according to the Wieber’s mechanism, which are herein noted as a). 

‘ To whom all inquiries should be addressed 
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473 JANKOWSKI, TABET, AND VIRELIZIER 

WIEBERS MECHANISM 
B 1" BH+. 

*a< .eB:[ar 7 

Pyroiys i  s. 
DNA E l  

+- i o n  b n  THIS PAPER 

DNA P y r o l y s i s  B I+-+&,+- - 
- 

L- 

Scheme 1 Possible processes kadirig 10 die c o ~ i i p t a  bn+. ioii (idiere B = A, T, G on C andiiriwsolved 
aftaclrriieiil silc). 

BH+. ( B H ~ + )  111 (112) 126 (127) 135 (136) 151 
a+. (aH+) 191 (192) 206' (207) 215 (216) 231 (312) 

311 (312) 45" (41H') 271 (272) 286 (287) 295 (296) 
b2+* (bzH+) 351' (352) 366* (367) 375 (376) 391' (392) 

' Ionic spccies characterized by low abundances. 

These ncutrat spccies ionized in EI mode, yield odd-electron species such as BH'. and adduct 

[B-CSHSO]+. ions (noted as a+. ,  Scheme 1). Furthermore, cluster bn+- ions of structure 

[B_CgH50,nCjH40]+. (with n = 1 or 2, Scheme 1) arc easily observed in the pyrolysis El mass spectra 

(Table 1, Figure la). 

Under pyrolysis DCI in either positive or negative mode, even-electron ions such as : BH2+, a H +  (or 

B-) and [BH_CgH50]', 4 H +  (or [(B-H)-CgH50]-) and also protonated cluster bnH+ are observed 

(Table 1 and Figure lb). 

The bn+. (or _b,H+) species are thought to be formed during either the direct pyrolysis or from an 

ion-molecule reaction in the gas phase. No clear-cut information has been found in literature about the 

origin and h e  structure of the adduct ions bn+. (or k,H+). in fact, the molecular cohesion can be due to : 
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47 9 FORMATION OF ADDUCT IONS 
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Figure 1. firo/ysk mass specira ofDNA rrridcr ( 4 )  elccrroir 
iriipacl arid cheriiical iorr~sa~~ort coridirroris (b)  ivirli arririioiria arid ( c )  ivirli 2-merhy$irari 

(i) hydrogen bonding between each unit such as observed under chemical ionization conditions lor 

ionic rcagenl attachment ; or 

(ii) C-C or C-0 covalent bonds betwecn (he ionic species a+.  and the 2-methylfuran neutral residues. 

In  order to answer these questions, we have investigated the behavior of DNA under various 

experimental conditions and the structure of the clusters b1 +. by analysis of their MIKE and CAD-MIKE 

spectra. Our approach is similar to that of Beynon4 and CooksS. 
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480 J A N K O W S K I ,  T A B E T ,  AND V I R E L I Z I E R  

EXPERIMENTAL PART 

The herrinc sperm DNA obtained from Boehringer Mannheim Co., was cut up into 3 mm pieces and 
placed in the centre of the filament coil or directly disposed on the coil after being poured into bidistilled 
water. One mm of this DNA corresponds to a 0.5 A260 unit. All reagent gases used were obtained from Air 
Liquidc (Alpha gaz, France) ; or Mathcson Coleman Co. 2-Deoxyribose, 2-Deoxyhymidine and 2- 
Deoxcytidine have been purchased from Aldrich Chcmicals (Janssen, France). The "copolymer" DNA-2- 
Deoxyribose was prepared by mixing equal quantities of both products, dissolving in water and stirring 
overnight at 25"C, then lyophylising the mixture. 2-tvlethylfuran \\'as purchased from Eastman Chemicals. 

A Riber R-1010 quadrupole mass spectrometer (NERMAG, France), was used in both positive and 
negative ionization modes. The recording and calculation of spectra were done using a PDP 8/M computer 
coupled to the spectrometer. Typical analytical conditions were : source temperature 200-220T. 5 mm 
filament (Tungsten wire 60 pm, 6-9 turns) heated from 300-10OO0C in 4 0 s  (current programmed from 200- 
GOOmA, 10 m A s - l ) .  The average lifetime of the filaments under these conditions was 20 analyses. The initial 
pressure of rcagcnl gas in all mixtures was 0.3 Torr and the electron energy was maintained at 100 eV for 
best sensitivity. According to our previous studies, thc diagnostic mass rangc was rued at 100-800 Da. 

Precuisor M+. ions of selected rragment m ' ions (gcneraicd in source and in thc first FFR) arc 
determined by accelerating voltage scanning6a in a re\crscd geometry mass spectrometer (ZAB 2F. VG 
Analpical). 

The studicd fragment in ions are selected at Vo = 2 KV (accelerating voltage) and r i n g  : EO = 2 
KeV (for thc electric sector) and B on the m/z value of the selected ion. The precursor ions are obtained by 
accelerating voltage scanning (from 2 KV to 8 KV) by measurement of the V/Vo ratio, which defines the 
M '. --- > m ' transition occurring in the lst FFR. 

MIKE and CAD/MIKE spectra were performed by selecting the main beam within a resolution close 
to 3000. For 8 KeV collision range, He target gas was used at 7.10-6 torr (corresponding to a lowering of 
main beam of 30 %, approximately single collision conditions). The produced daughter ions in the second 
FFR are analyzed by electric sector scanning (MIKE mode) in weaker resolution ( -  200) due to the 
xibratianal energy release during dissociation. 

RESULT and DISCUSSION 

I n  contrast to the ions observed under DCI conditions, the Py-EI mass spectrum of DNA displays 

odd-electron ions species only. With ionic reagents such as CHs', tCqHg+ and NH4+, the peaks are 

shifted by one Dalton when compared to pyrolysis El  mass spcctra (Table l), which correspond to 

protonated molecules or adduct ions). These results already suggest that neutrals formed during pyrolysis 

are protonatcd as expected, even by NHdt sincc the proton affinity of the latter reagcnt is loner than those 

of bases BH and nuclcoside-like fragment a neutral species7. 

Noie that under pyrolysis-El, several a+- and knf-  ions are accompanied by protonated a H t  and 

klHt  species likely due to self-ionization mechanism (or ion-molecule reactions) during pyrolysis process. 

Hoaever, in DCI conditions, the obtained mass spectra are more sensitive. 

(a) Origin of odd-electron cluster ions bn+.. 

The scarch for the precursor ions of the observed protonatcd bases B H L .  and the corresponding 

odd-electron ions at. and 4,+. produced under EI conditions can be approached by analyring of the 
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FORMATION OF ADDUCT IONS 481 

respcctivc accelerating voltage scan spcctra of each ionic spccies provided that the corresponding metauable 

decomposition takes place in the 1st FFR. 

This method is considered sufficiently sensitive for analytical purposesbb; however, the research of 

precursor ions of the more abundant B H f .  ions (i.e. m/z 126 and m/z 335) did not add any new 

information since no signal was displayed in these accelerating \rollage scan spectra; actually, only artefacts 

peaks are observed (difficult to be rationalized) rather than veritable metastable decompositions yielding 

either m/z 126 or m/z 135 ions. These results confirm previous results obtained by using metastable 

mapping of the BH'. ions8. Consequently, the diagnostic BH t .  ions are not generatcd by unimolecular 

decomposition of higher mass ions displayed in Pyrolysis-EI mass spectrum of DNA. Then, a priori we can 

consider that these BH t .  ions are produced eventually via either ion-molecule reactions or pyrolysis prior 

to the ionization process. 

Alternatively, complementary information can be obtained from experiments performed using a high 

source pressure ( -  3.10-4 torr) in 2-methyl-furan as CI-reagent gas to induce ion-molecule reactions during 

DNA pyrolysis. Under these experimental conditions, the fragment C j H j 0 '  ion is mostly observed relative 

to the protonated C j H 7 0 C  form [with [CgHp ' J / fC jH?O+]  # 51. The structure of the reagent 

CgHg0+ ion is very similar to that of the [MH-HzO]' ion generated from hydroxy 2-methylfuran as shown 

by CAD spectrum analysis but it differs from the structure of 3-hydroqmethylfuran (results not reported 

herein). 

If it is assumed that the CgH50' ion structure is similar to that of the CgH50 moiety contained in 

the a+. and Bn+. ions, it is judicious to expect either a C5H50' ion solvation by neutrals (e.g. BH) formed 

during DNA pyrolysis (Equation 1): 

or proton transfer from the protonated methyl furan to the bases (Equation 2) since PA(Bases) are higher 

than the PA(2methylf~ran)~: 

Actually, mainly proton transfer occurs under these DCI-conditions (Figure lc) such as those 

observed under DCI-NH3. In addition, the solvated a H +  species arc not enhanced relatively to the cluster 

4.H' ions. Since no significant differences are found between both DCI-mass spectra, it is likely that the 

Bn+. (or 4,H+) and the a t -  (or aH ') arc produced by El (or DCI-NH3) after the formation of neutrals 

like P or 4. produced by pyrolysis rather than by an ion-molecule process in the gas phase between BH and 

ionized CgH50t form or the reverse reaction. 
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462 JANKOWSKI, TABET, AND VIRELIZIER 

50 

0 

50 

0 

Firure 2 .  Prro!\lris iiiass spccrra 01 Copobiiier-DMA iiiider (a)  elecrrori iriipacr and (b)  chemical ioriisarioii 
icirh aiiiriiortia. 

I n  order to verify this assomption, the behavior of the "copolymer' of 2-deoxyribose and DNA (see 

Experimental Part) was investigated under El and DCI conditions (Figure 2a and 2b). Undcr pyrolysis El, 

the mass spectra (Figure 2a) display peaks at m/z 73, m/z 81 and m/z 99 (duc to 2-deoxyribose) in  large 

abundances. They are accompanied by signals diagnostic of BH of DNA. However, unfortunately the a+.  
and bn+. are not enhanced, and only a few of additional signals (relative to those reported in  figure la) are 

absent but they are not significant. 

Alternatively, under pyrolysis-DCI-NH3 (Figure 2a) conditions, DNA-copolymer yields similar 

diagnostic ions than those observed from DNA pyrolysis-DCI (Figure la), however, with a large varialion in 

ion abundances. Other signals can be observed at m/z 116 and m/z 134 (Figure 2a). These ions are likely 

formed from 2-deoxyribose and correspond to [MTNH4-H2OIf (m/z 134) and [ M+NHq-2H20]+ (m/z 

116), respectively. 

The presence of neutrals generated from copolymer did not enhance the abundances of the knH+ 

(or bn+.) ions for DNA. Then, the eventual ion-molecule reactions yielding the lalters ionic species must be 

ruled out. This also indicates that the yield of the bn+.  (or bnH+) ions depends directly upon the proximity 

of the neighboring heterocycle in the DNA sequence, and that the presence of copolymer has not a 

significant effect on the ion intensities. This can be explained by the long distance between the base units of 
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FORMATION OF ADDUCT IONS 483 

Table. ~Merastable dariglrter iorts (iir,': with rrlatiorr abirrrllaiice D r  pareritlrcses) displawd irr the iWKE 
spectra of differerir diagrostic ioris (a+.  arid b-1 t. odd-electron species) of DNA fontred itnder pyro(vsis-El 
corrdiiioits. 

Selected a+.species Selected b1*. species 
Base Precursor Daughter ions Precursor Daughter ions 
Units ions -29 -(B) ions -29 -81 -(a-H) 

C 191 162(100) 81(35) 271 242(100) I90(lOa) 81(21) 
T 206 177(100) 81(50) 286 257(100) 205(31) 81(10) 
A 215 186(100) Sl(55) 293 266(100) 214(35) 81(15) 
G 231 202(100) 81(30) 311 282(100) BO(22) 81(8) 

1- B' 
C , H , O +  

Scheme 2. Fonrratiorr o/tlrefiagrrrertt [a291 + ioir ria assitriled rirolecrilar a+. ioii isorrrerizalioir. 

DNA and the deoxyribose units of copolymer, which can not enhance the yield of bnH+. (or hnH+) 

species. 

(b) Presence of covalent bond leading to the ionic cohesion of a+.  species and cluster b1+. ions formed 

under 9.rolysis-EI conditions. 

For this purpose, a better adapted approach to investigate the structure of DNA diagnostic ions i5 

used: MIKE and CAD/MIKE spectra. Table 2 shows that : 

(i) the selected a+* ions spontaneously decompose via competitive routes involving losses of 29 Da 

radical and neutral base B units. The former radicals losses lead to : m/z : 162, 177, 186 and 202 

(respectively from ions containing: cytisine, thyminc, adenine and guamine bases) and the latter eliminations 

yield daughter [a-B]' ions (i.e. m/z 81). 

Concerning the 29 Da losscs, two possible ncutral structurcs can be involved : CHO. (from ribose 

moiety) and CH2-NH (from base unit). Howcrer, the neutral structure as CHO. radical is the most 

probable since, the abundance of these major losscs are not depcndant on the base structure. Furthermorc. 

from the thyminc base it is difficult ot eliminate CH2=NH Iragmcnt, sincc its structure is not adapted to 
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484 J A N K O W S K I ,  TABET, AND VIRELIZIER 

eliminate such neutral. The direct loss of the assumed CHO. radical likely nccds an isomeriration of the a + .  

ions into an open ring containing unsaturations (Scheme 2). The inicstigation of this possible isomeriration 

is in progress, using labelled nucleosides. 

(ii) the selected cluster b1+- ions competitively lead to the daughter [&-CHO]+ and complementary 

[bl-(z-H)It (m/z 81) and [a-HIt (i.c. at m/z 190, 205,214 and 230 according 10 the base unit structurc). 

The occurrence of the CHO. elimination as the major process rather a favourable cluster 

separation into the [a .H}- and [kl - (a-H)}+ complcmcntary ions indicates thar only covalent bond links 

each unit of the bn+- clusters. Indeed, if the clusler structurc corresponds to that of an ion-dipole complex 

where electrostatic attraction gives cohesion bctwccn CjHjO units, then the bn+. cluster decompositions 

should yield only fragment a+.  or [41-a] ' ions and not the 10s of CHO.. This assomption must be ruled 

out since the ion productions arc not consistant with the experimental results. 

Under collision conditions, additionnal decompositions are displayed in CAD spectra of selected a+. 
and (not reported herein) give no more 

information about linkage between the first and second CjH50 units and the relation between a+. and 4+., 
since the loss of 80 Da from 41+. leading to a+.  ionic species is not observed. Furthermore, the major 

decomposition proceeds by loss of one CHO. radical yielding [~ I -CHO]+ . .  This latter finding confirms that 

a covalent bonding characterizes the cohesion of different component parts of b1+. rather hydrogen 

bonding (or electrostatic interaction) between both moieties of 41+.. 

ions. Howcber, the additionnal dccompositions of 

Note that in view of these experimental results, it is not possible to determine which position (i.e. on 

one C5H50 residue or on the base B unit) is involved in  the linkage of both 2-methyl furan residues in the 

ion structure. However, comparison of CAD/MIKE spectra of the ions a+. generated from (i) 

pyrolysis of DNA and (ii) isiu the consecutive losses of 3H20 from the corresponding deoxynucleosides show 

that all the selected a+.  ions are characterized by common structures. This result confirms that the pyolysis 

of DNA leads directly to the 8 neutrals without structural modification and possibly gives rise to formation 

of the hn neutrals. 

The results reported in this paper show that the whole set of fragments characterizing the DNA 

spectra obtained by pyrolytic mass spectral techniques is essentially independant of the ionization mode 

used (EI or DCI). The base ions and the nucleoside-like ions are not related by the fragmentation process. 

The former ions result rather from the condensation of the 2-methyl furan unit with the base ions. In the era 

of more audacious application of reagent gases (for both CI or CAD purposes) the use of 2-methylfuran is 

completely justified. This highly volatile material has a capacity for polymerisation which, in principle, 

simulates the formation of thc clusters b1 and b2. Copyrolysis of the DNA enriched in other potential 

source of the 2-methylfuran (C5H5O) unit (i.e. the 2-deoxyribose. 2-dcoxythymidine or 2-deoxycyIidinc) 

docs not s h o ~  any possibility of ion-molecule reaction in the gas phase. Finally, the proposed series of 
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FORMATION OF ADDUCT I O N S  485 

pyrolysis cxpcriments in thc rangc of conditions dcscribcd previously indicatc that the only plausible hondinp 

betwcen the base and the 2-methylfuran fragment is co\salent by nature. 

This bonding must take place via several atoms : 

(i) Sugar-base-sugar with two equivalcnt C-N bonds ; and 

(ii) Sugar-sugar-base within the second family. Here we propose bonding between Cy-Ci., C y C 5  or 

CI-Cl- positions (rather than 2.3'  and 4 carbons). For the moment, our preference goes to the (ii) family. 

However, because of the inaccessibility of simple diribonucleosidcs, more precise determination of this bond 

nature is impossible at present. 
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