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Differentiation of the seven isomers of methyl guanine has been accomplished by monitoring
gas-phase hydrogen/deuterium (H/D) exchange reactions of the protonated molecular ions
with deuterium oxide (D,0) in a Fourier transform mass spectrometer. In each case a
distinctive reaction rate for the first H/D exchange was observed, and exchanges of up to
three deuterium atoms occurred with characteristic ion abundances that could be used to
differentiate the isomers. OG~Methyl guanine, for example, showed only one slow H/D
exchange with D,0, whereas 1-methyl guanine exchanged two hydrogen atoms at a signifi-
cantly faster rate. On comparison of the possible resonance structures of each protonated
isomer with the experimental information about the number and rate of H/D exchanges
observed, a reaction mechanism involving a concerted proton abstraction—deuterium cation
donation was proposed. (] Am Soc Mass Spectrom 1993, 4, 296-305)

tivities of alkylating agents is alkylation of de-

oxyribonucleic acid (DNA); therefore, numerous
investigations have been devoted to studying the inter-
actions of alkylating agents with DNA [1-4]. Nucleic
acids are prime targets for chemical mutagens/ carcin-
ogens because of their numerous sites of reactivity {1,
5]; however, not all DNA modifications cause muta-
genic/ carcinogenic behavior. 7-Alkyldeoxyguanosine,
for example, is an abundant product but is easily
repaired biologically and does not result in base-
mispairing damage [6]. Minor alkylation products, such
as O%alkyldeoxyguanosine and O*-alkylthymidine {6,
7], however, are not easily recognized and repaired
and are important in terms of their effects on transcrip-
tion and translation activities [1, 2, 8]. The major DNA
mutation and the most biologically important alkyla-
tien product resulting from methylating agents such as
N-methyl-N-nitrosourea [9] or N-methyl-N’'-nitroso-
guanidine [10], is O®methyldeoxyguanosine, which
mispairs with thymine during DNA replication and
results in GCAT translation mutations [1, 8, 11]. Thus,
in assessing potential for biological effects, it is impor-
tant to be able to identify the adduct, the site of
attachment of this adduct on the nucleic base, and the
position of the modified base in an oligomer. There-
fore, considerable attention has focused on the struc-
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tural characterization [12-17] and isomer differentia-
Hon [13, 18] of alkylated nucleotides, nucleosides,
nucleic bases, DNA, and RNA.

Current methods for characterizing DNA adducts
include 1) BC-nuclear magnetic resonance [19], which
provides detailed structural information but has lim-
ited sensitivity, 2) high performance liquid chromatog-
raphy followed by fluorescence [20], electrochemical
[21] and radiochemical [22] detection, and 3) thin-layer
chromatography with 32P-post‘labeling detection [23].
Fluorescence line-narrowing spectroscopy has also been
used to provide high-resolution and trace-level detec-
tion of cellular fluorescent macromolecular damage
(DNA adducts) [24]. Although most of these latter
techniques are very sensitive, they are limited in the
analysis of unknown adducts because some knowl-
edge of the identity and/or properties of the adduct
must be known prior to analysis.

Mass spectrometry also plays a major role in the
characterization of biological compounds and can be
used in the identification of unknown samples as well
[25-28]. Because biomolecules such as nucleotides, nu-
cleosides, and oligonucleotides, are polar, nonvolatile,
thermally labile compounds, alternative methods to
electron ionization must be used to examine these
species by mass spectrometry [16, 29]. Fast-atom bom-
bardment (FAB) [27, 28, 30], secondary-ion mass spec-
trometry [31], laser desorption-ionization [32a, 33],
matrix-assisted laser desorption [34, 35], and electro-
spray ionization [35, 36] have been successfully ap-
plied to their analysis.
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Mass spectrometry is capable of not only detecting
and measuring molecular weights of biomolecules, but
can also be used to examine molecular structure in
detail. The use of mass spectrometry for isomer dis-
tinction and structural characterization of modified
DNA, RNA, oligonucleotides, nucleosides, nu-
cleotides, and nucleic bases are active areas of current
research [12-18, 31¢, 32, 37-39]. For example,
collision-activated dissociation (CAD) of the [M — H]~
ions of various methyl guanosine isomers in a Fourier
transform mass spectrometer (FTMS) has been used as
a method for isomer differentiation [18]. Desorption
chemical ionization tandem mass spectrometry
(MS/MS) has been used to determine the site of methyl
attachment for phosphate-alkylated nucleotides [14].
Sugar-ring methylation versus nucleic base methyla-
tion of guanosine could be distinguished using laser
desorption—icnization Fourier transform mass spec-
trometry [32a]. Time-of-flight secondary-ion mass
spectrometry has been used to differentiate O and
O4-alkylthymidines [31c]. Furthermore, benzoa]pyrene
adducts of nucleic bases and nucleosides can be re-
solved by FAB MS/MS [32b, c¢]. FAB MS/MS has also
been used to distinguish positional isomers of deoxyri-
bonucleosides [32d] and pyridine [32e] adducts of
7,12-dimethylbenz{alanthracene to investigate the im-
portance of radical cation activation versus a diol epox-
ide activation mechanism.

Recent investigations in this laboratory have used
laser desorption—ionization FTMS together with CAD
to characterize aminopolycyclic aromatic hydrocarbon
adducts of guanine [38] and to differentiate methyl
guanosine isomers under negative-ion CAD conditions
[18]. CAD is not always successful for differentiating
isomers, and alternative structural methods must be
found. Development of site-selective ion—-molecule re-
actions is important for studying isomers that are oth-
erwise indistinguishable by CAD and for probing larger
ions for which CAD is inefficient. For example, solu-
tion and gas-phase H/D exchange reactions can be
used, in combination with mass spectrometry, for
structure and fragmentation mechanism elucidation
{40, 41] and to count the number of labile hydrogens
[42-45] in relatively small organic and biological
molecules. In addition, NDj;, i-C,D,,, D,O, and CD,
have been used as chemical ionization reagent gases to
promote H/D exchange in a high-pressure chemical
ionization source for many organic and biological
species [43, 44]. Furthermore, O-perdeuterioglycerol/
D,O has been used as a FAB matrix to exchange labile
hydrogens in a number of bioclogical samples [42]. In a
recent study, selective H/D exchange reactions using
ND, and CH,OD as reagent gases provided isomeric
differentiation of polyfunctional compounds [45]. Sites
of protonation as well as collision-energy effects and
an ion—molecule complex exchange mechanism were
investigated. Various effects, including differences in
proton affinities between the reagent gas and the ana-
lyte ions, were noted to influence site-specific H/D
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exchange in these compounds [45]. In the present
structural investigation, H/D exchange reactions using
D,O reagent gas were studied under relatively low
pressures (10~ ° torr) in a Fourier transform mass spec-
trometer in an attempt to determine, and selectively
differentiate, the site of methylation in seven methyl
guanine isomers. In addition, sites of protonation and
an H/D exchange mechanism were also investigated.

Experimental

Experiments were performed with an Extrel FTMS
2000 Fourier transform mass spectrometer (3-T mag-
net) (Millipore Extrel FTMS, Madison, WI) equipped
with a Quanta Ray DCR-11 pulsed Nd:YAG laser [46,
47]. Laser desorption—ionization was accomplished
with 266-nm radiation directed into the vacuum sys-
tem and focused (area of approximately 0.5 mm?) onto
a sample disk at an estimated power density of 10°
W /em?. The laser pulse width was 8 ns, and the pulse
rate was varied between 0.03 and 3.3 Hz, depending
on the jon-molecule reaction time (typical reaction
times were 300 ms—35 s).

The experiments were initiated by firing the laser to
desorb and ionize the sample. Although a matrix was
not necessary to observe the [M + H]" ions of methyl
guanine, a substantial increase in the amount of the
protonated species was observed when the sample was
mixed with a nicotinic acid matrix. The samples were
prepared by mixing approximately 200 pg of methyl
guanine with a 5-pL aliquot of aqueous nicotinic acid
solution (8 X 10~2M). The sample /matrix mixture was
dried on the stainless steel probe tip over an area of
approximately 1.5 cm?, which was then inserted into
the vacuum chamber. Approximately 10 laser shots
could be taken (without probe rotation) before sample
depletion, which corresponds to a sampling of 67 ng
(400 pmol) per laser shot. The amounts of sample used
in this study are by no means indicative of the detec-
tion limits for the laser desorption—ionization FTMS
experiment. Because the laser is focused to approxi-
mately 0.5 mm? and the sample covers a region of 1.5
cm? on the probe, most of the sample in this case is
never exposed to the laser spot. Although a few pico-
moles of sample can be put on the probe and exam-
ined easily by this technique [38], the larger sample
quantities used in this report are for convenience be-
cause the main objective of this study was to exam-
ine H/D exchange reactions for the methyl guanine
isomers.

The resulting laser-desorbed positive ions were
trapped in the source side of the FTMS cell, with
trapping plates continuously maintained at 2.0, 2.5, or
3.0 V. The [M + HI* ions were then isolated by apply-
ing selective radiofrequency pulses to the FTMS cell.
These excitation events result in elimination, by colli-
sion into the FTMS cell plates, of the unwanted ions
without disturbing the ions of interest, in this case
M + H]".
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The [M + H]* ions were then allowed to react with
D,0, at a static pressure of 1.2 X 1078 torr for all
isomers, for reaction times ranging from a few mil-
liseconds up to 35 s. A complete mass spectrum of the
resulting ion—molecule product ions at several reaction
times could be obtained by broad-band excitation
(0-2.66 MHz at 2.5 kHz /us) and detection of the ion
cyclotron signal. Signal averaging of 10-40 laser shots
was performed prior to Fourier transformation to in-
crease signal-to-noise and to obtain better spectra. The
probe was rotated to a new position when sample
depletion occurred. Mass resolutions of 400-1500 (full
width at half-maximum) were obtained at this pres-
sure, and were sufficient to resolve the product ions
formed on reaction of [M + H]* with D,O.

The methylated guanine samples were obtained
from Sigma Chemical Co. (St. Louis, MO) and Chem-
sym Science Laboratory (Lenexa, Kansas) and used
without further purification; nicotinic acid and D,O
(99.9 atom %D) were obtained from Aldrich Chemical
Co. (Milwaukee, WI).

Results and Discussion

Laser desorption—ionization of the isomers of methyl
guanine (Figure 1) generated abundant protonated
molecular ions, [M + H]*, as well as fragment ions,
adduct ions (including sodium and potassium adducts
from surface contaminants), and matrix ions. The addi-
tion of a nicotinic acid matrix enhanced the production
of the [M + H]* ion signal in this study, as has been
noted previously [34, 35, 48]. The data shown in Figure
2 include the mass spectra for the isolation and subse-
quent reaction of the protonated molecular ion of 7-
methyl guanine (m/z 166) with D,O at four specific
reaction times. Contributions to the [M + D]* jon in-
tensity, from 3C of the [M + H]" ion, were minimized
by isolation of a single ion (i.e,, [M + H]™ at m/z 166)
at unit mass resolution (as shown jn the 3-ms reaction
time spectrum in Figure 2). Two H/D exchanges were
observed, for protonated 7-methyl guanine, to give the
[M+ D]" and [M + 2D — H]* ions (m/z 167 and
168).

A graph of the percent relative abundance of each
ion with respect to the H/D exchange reaction time
with D,O for 7-methyl guanine is shown in Figure 3.
This graph is the most representative of the four exper-
iments performed for this isomer, with uncertainties in
the percent relative abundances of +5%. The total
number of H/D exchanges observed could be ob-
tained in less than 10 s reaction time (for all of the
methyl guanine iscmers); however, very long reaction
times (up to 35 s in this case) were monitored to
ensure complete reaction. The percent relative abun-
dances of m/z 166, 167, 168, 169, and 170 at 35 s
reaction time were 15, 45, 39, 0, and 0, respectively,
which illustrates that the percent relative abundance of
each ion changes very little after approximately 10 s
reaction time.
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Figure 1. Molecular structures and numbering system for gua-
nine and the isomers of methyl guanine.

The experimental results for a reaction of the 8-
methyl guanine [M + H]* ion with D,O are shown in
Figure 4. Reaction times of up to 30 s were monitored,
but again no significant changes were observed after
10 s. Note the dissimilarities between the 8-methyl
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Figure 2. Mass spectra for the reaction of the [M + H]* ion of
7-methyl guanine with D,O at varying reaction times.
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Figure 3. Percent relative abundance of the [M + H]* and
[M + nD — (# — DH]" ions formed on reaction of the [M + H]*
ion of 7-methyl guanine with D,O at reaction times up to 10 s.

guanine (see Figure 4) and 7-methyl guanine (see Fig-
ure 3) results. Three H/D exchanges, to give m/z 167,
168, and 169, were predominantly observed for the
reaction of D,O with 8-methyl guanine; a fourth ex-
change (m/z 170} was seen at very low ion intensity.
The first H/D exchange {(m/z 166 — 167) occurred at
a much faster rate for 8-methyl guanine (the ion signal
ratio of [M + H]" to [M + D} was 1:1 at approxi-
mately 400 ms) than for 7-methyl guanine (the ion
signal ratio of [M + H]" to [M + D|]™ was 1:1 at
approximately 5 s). Furthermore, the total number of
H/D exchanges was different in each case (i.e., three
H/D exchanges were observed for 8-methyl guanine,
whereas 7-methyl guanine showed predominantly two
H/D exchanges on reaction with D,Q).

Site of Protonation

The site of protonation for nucleic bases in both solu-
tion and gas phase has been a topic of question for a
number of years [49~54]. Various studies and theoreti-
cal calculations suggest that the 7-position is the most
probable site of protonation on guanine and that the
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Figure 4. Percent relative abundance of the [M + H]* and
[M + nD — (n — 1)H]" ions formed on reaction of the [M + H]*
ion of 8-methyl guanine with D,O at reaction times up to 30 s.
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Of-pasition is the second most probable site (see Fig-
ure 1 for numbering system) [50-54]. Slight changes in
resonarnce structures can dramatically alter the proto-
nation site. For example, UV studies of pterins, which
are quite similar in structure to guanine, indicate that
the 3-position is the most probable protonation site,
with the 7-position being the second most likely site of
protonation for these compounds [55]. The site of pro-
tonation may change for the different methyl guanine
isomers, although no studies have been performed to
date to address this question. For this study, the most
probable site of protonation was assumed to be at
position 7, with positions O° and 3 being the next
most likely sites of protonation. The resonance struc-
tures for the three most probable protonation sites for
guanine are shown in Scheme I. The keto form is the
lowest energy configuration for most a-hydroxy nitro-
gen heterocycles, although there are some exceptions
(see ref 55 and references therein). Both the keto and
enol resonance forms were considered for each isomer
in this study, and we have chosen to illustrate the
schemes and reaction mechanisms using the keto form
throughout this report. Experimental evidence that
supports the existence of the keto form for the methyl
guanine isomers is presented later in Conclusion.

For the reaction of the [M + H]* ion of guanine
with D,O, one could propose initial proton abstraction
from the protonated site (or a hydrogen-substituted
position in resonance with the site of protonation)
followed by transfer of D™ to guanine. The total theo-
retical number of acidic hydrogen atoms that could be
abstracted can vary depending on the site of protona-
tion (based on the possible resonance structures) from
two (Scheme Ia) to five (Scheme Ic) in guanine. The
number of H/D exchanges and the rate of exchange

(a) 7- position promna[ion
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can vary further when different sites are blocked by
methyl attachment (see Figure 1 and Scheme D). Thus,
there are two areas to consider in these experiments:
(1) the basicity of a site(s} (proton affinity), which
determines the initial site of protonation, and (2) the
acidity of a site(s) (after the molecule is protonated),
which influences the number of H /D exchanges possi-
ble and the rate of H/D exchange.

H /D Exchange Mechanism

H /D exchange usually occurs through a loosely bound
complex formed between the analyte ion and a reagent
molecule [45, 56]. To describe the H/D exchange reac-
tions that can occur for the compounds in this study,
consider the potential energy diagram for the reaction
of protonated guanine with D,O, as illustrated in Fig-
ure 5. A potential energy well is created on formation
of an jon—molecule complex between protonated gua-
nine and D,0O (M + H]* ---D,0). In the simplest
case, this complex is a proton-bound dimer of guanine
and D, Q. The depth of this well is not precisely known,
but it can be estimated to be substantially less than the
proton affinity of water (166.5 kcal/mol [57a]). Note
that the structure of this ion—molecule complex may
involve multiple hydrogen bonding between the proto-
nated guanine and D,0O and is discussed later. The
energy acquired on formation of the ion—molecule
complex can be used to initiate reactions such as pro-
ton transfer between the two species. Proton transfer
from guanine to D,0 and dissociation of the ion-
molecule complex (to form M and HD,0") cannot
occur because this would be an endothermic reaction
(the proton affinity of guanine is estimated to be be-
tween 220.6 and 227.4 kcal /mol [57], which is approxi-
mately 60 kcal/mol greater than the proton affinity of
D,0). Experimentally, HD,O" was not observed in
the FT mass spectra. Proton transfer from guanine to
D,O within the ion—molecule complex to form [M -
HD,0™"], although clearly a higher energy transition
state, may be energetically allowable. This complex

M + HDO'
M+ H

(M+H)* + DO ' (M+D)” + HDO

(M+H)*D,0 (M+D)*~HDO

Figure 5. Potential energy diagram representing the ion—mole-
cule reaction dynamics for the reaction of the protonated molecu-
lar ions of guanine with D,0. The activation barriers and po-
tential energy-well depths are estimated; exact values for the
guanine system are not presently available.
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cannot directly dissociate; rather, it may transfer a
deuterium cation back to guanine, instead of a proton,
forming a new complex (M + D]* ---HDO). This
complex can either dissociate into [M + D]* and HDO
or undergo ancther exchange reaction. Note that the
intermediate step, that of proton transfer from guanine
to D,O, may involve any one of several different
protons, all of which have slightly different acidities.
For example, simple abstraction of the initial proton
(from the 7-position) may be the lowest energy pro-
cess; however, abstraction of a proton from the 9-posi-
tion would also alleviate the charge on guanine
(Scheme Ia) and may be only slightly higher in energy.
In fact, examination of possible resonance structures
(Scheme D indicates that the hydrogen atoms at posi-
tions 1, N?, 3, 0% 7, and 9 can all be abstracted,
depending on the site of protonation. Clearly, the en-
ergy available in the ion—molecule complex may pro-
hibit abstraction of certain protons. The possibility of
multiple sites for proton abstraction and H/D ex-
change on guanine indicates that a manifold of transi-
tion energy states are available. This is represented in
the energy diagram (Figure 5) by the different heights
of the activation barriers, although precise values for
the heights of the barriers are not known at the present
time.

A more likely explanation for the transition state of
the H/D exchange process observed in our study may
involve a concerted proton-abstraction/deuterium-
attachment mechanism. Consider protonation on posi-
tion 7 of guanine; the subsequent ion—molecule com-
plex may involve multiple hydrogen bonding between
the protonated guanine and D,0. Because of the unique
structure of guanine, formation of a seven-membered
ring in which there is significant interaction between
the O% and 7-positions [50] of protonated guanine
with D,0 (reaction 1) is quite likely, although other
structures are certainly possible. This complex may
then simultaneously abstract the proton from the 7-
position and donate a deuterium cation (D*) to the

| 0]y

Reaction 1

O®-position of guanine. This would lower the activa-
tion energy needed for the transition step because
complete proton abstraction from guanine would not
be decoupled from reprotonation. In this case, the
charge on the oxygen atom could then be resonantly
distributed, as shown in Scheme Ic for protonated
guanine, and further exchanges could occur.

H /D Exchange Results

The reactions of the protonated methyl guanine iso-
mets with D,O resulted in up to predominantly three
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H/D exchanges. The maximum number and rate of
H/D exchange are influenced by the methyl attach-
ment site and the number of acidic hydrogens that
remain. The results illustrated in Figures 2-4 are rep-
resentative of the experiments performed in this study.
A summary of the H/D exchange results for the reac-
tions of the methyl guanine isomers with D,O is shown
in Table 1. The second column represents the number
of H/D exchanges observed in each case. The third
column shows the reaction time at which the ion signal
ratio of [M + H]* to [M + D]* was 1:1, which can be
qualitatively related to the rate of the first H/D ex-
change process. Also note, as illustrated in Figures 3
and 4, that the decay of the parent ion (M + H]|") in
each case is not a simple exponential. Although a
quantitative investigation of the reaction rates of the
isomers is beyond the scope of this report, this nonex-
ponential decay may be attributed to differences in
rates of H/D exchange for different available sites
within each isomer. Hence, this composite kinetic be-
havior is also a distinguishing feature for each isomer.
In general, when second and third H/D exchanges
occurred, the rates of these exchanges followed the
same trend as seen for the first exchange (i.e., a reac-
tion with a faster first H/D exchange rate also had a
faster second H/D exchange rate).

From the key results summarized in Table 1, a
number of observations were made. With the excep-
tion of 1- and 9-methyl guanine, complete isomer dif-
ferentiation could be made either by comparison of the
number of exchanges observed, the rate of the first
H/D exchange, or a combination of both. For example,
both 1- and 7-methyl guanine showed predominately
two H/D exchanges; however, the rates of exchange
were significantly different (the ion signal ratios of

Table 1. H/D exchange results for the reactions of the
[M + HI* ions of the isomers of methyl guanine with D,O

Reaction time
when [M + H]™:lm + D]*

Experimental
number of

Isormer H /D exchanges® is 1:1 (s)°

Guanine 3 04 +02

1-Methyl- 2 0.3 + 0.1
guanine

NZ-Methyl- 3 0.7 + 0.1
guanine

3-Methyl- 1 25+ 10
guanine

O%-Methyl- 1 60+ 10
guanine

7-Methyi- 2 63+17
guanine

8-Methyl- 3 04 + 01
guanine

9-Methyl- 2 0.2 + 0.1
guanine

“The number of H /D exchanges with a percent relative abun-
dance greater than 10%; four exchanges were observed in each
case (three for 3-methyl guanine) at long reaction times and very
low abundance { < 10% relative abundance}.

® values presented are mean + SD.
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[M + H]* to [M + D]* were 1:1 at 0.3 s and 6.3 s,
respectively); consequently, isomer distinction was
possible.

8-Methyl Guanine

Also noted in Table 1, the number of H/D exchanges
and the rate of exchange for guanine and 8-methyl
guanine were the same. This observation suggests that
a hydrogen atom attached to the carbon atem at posi-
tion 8 in guanine and the other isomers of methyl
guanine (see Figure 1) is not involved in the H/D
exchange processes in our experiments. The hydrogen
atom at the 8-position has previously been reported to
be unavailable for H/D exchange in the gas phase
[40a, 58]; the nonreactive behavior of position 8 toward
H/D exchange is believed to be due to the fact that
this hydrogen atom is much less acidic than the other
possible hydrogen atoms on guanine [40a, 58].

N2-Methyl Guanine

Although complete H/D exchange of the N>-position
hydrogen atoms is possible in solution-phase reactions
[18, 42, 58], our results suggest that these two hydro-
gen atoms (in guanine and in the isomers of methyl
guanine) may not be involved in the gas-phase H/D
exchanges. This should not be too surprising because
significant differences have been observed in the acidi-
ties and basicities of species in the gas phase versus
solution phase, thus indicating that the solvent plays a
significant role in the acid/base properties of com-
pounds [41]. Theoretical calculations suggest that the
N2- and C-8-positions arc much less basic than the
other positions [51]. In addition, comparison of proton
affinities for numerous nitrogen-containing species [41,
57a], for example, aniline (211.5 keal /mol), CH,NH,
(214.1 kcal/mol), pyridine (2204 kcal/mol), and
CH,CH=NC,H, (222.8 kcal/mol), indicates that the
proton affinity of the N” position may be relatively
low; hence, protonation of the NZ-position should not
occur in this case. Furthermore, our experimental cvi-
dence indicates that the N2-position hydrogen atoms
may not be as acidic in the gas phase as other hydro-
gen atoms in this molecule.

Evidence for the lack of H/D exchange of the N2-
hydrogen atoms is the most obvious on comparison of
the results of N*-methyl guanine with guanine (Table
1); three exchanges were observed in both cases.
Because of methyl substitution of one of the N” hy-
drogen atoms, one less H/D exchange than seen for
guanine would be expected to occur for N*methyl
guanine if the NZ-position hydrogen atom was in-
volved in the H/D exchange processes. The rate of the
first H/D exchange was similar to that of guanine,
which is consistent with reaction 1 because the methyl
substitution in NZ-methyl guanine should not inhibit
the concerted H/D exchange process. If the N*-hydro-
gen atom is not involved in the exchange processes, a
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possible total of three H/D exchanges would be ex-
pected, as illustrated for guanine in Scheme Ic.

1- and 9-Methyl Guanine

The results for 1- and 9-methyl guanine reveal that
these two isomers showed one less H/D exchange
than guanine. In each case, a methyl group replaces an
acidic hydrogen atom available for exchange. There-
fore, the number of exchanges is expected to decrease
by one, compared with that of guanine. The rate of the
first H/D exchange for 1- and 9-methyl guanine was
the same as that of guanine, within experimental un-
certainty, which is attributed to the fact that positions
7 and O° are not blocked by a methyl substituent and
are therefore open to H/D exchange, as illustrated in
reaction 1 for guanine. In these two cases, the available
number of H/D exchanges, following the first ex-
change, is then dictated by the resonance structures
shown in Scheme Ic for guanine (with the exception of
methyl-blocked positions 1 and 9, respectively). Tweo
exchanges would be expected to occur in both cases (as
shown in Scheme Ic for guanine), if the NZ2-position
hydrogen atoms are not involved in the H/D exchange
processes.

3-, O and 7-Methyl Guanine

In the cases of 3-, 0%, and 7-methyl guanine, reso-
nance structural differences, compared with the other
methyl guanine isomers (Figure 1), may influence the
proton affinity of the molecules as well as basicities
and acidities of various sites within the molecules.
For 7-methyl guanine, the proposed most probable
site of protonation (7-position) is blocked by a methyl
substituent; however, the next most probable site(s),
the O and 3-positions, are still available. Again, if the
two NZ-position hydrogen atoms were not involved in
the H/D exchange processes, one would expect to
observe two H/D exchanges on protonation of either
positions 3 or O° (Scheme II), and two exchanges were
experimentally observed in each case (Table 1). The
rate of the first H/D exchange is believed to be much
slower because the concerted H/D exchange process,

+0OH

CHy + o g
HN —> HN | H a
N)\\ | " “)\\ 7
Hy H2

S o T

Scheme II
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illustrated in reaction 1, would be severely inhibited
for 7-methyl guanine because the methyl group is
blocking the 7-position. In this particular case both
proton abstraction and deuterium cation attachment
are believed to occur at the site of protonation (or a site
in resonance with the protonated site); resonance forms
are illustrated in Scheme II for O% and 3-position
protonation, respectively. Protonation at position 9
must also be considered because this position is very
similar in structure and reactivity to the 7-position in
guanine (Scheme la); however, on protonation of posi-
tion 9, only one H/D exchange would be expected to
occur, whereas two H /D exchanges were observed for
7-methyl guanine (Table 1).

The 3- and O°®methyl guanine isomers were also
relatively slow to exchange with D,O (Table 1), and
predominantly one H/D exchange was observed for
each isomer. In each case, one likely site of protonation
(3 or 0%} is blocked by methyl substitution; however,
the most probable 7-position site is still available. Once
again, for 3- and O%methyl guanine, if the two N
position hydrogen atoms are not involved in the H/D
exchange processes, two exchanges would be expected
to occur on protonation of either the 7-position (as
shown for guanine in Scheme Ia) or on protonation of
positions O° or 3, respectively (Scheme IID).

For protonated O®-methyl guanine, the rate of the
first H/D exchange is believed to be slow because the
concerted mechanism, illustrated in reaction 1 for gua-
nine, would be substantially inhibited by the steric
effect of the methyl group attached to the O®-position.
If this same concerted mechanism does take place,
only one H/D exchange would be expected to occur
(reaction 2) and at a slower rate, as experimentally
observed (Table 1). In this particular case, the 1-posi-

r:u;o";bh,;o cHybo

. (ﬁ;[}l voo | ({il?.. ~ )3"1'? + oo

Reaction 2

tion does not have a hydrogen atom attached (see
Figure 1); therefore, this position may be an additional
possible site of protonation. Hence, a concerted reac-
tion mechanism in which proton abstraction occurred

+oH

X ATy a

CHy CHy

Pos Hﬁ? anﬁiﬁ?“ b

Scheme I[IT
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at position 1 and deuterium cation attachment oc-
curred at the O®-position (to give the same product ion
as shown in reaction 2) may also be possible and
would also result in only cne overall H/D exchange.
In the case of 3-methyl guanine, predominantly one
H/D exchange was observed at a faster rate than
observed for O% and 7-methyl guanine but at a slower
rate than seen for the other isomers and guanine (Table
1). Both positions 7 and O® are unblocked and avail-
able for protenation and H/D exchange. On protona-
tion of positions 7 or 0%, two H/D exchanges would
be expected [Schemes Ia (shown for guanine) and Illa,
respecﬁvely]; however, structural differences in this
molecule (see Figure 1) may change the most probable
site of protonation. For example, if position 1 were the
most probable site of protonation in this case, one
H/D exchange would be expected to occur (if the
NZ-hydrogen atoms are not involved in the exchange
processes), as illustrated in Scheme IV. The availability
of the nitrogen atom at position 1 (which has no
hydrogen atom substitution) opens up the possibility
for a concerted H/D exchange reaction (reaction 3),
and if this reaction occurs, only one H/D

Ty | Ay

Reaction 3

} -

exchange would be possible. This concerted H/D ex-
change mechanism explains the observation of a faster
rate for the first H/D exchange reaction (compared
with O and 7-methyl guanine H/D exchange). The
reason that the reaction rate is different from that seen
for guanine is attributed to the fact that reactions 1 and
3 are not identical concerted reactions.

Negative Ion H/D Exchange Reactions

On laser desorption—ionization, negative ions are also
formed for the different isomers of methyl guanine. On
reaction of the [M — H]~ ions with D,0, very little or
no H/D exchange was observed. Resonance structures
for an [M — H]™ ion of guanine are represented in
Scheme V. The 9-position in guanine contains a rela-
tively acidic hydrogen atom. On CAD of negative ions
of nucleosides and nucleotides [15, 32a, 40a, 48, 59],
the glycosidic bonds (the sugar group is attached to

Oy

H
CHy
Scheme IV

HpN

METHYL GUANINE ISOMER DISTINCTION BY FTMS 303

B RS s SRy ot

Scheme V

the 9-position in guanine) are often broken, resulting
in the formation of negatively charged nucleic bases as
fragmentation products [15, 32a, 59]. As illustrated in
Scheme V, the negative charge can be extensively
delocalized; hence, one would not expect numerous
H /D exchanges with this very weak base.

Methyl Guanosines

Because laser desorption—ionization of nucleosides and
nuclectides gives abundant nucleic base fragment ions
[48, 59] that can be isolated using the FTMS, this
technique of H/D exchange to distinguish the position
of methylation on guanine can be applied to such
methylated compounds. H/D exchange with D,O was
examined in a preliminary investigation for the proto-
nated nucleic bases formed from laser desorption—
ionization of 1-, N*- and 7-methyl guanosine, that is,
[base — sugar + (2)hydrogen]”, or m/z 166. The num-
ber of H/D exchanges observed for these fragment
ions was the same as observed for the exchange reac-
tion of D,O with the direct laser-desorbed ions of the
methylated bases. The rates of the first H/D exchange
were the same, within experimental uncertainty, for 1-
and 7-methyl guanosine and slightly higher for N2-
methyl guanosine at 1.5 + 0.5 s. Because the structure
of the m /z 166 ion should be the same whether the ion
was formed from methyl guanine or methyl guanosine
[15], one would expect the same number of exchanges
and rate of exchange for ions of m/z 166, as experi-
mentally observed.

Conclusion

H/D exchange with D,0O was used in conjunction
with laser desorption—ionization FTMS to differentiate
the isomers of methyl guanine. Although the [M — H]~
ions showed very little H/D exchange with D,0, by
comparison of the number of exchanges observed
and /or the rate at which the positive ion signal ratio of
[M + H]* to [M + D]* was 1:1, complete isomer dis-
tinction was possible, with the exception of 1- and
9-methyl guanine.

On comparison of the experimental results listed in
Table 1, a number of observations can be summarized.
The results suggest that under the gas-phase experi-
mental conditions used here, (1) the hydrogen atoms at
positions 8 and N? were not involved in H/D ex-
change with D,0; (2) hydrogen atoms at positions 1
and 9 were involved in H/D exchange with D,0; (3) a
concerted H/D exchange reaction mechanism (for the
first H/D exchange) involving positions 7 and O°
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explains the experimental data observed for guanine
and 1-, N?-, 0%, 8- and 9-methyl guanine; (4) a con-
certed H/D exchange reaction mechanism involving
positions 1 and O° can explain the experimental data
for 3- and O®-methyl guanine; (5) both proton abstrac-
tion and deuterium cation attachment at the site of
protonation explain the experimental results for 7-
methyl guanine; and (6) the slower H/D exchange
reaction rates for 3-, O% and 7-methyl guanine can be
attributed to structural differences that change the
possible and probable sites of protonation and, hence,
the mechanisms for exchange.

The mechanisms proposed for the H/D exchange
reactions in this report are shown using the keto form
of guanine. This keto configuration is the lowest en-
ergy form for guanine (it may not necessarily be the
lowest energy form for all of the methyl guanine
isomers) and appears to fit the H/D data better. The
enol form, in which the hydrogen is located on the
Of-position rather than position 1, is only slightly
higher in energy than the keto form; however, this enol
form for guanine would be very similar to the struc-
ture of O%methyl guanine, which is locked into the
enol configuration. Experimentally, the number and
the rate of the H/D exchanges are significantly differ-
ent for O%methyl guanine and guanine, suggesting
that these two compounds may have substantially
different resonance structures. On the basis of the
number and the rate of the H/D exchanges for all of
the methyl guanine isomers, a concerted H/D ex-
change reaction involving the 7- and O®positions of
guanine was proposed. Further evidence supporting
the keto structures comes from examination of the
H /D exchange reactions of 1- and 9-methyl guanine.
The similarities of the H/D exchange reactions for
1-methyl guanine, which must exist as the keto form,
and 9-methyl guanine imply that these isomers have
similar resonance structures. Although the participa-
ticn of the enol forms of the methyl guanine isomers in
the H /D exchange reactions cannot be absolutely ruled
out, the experimental data best support the keto form
for all of the isomers.

Examination of the number and rate of H/D ex-
changes with other deuterium-labeled reagents, in-
cluding CD,Cl, ND; and CH,OD (these include a
range of proton affinities), may answer questions con-
cerning why particular sites on protonated methyl
guanine are prone to exchange and others are not. In
addition, by choosing the appropriate reagent gas, one
may be able to control the number of H,/D exchanges
observed as well as the positions of the exchanges.
H/D exchange of the N?-position hydrogen atoms, for
example, does not occur in the reaction of methyl
guanine with D,0O under the experimental conditions
used in these FIMS experiments; however, another
reagent such as ND; may yield favorable conditions
for exchange. Information such as this may help to
develop a quantitative understanding of the potential
energy-well depths and barrier heights for the methyl

J Am Soc Mass Spectrom 1993, 4, 236-305

guanine systems. Indeed, the efficiency of H/D ex-
change has been noted to decrease as the difference in
proton affinity between the analyte and reagent gas
was increased [45, 60]; this observation should also
apply to the different available sites in a polyfunc-
tional analyte [45].

Ion-molecule reactions, such as the above-reported
H/D exchange reactions using D,0, may be superior
to CAD experiments for structural characterization and
elucidation of larger ionic species. CAD of large ions is
difficult because of the large number of vibrational
modes available to distribute the energy deposited;
therefore, very large energies are required to fragment
these ions. Jon-molecule reactions may be more useful
than CAD as a structural characterization technique
for large ions. Of course the complexity of the resulting
ion—molecule spectrum increases with an increasing
number of sites of reactivity; however, if an appropri-
ate, site-selective reagent is found, interpretation of the
ion—molecule spectra will be less difficult, and the
challenge will be in creating, trapping and detecting
very large ionic species.
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