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The collision-induced dissociation of protonated uracil has been studied by tandem mass
spectrometry using models extensively labeled with stable isotopes, and derivatives of the
kinds found in nucleic acids. Following collisional activation at 30 eV translational energy,
protonated uracil dissociates through two principal pathways which do not occur in electron
ionization mass spectra: (1) elimination of NH3 , almost entirely from N-3, followed by loss of
CO from C-4, 0 4

; (2) loss of H 20, equally from 0 2 and 0 4
• Elimination of HNCO, also the

principal dissociation process from odd-electron molecular ions, proceeds primarily by loss
of N-3, C-2, 0 2, and 10% from N-1, C-2, 0 2. Several secondary dissociation products are
formed with quantitative site specificity of skeletal atoms: C 3HO+ (4-C0, C-5, C-6); H 2CN+
(N-I, C-6); C2NH~ (N-l, C-5, C-6). First-step dissociation reactions are interpreted in terms
of pyrimidine ring opening at likely sites of protonation after collisional activation of MH+.
Collision-induced dissociation mass spectra of uracils with structural themes cornmon to
nucleic acids (methylation, replacement of a by S, C-5 substitution) follow analogous
reaction paths which permit assignment of sites of substitution, and exhibit ion abundance
changes attributed to differences in substituent basicity and electron density. 0 Am Soc Mass
Spectrom 1994, 5, 339-349)

~
e ionic dissociation reactions of heterocyclic

compounds [1] have long been regarded as some
of the most complex processes in mass spectrom

etry. Although not always correct, this view is due in
large part to the difficulty in predicting a priori the
reaction pathways of many heterocycles, coupled with
the practical limitations of introduction of stable iso
topes used to establish assignments, and the complex
ity of mass spectra that often result. As an experimen
tal approach, tandem mass spectrometry [2] with colli
sional activation of the ions of interest is advantageous
for such studies for several reasons: precursor-product
ion relationships are more clearly defined than in the
case of a single-dimension mass spectrum, and the
origins and Significance of low mass-to-charge ratio
fragment ions are subject to much clearer interpreta
tion; collisional activation effectively provides a means
of introducing sufficient internal energy to promote
extensive fragmentation [3] with the possibility that
reaction channels that are absent or minimal in sponta
neous dissociation spectra may be observed; and, when
stable isotopes are employed, the nature of the multi
analyzer experiment [4, 5] in which the isotopic com
positions of precursor ions are well defined permits a
more quantitative assessment of isotopic distribution
in fragment ions.
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The nucleic acid bases constitute an important tar
get for studies of heterocycle dissociation, primarily
because of the significance of structural problems in
biology and chemistry which involve modification of
nucleic acid constituents, and the attendant advan
tages of mass spectrometry (for reviews see [6, 7]). The
diversity of structural themes built around the four
central heterocyclic moieties Curaciljthymine, cytosine,
adenine, guanine) suggests that detailed understand
ing of the principal collision-induced dissociation CCID)
pathways of the four bases will permit extension to
analogous spectra of many substituted pyrimidines
and purines, as was the case with earlier work using
electron ionization [8], as well as to biological studies
in which stable isotopes are employed. Of particular
interest is the observation that CID mass spectra of
protonated adenine [9,10] and guanine [11,12] exhibit
major product ions not observed in the corresponding
electron ionization (El) mass spectra [13, 14]. The dis
sociation reactions of collisionally activated adenine,
using models selectively labeled with 13e, 2H, and
lsN, were found to proceed by four major pathways
[10], three of which are of minor occurrence in the
corresponding EI mass spectrum. There have been a
number of studies of the CID mass spectra of nucleo
sides [7] but they are of less relevance because most of
the collision energy is directed into cleavage of the
glycosidic bond with little dissociation of the base. The
applications of tandem mass spectrometry to xenobiot
ically modified bases and nucleosides has been re
cently reviewed [15].
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The present study was initiated to examine the
dissociation reactions of protonated uracil following
collisional activation, using models selectively labeled
with zH, 13C, 15N, and 180 (see Figure 1), as well as
substituted uracils which emphasize structural fea
tures found in nucleic acids (methylation, thiation, C-5
substitution). The objectives are to establish the extent
to which CID reactions differ from those of odd
electron (M'+) molecular ions from spontaneous disso
ciation of uracil [16] and its derivatives [17], and to
determine the site selectivity of fragmentation reac
tions for comparison with analogous studies on proto
nated adenine [10].

uridine, l4-13 C]Ur acil was obtained from Cambridge
Isotope Labs (Woburn, MA). M. P. Schweizer provided
[4,5- 13C

z]uracil, 2-thiouridine, and 4-thiouracil. C. D.
Poulter provided [3- 15N]uracil, the synthesis of which
was previously reported [I8]. [02_180 IUrid in e and
[5,6- ZH

z]uridine were synthesized in this laboratory
by K. H. Schram in conjunction with earlier work [19,
20]. [04_ 180]Uridine and [4-13C,04. 180]uracil were
prepared from uridine and [4-13 C]uracil, respectively,
following the method of Puzo et al, [21]. Isotopic
purity of all labeled compounds was approximately 99
atom % or greater.

Materials

Experimental

Figure 1. Structures and names of uracil derivatives studied,
represented in each case as the corresponding neutral free base.

Mass Spectrometry

CID mass spectra were acquired using a VG 70-SEQ
instrument, consisting of a double-focusing magnetic
sector mass analyzer (MS-I), rf-only quadrupole gas
collision cell, and a quadrupole mass analyzer (MS·2),
controlled by a VG-ll/250J data system. All samples
were dissolved in glycerol and ionized by fast atom
bombardment (FAB) by Xe, using a saddle-field-type
FAB gun (model FAB lIN, Ion Tech Ltd., Middlesex,
U.K.) operated at 7.2-7.6 kV and 1.1 rnA discharge
current. Precursor ions were mass-selected using MS-l
operated at 1000 resolution. High resolution mass
spectra (R = 5000, MS-l) of uracil, 2-thiouracil, and
4-thiouracil were also obtained to eliminate glycerol
matrix background interference ions. All CID spectra
recorded from MS-2 were acquired at unit mass or
greater resolution, and mass spectra were signal
averaged over five to ten scans.

CID mass spectra were produced using 25 or 30 eV
translational energy (E LAB) of the incident precursor
ion at a collision gas pressure corresponding to trans
mission of approximately 20% of the incident precur
sor beam, resulting in predominantly multicollision
conditions. Krypton was used as the collision gas for
all measurements because model studies of bases and
nucleosides showed greater collision efficiency com
pared with Ar or Xe. Protonated bases were prepared
either by FAB ionization of the free base, or as frag
ment ions of the corresponding protonated nucleoside,
for those cases in which the model compound was
available as the nucleoside (as listed under Materials).
For convenience, structures in Figure 1 and notations
on mass spectra are represented in terms of the base.
The conclusion [7, 10] that the nucleoside-derived frag
ment ion (BHI) is structurally identical to the MH+
ion from the corresponding base was validated by
showing that the CID mass spectra of several model
pairs (e.g., uridine and uracil, 2-thiouridine and 2
thiouracil) were virtually tndisttngutshable (data not
shown). These results are in accord with earlier mea
surements carried out using odd-electron base ions
formed by electron ionization, which showed analo
gous equivalence between base fragments and molecu
lar ions of the free bases [22, 23].
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Isotopic Composition Calculations

Isotopic and dissociation product compositions listed
in Tables 1 and 2 were calculated as percentages of
total ion current for each ion species. Therefore, %
isotope retained = 100 a/(a + b), where a =

abundance of labeled ion and b = abundance of unla
beled ion. The accuracy of percent composition values
listed in the tables depends on relative ion abundances
and signal-to-background ratios, but are generally con
sidered to be within ± 5%. Matrix background scans
were obtained for every coincident precursor ion ana
lyzed, and matrix ions have been assigned in the
figures when possible. In cases where matrix and uracil
product ions occur at the same nominal product-ion
mass, such as m /z 97 from em of m /z 115 (e.g.,
glycerol m rz 115 - H 20 and MH+- of [02_180]uracil
- H 20), contributions from the matrix have been
estimated based on relative abundances of other ma
trix ions in the spectrum as compared with the
matrix-only background scan. This type of background
subtraction was considered to be consistent through
out the analyses of isotopically-labeled uracils; how
ever, relative abundances of matrix background ions
may vary to some extent as a function of matrix effects
and surface phenomena [24]. High resolution (5000 in
MS-l) or use of [C- 2H

s]glycerol matrix were utilized
in some cases to eliminate background interferences.

Results and Discussion

CID Mass Spectrum of Protonated Uracil

The mass spectrum resulting from dissociation follow
ing collisional activation of protonated uracil is shown
in Figure 2. Elemental compositions and structural
origins were assigned to all ions in the spectrum based
on corresponding mass shifts observed for uracil
selectively-labeled with lSC, lsN, and zH (Figure 3),
and on isotopic composition trends discussed below.
Principal dissociation pathways, summarized in

Scheme 1, were determined from collisional activation
of the protonated base (MH+-) and by mass-selection
and activation of the first-step dissociation product
ions (mjz 96,95,70) formed in the ion source of MS-l.
These data show three main dissociation pathways
from protonated uracil: (1) loss of NHs (m/z 96) fol
lowed by elimination of a molecule of CO (m jz 68), (2)
loss of HzO (mjz 95) followed by elimination of CO
(m/z 67) or HNCO (m/z 52), and (3) expulsion of
HNCO (m /z 70) with further losses of neutral
molecules of NHs, CO, HCN, C 2H zO, and CzHNO to
form secondary product ions of mjz 53,42,43,28, and
15, respectively. Formation of Hz NCO+- (mjz 44) (cor
responding to protonated HNCO) is likely to be de
rived directly from MH+ of uracil as a minor dissocia
tion product in which the proton is retained on HNCO.
The reported high energy C1D mass spectrum derived
from protonated uracil negative ion (mjz 111) is much
simpler and distinctly different, consisting of m/z 67
(loss of 44 u) and m/z 42 (NCO-) [11].

By comparison with protonated uracil, the E1 mass
spectrum of uracil [16] shows loss of HNCO as the
only major decomposition process directly derived
from the odd-electron molecular ion. This elimination
primarily involves loss of C-2 and N-3 through a
retro-Diels-Alder mechanism, as established by Rice et
a1. [16], and has also been observed as a major reaction
pathway of substituted uracils and other pyrimidines
{l7]. Although the odd-electron species undergoes rel
atively few further decompositions following loss of
HNCO by spontaneous dissociation, elimination of CO,
HCN, and CzHO closely parallel some pathways iden
tified in the present study following the dissociation
of HNCO from protonated uracil. Principal decompo
sition routes involving loss of NHs and H 20 occur
ring from MH+ of uracil (Scheme 1) probably result
from the availability of an additional hydrogen and
protonation-site directed dissociation mechanisms, dis
cussed further below.

Table 1 lists isotopic-labeling distributions, compo
sitions, and site selectivity of the principal dissociation

Table 1. Principal dissociation products of protonated uracil

Mass-to-Charge
Product Ion Ratio Atornts) Lost %" Figure 3

[MH+- NH 3 1 96 N-l 7
N-3 93

[MH+- H 2O] 95 0 2 50 a. b. e
0 4 50 a.b,e

[MH+- HNCOl 70 N-l, C-2, 0 2 10 a
N-3. C-2, 0 2 87 a. f
N-3, C-4, 0 4 3 e. f

[MH+ - NH 3 - COl 68 N·3, C·4, 0 4 90 b. c, d, e
N-3, C-2, 0 2 10 b, c. d, e

[MH+- H20 - CO] 67 C-2, 0 2 , 0 4 100 a. c, d

8Percent distribution of products for each mass-to-charge ratio value is listed, followjng corrections
for matrix background contributions. For low-intensity product ions, the percentage value listed is
aubject to abOlJt ± 5% error.
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Table 2. Minor dissociation products of protonated uracil

Mass-to-Charge
Product Ion Ratio Atornts) Retained %a Figure 3

[MH+ - HNCO - NH 3 ] 53 CA, 0 4 , C-5, C-G 100 b, c, d, e
[MH+ - H20 - HNCO] 52 N-3, C-4, C-5, C-G 100 c, d. e, f, g
[MH+ - C3H 3NO] 44 N-3, C-2, 0 2 50 e, e, f

N-3, C-4, 0 4 50 a, c, e. f

[MH+ - HNCO - HCNI 43 CA, 0 4 , c-s lOa b. c. d. e

[MH+ - HNCO - col 42 N-l. CoS. C-G lOa d,g

[MH+ - H20 - CO - HCN] 40 N- 1. C-5. C-6 lOa d,g

[MH+- HNCO - C2H 2O] 28 N-l, C-G lOa g

[MH+- HNCO - C2HNOI 15 C-5 55 d,g
C-G 45 d,g

apercent dtstrtbutlon of products for each mass.-to-charpe ratio value is listed, following corrections
for matrix background contributions. For low-intenaitv product ions. the percentage value listed is
subject to about ± 5% error.

I I I I I I I I I

10 20 :30 40 50 60 70 80 90 100 110 120
m./z

Figure 2. eID mass spectrum of protonated uracil.

Site of Protanatian of Uracil

In aqueous solution, the keto form of uracil is the
preferred tautomer, and uracil is predominantly proto
nated at the 0 4 position [25, 261. Molecular orbital
calculations also predict the keto tautomer to be the
preferred neutral form in the gas phase [27, 28) (based
in part on studies with thymine), and for protonation
to occur at either 0 2 or 0 4 , where the 0 4 position is
the most stable site of protonation [281. Significant

reactions and several minor product ions of protonated
uracil, which were determined from the mass spectra
of the isotopically-labeled uracils. Isotopic distribu
tions in the CID mass spectra of all of the labeled
uracils (Figure 3) and CID spectra resulting from colli
sional activation of the primary dissociation products
were instrumental in determining reaction paths to
several low-intensity ions, such as mrz 15 and rn/z 28.
These low mass ions are difficult to distinguish from
background in conventional mass spectra, but can be
unambiguously and reproducibly measured in the tan
dem analyzer experiment.

Protonated uracil eliminates a molecule of ammonia
with a high degree of selectivity from the N-3 position,
as determined from the CID spectrum of [3-15N1uracil

(Figure 3f) and as indicated in Table 1. A second
principal dissociation route originating from MH+ of
uracil involves loss of a molecule of H 20 that occurs
about equally from positions 0 2 and 0 4

, based on the
relative intensities observed for mrz 95 and 97 in the
spectra of lBO-labeled uracils (Figure 3a and b) and
taking into account contributions from matrix back
ground ions. The occurrence of these dissociation path
ways, which are nonexistent in the EI mass spectrum
of uracil [16], are interpreted in terms of initial ring
opening at the N-3 position, as shown by eqs. 1 and 2
in Scheme II. Intermediate structures a or b are formed
depending on whether the initial site of protonation is
at 0 4 or 0 2 , Although opportunities exist for hydrogen
migration and isomerization reactions, Structures a

Loss of NH3 and H20 from Protonated Uracil

geometric and electronic structural changes accom
pany protonation. Following protonation, changes are
found in bond lengths and angles near the protonation
site and extensive charge delocalization of the keto
tautomeric form occurs, resulting in several relatively
stable aromatic tautomeric structures in the gas phase
[27, 28). However, the stability of the resultant proto
nated tautomeric forms of thymine (or uracil) also
indicate that either 0 2 or 0 4 is preferred (approxi
mately equally) for protonation [27]. It is reasonable to
assume, therefore, that different populations of proto
nated uracil (predominantly protonated at 0 2 or 0 4

)

coexist in the gas phase following ionization. Addition
ally, these principal mass-selected species, when sub"
[ected to collisional activation, are likely to undergo
proton affinity changes concomitant with dissociation
and proton or hydrogen migration and isomerization
reactions probably occur as a result of collisional acti
vation [291.
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Figure 3. cm mass spectra of isotopically labeled protonated uracils. (a) [02_1'OlUracil; (b)
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Scheme I. CID pathways of protonated uracil, determined from
isotopic labeling patterns and by mass selection and activation of
fragment ions, m rz 70 and 96.
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Scheme II. Initial reactions of protonated uracil following colli-
sional activation.

and b can be reasonably represented by either of the
tautomeric forms shown in equilibrium in Scheme II.
These structures can be used to visualize further disso
ciation mechanisms for eliminations of NHs and HzO
and subsequent losses of CO, shown in Scheme 1.
Elimination of NH g (m/z 96) from N-3 can readily
occur from either intermediate a or b following hydro
gen migration to the N-3 position. Alternatively, proto
nation at N-l, which is predicted to be a less favorable
site for initial protonation [28], yields intermediate c
with subsequent expulsion of NH g from N-1. Table 1
shows this process to be a minor dissociation pathway.
The elimination of a significant proportion of NH 2 D
(m/z 97), in addition to NH g (m/z 98) from [5,6
2H z]uracil (Figure 3g) demonstrates significant partici
pation of carbon-bound hydrogen in the expulsion.
(See additional comments in the following section
dealing with loss of HNCO.)

Equal loss of HzO from MH+ of uracil from the 0 4

and OZ positions (see Table 1 and Figure 3a and b) is
consistent with initial protonation at both 0 4 and OZ
sites. Subsequent dissociation from intermediates a
and b, in which formation of imide moieties of a (N-3,
C-4, and 0 4 ) and b (N-3, C-2, and 0 2 ) lead to approxi
mately equal participation through similar dissociation
mechanisms for loss of H 20 (m/z 95). The l80-labeled
uracil CID mass spectra also demonstrate that loss of
17 u from MH+ (m/z 96) from uracil cannot be ac
counted for by loss of the OH radical.

Positional selectivity is high for expulsion of a
molecule of CO in both dissociation pathways subse
quent to loss of ammonia or water (Scheme I), In the
NHs pathway, CO is primarily lost from C-4 and 0 4

,

as shown by Figure 3e, to generate m/z 68 (Table 1). By
contrast, the fragment ion at mr: 68 in the EI spec
trum of uracil is comprised of N-1, C-6, C-5, C-4, and
0 4 and further dissociates by loss of a molecule of CO
to form m/z 40 [8, 16]. This pathway is not observed
from collisional activation of protonated uracil (Scheme
I), as demonstrated by direct Clf) of mjz 96 as the
incident ion (data not shown). In the HzO-loss path
way, CO is selectively eliminated from C-2 and 0 2

forming mr: 67 (Table 1), indicating that this decom
position occurs only as a consequence of initial H 20

loss from the 0 4 position and originates only from
intermediate a. This unique dissociation serves to illus
trate the complexity of reaction pathways that exist
even at the first-step dissociation level.

The low-intensity ion at mrz 96 in the cro spec
trum of [5,6- ZH

2)uracil (Figure 3g) shows that a small
percentage of either ND2H or HDO loss occurs from
protonated uracil, indicating that initial elimination of
HzO primarily does not involve H-5 or H-6, and loss
of NH 3 involving both H-5 and H-6 (ND2H) is quite
limited. The small degree of 19 u loss (ND2H or HDO)
indicates that extensive hydrogen randomization in
volving H-5 and H-6 prior to these first-step dissocia
tions reactions does not occur or is relatively insignifi
cant.
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20 40 60 80
m/z

Figure 4. Mass spectrum resulting from em of mjz 70 frag
ment ion formed in the ion source of M5-1 from protonated
uracil. Ions due principally to background are denoted by aster
isks,

ure 3g) corresponds to loss of DNCO from the molecu
lar ion. This elimination requires hydrogen-rearrange
ment processes Involving either 0-5 or 0-6 prior to or
concomitant with elimination of HNCO. Mechanisms
for hydrogen transfer to the 0 4 position, for example,
have been previously proposed in EI spectra of uracil
[16], and H-migrations have been observed under a
variety of experimental conditions in conjunction with
ROA-type reactions [30-34]. The similarity of isotopic
patterns in Figure 3g for m/z 71-72 [MH+- HNCO]
compared with m;Z 97-98 [MH+ - NH31suggests the
possibility of selective hydrogen interchange between
0-5 or D-6, and H-3 or the proton of ionization, in the
molecular ion prior to dissociation. The mechanism of
hydrogen migration in the present case has not been
further pursued, although it is noted that migration of
carbon-bound deuterium in the CIO of protonated
adenine has also been observed [10].

Compositions of Minor Product Ions

The ern mass spectrum of uracil contains several
relatively low-abundance product ions which dissoci
ate with an unexpectedly high level of site specificity,
as summarized in Table 2. These low-mass ions are
derived from the secondary dissociation pathways
shown in Scheme I and were determined by direct
collisional activation of the product ions resulting from
the principal dissociation pathways, m rz. 96 and 70, by
mass selection and activation of each of these ion
species generated in the ion source. The CIO mass
spectrum of m /z 70 ion obtained in this fashion is
shown in Figure 4.

The mass spectrum from m /z 70 reveals pathways
to five different product ions (Scheme I) and demon
strates that dissociation paths leading to certain prod
uct ions (i.e., m /z 52 and 40) are not derived via the
[MH+ - HNCO] (mjz 70) primary pathway. The prod
uct ion at m /z 52 is highly site-specific for the N-3
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Loss ofHNCO

The third major dissociation reaction arising from pro
tonated uracil is loss of a molecule of HNCO, which
affords the most abundant product ion (mjz 70) result
ing from collisional dissociation (Figure 2). In the EI
spectrum, expulsion of HNCO by a retro Diels
Alder (RDA) mechanism is the only major decomposi
tion process occurring directly from the molecular ion,
as determined from metastable ions [16]. This struc
turally characteristic reaction is important for identifi
cation of substitutions occurring at the C-2 and N-3
positions of the pyrimidine structure [17]. In the case
of negative ions, HNCO is expelled from the [M - H]
ion of the corresponding ribonucleoside (uridine) fol
lowing collisional activation [30, 31], but apparently
not from the deprotonated base [11]. (This latter point
is not clear; the text of Ref. [11] states that the pyrimi
dine base [M - H] - ions lose 43 u, but the tabulated
spectrum lists loss of 44 u.) Following low-energy
collisional activation, expulsion of 43 u from m /z 111
is a trace process (P. F. Crain, unpublished experiment).

Isotopic labeling demonstrates that elimination of
HNCO from MH + of uracil occurs through at least
three separate mechanisms, as shown by sites of posi
tional origins of atoms in Table 1. An ROA mechanism
(requiring protonation at 0 4 or N-l), shown by eq. 4 in
Scheme II, can account for the majority of HNCO loss
from the C-2 and N-3 positions, in accordance with
earlier reported mechanisms with EI ionization [16].
Intermediate ions band c in Scheme II may also
readily dissociate by loss of HNCO from the C-2 and
N-3 positions. It is reasonable to assume that a combi
nation of these reaction mechanisms results in posi
tional selectivity for loss of HNCO from C-2 and N-3.
Table 1 also shows that minor reaction paths exist for
site-selective loss of HNCO from N-l, C-2 and N-3,
C-4, both of which occur through decomposition of
intermediate a. Corresponding mass shifts following
collisional activation of all of the selectively-labeled
uracils (Figure 3) support these site-specific elimina
tions. For example, the [3- 15N]uracil spectrum, in Fig
ure 3f shows a 10% loss of HNCO from N-l and C-2
(m/z 71)'and a 90% loss of HNCO involving N-3, C-2,
and C-4 (m/z 70).

Evidence for extensive hydrogen-transfer processes
or rearrangement reactions involved in the principal
dissociation pathway for loss of HNCO are observed
in the cm spectrum of [5,6- ZH

z]uracil (Figure 3g). For
instance, the active hydrogens (principally at N-3) of
uracil are not exclusively lost as part of the HNCO
elimination, as would be predicted from an ROA
mechanism or from simple cleavage of the intermedi
ate structures in Scheme II. It was previously sug
gested by deuterium labeling experiments in the EI
mass spectra of uracil that the active hydrogen at N-3
is lost as part of the RDA reaction [16]. In the case
of collisional activation of protonated uracil, the
relatively-intense peak at m/z 71 ([5,6- ZH

z]uracil, Fig-
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m/s
Figure 5. CID mass spectra of protonated: (a) 2-thiouracil; (b)
4..thiouracil: (c) 2-thio-5-methyluracil.

neutral molecule of CO (or CS) following initial disso
ciations of NH3 and HNCO show substantial increases
with any substitution at the C-5 position, as discussed
below.

For the thio-substituted uracils, changes in the rela
tive abundances of [MH+ - HNCO(S)] and the corre
sponding H 2NCO(S)+ ion, resulting from the RDA
reaction (Scheme II, eq. 4), reflect either greater extent
of protonation at sulfur or increased charge stabiliza
tion associated with the RDA pathway. For instance,
2-thiouracil and 2-thiothymine (Figure Sa and b) show
major increases in the relative intensity of HzNCS+
(mjz 60) compared with H 2NCO+ (m/z 44) of uracil
(Figure 2), and a corresponding decrease in [MH+-
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through C-6 atoms of the pyrimidine ring (Table 2)
and must occur via intermediate a by subsequent
losses of H 20 (specifically from 0 4 ) , then HNCO
(selectively lost from Nvl, C-2, 0 2

) ; loss of water is not
observed from the CID of m /z 70. Intermediate a in
Scheme II also gives rise to m rz 40, which is site
specific at N-l, C-6, and C-5, presumably through
stepwise eliminations of molecules of H 20 , CO, and
then HCN (not shown in Scheme n The ion at mrz 40
is not observed following principal dissociation steps
for loss of NH 3 and HNCO. A neutral loss of ammonia
is observed following collisional activation of m /z 70
and yields a product at m /z 53, which is entirely
site-specific for C-4, 0 4

, C-5, and C-G (Table 2).
The EI mass spectrum of uracil contains two differ

ent fragment ions with the same nominal mass at m/z
41 (CzHO+ [04, C-4, C-5] and C zH 3N+ [N-t C-5,
C-6]) [16, 17], which require high resolution mass spec
trometry to identify. Collisional activation of proto
nated uracil generates product ions that contain the
same specific skeletal atoms as those found by EI, but
are easily distinguishable at m /z 43 and 42 (resulting
from losses of HCN and CO from m/z 70, shown in
Scheme I), due to different hydrogen content.

The interesting low mass ion at mrz 15 (CH;)
originates about equally from C-5 and C-6, as shown in
Table 2, based on relative intensities observed in the
CID spectrum of [4,5- 13C

21uracil. The CH; ion com
prised of C-6 must be a direct dissociation product
from m/z 70, because of compositional constraints on
further dissociations of mrz 53,43, and 42 (Scheme I).
However, CH~ originating from the C-5 position may
be derived from m rz 70, 43, or 42, based on the
site-specific compositions of these ions.

Influence of Substitution in the Pyrimidine Ring

The CID mass spectra of 2-thiouracil, 4-thiouracil, and
2-thiothymine (Figure 5), as well as 3-methyluracil and
a series of C-5-substituted uracil models (Figure 6),
were studied to determine the specific effects these
structural modifications have on the dissociation reac
tions established for protonated uracil described in the
preceding sections. All of the models selected repre
sent common and important forms of natural modifi
cation in RNA [35]. The principal reaction paths gener
ally follow the behavior of uracil, with appropriate
mass shifts observed for substitution. A number of
additional product ions are also observed as a result of
the nature of the substituent which reflect changes in
the site and extent of protonation, as well as sulfur and
alkyl stabilization effects which influence fragmenta
tion in the classic manner [36]. Substitutions involving
thiation and methylation effect increased dissociation
reactions and charge retention at the site of these
substitutions, resulting in significant increases in the
intensity of some minor product ions. In particular,
secondary elimination reactions resulting in loss of a
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no/.
Figure 6. em mass spectra of protonated: (a) 3-methyluracil;
(b) 5~methyluradl;(c) 5-hydroxyuracil; (d) 5-methoxyuracil.
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HNCS] is seen. Similarly, in Figure 5c, increased proto
nation or charge stabilization at 8-4 of 4-thiouracil is
indicated by the relative abundance of the product ion
at mrz 59, which can be interpreted in terms of step
wise eliminations of HNCO from the RDA reaction
followed by loss of a molecule of HCN as described in
Scheme I for uracil. The interpretation that these
changes are a consequence of greater extent of proto
nation at sulfur (versus oxygen in uracil) are sup
ported both by gas-phase proton affinity (PA) data,
and pK. values. 2,4-Dithiouracil is reported to have a
PA of up to 15 kcaljmol greater than that of uracil
[37], reflecting a general basicity trend for replacement
of 0 by 5 [38, 39]. Similarly, increased basicity in
solution is shown by the pKa's of 2-thioruridine, 8.8,
and 4-thiouridine, 8.2, compared with uridine, 9.3 [40].

The characteristic expulsion of HNCO or HNCS
can be utilized to identify the position of thiation in
substituted pyrimidines. Differentiation of 2- and 4
thiouracil based on the RDA elimination reaction has
been previously reported for EI mass spectra [41, 42].
Thio substitution also influences the relative elimina
tion of H 2S versus H 20 from the protonated molecule
(Figure 5a and b). H 2S is preferentially expelled (mjz
95) from both 2- and 4-thiouradl (in comparison with
uracil which loses H 20 equally from 0 2 and 0 4

, Table
1), which, in part, may be attributed to the influence of
site-of-protonation in generating different reaction
channels.

Secondary dissociation reactions of thiouracils
closely parallel those of uracil (shown in Scheme I) but
minor product ions involving the site of substitution
typically are much more abundant. 4-Thiouracil, for
example, loses a molecule of CS after elimination of
ammonia (producing mjz 68); 2-thiouracil loses CO
primarily from C-4 following loss of NH3, analogous
to uracil (Table 1). The minor product ion at m /Z 42 of
uracil (Figure 2, Scheme I) shifts to m /z 56 in the CID
spectrum of 2-thiothymine (Figure 4b) as a result of
the additional methyl at C-5. The Significant increase
in this reaction path probably occurs as a result of
greater charge stabilization at C-5 from the methyl
substituent at C-5, following expulsion of CO from
mjz 84.

Substitution at N-3 of pyrimidines is readily identi
fied by two of the three principal dissociations analo
gous to uracil which involve loss of N-3 ([MH+
NH3 ], [MH+ - HNCOJ) and their complementary pro
tonated species. Collisional activation of 3-methyl
uracil (Figure 6a), for instance, generates product ions
at mr: 96, 70, 58, and 32, corresponding to [Mlr
NH2CH3L [MH+- CH3NCOj, [CH3HNCOj+, and
[CH3NH3 J+ , respectively. The appearance of the rela
tively intense peak at mrz 58 (shifted in mass from the
minor m /z 44 ion of uracil; see Table 2) occurs from
the RDA reaction and is interpreted in terms of in
creased charge retention at the site of substitution as a
result of changes in the site of protonation or increased
stabilization from the methyl substituent.
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Substitution by methylation, hydroxylation, or
methoxylation at C-5 of uracil results in several no
table differences in dissociation channels compared
with uracil. These differences include the following: (1)
the RDA reaction is a major pathway for 5-methyl
uracil, but is greatly diminished for 5-hydroxyuracil
and 5-methoxyuraci1; (2) elimination of NH 3 is still a
major dissociation pathway from MH+, but subse
quent successive losses of CO dramatically increase
(Figure 6b, c, d); (3) hydroxylation or methoxylation
results in decreased pathways for loss of H 20 from
MH+ (Figure 6c, d); and (4) hydroxylation or methox
ylation also inhibits secondary dissociation paths lead
ing to formation of minor product ions corresponding
to m /z 52 and 43 of uracil. Some of the ions selectively
derived from the 0 4

, C-4, CoS, and C-6 portion of the
pyrimidine ring are not observed. The above changes
are unlikely to be due to protonation of the 0 5 sub
stituent, but reflect changes in electron density in the
pyrimidine ring resulting from oxygen substitution.

Ions generated by 1055 of CO following the RDA
elimination from S-methyluracil (m/z 56, Figure 5b)
and 5-hydroxyuracil (m/z 58, Figure Sc) and consecu
tive losses of two molecules of CO Cm /z 54, Figure Sh,
and mjz 56, Figure Sc) following elimination of NH 3
from MH+, are particularly increased in relative inten
sity compared with uracil (analogous pathways for
m /z 42 and 40). An aziridine ring structure was previ
ously proposed for the m /z 54 ion based on EI studies
of 5-methyluracil [16]. Methyl substitution at C-S may
generate increased decarbonylation through a vinyl
carbonium ion intermediate similar to mechanisms
proposed by Rice et al. [16] in which CO is expelled
from C-4, 0 4

, in agreement with earlier discussion for
loss of CO from uracil (Table 1). By comparison with
EI spectra of uracil and 5-methyluracil, such dramatic
site-directed effects are not observed upon methyl sub
stitution.

Conclusions

Natural and synthetic modifications of the major nu
cleic acid bases uracil and S-methyluracil (thymine)
are of broad interest in chemistry and biology [43-45].
The role of mass spectrometry in structural studies of
these and other nucleic acid constituents at the mono
mer level has been significant [46, 47], and should
continue to expand with the advent of new methods
that are particularly applicable in nucleic acid chem
istry [48-50]. The present study demonstrates that
collision-induced reactions of protonated uracil build
on existing knowledge of the dissociation chemistry of
corresponding odd-electron ions [17], and offers a po
tentially effective means fat structural characterization
using tandem mass spectrometry. Taken together with
earlier studies of adenine [10] it is evident that CID of
the protonated nucleic acid bases follows better de
fined and interpretable reaction paths than were pre
dicted a priori from much of the earlier literature [1].
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