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The loss of water from protonated peptides was studied using [1110)_labeling of the C-tenni
nal carboxyl group. The structures (including the location of the isotopic label} of first-gen
eration product ions were examined by sequential product ion scanning (MS 3 and MS 4

)

using a hybrid sector/quadrupole mass spectrometer. Water loss may involve carboxylic
acid groups, side-chain hydroxyls, or peptide backbone oxygens. Although one of these three
pathways often predominates, more than one dehydration route can be operative for a single
peptide structure. When peptide backbone oxygen is lost, the dehydration can occur at one
or two primary sites along the backbone, with the location of the sitets) varying among
peptides. When water loss involves the C-terminal carboxyl group, the resulting ion may
undergo extensive intraionic oxygen isotope exchange. This evidence for complex intraionic
interactions further emphasizes the significance of gas-phase conformation in determining
the fragmentations of peptide ions. (] Am Soc Mass Spectrom 1993, 4,477-481)

A frequen tly observed fragmentation of peptide
[M + H) + ions during tandem mass spectro
metric analyses involves the loss of water. Con

ventional product ion spectra often exhibit the loss of
18 u from the [M + H)+ precursor species and may
show the loss of 18 u from various product ions as
well. There are three possible sources for the oxygen
lost during the dehydration of peptides. The first and
perhaps most obvious of these is the carboxylic acid
group, including the C-terminus itself and any acidic
side chains present in the peptide. A second likely
source is the hydroxyl group present in peptides con
taining the alcoholic residues serine and threonine and,
possibly (but less likely), the phenolic tyrosine. The
third possible source is the peptide backbone itself,
which is essentially a polyamide structure. Given all of
these possibilities, the observation of an [M + H ~

18]+ fragment ion in the product ion spectrum of a
peptide is not particularly informative from the point
of view of a detailed structural analysis. A considera
tion of this easily ignored reaction may, however, be
informative with regard to the fundamental behavior
of peptide [M + H] + ions in the gas phase.

Carboxylic acid groups can be readily labeled with
two 1110 atoms through acid-catalyzed 160 exchange
and oilier procedures [1). When the C-terminus of a
peptide is [160

2]-labeled, C-terminal fragment ions in
the conventional product ion spectrum can be identi
fied by comparison with the corresponding spectrum
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of the unlabeled peptide [2). C-terminally (180 2)

labeled peptides were used in this laboratory during
studies of complex rearrangement and intraionic iso
tope exchange processes involving the C-terminal ox
ygens [3-6]. An incidental finding (and not further
explored) during those previous studies [3-6] was
considerable variability among peptides in the dehy
dration reaction. Some [180

2J-labeled peptides exhib
ited almost exclusively the loss of H 2

180, whereas
others showed primarily the loss of H 2

160. Still others
exhibited the loss of both labeled and unlabeled water
with nearly equal facility.

Several recent studies have indicated the impor
tance of the conformations adopted by peptides and
other ions in the gas phase [4-10]. Other studies have
emphasized the importance of the site or sites of charge
localization in influencing the fragmentation pathways
of cationized species [10-16]. Either or both of these
factors could be involved in determining the differ
ences among peptides in the nature of the dehydration
reaction. In light of these considerations, the present
studies were undertaken to investigate further the de
hydration of peptide [M + H]+ ions, using the tech
niques of tandem mass spectrometry (MS2

) and se
quential mass spectrometry (MS3 and MS4

) .

Experimental

Materials

The peptides bradykinin (1-5) (RPPGF), antikentsin
(TRKR), leucine-enkephalin (YGGFL), and delta-sleep-
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Figure 1. An expanded portion of the conventional product ion
spect~m of the [M + HI+ ion of [180

2]antikentsin (TRKR),
showing the region corresponding to the loss of water from the
precursor ion.

Water Loss Involving Side-Chain Hydroxyls

A very different situation exists with the tris-methyl
ester derivative of delta-sleep-inducing peptide (WAG
GDASGE). Figure 2 presents the conventional product
ion spectrum of this compound, which exhibits a strong
water loss despite its lack of free carboxylic acid
groups. Severa] of the C-terminal (V; type, according
to the Roepstorff and Fohlman [191 nomenclature for
peptide fragmentations) and N-terminal fragment ions
(B. type) present in this spectrum also exhibit the loss
of water, but it is not clear from this spectrum whether

energy CAD conditions were used in q, as described
above.

Results and Discussion

Water Loss Involving Carboxylic Acid Groups

The conventional first-generation product ion spec
trum of the [M + H]+ ion of a C-terminally [180 2 1
labeled peptide can reveal whether or not the C-termi
nal carboxylic acid group is involved in the dehydra
tion reaction for that particular peptide. An example of
this is shown in Figure 1, which depicts an expanded
portion of the conventional product ion spectrum of
[

180 2 ]an tikents in (TRKR). (The symbols used here in
Figures 1-9 for designating the type of mass spectro
metric experiment are those recommended by Cooks
and co-workers [17, 18].) In this spectrum, the major
signal representing dehydration corresponds to the loss
of H 2

180, indicating that the C-terminal carboxylic
acid group contributes the oxygen for the primary
route of dehydration in this peptide. The minor signal
corresponding to the loss of H/60 indicates that either
the threonine hydroxyl or the peptide backbone con
tributes to a minor secondary dehydration pathway.

Mass Spectrometry

The various tandem mass spectrometry experiments
were performed with a VG ZAB-SEQ (VG Analytical
Ltd., Manchester, UK) hybrid instrument of BEqQ con
figuration (where B is the magnetic sector, E the elec
tric sector, q the radio frequency-only quadrupole, and
Q the quadrupole mass filter). Ionization was by fast
atom bombardment using 8-keV xenon for the primary
atom beam. The liquid matrix was a 1:1 mixture of
thioglycerol and 2,2'-dithiodiethanol, saturated with
oxalic acid. Scan data were acquired using the multi
c~annelanalyzer mode of the VG 11/250J data system,
WIth 8~15 scans typically accumulated. It should be
noted that the apparent resolution of full-scan plots
of multichannel analyzer data may appear artifactually
degraded owing to compression algorithms incorpo
rated in the plotting routines of the data system.

Conventional first-generation product ion spectra
were obtained by manual selection of the precursor ion
with the double-focusing portion of the instrument
(resolution 1200-1500, 10% valley), with subsequent
scanning of Q (1-1.5 mass-to-charge ratio resolution)
to detect the first-generation product ions formed in q.
Collisionally activated decomposition (CAD) condi
tions were used for these experiments, with argon
used as the collision gas at an estimated pressure in
the collision re!?ion of 1.8 X 10-4 mbar (approximately
50-60% reduction of the main beam) and with a colli
sion energy of 8-30 eV.

For second-generation product ion spectra (MS 3 ),

appropriate settings of Band E were manually estab
lished to select first-generation product ions (effective
mass-to-charge ratio resolution 800) formed in the first
field-free region (FFRl) of the mass spectrometer (in
the a~senc~ of added collision gas) using a previously
described Instrument modification that permits inde
pendent control of the accelerating and electric sector
voltages [3]. First-generation product ions so selected
were subjected to low-energy CAD in q as described
above, with subsequent mass-to-charge ratio analysis
of the second-generation product ions with Q. Simi
larly, for third-generation product ion spectra (MS 4

), B
was set to transmit first-generation product ions formed
in FFRl, and E was set to transmit second-generation
product ions formed in the second field-free region
(FFRZ). Third generation products formed in q were
analyzed by scanning Q. For these analyses no colli
sion gas was added to either FFRI or FFR2, and low-

inducing peptide (WAGGDASGE) were purchased
from Bachem (Torrance, CA) and were used as re
ceived. Some peptides were labeled at their C-termini
with 180 by acid-catalyzed isotopic exchange, as previ
ously described [41. The dimethylpyrimidylomithyl
(DMPO) derivatives of arginyl peptides. methyl esters,
and trifluoroacetyl derivatives were generated as pre
viously described [4]. An aliquot corresponding to
5-10 lAg of each peptide or peptide derivative was
used for tandem mass spectrometry analysis.
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Figure 2. Conventional product ion spectrum of the [M + H]+
ion of the tris-methyl ester derivative of delta-sleep-inducing
peptide (WAGGDASGE).
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Figure 4. Conventional product ion spectrum of the [M + H)+
ion of the tris-methylated, bis-trifluoroacetylated derivative of
delta-sleep-inducing peptide (WAGGDASGE).

the dehydration occurs at a single site or at multiple
sites. Figure 3, which shows the second-generation
product ion spectrum depicting the [M + H]+ ~ [M +
H - H 20]+ --> products reaction sequence for this pep
tide, is more informative in this regard. The Y::-series
ions from Y;-Y; are present only as the dehydrated
species, but Y; is not dehydrated (Y!{ is not observed).
The N-terminal ions B2 , B5 , and B6 are not dehydrated,
but B7 and B8 have lost water. These data strongly
suggest that the serine residue is the site of dehydra
tion, but the spectrum in Figure 3 does not permit
distinguishing between the involvement of the serine
side-chain hydroxyl and that of the carbonyl con
tributed to the peptide backbone by the serine residue.
Figure 4, which presents the conventional product ion
spectrum of the same peptide as the tris-methylated,
bis-trifluoroacetylated derivative, facilitates this dis
tinction. Protecting the serine hydroxyl group dramati
cally reduces the propensity to water loss (compared
with other fragmentation pathways; compare Figure 2)

and abolishes the loss of water from the Band Y" ions.
Collectively, the data are consistent with the involve
ment of the serine hydroxyl in the dehydration of the
tris-methyl ester derivative of delta-sleep-inducing
peptide.

Water Loss Involving Peptide Backbone Oxygen

Conventional product ion spectra of [180
2]bradykinin

(1-5) (RPPGF) [5] indicated that this pentaReptide
dehydrates primarily through the loss of Hz 60 de
spite the presence of a free carboxy terminus. This
indicated the involvement of one or more of the oxy
gens of the peptide backbone in the dehydration of this
peptide, which has no side-chain hydroxyls.

Figure 5 presents the second-generation product ion
spectrum representing the [M + H]+ --> [M + H 
H 2

160]+
--> products sequence for this peptide. The

oxygen at either of the four peptide bonds could be

".

''0,
411

1(11..'+ 11.08)-"1:160]

''0,
410

v,"

..
mlz

Figure 5. Second-generation product ion spectrum (MS') repre
senting the [M + H]+ --> 1M + H - H 2

1'Oj+
--> products reaction

sequence for [ I80
2)bradykinin(1-5) (RPPGF).
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Figure 3. Second-generation product ion spectrum (MS 3
) de

picting the [M + H)+ --> [M + H - H 20j+ --> products reaction
sequence for the tris-rnethyl ester derivative of delta-sleep-induc
ing peptide (WAGGDASGE).
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involved in this reaction. In the sequential product ion
spectrum shown in Figure 5, all of the observed N
terminal ions (A and B series and related ions) are
present as the dehydrated species. The intact C-termi
nal V; and V:; ions are (reproducibly) observed, with
no corresponding dehydrated species detected. The
relative abundance of the V:; ion in Figure 5 is dramat
ically reduced compared with that in the conventional
product ion spectrum [5]. The fragmentation pattern in
Figure 5 strongly suggests that the primary site of
water loss involves the carbonyl oxygen of the peptide
bond nearest the amino terminus. Similar spectra for
the unlabeled peptide from both the BEqQ hybrid and
a four-sector instrument have been published previ
ously and exhibited similar fragmentation patterns [20],
as did spectra from the hybrid (not shown) for the
methyl ester, DMPO, and DMpo-methyl ester deriva
tives of this peptide.

An ion of particular note in Figure 5 is that detected
at mjz 410, corresponding to the dehydrated rear
rangement ion [(B~ + 180H) - H 2160]. This ion is
nominally equivalent to the mono-[lBOl-labeled form
of the [M + H]+ ion of the tetrapeptide RPPG, which
has undergone dehydration through the loss of H 2

160.

Figure 6 presents a mass spectrum of this ion as the
third-generation product ion spectrum (MS 4

) repre
senting the [M + H]+ ---> [M + H - H 2

160l+ ---> [(B'
+180H) - H 2

160] ---> products reaction sequence for
[lBO

z]bradykinin (1-5). This spectrum reinforces the
finding that the oxygen of the peptide bond nearest the
N-terminus is the primary site of dehydration. The
internal cleavage ions [(B4V3)'~ +180H] and particu
larly [(B4V4 )'3+180H] are intact; in contrast, the A z
ion, which includes only the carbonyl of the first pep
tide bond, is present as the [A 2 - H}60] species. It
should be noted that several of the ions observed in
Figure 6 were not detected in either the second-genera
tion product ion spectrum (Figure 5) or the first-

I (D,.+1iOH)_H111lQ1
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generation spectrum [5]. This is an example where the
higher order [18] mass spectrometric experiment (MS 4

)

reveals fragmentation pathways that were not evident
in the lower order experiments (MS 3 and MS 2

) .

More Than One Pathway in the Same Peptide

Although the peptides discussed above each dehy
drate primarily at a single site, it is certainly possible
for peptides to dehydrate at more than one location.
This situation is exemplified by leucine-enkephalin
(VGGFL). An expanded portion of the conventional
product ion spectrum of [180

2]Ieucine-enkephalin is
shown in Figure 7. This peptide exhibits the loss of
both H Z

l 60 and H/80, indicating that this peptide can
dehydrate through at least two major routes; one in
volves the C-terminus, and the other involves either
peptide backbone oxygen or the tyrosine hydroxyl
(although the latter possibility is unlikely owing to the
aromaticity of the phenolic tyrosine). The structure of
each of these dehydrated ions can again be examined
through sequential mass spectrometry. Figure 8 pre
sents the second-generation product ion spectrum rep
resenting the [M + H]+ ---> [M + H - H z

I60J+--->

products sequence for this peptide. Both the intact and
the dehydrated forms of the V;; ion are present; the V;
ion loses ammonia but not water, and the B2 , B3, B4,
and Vf ions are present only in dehydrated form.
These data suggest that the backbone oxygen con
tributed by either the first or the second glycine residue
is involved in the loss of H 2160 (both reactions occur).

Figure 9 shows the corresponding second-genera
tion product ion spectrum representing the [M + H]+
---> [M + H - H 2

1BO]+~ products sequence (i.e., the
loss of C-terminal oxygen) for [180

2]leucine-enkepha
lin. The fragmentation pattern in this spectrum is very
different from that in Figure 8, further confirming that
the two dehydrated species are structurally distinct.
Also in contrast to Figure 8, many of the product ions
present in Figure 9 show evidence for the occurrence
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Figure 6. Third-generation product ion spectrum (MS') of
[ ' 8 0 2 jb radykinin(1- S) (RPPGF), representing the [M + Hj+->
[M + H - H 2

160j+ -> [(B'4 + 180H) - H 2"Oj -> products reac
bon sequence,

..
mJz

Figure 7. An expanded portion of the conventional product ion
spectrum of the [M + Hj+ ion of [l B0

2]Ieudne-enkephalin
(YGGFL), showing the r"gion corresponding to the loss of water
from the preruTSor ion.
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Figure 8. Second-generation product ion spectrum (Ms3) repre
senting the [M + Hj+ -> [M + H - H,'60j+ -> products reaction
sequence for [ ' 80,)leucine-enkephalin (YGGFL).

the loss of carboxylic acid oxygen, side-chain hydroxyl
oxygen, or peptide backbone oxygen. With some ex
amples, only one of these pathways predominated,
although more than one of these routes can be active
for a single peptide. For the examples where peptide
backbone oxygen was lost, the dehydration occurred at
one or two primary sites along the backbone, with the
location of the site (or sites) varying among the pep
tides. When C-terminal 1BO was lost from an [180

2 ] _

labeled peptide, the resulting product ion was strongly
predisposed to undergo intra ionic isotope exchange. It
is dear that complex intraionic interactions occur dur
ing the dehydration of peptide 1M + H]+ ions. It is
likely that the observed differences among the model
peptides in the routes of dehydration reflect the partic
ular three-dimensional conformations adopted by each
peptide [M + H]+ ion in the gas phase.
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Conclusions

The dehydration of peptide [M + H]+ ions varied con
siderably among the peptides studied, involving either
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Figure 9. Second-generation product ion spectrum (MS') repre
senting the 1M + Hj+ ..... 1M + H - H,18 0)+ -> products reaction
sequence for 1'80,lleucine-enkephalin (YGGFL).

of intraionic isotope exchange [5]. Extreme examples of
this are the loss of the [1801-1abel from approximately
one-fourth of the dehydrated Y; ions and retention of
an [l80]-label in roughly one-half of the (B4Y4)3 inter
nal cleavage ions. Signals corresponding to the loss of
both labeled and unlabeled carbon monoxide are pres
ent. It is clear that the intraionic interactions leading to
this isotope exchange are very complex and must nec
essarily involve the three-dimensional interaction of
the C-terminal portion with the rest of the ion. It is not
evident from the data, however, whether the different
conformations were adopted before or after the dehy
dration occurred. It is also not dear whether the dif
ferent conformations involve or are influenced by al
ternative sites of protonation.


