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ABSTRACT Picomole samples of the linear peptide
gramicidin D and cyclic peptide gramicidin S are shown to be
impure by the laser-desorption formation of multiple groups of
molecular adduct peaks by using Fourier-transform mass
spectrometry. Selective excitation of the molecular peaks of the
major sample component followed by collisionally activated
dissociation provides complete sequence information for the
cyclic decapeptide and for 12 of the 15 amino acids of the linear
peptide. This instrumentation shows striking advantages in
sensitivity, resolution, and mass accuracy in comparison to
tandem mass spectrometers used previously.

Mass spectrometry (MS) provides information complemen-
tary to conventional techniques for the molecular character-
ization of peptides and other important macromolecules
(1-3). For oligopeptides, MS can utilize picomole samples,
determine exact molecular weights, identify unusual amino
acids or terminal groups (1-4), and detect frameshift errors in
Maxam-Gilbert sequencing of the gene encoding an enzyme
(5). MS characterization of larger peptides is now possible by
using powerful methods for the ionization of nonvolatile
molecules, such as fast atom bombardment (FAB) (2, 6-10),
laser desorption (LD) (11-14), and particle-induced desorp-
tion (15, 16). The latter has recently been used to measure
molecular ions of 23,406 ± 140 daltons from porcine trypsin
(16). However, sequence information for larger peptides is
often limited by the small degree of fragmentation observed
(6-8, 11-13, 15, 16) and by misleading fragments arising from
impurities; sample purity is also a critical limitation in
conventional methods of peptide sequencing. Tandem mass
spectrometry (MS/MS) offers a possible solution to both
problems (17, 25, 26, 30). In MS/MS the molecular ion
species of a mixture component can be separated by MS-I,
fragmented by collisionally activated dissociation (CAD) (17)
or laser photodissociation (18, 19) to produce fragments
measured in MS-II indicating the peptide sequence (7, 8,
17-21, 25, 26, 30).
However, the few examples in which MS/MS has been

applied to larger peptides (ionized by FAB) gave only limited
sequence information of poor resolution (peak widths, >3
daltons), sensitivity (nmol samples), and mass accuracy (7, 8,
17, 25, 26). This arises because primary ion dissociations are
accompanied by translational energy release, causing both
broadening and shifting of peaks in magnetic sector instru-
ments (17). Fourier-transform mass spectrometry (FTMS)
(22-24) offers a promising alternative for such studies. The
measured cyclotron frequency only depends on the magnetic
field and ion's mass, not on its translational energy. Further,
the masses of nearly all (e.g., m/z 100-16,000, broad-band
recording) ions can be measured simultaneously, so that
pulsed ionization is feasible; scanning instruments require

continuous ionization, at any instant wasting all ions formed
except those of the exact mass measured. For modem FTMS
instrumentation we have recently demonstrated high
(>16,000) mass range and unusually high (150,000 at m/z
1180, narrow-band recording) resolution. Further, the ion
measurement cell can be reused to effect MS/MS; after
forming a mixture of molecular ions, those desired can be
selectively excited for CAD (or others ejected) by using the
appropriate cyclotron frequencies (23, 27, 28). We report
here on the sequence information derivable from the major
components of the linear and cyclic peptides gramicidins D
and S by the use of FTMS/MS.

EXPERIMENTAL

The Nicolet FTMS-1000 instrument employed a 3-tesla
magnet and a Tachisto model 215G pulsed infrared laser for
desorption ionization of the sample (mixed with an excess of
KBr) placed at an entrance to the single ion cell; further
details are given elsewhere (14, 24). Although no attempt was
made to determine the minimum sample requirements, the
hole left from the laser shot corresponds to a few picomoles
of sample desorbed. The 106-107 ions trapped in the cell from
a single laser pulse are used to measure the primary ion
spectrum. Alternatively, specific primary ions can be selec-
tively (resolution, -1000) accelerated to a maximum orbit by
using their cyclotron resonance frequency and dissociated
(CAD) by admitting argon through a pulsed valve. The
gramicidin D and S samples were used as obtained from
Sigma.

RESULTS AND DISCUSSION
Linear Peptides. LD of the antibiotic gramicidin D, con-

suming a few picomoles of sample, gave the mass spectrum
of Fig. 1. Alkali ion attachment produces the [M + K]+
molecular ions offour mixture components as the major ions.
Each gives a cluster of isotopic peaks; the major component
has the composition C99H140N20ol7K, so that the 1.1%
relative abundance of 13C causes m/z 1921 to be of higher
abundance than m/z 1920. This "soft" ionization has caused
little molecular ion fragmentation; m/z 1902-1905 is probably
due to water loss from m/z 1920-1923, and peaks of lower
masses are <5% relative abundance. From the known com-
position (29) of this naturally occurring mixture the m/z 1920
cluster can be assigned the composition Val-1 gramicidin A
(1920.034), m/z 1934 as its Ile-1 isomer, and m/z 1881 and
1897 as its Phe-11 and Tyr-11 (replacing Trp) isomers.

Selective CAD of [M + K]+ ions of the major component,
mainly m/z 1920 and 1921, produces the MS/MS spectrum of

Abbreviations: MS/MS, tandem mass spectrometry; FTMS,
Fourier-transform mass spectrometry; FAB, fast atom bombard-
ment; CAD, collisionally activated dissociation; LD, laser desorp-
tion.
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FIG. 1. FT mass spectrum from LD ionization of gramicidin D mixed with KBr, indicating four mixture components.

Fig. 2. Thus, most high-mass fragment peaks are isoto,Pic
doublets with the computer-assigned mass referring to the
peak of higher abundance. The mass differences between
most of these peaks can then be assigned to masses of the
common amino acid units. Thus, the masses 1737, 1666,
1552-1553, 1481-1482, 1381-1382 (one dalton low),

,w2

1283-1284, 1184-1185, 998-999, 884-885, 698, 585, 399
correspond to losses of Ala (71), Leu (or Ile, 113), Ala, Val
(99), Val, Val, Trp (186), Leu, Trp, Leu, Trp, providing the
sequence of 11 of the 15 amino acids. This series corresponds
to cleavages from the N-terminus with rearrangement of a
hydrogen (the exact masses 997.507 and 884.423 account for
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FIG. 2. FT mass spectrum resulting from the selective CAD of the m/z 1920-1921 ions of Fig. 1 representing the major mixture component.
o and v, the sequence peaks containing the C- and N-termini, respectively.
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FIG. 3. FT mass spectrum resulting from the selective CAD of the m/z 1180-1182 ions from the LD ionization of gramicidin S. Formation
of four of the five possible sets of sequence peaks is shown in the structure and explained in the text.

the leucine mass difference of 113). Cleavages from the
C-terminus after loss of the N-terminal HCO give confirma-
tory sequence evidence and indicate a 12th residue, as shown
in Fig. 2. These two sequences account for most of the major
peaks except at low masses; when the dual-cell modification
is available (24) these remaining peaks can be investigated
further by using exact mass data to provide their elemental
compositions.

Cyclic Peptides. LD ionization of the antibiotic gramicidin
S gave mainly the [M + K]+ peak m/z 1180 and its isotopic
peaks (with the dual cell we have measured these recently
with 150,000 resolution). Minor peaks include 10% [M +
Na]+ and 10% m/z 1152/1153 and 5% 1194/1195, which could
be impurities in which alanine and leucine, respectively,
replace valine. Peaks of lower mass are <5% abundance.
CAD of m/z 1180-1182 produces the MS/MS spectrum of
Fig. 3. Sequencing of cyclic peptides is complicated by the
fact that a multiplicity of initial ring cleavages is possible,
each of which can produce a series of sequence peaks. The
first major fragment peak at m/z 1067 involves the loss of 113
daltons, indicative that this ring cleavage produces an N-
terminal leucine. The major m/z 920 peak represents the
subsequent loss of Phe (mass 147), followed by the loss of Pro
(97) to give the significant m/z 822 peak (actually, 919.517 ->

822.464). Similarly, the peaks at 723, 609, 496, 349, and 252
(not shown) correspond to the losses of Val (99), Orn (114),
Leu (or Ile), Phe, and Pro. In the initial Orn-Leu cleavage,
stabilization of the positive charge on the ornithine appar-

ently is favored by the presence of its amino group, but ring
cleavage at other amide bonds apparently is followed by CO
loss. Thus, the significant m/z 1038 peak appears to arise
from Val-Orn cleavage with CO loss from the valine to
stabilize the positive charge on its amide nitrogen (an "a-
cleavage"); the m/z 1180, 1038, 924.5, 777, 680, 581, 467, 354
peaks are indicative of the sequence Orn-Leu-Phe-Pro-Val-
Orn-Leu. Two other such initial ring cleavages accompanied
by CO loss are shown in Fig. 3 and account for most of the
major remaining ions in the MS/MS spectrum. An obvious
advantage of the unit mass accuracy and resolution in the
FTMS/MS spectrum is that the mass difference of 114 due to

the unusual amino acid ornithine is not confused with the 113
mass difference of leucine.

Future. The mass range of >16,000 daltons and the
high-resolution capabilities of the dual cell (24) can be ex-
ploited in continuing work. Exact mass measurement of the
low-mass peaks could serve to identify terminal groups and
individual amino acids; MS/MS/MS could differentiate iso-
mers such as Leu/Ile (21). Microprobe techniques can be
investigated to minimize sample requirements; the current
estimated picomole sample vaporized corresponds to an
ionization and trapping efficiency of only 1/105.
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