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Soft ionization techniques in mass spectrometry provide a
means of probing novel features of macromolecular structure
and behavior.1,2 Recent applications have included the char-
acterization of both covalently and noncovalently linked systems
in studies of reaction mechanisms3 and the study of protein
structure and dynamics using charge state distributions4 and
hydrogen deuterium exchange.5-9 The latter has shown par-
ticular utility in the field of protein folding10 where new light
has been thrown on folding pathways,5 the cooperativity of
structural transitions,11 and the interactions between partially
folded states and molecular chaperones.12 Of particular im-
portance are techniques which allow determination of the
positions along a polypeptide chain at which covalent modifica-
tions, such as hydrogen deuterium exchange, have taken place.
A number of approaches are being developed and involve
fragmentation of the polypeptide chain.1,2 In this communica-
tion we describe initial studies of hen lysozyme, a protein whose
sequence and structure are well chararacterized and on which
extensive mechanistic studies of protein folding have been
performed.13,14 In particular we describe a heavy atom counting
method as a powerful means for the identification and assign-
ment of collision-induced dissociation (CID) fragments.
Hen lysozyme was ionized using an electrospray source from

conditions (pH 3.8 formic acid in H2O or 20% CH3CN) under
which the protein is in a native conformation.5 The capillary

skimmer potential was then increased until collisions with
residual atmosphere were sufficiently energetic to result in
extensive fragmentation (Figure 1) of all the parent charge states
(predominantly+10 and+11).15 The very high resolving power
of some mass spectrometers, for example, the Fourier transform
mass spectrometer (FTMS) used here, is such that fragments
appear as multiplets primarily as a consequence of the 1.1%
natural abundance of13C; e.g., the peaks at 605.4, 606.4, and
607.4 correspond to chemically identical species and represent
populations having zero, one, or two13C atoms.16 The
resolution of individual natural abundance isotopes allows the
charge state (and hence the mass) of the fragments to be
measured directly. For example, the fragment with a monoiso-
topic m/z of 584.4 has isotopic peaks spaced 0.5m/z apart
(Figure 1, inset), indicating a charge of+2 and a mass of 1168.8
Da. The focus of this study is the group of 24 fragments found
in the mass range 500-2000m/z. Of the 24 fragments, 13 have
a charge of+2 and 11 have a charge of+1.
Polypeptide CID tends to be dominated by single breaks of

the main chain.17,18 The largest such fragment for lysozyme
would be residues 1-5 as a consequence of a disulfide bond
between residues 6 and 127. Most fragments produced in the
present work have am/z greater than that of residues 1-5,
indicating the presence of internal sequence ions and/or
fragmentation of a disulfide. An illustration of the magnitude
of the assignment problem can be given for a typical fragment
ion at 584.4. An exhaustive computer search19 identifies 96
fragments whose calculatedm/zis within 1000 ppm of this value
and 30 within 50 ppm (Table 1A). Assignment on the basis of
mass alone will be ambiguous for at least some fragments.
Indeed, of the∼400 000 calculated fragments of lysozyme
which would be resolvable on a mass spectrometer with infinite
resolution, only∼300 will be resolved at 50 ppm resolution
and∼100 000 at 1 ppm. Various approaches have been devised
to overcome problems of this type.20-22 In this paper, we utilize
atom counting to determine elements of the empirical formula
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Figure 1. FTMS CID spectrum of hen lysozyme. (Inset) A 37m/z
region of the CID spectrum showing a distribution of natural abundance
isotope peaks resulting from six fragment ions.
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of fragment ions. The approach we use is to exploit isotopically
labeled proteins now routinely produced for NMR studies of
structure and dynamics.23

The pattern of fragmentation for isotopically labeled lysozymes
(Figure 2B,C) was found to be closely similar to that of
unlabeled lysozyme (Figure 2A) except that individual fragments
were found to have shifted to greaterm/z. Corresponding peaks
in the spectra can therefore be used to count the number of
nitrogen and carbon atoms in individual fragments. This
procedure results in delineation of 18 nitrogen and 53 carbon
atoms for the+2 charged fragment ion at 584.4 and 9 nitrogen
and 28 carbon atoms for the+1 charged fragment ion at 588.4.
For these fragments, only one possibility with the correct carbon
and nitrogen count is found within 50 ppm of the experimental
m/z; indeed, the next nearestm/zvalues for theoretical fragments
in each case are 730 and 1700 ppm, allowing the assignments
to be made with confidence. If we restrict the information from
atom counting with a single reasonable assumption, for example,

that the range of possible fragments includes a maximum of
two main chain and/or disulfide bond cleavages, the next nearest
theoretical fragment ion to that at 584.4 is 17 000 ppm distant
(Table 1B),24 and 20 of the 24 fragments studied here can be
uniquely identified.25

The assignment of the CID spectra shows clearly the presence
of internal fragments as well as fragmentation of the disulfide
at 6-127. The unique assignment of fragment ions at 584.4,
600.3, 992.52, and 1008.5 to disulfide cleavage and the result
that these ions are members of two sets of triplets characteristic
of disulfide cleavage in which the fragment retains zero, one,
or two sulfur atoms substantiates this result.27

Another important conclusion from analysis of the CID
spectrum of native lysozyme compared to unstructured polypep-
tides is the presence of non-amide bond cleavage at specific
sites.17,18 Twenty-three of the twenty-four fragments studied
here result from some combination of fragmentation at only
6% of the bonds along the polypeptide chain (between residues
5-7, 18-19, 29-30, 119-121, and 125-127). Furthermore,
eight of the fragments have one bond break to the N-terminal
side of either the 6-127 or the 30-115 disulfide. Of these,
half result from fragmentation of the CR-N bond with one
assigned to a carbonyl carbon-CR break.19 This is consistent
with fragmentation mechanisms in which the bond strength for
both N-C bonds along the polypeptide chain is reduced upon
protonation of the amide nitrogen.18,26 These findings suggest
that amide cleavage cannot be assumed perhaps because this
cross-linked protein has sufficient structure in the gas phase
for nonrandom localization and movement of labile charges.28

By exploitation of uniform isotopic labeling, the identification
of many CID fragments has been found to be straightforward
and should complement other approaches to assignment. We
are presently extending these experiments to probe fragments
partially labeled with deuterium following exchange experiments
to obtain site-specific labeling information. While this strategy
is complicated by issues dealing with molecular rearrangment,28

the method has already been shown to be viable for helical
peptides.29
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Nomenclature was extended to include disulfide breakage, s-. The subscript
of s refers to the particular cysteine residue, while its superscript refers to
the retained number of sulfur atoms. For fragments containing two peptides
joined by an unbroken disulfide, superscripts to a-, b-, c- , x-, y-, and z-
refer to the cysteine residue which forms the link. Charge is indicated for
fragment ions whose charge is greater than+1. Primes indicate the number
of hydrogen atoms added to the fragment and deviate from the established
nomenclature in that they are always placed at the end of the fragment
description. The possibility of charges localized on basic and/or acidic side
chains precludes determination of whether charges are positioned at the
cleavage site.

Table 1. (A) Assignment for the Fragment Ion at 584.4,
Illustrating 9 of 30 Possibilities25 Made on the Basis ofm/zAlone
((50 ppm) and (B) the Nearest 3 Fragments with a Maximum of 2
Cleavages and the Correct Nitrogen and Carbon Atom Count

m/zcalcd. sequence fragment

(A)
584.30 20-29 (a29y110′)10

2+

584.30 13-21 (b21x117′)9
2+

584.30 106-114 (c114y24)9
2+

584.31 9-19 (b19y121′′′′)11
2+

584.31 1-7-127-129 (a7
6z3
127′′′′)10

2+

584.31 13-22 (a22y117)10
2+

584.32 116-126 (a126z14)11
2+

584.33 55-63 (a63y75)9
2+

584.34 120-129 (y10s127
0 ′′)10

2+

(B)
569.29 106-114 (b114z24)9

2+

584.34 120-129 (y10s127
0 ′′)10

2+

594.29 14-23 (a23z116)10
2+

Figure 2. (A) Expansion of the CID spectrum of14N lysozyme from
582 to 592m/z. (B) Expansion of CID spectrum of15N lysozyme from
591 to 601m/z. (C) Expansion of CID spectrum of15N13C lysozyme
from 617 to 627m/z. The offset inm/z from A to B is used to count
the number of nitrogens in the fragments, while the offset from B to C
is used to count the number of carbon atoms in the fragments. Note
that the lightest peaks in A and B are compared with the most massive
peaks in C. The isotopic labeling enables these two fragments to be
assigned to residues 120-129 and 1-5 with molecular formula
C53H88N18O12 and C28H46N9O5, respectively. The standard CID nota-
tion30 for these fragments is (y10s127

0 ′′)10
2+ and b5, respectively. Simula-

tion of the distributions at natural abundance (D), 99.8%15N (E), and
99.8%15N, 97.3%13C (F) are shown. The primary structure of hen
lysozyme is cross-linked by disulfide bonds between residues 6-127,
30-115, 64-80, and 76-94.
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