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Abstract

The quadrupole ion trap collision-induced dissociation (CID) behavior of reduced bovine and porcine trypsin cations, formed via nanospray
ionization, is reported for the odd-numbered precursor ion charge states over the range of +9 to +21. Dissociation of precursor ions in both bovine
and porcine trypsin yield predominantly b- and y-type ion backbone cleavages with strong evidence for preferential cleavages C-terminal to aspartic
acid at intermediate to low charge states, C-terminal to lysine residues at intermediate charge states, and N-terminal to proline residues across all
charge states examined. Both homologs showed similarly rich fragmentation within the first dozen residues at the N-terminus and both homologs
proved to be resistant to fragmentation within the roughly 40 residues from the C-terminal end of the protein. Spectra derived from single precursor
ion charge states showed fragmentation at 15% or less of the 222 amide linkages, while cleavage at roughly 30% of the bonds was observed when
all charge states examined were considered. Significant differences in the identities of the observed fragmentation channels for the different charge
state precursor ions accounts for the larger sequence coverage associated with the integration of fragmentation information across all charge states.
In terms of individual fragmentation channels, many similarities between the two protein homologs were noted. Many of the major differences
can be accounted for on the basis of the sequence differences associated with the homologs. However, some notable differences were noted for
cleavage sites where residue identities were the same. Observations of this type highlight the fact that numerous factors, in addition to primary

structure, affect protein ion dissociation under ion trap collisional activation conditions.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The majority of mass spectrometry (MS)-based approaches
for the identification of proteins have relied heavily upon prote-
olytic digestion followed by either peptide mass fingerprinting
or tandem mass spectrometry (MS/MS) of individual ions from
the resultant peptide mixture. In these approaches, the protein of
interest is often purified by 2D gel electrophoresis [1,2] or the
peptides derived therefrom are subjected to multidimensional
chromatography [3—6] prior to mass analysis. Procedures based
on the analysis of peptides derived from protein digestion are
referred to collectively as “bottom up” [7,8] protein identifica-
tion strategies. Bottom up approaches have reached relatively
high levels of maturity and have met with considerable success
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in protein identification. However, as with any method, bottom
up techniques are not without limitations. These can arise, for
example, in the digestion step, where incomplete digestion, pro-
tease autolysis, contamination by competing proteases, etc., can
give rise to unexpected or missing peptide components. Matrix
effects upon ionization can give rise to significant discrimina-
tion effects which, in the worst case scenario, can lead to the
absence of signals from particularly informative peptides, such
as those containing post-translational modifications [9]. Even
in the absence of complications described above, bottom up
approaches inherently sacrifice intact protein mass information,
which can be extremely important in the identification of post-
translationally modified gene products.

The application of tandem mass spectrometry to intact pro-
tein ions, an approach often referred to as a “top down” [10-19]
strategy, provides a complementary and, in some cases, alterna-
tive approach to peptide-based strategies for the identification
and characterization of proteins. There are several potential
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fundamental advantages to performing a tandem mass spectrom-
etry experiment on an intact protein relative to peptides derived
therefrom. A principle advantage comes from the direct connec-
tion between intact protein mass and the structural information
obtained by tandem mass spectrometry. No such direct connec-
tion can be made, for example, by separate mass analysis of
an undigested protein mixture and the bottom up tandem mass
spectrometry of the same protein mixture after digestion. Exam-
ination of the entire structure can reduce uncertainties regarding
the presence, identities and locations of post-translational mod-
ifications [20,21]. Another advantage is the minimization of
the number of molecular components in a mixture by avoiding
use of chemical or enzymatic digestion. Furthermore, provided
the mass analyzer can accommodate a relatively wide mass-to-
charge range, it is advantageous to avoid the concentration of
mixture components into a relatively narrow range of mass-to-
charge such as occurs with digestion with trypsin, for example.
Top down strategies have not been routinely employed in part
because technologies capable of yielding useful information
from the tandem mass spectrometry of whole protein ions are
not widely available. Also, for this reason, many of the com-
ponent procedures associated with a top down protein mixture
analysis are less mature than those for bottom up approaches.
For this reason, further development of various aspects of top
down approaches to protein identification and characterization
is warranted. Nevertheless, the value of top down strategies is
becoming increasingly recognized.

The fragmentation chemistry of whole protein ions is a key
factor in determining the quality of the structural information
that can be obtained via a top down approach. The most widely
available approach to inducing protein ion fragmentation is via
collisional activation. This activation method is available with
virtually any kind of tandem mass spectrometer, including elec-
trodynamic ion traps. The fragmentation behavior of whole
protein cations under quadrupole ion trap collisional activation
conditions, therefore, is of interest and it provides the motivation
for the study of the unimolecular decay of multiply protonated
or multiply deprotonated proteins. To date, the ion trap dis-
sociation behavior of a relatively small set of gaseous whole
protein ions as a function of ion charge state has been examined.
Some systems studied include ferri, ferro, and apo-cytochrome
¢ [22], hemoglobin 3-chain [23], apomyoglobin [24], ubiqui-
tin [25], insulin [26], ribounclease A and B [27], native and
reduced porcine elastase [28], GTP-binding protein y-subunits
[29] and various variants of turkey ovomucoid third domain [30].
These studies have shown that, for proteins within the mass range
(5-26 kDa), anumber of common behaviors are noted that reflect
commonly observed features of peptide cation collision-induced
dissociation (CID) spectra. For example, the charge state and the
identities of the charge sites, as well as their locations relative
to one another, strongly influence the rearrangement and dis-
sociation mechanisms observed [31-35] for both peptide and
protein ions. However, protein ions represent a higher degree of
dimensionality than do peptide ions as a result of their capacity
for more charge and greater structural diversity. Given the quite
small set of proteins for which charge state dependent fragmen-
tation data have been collected, it is of interest to expand the

observation base. This is particularly desirable for the develop-
ment of protein identification scoring algorithms that seek to
take advantage of known preferred cleavages. Some common
trends in gas-phase protein cation dissociation behavior have
been identified, including strong preferences for neutral losses
and C-terminal Asp cleavage at low charge, non-specific cleav-
ages at intermediate charge and proline cleavages at high charge.
However, each protein presents a unique case and other factors
more or less specific to the particular protein under study may
influence the dissociation behavior. Furthermore, the definitions
of low, intermediate and high charge states are imprecise and
somewhat arbitrary. Nevertheless, it is useful to discuss protein
ion dissociation within the context of this categorization because
of the correlation of common behaviors with ion charge.

In this report, we describe the ion trap collision-induced dis-
sociation behavior of two members of a particularly important
class of serine proteases, i.e., trypsin. Specifically, the disso-
ciation behaviors of reduced bovine and porcine trypsin have
been studied over a range of charge states. This work adds to
the existing limited set of proteins for which systematic charge
state dependent fragmentation data have been acquired and also
provides the opportunity to compare dissociation behavior of
homologous proteins with a limited set of amino acid variations.

2. Experimental
2.1. Materials

Bovine and porcine pancreatic trypsin were obtained from
Sigma (St. Louis, MO, USA). Tris 2-carboxymethylphosphine
(TCEP) and trifluoroacetic acid (TFA) were purchased from
Pierce Chemicals (Rockford, IL, USA). Perfluoro-1,3 dimethyl-
cyclohexane (PDCH) was purchased from Aldrich (Milwaukee,
WI, USA). Acetic acid, acetonitrile, and methanol were obtained
from Mallinckrodt (Paris, KY, USA).

2.2. Preparation of reduced trypsin

Reduced bovine and porcine trypsin were prepared by dis-
solving trypsin (2.3 mg) in 1 mL of 1% acetic acid in water to a
final concentration of 100 wM. In order to reduce the six disul-
fide bonds present in the proteins, TCEP (3 mg) was added to the
solution and heated to a temperature of 40 °C for 1 h. No addi-
tional sample purification was necessary prior to mass analysis.

2.3. Mass spectrometry

The gas-phase dissociation of reduced bovine and porcine
trypsin ions ranging from (M + 9H)** to (M + 21H)?>'* has been
examined using collision-induced dissociation in an Hitachi
M-8000 (San Jose, CA, USA) quadrupole ion trap mass spec-
trometer, which has been modified for ion—ion reactions [36].
Multiply charged cations were formed from an aqueous 1%
acetic acid solution. Ten microliters of reduced bovine or porcine
trypsin solutions were loaded into a nanospray capillary. The
nano-electrospray emitters were pulled from borosilicate glass
capillaries with a 1.5 mm o.d. and a 0.86 mm i.d. using a Sutter
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Fig. 1. A summary of the sequence of events in a typical MS/MS experiment for
the collection of charge state dependent fragmentation, as reflected in the ampli-
tude of the radio-frequency voltage applied to the ring electrode as a function
of time.

Instruments (Novato, CA, USA) micropipette puller model P-87.
The nano-electrospray assembly consists of an electrode holder
(Warner Instruments, Hamden, CT, USA) with a stainless steel
wire, which is inserted into the back of the capillary. Typically,
+1.1 to +2.0kV were applied to the wire resulting in the forma-
tion of multiply charged protein cations, which were sampled
into the capillary-type interface of the instrument. Under these
experimental conditions, the commonly observed charge state
distribution ranged from +16 to +24, with the highest charge
states (+20 to +24) being the least abundant.

Most experiments conducted to collect charge state depen-
dent fragmentation data consisted of six steps: cation accumu-
lation, ion parking [37-39], precursor ion isolation, collisional
activation, charge state reduction of the product ions largely
to the +1 charge state and mass selective ejection of the ions
into an external detector (see Fig. 1). The cations were injected
into the ion trap through an end-cap electrode and were allowed
to accumulate for a period of time ranging from 0.1 to 0.8s.
If the ion of interest was sufficiently abundant in the initial
charge state distribution, it was isolated and subjected to colli-
sional activation without use of an ion parking step. Otherwise,
where practical, an ion parking procedure was performed to con-
centrate precursor ions into the charge state of interest. Glow
discharge ionization [40] of perfluoro-1,3-dimethylcyclohexane
(PDCH =M) vapors in air was used to generate anions for reac-
tion with the multiply protonated proteins. The anions were
injected radially into the ion trap via a hole drilled in the side of
the ring electrode.

The most abundant anions observed when anions derived
from PDCH are injected radially into an ion trap are the
(M-F)™ and (M—CF3)~ species. These anions react exclusively
via proton transfer and were used both for ion parking and
for reducing product ion charge states. Following ion parking,
the precursor ions of interest were isolated and subjected to
single-frequency resonance excitation [41]. An external wave-
form generator (Model 33120A, Agilent, Palo, Alto, CA, USA)
controlled by an external trigger was used to apply the reso-
nance excitation voltage ranging from 56 to 220 mV, for 0.3 s.

Following the ion activation period, a second ion—ion reaction
period (0.120-0.20 s) was employed, again using anions derived
from PDCH as proton transfer reagents, to reduce the product
ion charge states to largely singly and, to a lesser degree, doubly
charged ions [42]. Prior to mass analysis, residual PDCH anions
were ejected from the trap by increasing the low mass cut-off
to at least m/z 400. Mass analysis was performed via resonance
ejection [43].

The spectra shown are the average of ~1500 individual scans.
All spectra were smoothed using a five-point adjacent average
in Origin 6.1 (OriginLab Corp., Northampton, MA, USA). Cali-
bration of the post ion—ion product spectra was performed using
the singly, doubly and triply charged ions of reduced trypsin
formed by ion—ion reactions in the absence of collisional acti-
vation. Product ion assignments have been restricted to b- and
y-type ions, which are the commonly observed fragment types
from even-electron peptide and protein ion dissociations. Fre-
quently, in the singly charged high mass region of the spectra,
both b- and y-type ions fall within the mass uncertainty of a par-
ticular product ion. In these cases, the peak assignments were
based on the appearance of the complementary ions in the low
mass range spectra.

3. Results and discussion

Dissociation of multiply protonated whole proteins ions
under ion trap collisional activation conditions is expected to be
a statistical process whereby cleavage of each amide linkage is
capable, in principle, of competing. The fragmentation processes
that compete most effectively are those with the most favorable
energetic and entropic constraints relevant to the energy distri-
bution of the activated ions and the observation window. Every
precursor ion charge state represents a unique set or sets of com-
petitive reactions. While the set of possible amide bond cleavage
reactions is independent of charge state, the energy dependent
rates of each cleavage reaction vary relative to one another in
a charge state dependent fashion. Within a given charge state,
factors such as residue identity, charge location, nearest neigh-
bor effects, and secondary and tertiary structure effects (which
remain poorly understood) all affect the relative contributions of
the competing channels. In comparing protein ions of different
charge states, the residues remain the same but the total charge of
the system, and hence, the Coulomb field within the molecule
differs. This affects charge location, proton mobility, and can
affect higher order structure as well as near neighbor effects if
they are influenced by charge location. Hence, protein charge is
a major factor in determining the relative energies and entropies
associated with the various competing channels.

The sensitivity of the data to differences in the relative ener-
gies and entropies of the competing fragmentation channels is
highly dependent upon the activation conditions. Ion trap colli-
sional activation is a slow heating process [44] that tends to give
rise to pseudo-thermal fragmentation for large ions over the acti-
vation time-frames used in this study (i.e., 300 ms). Relative to
other means of ion activation that involve higher dissociation
rates and higher internal energies, ion trap collisional activa-
tion leads to data that are quite sensitive to relatively small



56 D.J. Watson, S.A. McLuckey / International Journal of Mass Spectrometry 255-256 (2006) 53—64

differences in reaction enthalpies and entropies. Precursor ion
dissociation rates in this study were in the range of 1-10s7,
which, based on Arrhenius activation parameters reported for
bovine ubiquitin ions [45], corresponds to protein ion tempera-
tures of 500-650 K. An important distinction between ion trap
collisional activation and thermal dissociation, however, is that
the first generation product ions are formed in a bath gas at room
temperature and are not themselves subjected to ion acceleration
by the applied resonance excitation signal. Collisions with the
bath gas therefore tend to cool the product ions both translation-
ally and internally [46]. For this reason, first generation products
are actively cooled thereby inhibiting sequential fragmentation
reactions [47]. Therefore, the product ion spectra are dominated
by single cleavage events. As discussed further below, however,
some degree of sequential fragmentation has been noted for rel-
atively small fragments.

Previous whole protein cation dissociation studies have
shown that parent ion charge plays a major role in determin-
ing favored dissociation channels [22-30]. The limited body of
observations reported to date has shown several general charge
state dependent fragmentation tendencies, some of which have
analogies with peptide dissociation behaviors. Specifically, it has
been noted that the lowest charge states, operationally defined
as those lower than the number of arginine residues in the pro-
tein, tend to show extensive losses of small neutral molecules,
such as water and ammonia, under ion trap collisional activation
conditions. This operational definition, however, is only a rule
of thumb, at best, because some proteins begin to show exten-
sive losses of small neutral molecules at charge states higher
than the total number of arginine residues. At charge states
comparable and somewhat larger in number than the number
of arginine residues in the protein, cleavage C-terminal to aspar-
tic acid and, to a much lesser degree, glutamic acid residues
are often dominant fragmentation channels. The strong prefer-
ence for C-terminal aspartic acid cleavage is well-known for
relatively low charge states of peptide ions [48-53]. At some-
what higher charge states, contributions from cleavages at other
amino acid residues can be competitive. At such “intermedi-
ate” charge states, the widest variety of dissociation channels,
many of which show little consistency from protein to pro-
tein, tend to contribute. These cleavages are often referred to as
“non-specific”. As the protein ion charge state increases further,
the number of channels that contribute to dissociation tends to
decrease, relative to the case for intermediate charge states. The
dissociation channels of the highest charge states have proved
to be the least amenable to generalization [54]. However, pre-
ferred cleavage N-terminal to proline residues has been noted
for the highest charge states of several proteins. Furthermore,
the variety of dissociation channels at the highest charge states
tends to be restricted relative to those observed for the inter-
mediate charge states. For the highest charge states accessed to
date, fragmentation has been restricted largely to a single cleav-
age reaction with smaller abundances at cleavages adjacent to
the major cleavage site [54]. No clear pattern regarding which
cleavage site can be expected to dominate at the highest charge
states is apparent from the limited data presented to date but a
suggestive correlation with regions of the protein with the lowest

charge density has been presented [54]. Many of the trends just
described have been rationalized on the basis of proton mobility,
which has been useful in interpreting the dissociation behavior
of protonated peptides [31,55]. At the lowest charge states, a
high degree of intramolecular charge solvation can inhibit proton
mobility and facilitate small molecule loss. At somewhat higher
charge, where the most basic sites are protonated but there is
a smaller degree of intramolecular proton solvation by strongly
basic residues, the charge remote process of C-terminal aspar-
tic acid cleavage is favored. As the number of excess protons
increases further, the less strongly bound protons are relatively
free to catalyze cleavages along the peptide backbone giving rise
to relatively non-specific dissociation behavior. As the number
of excess protons increases further still, proton mobility again
becomes inhibited, but not due to a high degree of intermolecu-
lar solvation. Rather, proton mobility is inhibited by electrostatic
repulsion within the ion.

The trends described above are based on a relatively small
data set. Nevertheless, they provide context for the describing
the dissociation behaviors noted for the reduced trypsin ions.
While it is possible to form protein ions with charge as low as
+1 via ion—ion proton transfer reactions and ion parking, data
are not reported here for charge states less than +9. Multiple
small molecule losses dominated the spectra for such charge
states. When amide bond cleavages were observed, they were
at very low levels and took place in conjunction with losses
of small molecules. The signals, therefore, were broad, making
assignments problematic.

3.1. Charge state dependent dissociation of bovine
pancreatic trypsin

Ton trap collision-induced dissociation data are related here
for the odd-numbered precursor ion charge states of reduced
bovine and porcine pancreatic trypsin over the range of +9 to
+21. Each protein is comprised of 223 residues, of which 183 are
shared. Both forms contain the same number of lysine (14) and
aspartic acid (6) residues. Porcine trypsin contains a slightly
greater number of arginines (4 Arg compared with only 2 in
bovine trypsin), histidines (4 His compared with 3 His) and
proline residues (9 Pro compared with 8§ Pro) as compared to
bovine form. For any single charge state of reduced bovine and
porcine trypsin examined, less than 15% of the 222 amide bonds
cleaved to the extent that the products could clearly be identi-
fied. However, upon consideration of all dissociation channels
across all charge states studied, the total sequence represented
by amide bond cleavages doubled to about 30% for each form
of the enzyme. The increase in primary structural representa-
tion arose from charge state dependent fragmentation behavior,
as described below first for bovine tryspin and then compared
with behavior observed for porcine trypsin. Fig. 2 shows the pri-
mary sequence of bovine trypsin, along with an indication of the
cleavages observed from the data set comprised of all precursor
ion charge states investigated.

A total of 20 nominal basic sites are associated with bovine
trypsin, including 14 lysines, 2 arginines, 3 histidines and the
N-terminus. The product ion data derived from the (M + 15H)15+
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ion of reduced bovine trypsin after the product ion charges were
reduced largely to the +1 charge state via ion—ion proton transfer
reactions is shown in Fig. 3(a and b). Fig. 3(b) was collected
using aresonance ejection frequency that collected data from m/z
4000 to a value somewhat beyond that of the residual +1 parent
ion whereas Fig. 3(a) was collected using a resonance ejection
frequency that allowed for collection of data from m/z 400 to
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of residue number. Such a representation of the data is shown in
Fig. 3(c), as derived from the data of Fig. 3(a and b). Cleavage
channels that give rise to fragments that sum to greater than 5%
the sum of the most abundant cleavage channel are listed in the
figure.

Note that water/ammonia losses are clearly observed to be
associated with the b-type ions in the low m/z spectrum of
Fig. 3(a). Such losses are not observed to be associated with
the complementary y-type ions. This indicates that the small
molecule loss is a sequential reaction and does not precede cleav-
age of the amide linkage. Small molecule losses from precursor
ions are commonly observed from protein ions of relatively low
m/z, as reflected in the appearance of both first generation and
subsequent generation products (i.e., b- and y-type ions with
that show small molecule losses). However, in this case, as well
as those for which little or no water/ammonia loss was noted to
be associated with relatively high mass fragment ions, the small
molecule losses are believed to arise from subsequent dissocia-
tion of first generation products. The small molecule losses are
more likely to be noted with smaller peptide fragments because
the small fragments have relatively shorter lifetimes with respect
to dissociation and are more likely to fragment further before
collisional cooling can prevent it. This follows from the statisti-
cal nature of ion trap collisional activation. All fragments tend
to be formed with the same average energy per bond. Under
such a condition, the lifetime of the first generation fragment
is expected to scale with the number of degrees of freedom.
Additionally, peptide ion studies have demonstrated a correla-
tion between the presence of ammonia or water loss peaks and
the specific amino acid residue content of the product fragment
ions [56]. It has been shown that intense b-18 ions are 11% more
likely than b fragment ions in general to contain threonine (T)
and 8% more likely to contain serine (S) or glutamic acid (E)
residues. In the case of ammonia losses, prominent b-17 peaks
are 32% more likely to contain asparagine (N) and 7% more
likely to contain glutamine (Q). The bE-lS ions present in the
low mass range data for +15 charge state is approximately 30%
as abundant as the b}, parent ion, and its sequence contains both
threonine and asparagine residues, that account for roughly 25%
of its total sequence. So, the presence of these specific residues
may also be a contributing factor that influences the extent of
neutral losses observed from some of the small b-ions in this
study.

The (M + 15H)'>* jon is in the center of the range of charge
states examined and shows behavior that is intermediate between
the precursor ions of highest and lowest charge. This ions shows
cleavages N-terminal to proline residues, C-terminal to aspar-
tic acid residues, C-terminal to lysine residues and non-specific
cleavages. Fig. 4 shows summed b- and y-ion plots for the
(M+19H)'%*, (M + 13H)'3* and (M + 9H)** precursor ions.

Cleavages C-terminal to aspartic acid residues dominate the
dissociation of the (M +9H)** precursor ion with five out of
the six possible aspartic acid cleavages corresponding to the
b176/y47 (D/S) b7, /y5, (DIS), b145/y78 (D7S), b133/y3'0 (D/V)
and b53 /}’170 (D/N) complementary ion pairs, giving rise to
strong product ion signals. (The sixth possible aspartic acid
cleavage is apparent in the (M + 15H)!>* spectrum, as repre-
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Fig. 4. Summed b and y abundances for complementary ion pairs as a function
of residue number for the (M + 19H)'%* (a), (M + 13H)'3* (b) and (M + 9H)** (c)
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this figure legend, the reader is referred to the web version of the article.)

sented by the b /y139 (D/T) complementary pair.) However,
three N- termmal proline cleavages are also apparent, along with
several N-terminal lysine cleavages and a few “non-specific”
cleavages. C-terminal glutamic acid cleavages do not make
major contributions to the product ion spectra of any of the pre-
cursor ion charge states examined. However, when observed,
they are most prominent at low charge states. For example, the
cleavage to yield the complementary pair b;g /y;“64 (cleavage
of the E59—Ggp linkage), shows its greatest contribution in the
dissociation of the (M +9H)°* ion. While cleavages at acidic
residues are clearly important at this charge state, the presence
of products from cleavages N-terminal to proline, C-terminal to
lysine, and the few non-specific cleavages indicate that charge
directed channels remain competitive. This may be related to the
relatively low number of arginine residues in trypsin that might
otherwise sequester charge more strongly and thereby inhibit
more significantly the charge directed dissociation channels.
Dissociation of the (M + 13H)'3* ion shows more dissocia-
tion channels than the (M + 9H)** precursor with a high degree
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of overlap in the identities of the products that appear. For exam-
ple, all of the C-terminal acidic peptide cleavages observed from
the (M +9H)** precursor are represented in the data for the
(M + 13H)'3* precursor, although the total fraction of parent ions
that fragment through the acidic residue channels is much lower
in the latter case. All of the N-terminal proline cleavages seen in
the (M + 9H)"* ion results are also present with the (M + 13H)!3*
ion. An additional N-terminal proline cleavage, giving rise to the
bi”3 1 /y;r2 complementary pair (Y131—P132), is also observed in
the (M + 13H)'3* data. Significantly more “non-specific” cleav-
ages are apparent in the (M + 13H)!3* data than in the (M + 9H)**
results, with relatively rich fragmentation near the N-terminus,
and a few more C-terminal lysine cleavages are also observed.

In the case of the (M + 19H)19+ parent ion, almost all con-
tributions from cleavages C-terminal to acidic residues are
absent, with the exception of relatively low abundance frag-
ments from the Dj45—S14¢ channel. Cleavages N-terminal to
proline are also apparent but not all such cleavages are in com-
mon with those noted for the ions of the other charge states.
The V12-P13, L1o5s—P106 and Y150—P153 cleavages are common
to the (M +9H)**, (M+ 13H)'** and (M + 15H)">* precursor
ions whereas the Y3;—Pj3; cleavage is common to only the
(M +13H)3* and (M + 19H)'** precursor ions. Of all the pre-
cursor ion charge states examined, the (M + 19H)!** precursor
ion is the only one that shows evidence for cleavage at the
G179—P130 bond. Only the (M + 21H)21+ precursor showed evi-
dence for cleavage at Hy3—P74 and no precursor ions showed
evidence for cleavage at the Kyp2—P203 linkage. Essentially all
of the other cleavages of the (M + 19H)!** precursor ion were
noted to occur at sites categorized as “non-specific”.

Fig. 5 provides a summary of the dissociation behavior noted
for all of the precursor ion charge states examined, in terms

Bovine Trypsin i
<

of summed complementary b- and y-ions versus residue num-
ber. Labels are provided that indicate which bond each of the
color coded bars represents. As can be expected, each charge
state shows behavior that is unique is some way. Nevertheless,
some generalizations can be made regarding the charge state
dependent fragmentation of the protein. For example, across the
range of charge states studied the relative contribution made
from “non-specific” cleavages steadily increased from approxi-
mately 30% for the (M +9H)** to 80% for the +21 charge state.

A particularly noteworthy observation is that no fragmenta-
tion from within the first 44 residues from the C-terminus is
apparent for any of the charge states investigated. This span
contains five lysine residues and the Ky9>—P>o3 linkage but no
acidic residues. The first highly abundant cleavage is observed
at the D176—S177 linkage. It is not obvious, based on the primary
sequence of the protein, why this region would not yield dissoci-
ation products, at least in cases in which non-specific cleavages
might be expected. The crystal structure of trypsin shows a high
degree of helical content in the C-terminal region but it is not
clear that the secondary structure of the protein is retained in the
gaseous ions nor has it been clearly demonstrated how secondary
or tertiary structure effects play arole in protein ion dissociation.

Perhaps the most consistent observation made in the dis-
sociation of whole protein ions to date in the ion trap is the
appearance of C-terminal aspartic acid cleavages at moderately
low charge states. In the case of trypsin, there are relatively few
arginine residues present to strongly sequester charge. Never-
theless, prominent aspartic acid cleavages are noted in the data
for the lower charge states examined. Cleavage at each of the
six aspartic acid residues is represented in this data set. Appar-
ently, intramolecular charge solvation is sufficiently strong up to
roughly the +17 charge state to allow for the C-terminal aspar-

Fig. 5. Summed abundances of b- and y-type complementary product ions are plotted as a function of residue number and parent ion charge state for all parent ion
charge states examined. The abundance scale is normalized by dividing the summed b- and y-type ions by the total product ion signal for the relevant charge state.
Only product ion pairs with abundances greater than roughly 5% of the most abundant product ion pair are included in the plot.
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tic acid cleavage to compete with the mechanisms that more
directly rely upon charge mobility. Only the (M +21H)?!'* jon
lacked any evidence for cleavage at an aspartic acid residue.

Of the eight proline residues in bovine trypsin, seven are rep-
resented by cleavages in one or more of the charge states. The
only exceptional case being the K»92—P»o3 linkage in the “silent”
C-terminal stretch of residues mentioned above. The H73—P74,
A140-P141 and G179—Pqgp cleavages are represented in only one
charge state each whereas the others are noted in spectra of two
or more charge states. It has recently been shown that there can
be significant N-terminal nearest neighbor effects in the like-
lihood for N-terminal proline cleavage in peptide cations [57].
Specifically, statistical analysis of the propensity for cleavage
of the Xxx—Pro bonds present in over 500 peptide cations sub-
jected to ion trap CID showed relatively high propensities for
N-terminal proline cleavage with Xxx =V, H, D, I and L. Mod-
erate to high propensities were noted for Xxx=K, E, F, A and
Q. Relatively low propensities were found for Xxx=Q and S
and particularly low propensities for were noted for Xxx=P
and G. On the basis of these findings, it is tempting to ascribe
the prominent cleavages at V1,—P;3 and L1g5s—P1¢ to favorable
nearest neighbor effects. Furthermore, it is tempting to ascribe
the limited fragmentation at G179—P1g¢ to an unfavorable nearest
neighbor effect. However, it is clear that caution is warranted in
drawing such conclusions because N-terminal nearest neighbor
effects alone cannot account for the limited observation of the
H73-P74 cleavage (M + 21H)2H precursor ion only) and the lack
of fragmentation of the Ky9o—P»03 bond. As discussed further
below, cleavage at the G179—P1g9 bond is a prominent process
for several parent ion charge states of porcine trypsin, which
is also inconsistent with an N-terminal nearest neighbor effect.
While such effects may play a role here, they clearly are not the
dominant factor in all cases.

The fragmentation behavior of the highest charge state inves-
tigated here does not show a clearly restricted range of dissocia-
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tion channels, as noted in studies employing solution conditions
that give rise to “supercharging”. In fact, a relatively wide array
of non-specific cleavages was noted for the +19 and +21 charge
states, with the proline cleavages representing only 7 and 12%,
respectively, of the total fragmentation. Such behavior is con-
sistent with that of “intermediate” charge states of most of the
other proteins in which charge state dependent fragmentation
has been followed. Apparently, the extent of electrostatic repul-
sion in these charge states is insufficient to lead to the significant
restriction of proton mobility. Protein precursor ions that have
shown restricted ranges of fragmentation have generally had
mass-to-charge ratios less than about 1000, which would corre-
spond to higher charge states than those examined here.

3.2. Charge state dependent fragmentation of reduced
porcine versus reduced bovine pancreatic trypsin ions

Not surprisingly, there are many commonalities in the gas-
phase dissociation behaviors of bovine and porcine trypsin.
However, there are also a number of notable differences, as dis-
cussed below. Fig. 6 provides the primary sequence of porcine
trypsin along with a summary of the observed dissociation
channels integrated over all charge states investigated (i.e., the
odd-numbered parent ion charge states from +9 to +21, just as
with the bovine trypsin studies). This figure can be compared
directly with Fig. 2 for a comparison of the observed dissocia-
tion channels of the two homologous proteins, integrated over
all charge states examined. Two of the more obvious similari-
ties are the absence of fragmentation at the C-terminal ends of
the proteins and the similar range of fragmentation observed at
the N-terminal ends. Furthermore, each protein shows a similar
number of cleavage sites, although the distributions of these sites
differ. For example, bovine trypsin shows a wider array of cleav-
ages between residues 100 and 179 than does porcine trypsin. As
expected, there are a number of significant differences between

SHRRE Hcmqsmy cvernddenrdocsdiunes

211
50

70

40
VIVSAAHCYKSRI
8

80
IITHPNFNGNTLD

110
AAAGTECLTI
14

RS C

145y 15

150
Lsbp|ssclks sy
V78 74

17 71

180
G|PV

44

QVRLGEHN

‘N

N D
v141
120

IIM LI

EENSA S
SGWGNTI%SSGSSYPSLLQCL

8 92, 167
90
KLSSPAITLNS
13

08 92

160 170
PGQITGNMICVGFLEGGEKTD|SCQ

220 b-type ions
WIQQTTIAA N-COOH
y-type ions

At

%0[1
viaT
13

171

52

AAKTI
154

VSLPl

9ll40
KA PV
84

17
G D|sS|G
47

190 200 210
VICNGQLQGIVSWGYGCAQKNEKPGVYTKVCNYVN

Fig. 6. Sequence of reduced bovine trypsin showing a summary of the observed cleavage sites. All specific cleavages are color coded with blue, green and red for
Asp, Lys and Pro, respectively. The specific cleavages are also indicated by a bold line for emphasis. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)



D.J. Watson, S.A. McLuckey / International Journal of Mass Spectrometry 255-256 (2006) 53—64 61

by, by’ b b Yan
i - + 12 - 9T ¥u
809b1,™, by b & b bygs "y g
» ) o 12 5 2 212
br. ~br: T 3 v
b,'", b, ) by, S s
o 60 2 b”‘ °
z - ] 2 40
3 e E .
£ . g ~
2 404 ¥ 2
< — {
bl(. 20 +
20 H b”‘
)
v —
0 - ’ T ‘E htny B R B 0
400 800 1200 1600 2000 2400 2800 3200 3600 4000 8000 12000 16000 20000 24000
(a) m/z (b) m/z
b, Yo
by gyt - N TEN
2.0 4b,'y, by Ty Boy Y132
™ 216 ot boc vy
E YAZTI 1z Y no bty : o i
=2 1.5 Pox b/ byso s
2 152 l‘ym iy
ﬁ 1.0 D3 ’.‘?1?\\-
& b /¥iss ]
= E i
E 0.5 bm({Y!tn- H — b, Hy..
. o — I by1o' Y104 / LRk
= 00 ! | IS R L, . : ‘
0 25 50 75 100 125 150 175 200 225
(c) Residue Number

Fig. 7. (a and b) Post ion—ion reaction MS/MS spectrum of the (M + 15H)'>* ion derived from reduced porcine trypsin. (c) Summed b and y abundances for
complementary ion pairs as a function of residue number. Cleavages C-terminal to aspartic acid residues are indicated in blue, cleavages N-terminal to proline
residues are indicated in red, cleavages C-terminal to lysine residues are indicated in green and all other cleavages are indicated in black. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

cleavage at specific sites due to sequence differences, as dis-
cussed further below in the comparison of individual charge
state behavior.

The post ion—ion reaction product ion spectra and summed
b- and y-ion plot for the porcine trypsin (M + 15H)'>* precursor
ion are shown in Fig. 7, which can be compared directly with
the corresponding data for bovine trypsin in Fig. 3.

The overall dissociation behaviors of the (M + 15H)!* par-
ent ions from the two homologs are similar in that they both
show a series of fragments that arise from near the N-terminus
of the protein and both lack fragmentation near the C-terminus.
Porcine trypsin, however, shows fragmentation at amide bonds
roughly 10 residues closer to the C-terminus than does bovine
trypsin. Both proteins show a similar mix of C-terminal aspartic
acid cleavages, N-terminal proline cleavages, C-terminal lysine
cleavages, as well as a number of non-specific cleavages. Some
of the differences in the identities of the cleavages observed
are readily rationalized on the basis of differences in the iden-
tities of the amino acids. For example, porcine trypsin does not
show cleavage to give the bgg / yfm complementary pair, as does
bovine trypsin, presumably because residue 53 is aspartic acid
in bovine trypsin whereas residue 53 is histidine in porcine histi-
dine. Likewise, the b;‘6 / yi"67 pairis observed with porcine trypsin
(residue 56 =D) whereas it is not with bovine trypsin (residue
56 =N) for a similar reason. However, some other differences
are less readily rationalized. For example, cleavage at Dgs—Igs
contributes moderately to the data for the bovine trypsin +15
charge state whereas it is not observed for any charge state of
porcine trypsin. Other clear examples of significantly different

tendencies for dissociation at specific sites involve proline cleav-
ages. For example, cleavage at G179—Pg0 was observed in only
one charge state of bovine trypsin (viz., the +19 charge state)
and it gave rise to low abundance products whereas cleavage
at Gy79—P1go in porcine trypsin is a dominant process in the
+15 ion as well as for a few other charge states. As mentioned
above, cleavage at G179—P1g0 might be expected to be inhib-
ited by an unfavorable N-terminal nearest neighbor effect based
on observed peptide ion dissociation behavior. Such an effect
is clearly overridden in the case of porcine trypsin. Likewise,
the cleavage at Ljgs—P1og, Which is a prominent process for
the +15 charge state of bovine trypsin, is not observed for any
charge state of porcine trypsin. On the basis of nearest neighbor
effects noted for peptides, cleavage at the L—P linkage would be
expected to be favored.

Summed b- and y-ion plots for the (M+19H)!%*,
(M + 13H)'3* and (M +9H)** charge states of porcine trypsin
are shown in Fig. 8 and can be compared directly with those for
bovine trypsin in Fig. 4. A summary of the summed b- and y-
plots for all charge states examined for porcine trypsin is shown
in Fig. 9 and can be compared directly with the data of Fig. 5.

In both cases, the general trend of decreasing contribu-
tions from aspartic acid cleavages as charge state increases is
noted. For the most part, many of the same prominent cleav-
ages are noted when the identities of the key amino acids
(i.e., D, P and K) are the same at the cleavage sites, with the
notable exceptions mentioned above. For example, the pro-
nounced bT45 /y;'g, b?}l/yg'z and bi"76/yj{7 C-terminal aspartic
acid cleavages observed in the low to intermediate charge state
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range of bovine trypsin are also observed for porcine trypsin,
as expected on the basis of sequence similarities. Furthermore,
similarities are also seen for lysine cleavages when no sequence
differences exist (i.e., both exhibit b‘f25 / yg's, bT45 / y;'s, bﬂg / y}z,
bTﬂ /y;r2 and bf’76/yj(7 lysine cleavages that persist through-
out the intermediate charge states of both enzymes). In the
case of N-terminal proline cleavages, the )’2+1 1/ b;rz (V/P, bovine;
I/P, porcine), yq, /b5 (Y/P) and y3, /bfs, (Y/P) cleavages are
observed in both forms, although evident in different charge
state ranges. The striking difference in propensities for cleav-
age at L195—P106 (bfr05 / yflg) is apparent in every charge state of
Figs. 4 and 8 as well as for the (M + 15H)'>* ions. Itis tempting to
attribute this difference to a possible C-terminal nearest neighbor
effect because in porcine trypsin, the sequence is L-P-R whereas
itis L-P-T in bovine trypsin. The presence of the strongly basic
arginine residue in the vicinity of the Pjgg may inhibit proline
cleavage. Evidence for the inhibition of proline cleavage by the
presence of nearby strongly basic sites was noted in the study
of a variety of variants of turkey ovomucoid third domain [30].
However, no such primary structure factor is obvious for the
explanation of the distinct difference in the behavior of the two
homologs with respect to the G179—P1g0 cleavage, as the pri-
mary sequences of both forms of the enzymes are very similar
in this region. If it can be assumed that the Gj79-P1g¢ cleav-
age would be expected to be disfavored in the absence of any
other effects, it is the behavior of the porcine homolog that is
remarkable. It has been proposed that the mechanism by which
residues with aliphatic side chains promote N-terminal proline
cleavage is that they inhibit free rotation of the proline, thereby
locking it into a geometry favorable for reaction. By virtue of
the free rotation afforded by glycine, cis/trans isomerization of

Fig. 9. Summed abundances of b- and y-type complementary product ions are plotted as a function of residue number and parent ion charge state for all parent ion
charge states examined. The abundance scale is normalized by dividing the summed b- and y-type ions by the total product ion signal for the relevant charge state.
Only product ion pairs with abundances greater than roughly 5% of the most abundant product ion pair are included in the plot.
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the Xxx—Pro bond is less hindered. The cleavage is less favored
because the proline residue is not constrained in a favorable ori-
entation for reaction. If this line of reasoning applies here, it
implies that some other factor affects the cis/trans composition
of the G179—P130 bonds in porcine trypsin such that the cleavage
is not inhibited, at least for the precursor ion charge states that
show this channel.

4. Conclusions

A solution to the protein folding problem is a prerequisite to
the prediction of whole protein dissociation spectra derived from
collision-induced dissociation. Even with this capability in hand,
the multidimensional nature of the factors that govern protein
ion dissociation make such a prospect unlikely. Nevertheless, the
establishment of trends and tendencies can be particularly useful
in taking advantage of whole protein dissociation data for pro-
tein characterization. For example, the discriminatory power of
aproduct ion spectrum can be enhanced when favored cleavages
are taken into account in ranking possible protein identifications
[39]. Furthermore, as more proteins are added to the observa-
tional database, tendencies can be better identified and verified,
as with some of the statistical studies conducted with peptide
ions. In the case of the trypsin data reported here, further support
was generated for several of the tendencies already noted for ion
trap collision-induced dissociation of whole protein ions studied
to date. In particular, the prominence of C-terminal aspartic acid
cleavages at moderate to low charge states has been noted con-
sistently for a variety of proteins. Both of the trypsin homologs,
therefore, further support the notion that advantage can be taken
of this tendency for discriminating between candidate protein
identifications.

Cleavage N-terminal to proline is the other single residue
tendency that has been noted to give rise to highly abundant dis-
sociation channels. The observation of such channels, however,
has shown less consistency than that of C-terminal aspartic acid
cleavage. Based on the set of observations currently available,
it appears that the N-terminal proline channel is sensitive to a
wider array of extenuating factors, perhaps including near neigh-
bor effects. For many of the proteins studied to date, N-terminal
proline cleavage and C-terminal aspartic acid cleavage have not
generally been shown to be competitive with one another. That
is, aspartic acid cleavage tends to dominate at low to moder-
ate charge states whereas proline cleavage tends to contribute
mostly at higher charge states. This has been rationalized on the
basis of the difference in mechanisms for the two types of cleav-
ages (one requiring a degree of proton mobility while the other
does not). The bovine trypsin ions, however, showed significant
tendency for proline cleavage at all charge states examined. The
procine trypsin ions, on the other hand, tended to show the more
typical behavior. The underlying reasons here are open to spec-
ulation. Perhaps, this result simply reflects the fact that “proton
mobility” is not expected to be uniform throughout a protein ion
and that the degree of non-uniformity is relatively high at the
lower charge states of bovine trypsin examined here. Further-
more, the trypsin ions showed a relatively high propensity for
proline cleavage overall. For example, the fraction of potential

proline cleavages that were actually observed was much higher
than for most other proteins studied systematically. Observa-
tions such as these, as well as those for specific channels, such
as the observations associated with the Los5—P g and G179—P1gg
channels discussed above, probably provide information about
the protein ions that cannot currently be interpreted. Much can
be, and has been, learned by examining peptide models systems.
However, it is unlikely that the use of small peptide models alone
can provide the necessary insights regarding whole protein dis-
sociation due to the inability to reproduce higher order effects.
For this reason, further studies of this type, particularly with
protein homologs, are likely to improve understanding of whole
protein dissociation behavior.
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