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The fragmentation pathways of different conformations of three charge states of ubiquitin ions
are examined using ion mobility/collisional activation/time-of-flight techniques. Mass spectra
for fragments for different conformers of a single charge state appear to be identical (within the
experimental reproducibility). These results are consistent with a mechanism in which
different conformers of each charge state rearrange to similar dissociation transition states
prior to fragment formation. (J Am Soc Mass Spectrom 2002, 13, 719–723) © 2002 American
Society for Mass Spectrometry

The ability to produce macromolecules that con-
tain non-covalent structure in the gas phase with
mass spectrometric techniques is of significant

interest, especially in terms of understanding behavior
in solution. However, an understanding of the relation-
ship between gas phase structure and solution confor-
mation is still at a very primitive stage, in large part
because detailed gas phase structural information is
limited. In addition to chemical probes of gas phase ion
structure [1–14], a number physical methods are being
developed to examine gas-phase peptide and protein
ion structure [15–27], including collisional activation to
examine fragmentation pathways [18–23, 25–27]. A few
studies have suggested that ion conformation may
influence fragmentation pathways [19, 23, 27, 28]. In
this paper, we examine this issue for the fragmentation
of a series of compact and elongated conformations of
ubiquitin ions. The different conformations of ubiquitin
are separated in a drift tube prior to collisional activa-
tion in a gas cell. Under all experimental conditions that
we have employed, dissociation patterns for different
conformations within a given ion charge appear to be
identical.

Ubiquitin was the first protein chosen for these
studies because of its relatively small size, simple
structure without disulfide linkages, and because of the
extensive data in the literature from dissociation exper-
iments [17, 27, 29–38] as well as ion mobility studies [24,
39]. Ubiquitin (bovine) is a small protein of 76 amino
acids (H2N-MQIFVKTLTG KTITLEVEPS DTIENVKAKI
QDKEGIPPDQ QRLIFAGKQL EDGRTLSDYN
IQKESTLHLV LRLRGG-COOH) with 13 basic sites (7
lysine, 4 arginine, 1 histidine, and the amino terminal
group) where protonation can occur.

These present studies are related to interesting issues
that arise in statistical dissociation theories such as
those developed by Rice Ramsperger Kassel and Mar-
cus (RRKM) theory [40, 41]. RRKM theory assumes that
energy imparted to the molecule will be partitioned
statistically among the accessible internal degrees of
freedom. For small molecules with relatively few de-
grees of freedom, this treatment can provide informa-
tion about the rates of specific reaction channels. How-
ever, in the case of a large system, such as a protein, one
might imagine that energy transfer among various
types of secondary structure could be slower than
dissociation steps. In such cases, different conforma-
tions might dissociate along different potential surfaces
(or access them at different rates). Our present results
suggest that any such distinctions between the initial
conformations of ubiquitin are lost prior to the frag-
mentation process.

Experimental

Experiments were performed with a quadrupole ion
trap/drift tube/linear quadrupole/octopole collision
cell/time-of-flight (TOF) instrument with electrospray
ionization described previously [42]. Briefly, positive
ubiquitin (bovine, Sigma, �95%) ions were formed by
electrospray ionization of a 3 � 10�5 M solution in
49:49:2 (% volume) water:methanol:acetic acid, focused
through a region of differential pumping, and accumu-
lated in a quadrupole ion trap (model C-125, R.M.
Jordan, Grass Valley, CA) before being pulsed from the
ion trap into the drift tube. The drift tube is 50.6 cm long
with a uniform field of 12.8 V�cm�1 and is operated with
�2.0 torr of helium. Ions are gently extracted from the
drift tube where they are focused into a quadrupole
mass filter (ABB Extrel, Pittsburgh, PA) for selection of
specific charge states. The mass-selected ions are accel-
erated to the desired kinetic energy and then injected
into an octopole collision cell operated at a pressure of
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0.17 mTorr of argon. Precursor and fragment ions that
exit the collision cell are focused into the source of the
orthogonal TOF mass spectrometer.

The ion mobility experiment operates on millisecond
time scales, and the TOF experiment operates on micro-
second time scales; therefore, it is possible to record
multiple TOF spectra across each mobility-separated
peak. We refer to this as a nested drift (flight) time
experiment and have described the approach in detail
elsewhere [43]. The resulting data sets acquired are
presented as two-dimensional plots of the mass-to-
charge (m/z) ratios against drift time. For each experi-
ment, the charge state of interest, each of the [M �
8H]8� through [M � 10H]10� ions of ubiquitin, was
mass selected with the quadrupole mass filter and
subjected to collision-induced dissociation (CID) condi-
tions in the octopole collision cell. Because dissociation
occurs after the drift tube, fragment ions are coincident
with their antecedent parent ions [42, 44], allowing the
mixtures of fragments to be assigned to precursor ions
with identical mobilities. The �8 to �10 charge states of
ubiquitin were chosen for these experiments because of
the relatively well-resolved multiple conformers exhib-
ited by these charge states, as well as the ability to
efficiently fragment these ions.

Results and Discussion

Figure 1 shows drift time distributions for the �8 to
�10 charge states of ubiquitin obtained upon 200 V

injection of electrosprayed ions into the drift tube. Each
distribution shows evidence for at least two types of
conformations. Distributions for the �8 and �9 charge
states each show a broad feature (associated with rela-
tively high-mobility ions having more compact struc-
tures) and a narrower peak at longer times (associated
with more open conformations). The �10 distribution
also shows evidence for two peaks, although these are
not fully resolved under the conditions of these exper-
iments. These distributions are consistent with data that
we reported previously for ubiquitin ions [39]. We also
note that these data are identical (within the experimen-
tal reproducibility) before and after additions of the
target gas for CID studies.

Figure 2 shows an example two-dimensional drift
(flight) time data set for fragmentation of the [M �
8H]8� ion. These data are obtained by injecting mobil-
ity-separated and m/z-selected ions into a collision cell
using a 60 V potential. Mass spectra obtained by inte-
gration of regions of the data associated with the broad
and narrow drift peaks are also shown. Examination of
the fragmentation data for these different ion structures
shows that the fragmentation spectra are very similar.
That is, we observe the same number of fragment peaks
for each conformer; additionally, both spectra exhibit
fragment ion peaks at identical m/z ratios as well as
similar peak intensities.

A more detailed comparison of the fragmentation of
these different conformers can be obtained by examin-
ing a plot that shows one spectrum divided by the other
(the inset in Figure 2b). In this case, we have divided the
integrated mass spectrum for the compact distribution
of ions by that obtained for the elongated distribution.
Over the m/z range �1050 to 1400 (the region where
most fragment peaks are found), the ratio of the divided
data is 0.9 � 0.3 (one standard deviation), essentially a
constant. The variations that are observed appear to be
random fluctuations in the data. There is no evidence
for enhancement of any fragmentation pathway from
one of the precursor conformer types.

Additional data for other CID conditions and for
other charge states of ubiquitin have been obtained.
Figure 3 shows fragmentation mass spectra for different
conformations of the �9 ions under two different CID
conditions. These data also show many assignable
peaks that vary in intensity depending upon the CID
conditions used. However, in all cases, we find that for
a given set of conditions, different conformations ap-
pear to form the same fragments and with the same
intensities. We find that at collision cell potentials of 45
V and 56 V the ratio of the divided data is 1.1 � 0.4 and
0.8 � 0.3, respectively, over the m/z ranges of 800 to
1200 and 800 to 1400. The same is true of the different
conformers formed for the �10 charge state (although
we have not shown these data). Overall, we have
studied this system over several months and during this
time could find no evidence for different fragmentation
efficiencies for different conformations of any of the
ubiquitin charge states.

Figure 1. Drift time distributions for the �8 (bottom), �9 (mid-
dle), and �10 (top) charge states of ubiquitin.
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A simple explanation for the lack of distinct frag-
ment pathways within different conformations of a
charge state of ubiquitin is that the initial activation step

converts different precursor conformations into similar
structures. Previous ion mobility results have shown
that compact conformations of protein ions can be
favored when ions are gently injected into a drift tube;
however, when the injection energy is increased, many
of these ions rapidly unfold into more open structures
[45, 46]. This transition is the result of a rapid heating
and cooling process that occurs at the front of the drift
tube. As ions enter the high pressure region of the drift
tube, their kinetic energies are thermalized by collisions
with the buffer gas (ion kinetic energy is transferred
into internal energy as a result of inelastic collisions
with the buffer gas). Further collisions cool the ions to
the temperature of the buffer gas. These experiments
(and others [24, 47) show that before enough energy is
imparted to induce dissociation, structural transitions
can occur. Similarly, different conformations intro-
duced into the CID cell could convert into a similar
structure prior to dissociation. In this case no differ-
ences in the fragmentation processes would be ex-

Figure 2. (a) A plot of a nested ion mobility/collision cell/time-
of-flight spectrum for the mass selected �8 charge state of
ubiquitin. Dissociation is promoted by injecting ions into the gas
cell using a 60 V potential. The gas cell was filled with 0.17 mTorr
of argon. The dashed lines are boundaries for the two resolved
peaks shown in Figure 1. Integration across these regions allows
fragment ion mass spectra for the resolved conformer types to be
obtained. The intensities of peaks are indicated on a gray scale,
with light gray being the least intense and black being the most
intense features. (b) Fragmentation mass spectra of the compact
(top) and elongated (bottom) conformers. The inset shows a ratio
plot of compact and elongated conformer mass spectra obtained
by dividing the two data sets.

Figure 3. Fragmentation mass spectra of compact and elongated
conformers of the �9 charge state of ubiquitin at collision voltages
of (a) 45 V, and (b) 56 V with parent and fragment ions labeled.
The insets show a ratio plot obtained by dividing the fragmenta-
tion mass spectra for a compact and elongated ions.
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pected. H/D exchange studies in an FT-ICR mass
spectrometer have shown results that cytochrome c ions
partially unfolded prior to dissociation [11], supporting
this hypothesis. We are currently examining a number
of other systems, as well as different CID conditions in
order to examine these issues in more detail.

Summary and Conclusions

An ion mobility/collisional activation/TOF mass spec-
trometry method has been used to examine fragmenta-
tion pathways for different conformers of ubiquitin
ions. The results show that fragmentation patterns do
not depend on the initial gas-phase ion conformation.
The similarities in fragmentation patterns from differ-
ent conformer types suggest that the different confor-
mations convert to a common state prior to dissociation.
This idea is supported by other work that shows that
ubiquitin ions unfold to elongated structures when
injected at high energies into a drift tube. If a similar
transition occurs as the initial step during collisional
activation in a gas cell, then differences in ion structure
would not be apparent in the fragmentation spectra.
The observation of similar results in other systems
would have the practical consequence that conforma-
tion information from most folded proteins cannot be
obtained from CID experiments.

Recently, several other types of studies suggest that
information about parent ion conformation can be re-
tained during the fragmentation process. Williams and
coworkers have shown that the energetics of heme
dissociation from myoglobin ions activated by black-
body infrared radiative dissociation (BIRD) reflect so-
lution conditions prior to electrospray ionization [48].
Lebrilla and coworkers have used BIRD for dissociation
of cyclodextrin:peptide complexes, and found that the
peptide fragments more favorably than the complex
dissociates [49]. Additionally, the technique of electron
capture dissociation (ECD) [50–53] is currently thought
to retain conformational information during the disso-
ciation process. In the ECD process, the dissociation is
believed to be very fast, such that internal energy is not
randomized over the entire molecule (a nonergodic
process), leaving noncovalent structure intact. Results
have shown that laser heating of trapped ions affects
the fragment ions observed with ECD, suggesting that
changes in non-covalent structure (protein unfolding in
the gas phase) and protein folding intermediates can be
monitored using the technique [53].
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