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Abstract: The origin of asymmetric charge and mass partitioning observed for gas-phase dissociation of
multiply charged macromolecular complexes has been hotly debated. These experiments hold the potential
to provide detailed information about the interactions between the macromolecules within the complex.
Here, this unusual phenomenon of asymmetric charge partitioning is investigated for several protein
homodimers. Asymmetric charge partitioning in these ions depends on a number of factors, including the
internal energy, charge state, and gas-phase conformation of the complex, as well as the conformational
flexibility of the protein monomer in the complex. High charge states of both cytochrome c and disulfide-
reduced R-lactalbumin homodimers dissociate by a symmetrical charge partitioning process in which both
fragment monomers carry away roughly an equal number of charges. In contrast, highly asymmetric charge
partitioning dominates for the lower charge states. Cytochrome c dimer ions with eleven charges formed
by electrospray ionization from two solutions in which the solution-phase conformation differs dissociate
with dramatically different charge partitioning. These results demonstrate that these gas-phase complexes
retain a clear “memory” of the solution from which they are formed, and that information about their solution-
phase conformation can be obtained from these gas-phase dissociation experiments. Cytochrome c dimer
ions formed from solutions in which the conformation of the protein is native show greater asymmetric
charge partitioning with increasing ion internal energy. Cytochrome c dimers that are conformationally
constrained with intramolecular cross-linkers undergo predominantly symmetric charge partitioning under
conditions where asymmetric charge partitioning is observed for cytochrome c dimers without cross-links.
Similar results are observed for R-lactalbumin homodimers. These results provide convincing evidence
that the origin of asymmetric charge partitioning in these homodimers is the result of one of the protein
monomers unfolding in the dissociation transition state. A mechanism that accounts for these observations
is proposed.

Introduction

Proteins often act in large assemblies in the cellular environ-
ment to complete tasks necessary to life. With electrospray
ionization,1 it is possible to liberate intact, noncovalent as-
semblies of biomolecules from their native solution environment
into the gas phase. In recent years, great strides have been made
in the size of assemblies accessible to analysis by mass
spectrometry (MS). Complexes that have molecular masses in
excess of 1 MDa, including whole ribosomes2-5 and virus
particles,4,5 have been studied using MS. A key advantage of
mass spectrometry for the analysis of noncovalent biomolecular
complexes is that the stoichiometry of the complex can be
determined from a simple mass measurement.6

Once in the gas phase, information about the structures of
the biomolecules can be obtained using two-dimensional mass
spectrometry, in which an ion of interest is mass selected and
reacted and structural information inferred from the resulting
mass-analyzed product ions. Information about the sequence of
peptides,7 proteins,8,9 DNA,10 and oligosaccharides11 can be
obtained from dissociation experiments. Such dissociation
methods have also been used to determine the location of
posttranslational modifications in proteins.7,12,13Extensive work
has been done to understand fragmentation mechanisms of
biomolecules to obtain the maximum amount of structural
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information from a dissociation spectrum. More subtle probes
of structure, such as ion mobility,14-17 gas-phase H/D ex-
change,18,19 and chemical20 and proton-transfer reactivity,21-23

have been used to obtain information about intramolecular
noncovalent interactions in biomolecules. Proteins and peptides
can adopt different conformations in the gas phase. Information
about the intrinsic structure of biomolecules obtained from these
experiments provides insights into the role of water in biomol-
ecule structure.24,25

Limited structural information about noncovalent complexes
has also been obtained using two-dimensional mass spectrom-
etry. Several studies have indicated that some specific interac-
tions that occur in solution can remain intact during the process
of electrospray ionization.26-29 For example, one study showed
that the gas-phase dissociation activation energy of a compli-
mentary DNA duplex is higher than those of the noncomple-
mentary DNA homodimers.26 The gas-phase dissociation acti-
vation energies and the solution-phase binding energies of
several complementary DNA duplexes were found to be
correlated. These and other gas-phase measurements, supported
by molecular modeling calculations, indicate that the Watson-
Crick base pairing that exists for complementary DNA duplexes
in solution can be preserved in the gas phase. Recent work by
Gabelica et al. shows that the gas-phase kinetic stability of DNA
duplexes as a function of collision energy parallels the calculated
solution-phase dissociation enthalpies.27 This observation pro-
vides additional support that Watson-Crick base pairing and
specific DNA base stacking interactions are preserved in the
gas phase. Although some specific interactions that exist in
solution can be preserved in the gas phase, this is not always
the case.30

Other correlations between gas-phase and solution-phase
properties of noncovalent complexes have been reported. For
example, myoglobin has a noncovalently bound heme ligand.
Dissociation kinetics of apomyoglobin ions formed from solu-
tions of different composition are different.31 To determine the
contributions that hydrogen bonds provide in the binding of
heme to myoglobin, Douglas and co-workers mutated the amino
acids responsible for heme binding and systematically reduced

the number of hydrogen bonds in the complex.29 A correlation
was observed between the solution-phase Arrhenius activation
energy of heme loss for the various mutants and their gas-phase
kinetic stabilities. An exception occurs for some mutations of
residue 92 that decrease the solution-phase activation energy
but increase the gas-phase kinetic stability. These experiments
suggest that the same hydrogen bonds responsible for heme
binding in solution are responsible for binding in the gas phase.
These experiments clearly show that these ions can retain a
“memory” of their solution-phase structure and that these
structural differences can be probed in gas-phase dissociation
experiments.

Many dissociation experiments of whole multimeric nonco-
valent complexes of multiple proteins have been done with the
goal of obtaining structural information from these large
complexes. Robinson and co-workers used ESI to form ions of
the intactE. coli 50S ribosomal subunit which is a noncovalent
complex consisting of 33 proteins and 2 strands of RNA.3 Upon
collisional activation of the complex in the gas phase, several
identifiable proteins were ejected. These proteins contained a
disproportionately high degree of charging for their mass
compared to that of the original complex. The authors concluded
that it is feasible to begin mapping subunit interactions with
mass spectrometry.

A key obstacle to using mass spectrometry for the general
analysis of protein complexes is a poor understanding of how
these complexes dissociate in the gas phase. Many groups have
reported a seemingly odd dissociation behavior for large
multimeric protein complexes in which a small subunit, typically
a protein monomer, is ejected from the complex, with the
monomer carrying away a disproportionate amount of charge
for itsmassrelative to themassof theremainingcomplex.32-36,38,39

For example, streptavidin exists in solution as a tetramer in
which each straptavidin molecule is identical to the others. Gas-
phase dissociation of the 14+ charge state of the tetrameric
complex results primarily in the formation of the 7+ monomer
and the 7+ trimer.36 No dimer ions are observed. Thus, the
monomer, which is only one-fourth of the mass of the overall
complex, carries off half of the charge!

To explain such highly asymmetric charge partitioning, Smith
and co-workers suggested a liquid drop model in which the
protein complex is treated as a sphere.36 Upon activation, a
fragment “drop” is produced that has a higher surface area-to-
mass ratio than the original complex and thus is able to remove
a disproportionate amount of charge. This model could not
account for the extent of asymmetry, so they speculated that
the dissociation of the tetramer may occur by a Coulombically
driven process in which a monomer species becomes “unrav-
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eled” and is ejected from the aggregate with a disproportionately
large share of the charge.34 Some support for this hypothesis
was presented by Felytsyn et al., who measured the blackbody
infrared radiative dissociation (BIRD) Arrhenius activation
parameters for the dissociation of homopentameric Shiga-like
toxin I.32 ArrheniusA factors as high as 1039 s-1 were reported,
indicating an unusually high transition-state entropy consistent
with a large structural change taking place during the dissocia-
tion process. The authors suggested that the charge enrichment
of the leaving subunit is energetically unfavorable, but a transfer
of charge destabilizes the complex sufficiently that charge
enrichment is entropically favorable. Heck and co-workers
studied the dissociation of four protein homodimers and found
that, even for such relatively simple complexes, asymmetric
charge partitioning can occur.38 Heck and co-workers concluded
that the liquid drop model as originally proposed by Smith and
co-workers36 could not quantitatively account for this result.38

Here, we show that the charge partitioning between the
dissociation products of protein homodimers is a function of
several parameters. These include the charge state of the
complex, the dissociation energy, the solution composition from
which these complexes are formed, and the conformational
flexibility of the proteins in the complex. These results are
consistent with those of Felitsyn et al., where charge asymmetry
in the dissociation products is energetically unfavorable, but is
driven by high entropy.32 These results also demonstrate that
the conformational flexibility of the proteins in the complex is
a key part of the asymmetric charge partitioning process.

Experimental Section

Mass Spectrometry.All experiments were conducted using a 110
mm bore 9.4 T Fourier-transform mass spectrometry (FTMS) instrument
that has been recently constructed in collaboration with Bruker Daltonics
(Billerica, MA) (Figure 1). The ion optics and introduction system are
a standard Bruker design. Ions are generated by ESI and accumulated
in a storage hexapole prior to injection through multiple ion lenses

and two stages of differential pumping into the ultra-high-vacuum
(UHV) chamber of the instrument where the ions are trapped in a
cylindrical Bruker Infinity ion cell with an outer diameter and length
of 74 and 80 mm, respectively. A pulse of nitrogen gas is introduced
into the vacuum chamber at a pressure of∼2 × 10-6 Torr to enhance
trapping and damp the motion of the ions in the cell. Pressures in the
UHV chamber are measured using an uncalibrated ion gauge situated
above one of the turbomolecular pumps. During ion excitation and
detection, the pressure is typically∼3 × 10-10 Torr. The vacuum
chamber of a standard Bruker FTMS instrument is designed to fit into
a 160 mm bore magnet. To interface the ion optics to a 110 mm bore
magnet, a custom vacuum chamber that fits in the bore of the magnet
and extends several centimeters on each side was constructed. To
increase the pumping speed of the system, a 500 L/s turbomolecular
pump was added to the vacuum chamber opposite the ion source.

The heater for the vacuum chamber consists of an oxygen-free copper
tube that has 30 grooves cut lengthwise on its outside surface. Two
independent heating circuits of 1.2 mm diameter titanium wire are
placed in the grooves of the copper tube and are insulated from the
copper by alumina tubing. The copper tube is slit lengthwise and
compressed to fit tightly inside the vacuum chamber of the instrument.
The inner diameter of the copper tube is slightly larger than the outer
diameter of the ion cell, making it necessary to stabilize the ion cell in
the center of the heater tube with a spring-loaded device. The vacuum
chamber inside the magnet consists of two concentric titanium tubes
with a 3.2 mm gap between them (Figure 1b). These tubes are sealed
at either end, and the space between the titanium tubes is evacuated
with a mechanical pump to create a vacuum insulation layer. This
arrangement provides even heating of the vacuum chamber for BIRD
experiments. The gap between the concentric tubes can be vented to
atmospheric pressure to increase the cooling rate of the vacuum
chamber. To protect the magnet from high temperatures, a layer of
water (∼0.4 mm thick, 1 L/min flow rate) is passed between the outer
titanium tube and the shim tube of the magnet.

Chemicals.Equine cytochromec, bovine ubiquitin,R-lactalbumin
from bovine milk, and phospholipase A2 from Naja mossambicawere
purchased from Sigma-Aldrich Co. (St. Louis, MO), and were used
without further purification except for the chemical modifications
described below. Ammonium acetate, potassium phosphate, sodium
hydroxide, and sodium chloride were purchased from Fisher Scientific
(Pittsburgh, PA). BS3 was purchased from Pierce Chemical (Rockford,
IL).

Intramolecular cross-linking of cytochromec with BS3 is done by
modifying a procedure used by Fales and co-workers.40 To avoid
intermolecular cross-linkages between cytochromec monomers, cross-
linker reactions are done in dilute protein solution. The cross-linked
protein is subsequently concentrated to assist in dimer formation. A
150 µL sample of 100µM equine cytochromec is added to 1350µL
of 100 mM phosphate-buffered saline (potassium phosphate buffer at
pH 7.6 with 0.3 M sodium chloride). To this solution is added 30µL
of a freshly prepared 5 mM solution of BS3 in dry DMSO. The reaction
is allowed to proceed at room temperature for 30 min before being
quenched with 100µL of an aqueous solution of 100 mM ammonium
acetate. Buffer exchange and solution concentration are accomplished
using a Microcon centrifuge tube with a 10 kDa cutoff membrane filter
from Millipore Co. (Bedford, MA). Three 500µL aliquots of the
reaction solution are concentrated in a single centrifuge tube, and the
buffer is then exchanged four times with 1.0 M aqueous ammonium
acetate, pH 7, and three times with 100 mM ammonium acetate, pH 7.
The final recovered volume of 15µL had an estimated final concentra-
tion of 150-200 µM.

Acetamidation ofR-lactalbumin from bovine milk was done by Dr.
David King (University of California, Berkeley). All four intramolecular

(40) Pearson, K. M.; Pannell, L. K.; Fales, H. M.Rapid Commun. Mass
Spectrom.2002, 16, 149-159.

Figure 1. Schematic diagram of (a) the entire Berkeley-Bruker FTMS
instrument with a 110 mm bore magnet and (b) a cross section of the vacuum
chamber and ion cell.
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disulfide bonds ofR-lactalbumin are reduced with tris(carboxyethyl)-
phosphine, acetamidated in the dark with iodoacetamide for 1 h, and
purified using HPLC to remove buffer and unreacted reagents. Mass
measurements confirm that all disulfide bonds are broken and aceta-
midated.

Dimer Formation. Formation of nonspecific protein dimers is
enhanced by using protein concentrations of 100-200µM and adjusting
interface voltages for “gentle” ion introduction. The dimer signal is
improved by tuning for selective ion accumulation in the external
hexapole of the instrument. This is done by accumulating the ions in
the hexapole for 3-4 s (vse1.0 s typically), increasing the hexapole
dc offset from∼2.7 to 3.5-4.5 V, and injecting multiple hexapole
accumulations into the ion cell prior to detection.

Proteins are electrosprayed from solution conditions in which the
native conformation of the protein is intact (100 mM ammonium acetate
in water, pH∼7)41,42 or denatured (1:1 water/methanol and 2% acetic
acid). Solutions containing methanol are electrosprayed with a syringe
pump flow rate of 1-2 µL/min and nitrogen-assisted nebulization. Ions
formed from buffered aqueous solutions are generated using nano-
electrospray using borosilicate capillaries that are pulled to a∼4 µm
tip with a model P-87 capillary puller (Sutter Instruments, Navato, CA).
A small volume of solution (2-6 µL) is injected into the borosilicate
capillary, and a platinum wire is inserted into the solution at the end
of the capillary. The capillary is positioned∼2 mm from the source
inlet, and a potential of∼1100 V is applied to the platinum wire. An
unmodified Bruker Apollo source with a heated glass capillary is used
for these experiments.

Gas-Phase Deprotonation and Collisional Activation.To compare
the dissociation of the same charge states of protein ions produced from
solutions in which their conformations are native or denatured, it is
necessary to reduce the charge state of some complexes. Gas-phase
charge state reduction is done by introducing triethylamine at a pressure
of (1-5) × 10-8 Torr into the UHV chamber through a variable leak
valve (Varian, Lexington, MA). Gas-phase deprotonation is continued
for 30-70 s prior to ion excitation and detection. For dissociation
experiments, the variable leak valve is closed prior to the introduction
of N2 collision gas and ion excitation and dissociation to reduce the
pressure of triethylamine.

To dissociate the complexes, the charge state of interest is isolated
using correlated sweeps prior to sustained off-resonance irradiation-
collisionally activated dissociation (SORI-CAD)43 in which an excita-
tion waveform is applied+600 Hz off-resonance for 250 ms with an
applied peak-to-peak potential of 3-18 V. A pulse of nitrogen is
introduced for 90 ms, briefly raising the pressure to∼2 × 10-6 Torr.

Results and Discussion

Gas-phase homodimer ions of cytochromec can be readily
formed from concentrated solutions (10-4 M) using electrospray
ionization. The gas-phase dissociation pathways and energetics
of these nonspecific homodimer ions were investigated. Unlike
protonated homodimers of small molecules, the dissociation
behavior of protein homodimers can be asymmetric (with respect
to charge) and much more complex. Effects of the charge state,
the dissociation energy of the complex, the gas-phase conforma-
tion, and the conformational flexibility of the protein in the
complex are shown for cytochromec dimers in the sections
below.

Effects of Charge State.A typical electrospray solution of
a 100µM cytochromec solution in 1:1 water/methanol with
2% acetic acid is shown in Figure 2a. The charge state
distribution of the monomer ions formed from this denaturing

solution is centered around the 10+ charge state (M10). The
abundance of the dimer ions is much lower and is centered
around the 15+ charge state (D15). Note that them/z ratios for
the even charge states of the dimer overlaps with those of some
monomer charge states, but the relative abundances of the dimers
and the monomers for these charge states can be easily
determined from the isotope patterns for these peaks (Figure
2a, inset). The charge state distribution can be readily shifted
to higherm/z (lower charge state) by gas-phase proton-transfer
reactions with triethylamine introduced into the ion cell after
ion introduction but prior to detection (Figure 2b). Dimer ions
with as few as nine charges can be readily formed.

Dissociation spectra of the odd charge states of the cyto-
chromec dimer ions, from D19 to D11, are shown in Figure 3.
Dissociation of even charge states of the dimer ions is more
complicated in that a symmetric dissociation pathway results
in two monomers with the samem/z as the dimer being
activated. Although these ions can be resolved on the basis of
their isotope patterns, these fragment monomer ions are
subsequently activated by the SORI excitation waveform. To
avoid this complication, only odd charge states of the dimers
are investigated.

D19 dissociates primarily by a symmetric pathway, generating
complementary M10/M9 and M11/M8 pairs. Similarly, D17
dissociation is also largely symmetric, but the spread in product
ion charge states is larger than that for D19. The spectrum for
D15 clearly shows evidence for two fragmentation pathways:
a symmetric process to give the M8/M7 complementary pair,
and an asymmetric charge partitioning process to give the
distribution of product monomers centered around the M10/
M5 complementary pair. The asymmetric pathway becomes the
dominant process for D13 and D11 under all dissociation
conditions investigated. For D11, very little symmetric dis-
sociation is observed.

(41) Knapp, J. A.; Pace, C. N.Biochemistry1974, 13, 1289-1294.
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246, 211-225.

Figure 2. Electrospray ionization mass spectra of cytochromec from a
50:50 water/methanol solution with 2% acetic acid and a solution concentra-
tion of 10-4 M detected (a) directly and (b) after charge reduction with
triethylamine. The inset is an expansion aroundm/z 1766 showing the
isotopic distributions from the M7 (monomer) and D14 (dimer) ions.
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These results clearly show that the relative extent of sym-
metric vs asymmetric charge partitioning in the dissociation
process for these protein dimers is a strong function of the charge
state of the complex. Higher charge states dissociate predomi-
nantly via a symmetric process, whereas lower charge states
dissociate almost exclusively through an asymmetric pathway.

Effects of Conformation. D11 ions can also be readily
formed by electrospray of 10-4 M aqueous cytochromec
solutions with 100 mM ammonium acetate buffer. In this
solution, cytochromec should have a native conformation.41,42

The electrospray mass spectrum of this solution is dominated
by the M7 ion. D11 is produced in low abundance (Figure 4).
Dissociation of this ion under conditions similar to those for
D19 to D11 formed from denaturing solutions results in a charge
distribution that is broad, but highly symmetric, producing M6/
M5, M7/M4, and M8/M3 complementary pairs in decreasing
abundance (Figure 5a).

When D11 ions are produced by charge stripping ions formed
from a denaturing solution, the dissociation process is almost
completely asymmetric (Figure 3e), yet it is predominantly
symmetric when these D11 ions are formed from a solution in
which cytochromec has a native conformation. In addition, the
charge distribution for the latter ions shows an energy depen-
dence (vide infra), whereas very little energy dependence is
observed for the former ions. These D11 ions clearly “remem-
ber” the solution from which they were formed. Thus, the gas-

phase conformation of these ions clearly plays a role in their
dissociation behavior. Ultimately, if we can understand how
conformation affects gas-phase dissociation pathways and
energetics, it should be possible to deduce elements of solution-
phase structure from these gas-phase experiments.

Effects of Dissociation Energy.SORI-CAD is a “slow”
heating method in which an ion is activated incrementally by
many low-energy collisions.43 By increasing the magnitude of
the excitation waveform, the maximum kinetic energy of the
ion can be increased, resulting in increased energy deposition
into the ion.44 Spectra of D11 ions formed from “native” solution
conditions and activated with increasing amounts of maximum
kinetic energy are shown in Figure 5. At the lowest energy

(44) Schnier, P. D.; Jurchen, J. C.; Williams, E. R.J. Phys. Chem. B1999, 103,
737-745.

Figure 3. SORI-CAD spectra of odd charge states of cytochromec dimer
ions electrosprayed from a 50:50 water/methanol solution with 2% acetic
acid: (a) 19+, (b) 17+, (c) 15+, (d) 13+, and (e) 11+ dimer charge states.
The dimer ions in (e) are produced by gas-phase deprotonation of higher
charge state dimers.

Figure 4. Electrospray ionization mass spectrum of cytochromec formed
from 100 mM ammonium acetate in water at a solution concentration of
10-4 M.

Figure 5. SORI-CAD spectra of cytochromec D11 ions formed from
100 mM ammonium acetate in water shown as a function of maximum
kinetic energy: (a) 120 eV, (b) 210 eV, (c) 360 eV.
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investigated, the dissociation is largely symmetric (Figure 5a).
At the highest energy investigated, the asymmetric and sym-
metric dissociation processes become comparable in magnitude
(Figure 5c). Increasing the energy deposition results in an
increasing extent of asymmetric dissociation. Thus, energy
deposition can clearly play a role in asymmetric dissociation.
Interestingly, D11 formed directly from denaturing solutions
dissociates predominantly asymmetrically over the same range
of collision energies, with the dominant products being the M7/
M4 pair. A slight enhancement in the abundance of the M8/
M3 ion pair is observed at higher collision energies.

These results are consistent with those of Smith and Heck
and their co-workers.37,38Smith and co-workers found that even
charge states of cytochromec homodimers, D18-D24, dissoci-
ated with highly symmetric charge partitioning.37 Heck and co-
workers observed asymmetric charge partitioning for D11 ions.38

The results presented here clearly show a gradual change from
symmetric to asymmetric charge partitioning with decreasing
charge state. Heck and co-workers measured asymmetric charge
partitioning for D11 ions formed from solutions in which the
protein is in its native conformation. The results presented here
show a symmetric charge partitioning of D11 ions formed from
similar solutions when the ions are activated using gentle
conditions and increasingly asymmetric charge partitioning at
higher dissociation energies. This apparent discrepancy is
explained by noting that Heck and co-workers used a time-of-
flight mass spectrometer, an instrument that needs to make
measurements within a very short time frame. To observe
dissociation on the time frame of their experiment, much more
energy must be deposited into the ions (a kinetic shift). Because
there is clearly an energy dependence in the degree of asym-
metric charge partitioning, care must be taken when results from
experiments conducted on instruments with different kinetic
windows are interpreted.

Effects of Conformational Flexibility. Cytochromec mono-
mers can adopt many different conformations in the gas
phase.19,45The conformation can depend on the solution-phase
structure as well as the overall charge state of the ion. Both
folding and unfolding of cytochromec monomer ions in the
gas phase have been reported.46,47To obtain a better understand-
ing of how a conformational change of a protein might influence
the dissociation behavior of the protein complex, the confor-
mational flexibility of cytochromec was reduced by reacting
the protein with the nonspecific cross-linker BS3, which is
capable of spanning 11.4 Å and irreversibly linking two lysine
residues residing on the surface of the protein as illustrated in
Scheme 1. The linking reactions are performed in 100 mM
potassium phosphate buffer, pH 7.6, to ensure that the protein
is in its native conformation during the linking procedure.41,42

Mass spectra collected under typical conditions reveal that each
monomer receives between zero and three linkers and that each
linker is covalently attached to two lysines without any partially
reacted linker groups (Figure 6). To avoid intermolecular cross-
linking, linking reactions are performed in dilute (10µM)
cytochromec solution and the reaction is quenched prior to the

sample being concentrated to enhance dimer formation (∼150
µM). Mass spectra of cross-linked cytochromec obtained using
electrospray interface conditions that disrupt noncovalent protein
dimer formation show no cytochromec dimer signal, indicating
that essentially all of the linkages are intramolecular.

Using gentle electrospray interface conditions and selective
ion accumulation in the external hexapole of the instrument, it
is possible to form a distribution of cytochromec D11 ions
with one to six linkers. These ions are isolated and activated
with a SORI pulse applied+600 Hz from the cytochromec
D11 ion with a total of four attached linkers (Figure 7). Under
the same conditions as the Figure 5 data, predominantly
symmetric dissociation is observed at all energies. The asym-
metric dissociation of cytochromec dimer ions formed from
native solution conditions is not observed for the cross-linked
protein dimers. The most asymmetric fragment charge states
correlate with the degree of conformational flexibility remaining
in the monomer units. For example, in the dissociation process

(45) Clemmer, D. E.; Hudgins, R. R.; Jarrold, M. F.J. Am. Chem. Soc.1995,
117, 10141-10142.

(46) Wood, T. D.; Chorush, R. A.; Wampler, F. M.; Little, D. P.; O’Connor, P.
B.; McLafferty, F. W. Proc. Natl. Acad. Sci. U. S. A.1995, 92, 2451-
2454.

(47) Mao, Y.; Woenckhaus, J.; Kolafa, J.; Ratner, M. A.; Jarrold, M. F.J. Am.
Chem. Soc.1999, 121, 2712-2721.

Scheme 1

Figure 6. Electrospray ionization mass spectra of cytochromec that has
been reacted with cross-linking reagents. The spectra are tuned with interface
conditions optimizing the (a) monomer signal and (b) dimer signal. The
absence of dimer ions in (a) indicates intramolecular cross-linking rather
than cross-linking between monomer species.
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D11 f M8 + M3, the M8 ion predominantly has only one or
no linkers, and the M3 ion has predominantly three linkers.
Thus, the monomer species that has the greatest conformational
flexibility is the one that carries away the majority of the charge.
In contrast, for the D11f M6 + M5 symmetric dissociation
process, the M6 and M5 ions have similar numbers of attached
linkers. Clearly, the conformational flexibility of the protein in
the complex plays an important role in the appearance of
asymmetric dissociation.

Because of the nonspecific nature of BS3 attachment, it is
expected that the degree of conformational stability conferred
by the linking reaction will vary depending on which lysine
pairs are linked. Fales and co-workers examined cytochromec
reacted with cross-linkers of differing lengths.40 Equine cyto-
chromec contains 19 lysine residues, and many of these are
located close enough for intramolecular linking reactions to
occur.40 However, only five or six primary linkage sites were
identified from ESI mass spectra of tryptic digests of cytochrome
c after linking reactions.40 The most reactive lysine pair reported
is K25/K27, the dominant cross-link obtained using reaction
conditions optimized for a single linker attachment. Under more
vigorous reaction conditions, four or five additional linking sites
were identified with apparently similar reactivities. Two of these
linking sites occur within a singleR-helix, while the remainder
cross-link lysine pairs in different regions of the molecule
brought together by the tertiary structure of the protein. Thus,
BS3 linking reagents have the potential to stabilize the secondary
structure of the protein, and a strong probability of stabilizing

the tertiary structure, particularly in the case where two or more
linkers are attached.

An additional effect of reacting protein molecules with linkers
is a decrease in the number of basic sites available for
protonation; a cytochromec molecule with three attached linkers
will have the number of potentially protonated lysine residues
reduced by six. The reduction in the number of basic sites alone
is not expected to significantly contribute to the measured
variation in dissociation asymmetry of cytochromec dimers.
Equine cytochromec has 24 basic residues, and residues other
than the standard basic residues can be protonated.48 An
individual cytochromec monomer can hold 24 protons,49

indicating that there is a large excess in the number of sites
available for protonation even after the modification of six lysine
side chains.

Conformational Flexibility of r-Lactalbumin. The non-
specific cross-linking of cytochromec has the effect of
increasing gas-phase conformational rigidity. A complementary
experiment is the irreversible reduction of intramolecular
disulfide bonds that has the effect ofdecreasingthe gas-phase
conformational rigidity of a protein. The proteinR-lactalbumin
has four intramolecular disulfide bonds. A measurable abun-
dance of the 13+ homodimer (D13) of the protein can be formed
from denaturing solutions in which the protein concentration is
125µM (Figure 8a). Dissociation ofR-lactalbumin D13 results

(48) Schnier, P. D.; Gross, D. S.; Williams, E. R.J. Am. Soc. Mass Spectrom.
1995, 6, 1086-1097.

(49) Iavarone, A. T.; Jurchen, J. C.; Williams, E. R.Anal. Chem.2001, 73,
1455-1460.

Figure 7. SORI-CAD spectra of cytochromec dimers with one to six
intramolecular cross-linkers attached. Protein ions were formed by elec-
trospray ionization using a 100 mM ammonium acetate solution. Results
are shown as a function of maximum kinetic energy: (a) 120 eV, (b) 210
eV, (c) 360 eV.

Figure 8. Electrospray ionization mass spectra ofR-lactalbumin using a
50:50 water/methanol solution with 2% acetic acid and a protein concentra-
tion of 125µM with all four intramolecular disulfide bonds (a) intact, (b)
broken, (c) and broken and charged stripped with triethylamine. The inset
shows isotopic resolution of theR-lactalbumin 13+ dimer with intact
disulfide bonds.
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in a symmetric and narrow charge distribution of product
monomers for all dissociation energies investigated (Figure
9a,b).

The ESI mass spectrum of the same protein after disulfide
bond reduction and acetamidation is shown in Figure 8b. Higher
charge state ions of the dimer are observed. For the dimer, the
15-19+ charge states are dominant. To compare equivalent
charge states of the disulfide-broken and disulfide-intactR-lac-
talbumin, all disulfide-reduced ions, including D15-D19, are
charge stripped in the gas phase using triethylamine as the
deprotonating agent (Figure 8c). Dissociation spectra of D13
formed by charge stripping are shown in Figure 9c,d.

A dramatic difference is observed in the degree of asymmetry
of charge partitioning between the monomer fragments produced
from the disulfide-broken and disulfide-intact protein ho-
modimers. Without the disulfide bonds, the charge partitioning
of R-lactalbumin is highly asymmetric (Figure 9c,d). The most
prominent charge partitioning pathway is formation of the M9/
M4 complementary pair. This pathway is not observed for the
disulfide-intact counterpart. These results are entirely consistent
with the cross-linking experiments with cytochromec. Confor-
mational flexibility of the protein in the homodimer plays an
important role in the observation of asymmetric charge parti-
tioning. By making a protein less conformationally flexible, by
either cross-linking or disulfide bond formation, the asymmetric
dissociation pathway is shut down or greatly reduced.

A different result is obtained for higher charge states of
disulfide-brokenR-lactalbumin. Disulfide-brokenR-lactalbumin
D17 dissociates with very broad, but overall symmetric, charge
partitioning under all dissociation energies studied (Figure 10).
This is consistent with the results reported for cytochromec in
which the higher charge states undergo symmetric charge
partitioning.

Charge Partitioning and Disulfide Bonds. Other protein
homodimers with varying numbers of disulfide bonds were also
examined to determine the relationship between gas-phase
conformational flexibility and asymmetric charge partitioning.
One measure of asymmetric charge partitioning is the width of
the distribution of product monomer charge states; a narrow

distribution corresponds to a more symmetric process. In this
experiment, similar charge states of ubiquitin,R-lactalbumin,
and phospholipase A2 are isolated and dissociated, and the
resulting charge distributions of the monomers are compared
(Figure 11). Bovine ubiquitin has no disulfide bonds at all.
Dissociation of ubiquitin D11 results in a symmetric but broad
distribution of product ions (Figure 11c). Dissociation of bovine
R-lactalbumin D13, which has four disulfide bonds, produces
a narrower distribution even though the protein dimer is larger
and more highly charged than ubiquitin (Figure 11b). Phos-
pholipase A2 (PLA2) from Mozambique cobra venom has seven
disulfide bonds, an exceptionally large number for a 13.2 kDa
protein. D11 of PLA2 dissociates exclusively to the M6/M5

Figure 9. SORI-CAD spectra of D13 ofR-lactalbumin using different maximum kinetic energies with disulfide bonds intact [(a) 50 eV and (b) 170 eV]
and with disulfide bonds broken and all eight cysteines inR-lactalbumin acetamidated to prevent the disulfide bonds from re-forming [(c) 50 eV and (d) 170
eV].

Figure 10. SORI-CAD spectra of the 17+ dimers ofR-lactalbumin, with
all four intramolecular disulfide bonds broken and all of the cysteines
acetamidated, as a function of maximum kinetic energy: (a) residual
excitation after isolation, (b) 70 eV, (c) 90 eV.
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complementary pair at all dissociation energies investigated
(Figure 11a). The charge partitioning between the monomers
is the most symmetric of all the protein dimers investigated.
As the number of disulfide bonds increases, the gas-phase
conformational flexibility of the proteins decreases, and the
resulting charge state distributions of the product monomers
narrow.

Dissociation Mechanism.Symmetric dissociation of a ho-
modimer to produce identically charged monomers is the
expected result and is readily understood. To observe asym-
metric charge partitioning upon dissociation of a homodimer,
it is necessary to break the symmetry of the system. The only
way to do this under gentle dissociation conditions is to change
the conformation of one of the monomers in the dimer. The
results we present here indicate that, in the dissociation transition
state, one of the proteins in the homodimer unfolds, and in doing
so, it carries away the vast majority of charge.

The apparent gas-phase basicity of unfolded or elongated
proteins is greater than that of a folded protein of the same
charge state,21,23,48making it energetically favorable to transfer
protons from a folded to an unfolded or unfolding protein. This
is primarily due to lower Coulomb repulsion between charges
for more elongated conformations. For this proton transfer to
take place, the protons on the complex must be able to sample
the most energetically favorable positions. The work of McLaf-
ferty and co-workers, who have done extensive studies on the
gas-phase H/D exchange reactivity of cytochromec ions,
indicates that protons are quite mobile along the surface of a
protein.19,46,50Nearly complete H/D exchange of high charge
states of cytochromec can take place (a maximum of 193 out
of 198 solution-exchangeable hydrogens for the 15+ charge
state) with D2O.19 This occurs even though H/D exchange with

D2O is only favorable at the protonated sites.51,52Very recently,
Wells et al. formed gas-phase cytochromec dimer ions by
reacting M15+ with M6- to form D9+.53 Upon activation, the
complex dissociates to form predominantly the M6+/M3+
complementary pair, indicating that at least nine protons are
transferred to the originally negatively charged monomer upon
complex formation and ion activation. The asymmetric dis-
sociation observed in these experiments is most likely the result
of different conformations for the two monomers.

The results with the intramolecular cross-linked cytochrome
c dimers as well as disulfide-intact/reducedR-lactalbumin clearly
indicate that, by reducing the conformational flexibility of the
protein subunit, the extent of asymmetric dissociation of the
dimer complex decreases. By forming intramolecular bonds
between different regions of the protein, the maximum extent
of unfolding that is possible is reduced. These experiments
clearly show that protein unfolding is required for asymmetric
dissociation to occur. The high transition-state entropies mea-
sured by Klassen and co-workers for dissociation of a homopen-
tameric complex indicate that the unfolding must take place
during the transition state.32 This is also indicated by our results,
showing that the complexes can remember their solution-phase
structure. Dissociation of D11 ions of cytochromec from native
solution conditions produces largely symmetric charge partition-
ing at low energy, with increasing asymmetry at higher energy.
These results suggest that the lowest energy process is symmetric
dissociation. This is also consistent with the observation that
high charge state dimers, which are much more fragile than
lower charge state dimers, dissociate symmetrically. The
increasingly asymmetric charge partitioning with increasing
dissociation energy observed for D11 of cytochromec formed
from native solution conditions is consistent with the unfolding
of cytochromec in the transition state. Unfolding low charge
states of a protein in the gas phase requires energy,23,46,47but
the high entropy of this process makes it competitive at high
dissociation energies. Higher charge state complexes dissociate
before unfolding, resulting in symmetric dissociation.

Conclusions

Mass spectrometry is becoming a powerful tool to determine
accurate information about the stoichiometry of large biomol-
ecule complexes in solution. Two-dimensional mass spectrom-
etry is being used to try to obtain structural information from
such large macromolecular complexes, e.g., to determine how
proteins in a complex are organized and how they interact.
However, results from dissociation experiments can be notori-
ously difficult to interpret without a good understanding of
dissociation mechanisms and energetics.

The origin of asymmetric dissociation in macromolecular
complexes has been hotly debated. For protein homodimers,
we demonstrate that the unusual asymmetric charge partitioning
that is typically observed when dissociating macromolecular
complexes depends on the internal energy, charge state, and
conformation of the complex as well as the conformational
flexibility of the monomers in the complex. We show that the

(50) Suckau, D.; Shi, Y.; Beu, S. C.; Senko, M. W.; Quinn, J. P.; Wampler, F.
M.; McLafferty, F. W.Proc. Natl. Acad. Sci. U. S. A.1993, 90, 790-793.

(51) Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, J. L.J. Am.
Chem. Soc.1995, 117, 12840-12854.

(52) Wyttenbach, T.; Bowers, M. T.J. Am. Soc. Mass Spectrom.1999, 10, 9-14.
(53) Wells, J. M. C., P. A.; McLuckey, S. A.Proceedings of the 50th ASMS

Conference on Mass Spectrometry and Allied Topics, Orlando, FL, June
2-6, 2002.

Figure 11. SORI-CAD spectra of (a) phospholipase A2 (seven disulfide
bonds, 13.2 kDa), (b)R-lactalbumin (four disulfide bonds, 14.2 kDa), and
(c) ubiquitin (no disulfide bonds, 8.6 kDa).
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charge asymmetry in the dissociation of these protein ho-
modimers is due to a protein unfolding in the dissociative
transition state. This unfolding requires more energy, but the
process is entropically favored.

While these results and the proposed mechanism are for
protein homodimers, it is expected that this same mechanism
should apply to larger macromolecular complexes consisting
of many subunits. By understanding in detail how these
complexes dissociate, we hope that it will be possible to extract
useful structural information about the organization of the
subunits in large complexes. It should also be possible to obtain
information about solution-phase structure from these gas-phase
experiments. Gas-phase complexes can clearly retain a memory
of the solution from which they are formed; the dissociation
behavior of a complex can be dramatically different when the

ions are formed from solutions in which the solution-phase
structure differs. A better understanding of dissociation mech-
anisms and energetics of these large complexes should greatly
enhance our ability to deduce information about these complexes
in solution from these gas-phase experiments. We are currently
extending these measurements to larger macromolecular com-
plexes.
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