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a b s t r a c t

The dual goals of retaining native solution structure in the gas phase and facilitating accurate mass
measurement by mass spectrometry often require conflicting experimental parameters. Here, we use
ion mobility–mass spectrometry to investigate the effects of aqueous buffer removal on the structure of
an archetypal ring complex, GroEL, an 800 kDa chaperone protein complex from Escherichia coli. Our data
eywords:
ano-electrospray ionisation (nano-ESI)
on-covalent complexes
ccurate mass determination

show that subjecting the protein complex ions to energetic collisions in the gas phase removes aqueous
buffer from the assembly in a manner indicative of at least two populations of adducts bound to the
complex. Adding further energy to the system disrupts the quaternary structure of the assembly, causes
monomer unfolding, and eventual dissociation at higher collision energies. Including additional salts of
lower volatility in a typical ammonium acetate buffer produces gas-phase protein complex ions that are

ive to
and
ollision-induced dissociation (CID)
on mobility–mass spectrometry (IM–MS)

seemingly stabilised relat
picture of the desolvation

. Introduction

Mass spectrometry (MS) is becoming established as a key tech-
ology in structural biology, yielding data on protein dynamics,

igand binding and protein complex structure [1–6]. For example,
ecent work has shown that MS data, composed of mass mea-
urements taken at every level of protein organisation (intact,
ub-complexes, and subunits), can generate high confidence inter-
ction maps and, in some cases, 3-D models of protein assemblies
an be constructed [7–10]. Such assemblies, often comprising a
arge number of subunits, can result in protein complexes with

asses in excess of 1 MDa—challenging targets for accurate MS
easurements. However, careful optimisation of instrument con-

itions has been shown to facilitate both a mass range sufficient

o study systems as large as the ribosome [11] and virus assem-
lies [12] as well as mass resolution that is adequate for following
he subunit exchange dynamics within many protein assemblies
13,14].

Abbreviations: MS, mass spectrometry; IM, ion mobility; nESi, nano-electrospray
onisation; ESI, electrospray ionisation; CRM, charge residue model; CID, collision-
nduced dissociation; %CCS, percentage collision cross-section; LRWH, linearly
amped wave height; PA, projection approximation; EHSS, exact hard spheres scat-
ering; Q-ToF, quadrupole time of flight.
� This article is part of a Special Issue on Ion Mobility.
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changes in gas-phase structure. These data are combined to offer a general
structural transitions undergone by large gas-phase protein complexes.

© 2009 Elsevier B.V. All rights reserved.

The analysis of intact protein–protein complexes relies upon
ionisation methods that can retain non-covalent protein–protein
interactions, such as nano-electrospray ionisation [15,16] (nESI).
From a solution of only a few microlitres in volume, nESI produces a
fine mist of charged droplets which decrease rapidly in size by evap-
oration. As these droplets shrink, their size/charge ratio approaches
the Raleigh limit, resulting in a series of coulombically driven fis-
sion events that produce a large number of daughter droplets from
a single parent. For large analytes, such as protein complexes, this
fission process is believed to continue until the droplets are small
enough (droplet diameter ≈ 20 nm) such that the excess aqueous
buffer surrounding the protein complex evaporates to produce a
gas-phase ion (termed the charge residue model (CRM)) [17,18].
Recent analysis of protein and protein complex data indicate that
the amount of charge accumulated by large ions correlates well
with estimates of ion surface area [18–20]. The dependence is pre-
dicted by the CRM and these results are consistent with this model
for describing the primary mode in which protein assembly ions
are generated.

Due to incomplete evaporation in the nESI process, or the pres-
ence of species of low volatility in solution, the protein complex
ions detected by MS usually contain some residual molecules
derived from aqueous buffer [21,22]. Their presence reduces both
the mass accuracy and the peak resolution, and therefore the qual-
ity of spectral information obtained. A linear relationship between
peak width and mass increase has been derived empirically over a

broad range of proteins and instrument conditions [23]. While this
approach can produce accurate mass measurements for large pro-
tein complexes, achieving the necessary accuracy for unambiguous
assignment is still a challenge. Consequently mass measurements
of protein assemblies are usually performed using the largest accel-

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:cvr24@cam.ac.uk
mailto:bruotolo@umich.edu
dx.doi.org/10.1016/j.ijms.2009.08.001
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ration voltages accessible that maintain the subunit interactions
f the complex [24,9].

Conversely, nESI is able to preserve aspects of native protein
tructure when only the lowest acceleration voltages are applied,
s shown by collision cross-section (CCS) measurements derived
rom ion mobility (IM) separation [6,25–27]. IM records the time
n ion takes to pass through a pressurised drift cell in the presence
f a weak applied electric field [28–32]. Large ions of low charge
ield longer drift times than more compact architectures or those
hat have higher charge. For experiments involving protein–protein
omplexes, and indeed many other IM experiments aimed at struc-
ural biology, a crucial consideration is the ability to maintain
olution phase topology in the absence of bulk solution. Previ-
us experiments from our group and others have indicated that, if
nstrument conditions are not carefully controlled, protein assem-
lies can adopt a wide array of conformations, some of which
ppear to be stable on the timescale of the IM experiment [33,34].
hile nESI can generate protein complex ions for analysis by

oth IM and MS, the instrument conditions required for optimum
nalysis for each of these two dimensions of information do not
ully overlap [33]. It is reasonable to assume that the solution
hase topology is best preserved by maintaining as much aque-
us buffer as possible. Previous data indicate that minimising the
nternal energy of the protein complex ions is also important for
etaining “native-like” structure in the gas phase. On the other
and, the greatest mass accuracy, by definition, requires the most
fficient removal of buffer ions [24]. As such, accurate mass mea-
urements of large protein complexes in general require maximum
cceleration voltages, generating high internal energies, and, as a
onsequence, altered protein structures.

Here, we use ion mobility mass spectrometry (IM–MS) to inves-
igate how the structure and mass of a protein complex ion are
nfluenced by changes in aqueous buffer composition. This is stud-
ed by varying the energy applied to the ions (and therefore varying
he number of residual buffer ions/molecules attached to the
ssembly) and recording the effect on both assembly size and mass
y IM–MS. We have chosen to study the bacterial chaperone GroEL
comprising 14 identical subunits arranged in two back-to-back
ings), as it is a well-studied protein complex by mass spectrome-
ry and structural biology [5,35,36]. The presence of a cavity within
he quaternary structure of GroEL opens the possibility of observ-
ng structural transitions in the gas-phase complex by IM–MS, in
similar way to those reported previously [25]. Furthermore, this

llows the impact of different buffer components on the stability of
he quaternary structure of GroEL in the gas phase to be compared
nd provides a framework for recording the measurable desolva-
ion and structural transitions in the electrospray process for a large
rotein complex.

. Materials and methods

.1. Sample preparation

Freeze-dried GroEL (C7688) was purchased from Sigma–Aldrich
Dorset, UK) and 1 mg was dissolved and incubated (1 h) in 160 �l
uffer A (20 mM tris acetate, 50 mM EDTA, 1 mM ATP, 5 mM mag-
esium chloride), after which 40 �l methanol was added and

ncubated (1 h). GroEL was precipitated by adding 200 �l ace-
one and the precipitate re-suspended in 200 �l buffer A before
ize exclusion chromatography in 200 mM ammonium acetate
Sigma–Aldrich). In some cases this chromatography step was

epeated for sufficient purity. The fractions collected were con-
entrated to a final GroEL concentration of approximately 2 �M
4mer on a Vivaspin column (MWCO 5000, Sartorius, Epsom, UK).
ris acetate (Sigma–Aldrich) was dissolved in 200 mM ammonium
cetate and added into some of the solutions for analysis (final con-
ss Spectrometry 298 (2010) 91–98

centrations of 25 and 50 mM tris acetate in 200 mM ammonium
acetate and pH of 6.9).

2.2. Mass spectrometry

MS analysis was carried out on a modified Q-ToF II [37] and
a Synapt HDMS quadrupole–ion trap–IM–MS instrument [38]
(Waters, Manchester, UK). Nanoflow electrospray capillaries were
prepared as previously described [25], and a nESI source was used.
MS parameters were optimised for the transmission of large non-
covalent complexes. Typical values are: capillary voltage 1.2 kV,
cone voltage 150 V, cone gas 80 litres h−1, extractor 0.3 V, ion trans-
fer stage pressure 5.00 mbar, transfer voltage 12 V, bias 70 V,
varied trap voltage 5–240 V, IMS wave velocity 250 m/s, IMS wave
height either ramped or varied between 10 and 16 V, transfer wave
velocity 100 m/s, transfer wave height 5 V, trap and transfer pres-
sure 5.48 × 10−2 mbar, IMS pressure 5.08 × 10−1 mbar, ToF analyser
pressure 1.85 × 10−6 mbar.

Large non-covalent complexes such as GroEL require the appli-
cation of acceleration voltage and energetic collisions for optimum
mass accuracy. For Q-ToF mass spectrometers, ions are often accel-
erated into a gas-filled collision cell region just after the quadrupole
mass filter. In the case of the Q-IM-ToF mass spectrometer (Synapt),
ion acceleration and activation can be performed in many regions of
the instrument. For all of the data reported in this work the amount
of acceleration voltage experienced by the ions was varied as they
enter the ion trap, just prior to the IM separation stage.

Spectra were analysed using MassLynx V4.1. The primary
sequence mass from the UniProt database (http://www.uniprot.
org/uniprot/P0A6F5), after removal of the N-terminal methionine
from the unmodified precursor sequence, gives rise to a mass of
57197.9 Da for the monomer (confirmed by MS) and 800770.6 Da
for the 14mer. Percentage mass increase and normalised peak
width are calculated using the equations below.

Percentage Mass Increase =
[

Centroid Experimental Mass

Sequence Mass

]
× 100

Normalised Peak Width = Full Width at Half Maximum

Centroid m/z Value

= 1
Resolving Power

The centre-of-mass energy (ECoM) was calculated from the for-
mula derived by Shukla [39] ECoM = m1/(m1 + m2) × z V, where m1
is the mass of the collision gas molecules (argon), m2 is the mass
of the analyte ions (GroEL), z is the charge on the analyte and V
is the acceleration voltage applied to the analyte as it enters the
collision cell of the Q-ToF II mass spectrometer or the trap region
of the Synapt HDMS. The upper bound collision energy required to
remove a tris ion from the complex was estimated from the data in
Fig. 4. The calculation consisted in plotting the initial desolvation
gradients against tris concentration, and from a linear fit to this data
the energy to remove an ion of 122 Da mass (tris) was averaged for
this range of concentrations.

The percentage collision cross-section (%CCS) increase was
taken from data acquired on the Synapt using both fixed and lin-
early ramped wave height (LRWH, wave height ramp from 0 to
30 V) over the course of the ion mobility separation. The CCSs
acquired from fixed wave height data were calibrated externally as

described previously [32]. Due to the projected size of GroEL (com-
putational estimate of the CCS of GroEL from the crystal structure
is ca. 21,000 Å2 [40,41], see below for details) we used a calibration
dataset including ions of significantly larger sizes and lower mobil-
ities than used previously. These ions were the 5mer and 10mer

http://www.uniprot.org/uniprot/P0A6F5
http://www.uniprot.org/uniprot/P0A6F5
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Fig. 1. Panel A shows the spectra of GroEL over a range of acceleration voltages applied to the ions to produce energetic collision with neutral gas molecules. The back
spectrum is taken at 10 V acceleration voltage and spectra recorded at higher acceleration voltages are overlaid. Panel B contains a plot of the measured excess mass relative
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o the sequence mass of GroEL versus the acceleration voltage. Points are colour
ndicating high internal energy. Overlaying the data is a schematic of GroEL in a dro
urple regions depict the “solvation shell” comprising weakly bound water and aqu
he references to colour in this figure legend, the reader is referred to the web versi

f serum amyloid protein (average measured CCSs of 5876 and
888 Å2 respectively) as well as the 64–67+ ions of GroEL (aver-
ge measured CCS of 17415 Å2). The absolute CCS for these ions
to an approximate error of ±5% based on a limited comparison
ith literature values) was determined using a recently reported
ethod, that records the wave height necessary for an ion to tran-

ition between “ion mobility separation mode” and transmission
ode (which carries all ions at the wave velocity), on the Synapt
DMS instrument [42]. We also used this direct measurement

echnique [42] to measure the size increase at high acceleration
oltage and generated values comparable to those reported in Fig. 4.
ata acquired in a LRWH mode often produce more well-resolved

M–MS data than when operated at fixed wave height, but are more
ifficult to calibrate to a CCS axis due to the constantly scaling
rift force applied to the ions. In all cases where LRWH data were
ollected to assess the relative size of GroEL ions, equivalent data
ere acquired at several fixed wave heights for the purposes of

alibration.
MOBCAL [40,41] (http://www.indiana.edu/∼nano/Software.htm

imulations of GroEL crystal structure (PDB code 1SX3) were car-
ied out to determine computational CCS using the projection
pproximation (PA) and exact hard spheres scattering (EHSS)
ethods. This PDB file was also manipulated using Pymol (DeLano

cientific, http://pymol.org/) to prepare a fully extended GroEL
ubunit (setting all ˚ and � angles to 180◦), which was docked
nto the structure of 13 GroEL subunits using Hex 5.0 [43]
http://www.csd.abdn.ac.uk/hex/). This docked file of the 14mer
ontaining one fully extended subunit was used to generate a
omputational CCS value for this structure using MOBCAL, and

computational estimate for the percentage increase in CCS
as calculated from this model structure relative to the CCS of

he crystal structure. This enabled the comparison of the %CCS
xperimental data with the computational estimate for the model
ontaining the crystal structure for GroEL minus one of its subunits
nd one fully extended GroEL monomer docked to this structure,
s reported previously [34].
. Results and discussion

The effects of acceleration voltage on the spectra and on the
xcess mass carried by GroEL ions and measured in the spectra are
to indicate the internal energy of the ions, with blue indicating low and yellow
ith a rough “solvation shell” and with only tightly bound adducts remaining. Light

buffer, while yellow circles represent tightly bound adducts. (For interpretation of
the article.)

shown in Fig. 1. Panel A contains a plot of GroEL spectra at a range of
acceleration voltages. In panel B the excess mass (defined relative
to the sequence mass of GroEL) measured in these spectra is plotted
against the voltage used to accelerate the ions into the collision cell
region of a Q-ToF mass spectrometer. In the low voltage region the
measured mass is significantly greater than that calculated from the
sequence, but initially it decreases in a linear fashion as accelera-
tion voltage is increased. In our GroEL measurement, the sequence
mass is never attained, but the minimum measured mass is approx-
imately 250 Da above the sequence mass. Further increase in the
voltage does not remove any additional mass beyond this mini-
mum, even when voltages sufficient to dissociate subunits from
the intact protein complex are applied to the ions.

The desolvation profile shown in Fig. 1 clearly indicates that
while most of the excess mass carried by the protein complex can be
removed through activating the assembly in the gas phase, a finite
number of adducts remain bound to the assembly. The two regions
of Fig. 1 are evidence for a bimodal adduct population bound to the
GroEL 14mer. Most adducts (95%) are lost progressively at accelera-
tion voltages below 100 V indicating weaker binding to the protein
complex when compared to the small percentage (5%) that are
tightly bound to the assembly and do not dissociate at any accel-
eration voltage in our experiments. It is interesting to note that
the minimum extra mass observed for the GroEL 14mer would
correspond to approximately one water molecule or sodium or
ammonium ion per subunit. These remaining adducts could be
binding specifically to the assembly and may be important in pre-
serving the assembly. It is likely that the weakly bound adduct
population arises from incomplete evaporation in the nESI event,
potentially leaving a “solvation shell” surrounding some parts of
the protein complex, as shown schematically in Fig. 1.

We have reported previously on the importance of com-
plete desolvation in acquiring optimised mass spectra for large
protein–protein complexes [23,9,35] and discussed the origin of the
excess mass observed in MS measurements. Previous data suggest
that the excess mass is primarily composed of non-volatile solu-

tion components, and that adding a less volatile buffer salt would
cause a measurable increase in both the observed mass and MS
peak width at a fixed acceleration voltage. To test this hypothesis,
tris acetate, a larger, less volatile salt compared with ammonium
acetate, was added in various concentrations to the 200 mM ammo-

http://www.indiana.edu/~nano/Software.html
http://pymol.org/
http://www.csd.abdn.ac.uk/hex/
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Fig. 2. GroEL mass spectra from solutions containing increasing tris acetate concen-
trations in 200 mM ammonium acetate acquired at a fixed acceleration voltage of
110 V. The upper spectrum (A) shows data acquired from a solution containing no
tris acetate. Dissociation products observed in this spectrum are labelled according
to their median charge states (30+ for monomers and 38+ for 13mers), whereas the
intact 14mer GroEL ion series is the most intense set of peaks around 12000 m/z
(68+). The centre and lower spectra (B and C) are of GroEL in solutions containing 25
and 50 mM tris acetate respectively. The dissociation products observed in the spec-
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rum A are not seen in spectra B and C, and the spectra show decreasing resolution
f the charge states as the concentration of tris acetate is increased. The additional
on series seen in spectrum B corresponds to a 7mer of GroEL which is sensitive to
he ionic strength of the solution.

ium acetate protein containing solution. Fig. 2 compares the
pectra of GroEL in the presence of 0, 25 and 50 mM tris acetate
t a collision cell acceleration voltage of 110 V. In the absence of
ris acetate, the mass spectra show a well-resolved charge state
istribution for the GroEL 14mer centred on the 68+ ion, and low-

ntensity dissociation products corresponding to the monomer (at
ow m/z) and the 13mer (at high m/z) are observed. At the same
cceleration voltage the addition of 25 mM tris acetate to the pro-
ein containing solution yields broader peaks centred on the 65+

harge state, and the addition of 50 mM tris acetate results in even
roader peaks and a charge envelope centred on 64+. In the pres-
nce of the tris acetate no gas-phase dissociation products are seen
t this acceleration voltage.

The data in Fig. 2 indicate that, as expected, the presence of less
olatile solution components result in the retention of more buffer
olecules/ions. As the collision energy is increased, the ion popu-

ation in each case can reach a similar level of desolvation, although
hen tris acetate is present in solution more acceleration voltage is

equired to achieve the same measured mass and peak width com-
ared to that which can be observed for a buffer solution containing
nly ammonium acetate (0 mM tris acetate). Deviations in charge
tate between ion populations created from solutions comprising
arying concentrations of tris acetate are difficult to interpret, as it
s known that dissociation of monomers (observed in the 0 mM tris
cetate case) will influence charge state distributions considerably.
n the other hand, the net effect of protein complex dissociation
n the charge envelope of protein complex ions is often observed
o be a reduction in charge rather than charge enhancement, as
igher charge species gain more energy from the applied volt-
ges and dissociate preferentially to those with less charge. This
bservation then suggests that the mean charge state distributions

bserved are probably due to the influence of the tris present in
he aqueous solution rather than that of charge migration due to
ollision-induced dissociation (CID). The most pronounced effect
bserved in this experiment, however, is the increased stability of
he protein assemblies upon transfer to the gas phase. This result
ss Spectrometry 298 (2010) 91–98

can be rationalised in part, as tris ions can likely create a larger num-
ber of stabilising interactions relative to ammonium ions or water
molecules with the protein complex (per ion) due to their larger
size. We anticipate that the addition of tris acetate will not alter the
bulk properties of the protein containing solution and therefore the
droplet size and fission events will remain comparable. In the final
stages of desolvation the molecular identity of the adduct popula-
tion are more likely to impact the structure, as in this regime the loss
of each adduct results in the loss of a protein–solution interaction.

The data in Fig. 2 show that, at a fixed acceleration voltage, the
greatest mass accuracy and the most extensive dissociation are
observed for those ions generated from the solution with the low-
est tris acetate concentration. Previous results have indicated that
measuring the MS peak width can be used to correct the measured
mass of a protein complex for comparison against the sequence
mass [23]. The foundation of this method is the observed linear
relationship between MS peak width and excess measured mass.
In order to further probe the universality of this approach, we mea-
sured the relationship between excess measured mass and MS peak
width for solutions containing the GroEL 14mer in the presence of
200 mM ammonium acetate and varying amounts of tris acetate
(Fig. 3A). Through careful control of instrument parameters, we
were able to reproduce the linear relationship between peak width
and excess mass across a broad range of acceleration voltages and
tris acetate concentrations. This data, therefore, indicate that the
linear relationship between mass increase and MS peak width is
relatively insensitive to changes in the buffer composition, as all
points in Fig. 3A lie within the same prediction interval for the linear
relationship determined for the data.

The result shown in Fig. 3A is somewhat surprising, as we
originally surmised that the final MS peak width achieved in our
experiments is ultimately determined by both the nature of adducts
bound to the protein assembly and the dynamics of the desolvation
process. However, when compared with our previous results [23]
we noted a difference in the gradient determined in Fig. 3A relative
to that previously reported. Based on this observation, we probed
other variables and instrumental parameters that might alter the
linear relationship between peak width and the amount of excess
mass measured relative to the sequence mass of GroEL. The exper-
iments performed on different mass spectrometers, including a
modified Q-Star XL [44] and a Q-ToF II instrument containing a high
pressure sleeve around the hexapole ion guide [45], indicated that
the pressure achieved in the first regions of differential pumping
can influence the slope of the linear relationship measured between
MS peak width and excess mass measured [data not shown]. Based
on these results we performed a series of experiments designed to
monitor the influence of the pressure in the first region of differ-
ential pumping with the observed slope of the relationship shown
in Fig. 3B. These results indicate that, over the operating pressure
range of the Q-ToF II [37], the slope of the relationship can change
by a factor of 4 in a pressure-dependent fashion. This result is inter-
esting, as it indicates that while using higher pressure in the first
region of differential pumping can improve MS peak resolution, it
does not always provide a concomitant decrease in the excess mass
carried by the ions.

A more complete picture of how the addition of less volatile
buffer components can influence the excess mass recorded for pro-
tein complexes, and by extension the optimum mass accuracy for
such assemblies, requires a detailed description of the relationship
between acceleration voltage and measured mass for solutions of
varying tris acetate concentration (Fig. 4, upper panel). For each

experiment, the acceleration voltage is carefully increased (in 10 V
increments) in order to capture an accurate description of the des-
olvation profile of the protein complex ions generated from each
solution. The three trends shown in the upper panel of Fig. 4 all
exhibit similar profiles, however they differ in the amount of accel-
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ig. 3. (A) A plot of percentage mass increase versus normalised peak width for Gro
ver a range of activation energies. Black circles: 0 mM tris acetate, black triangles: 2
ata (R2: 0.85, gradient: 86 ± 5, and intercept: −0.06 ± 0.04), and dashed black lines:
he pressure in the first region of differential pumping (R2: 0.51, gradient: 50 ± 20,

ration voltage required to reach the minimum observed mass
f the protein complex. At low acceleration voltages, the mass

ncrease relative to the predicted sequence mass is significantly
reater when tris acetate salt is present, although the minimum
ass is similar in all experiments. This observation implies that the

ddition of less volatile tris acetate salt to the buffer does not signif-
cantly alter the number of tightly bound adducts, although higher

ig. 4. Plots of observed excess mass (upper panel) and %CCS (lower panel) ver-
us centre-of-mass energy for GroEL 66+ ions generated from different tris acetate
oncentrations. Purple circles: 0 mM tris acetate, blue triangles: 25 mM tris acetate,
reen squares: 50 mM tris acetate. In the lower panel trends are plotted to guide
he eye and the vertical lines spanning both panels correspond to the centre-of-

ass energies where the intensity of the dissociation products are 50% of the parent
ntensity. The colour of all lines is coded to match one of the three datasets. The %CCS
alculated using the PA and EHSS methods for the fully extended docked monomer
s shown as a horizontal grey bar. The schematics shown in the lower panel are illus-
rations of the structures modelled, the lower image illustrates the GroEL subunit
rchitecture and the upper image shows this same structure with one unfolded sub-
nit. (For interpretation of the references to colour in this figure legend, the reader

s referred to the web version of the article.).
solutions containing 0, 25 and 50 mM tris acetate and 200 mM ammonium acetate
tris acetate, black squares: 50 mM tris acetate, black line: linear fit for the combined
rediction interval. (B) A plot of the slope of the relationship derived (as in A) versus
tercept: −140 ± 80), and dashed black lines: 99% prediction interval.

collision energies are needed to achieve the minimum mass of the
complex when tris is present in solution. The difference in gradients
for the initial desolvation trends in the presence of various concen-
trations of tris acetate recorded in the upper panel of Fig. 4 allows
calculation of a rough estimate for the upper bound collision energy
required to remove one tris ion from the complex to be 5 ± 3 meV.
This result assumes that tris ions make up the additional loosely
bound adduct population which increases as the concentration of
tris acetate is raised.

The lower panel of Fig. 4 compares the %CCS increase observed
for the 66+ charge state of the GroEL 14mer ions in the same three
buffer compositions and energy range monitored in the upper panel
of Fig. 4. The data shows a transition in CCS for the GroEL 14mer
as a function of centre-of-mass collision energy. At low collision
energies, the CCS of the 14mer is constant until a threshold colli-
sion energy is reached. At this threshold, the CCS increases until it
reaches a maximum value at high collision energy. This same trend
is seen for 0, 25 and 50 mM tris acetate concentrations; however,
the energy required to reach the threshold collision energy for CCS
increase demonstrates a clear dependence upon the tris acetate
concentration. Higher collision energies are required to increase
the CCS of the ion in higher tris acetate concentrations. While sig-
nificant amounts of loosely bound buffer molecules still adhere to
the protein complex at low collision energies, the CCS of the GroEL
14mer is observed to be constant. An excess of loosely bound buffer
molecules does not influence the CCS of large protein complex ions,
consistent with our previous results [25]. However, the lack of key
bound buffer molecules may influence the CCS by distorting the
quaternary structure.

Previously, we have assigned CCS transitions similar to those
observed in Fig. 4 to model structures where subunit unfolding
within the protein complex has taken place in the gas phase [34].
In those experiments, our analysis revealed that the CCS increase
observed for the protein complex did not exceed the computa-
tional estimate for a completely extended monomeric unit docked
to the rest of the folded structure. This observation is consistent
with our results for the GroEL 14mer, where the computational
estimate of the %CCS for the 14mer that has a fully extended
monomer is indicated by the horizontal band on the lower panel
of Fig. 4. According to our measurements, the largest experimental
CCS increase achieved by the intact 14mer is approximately 90% of
the maximum CCS calculated using this model. This result is con-
sistent with this theory of protein complex dissociation [46,47] and
further supports the idea of a long-lived dissociative intermediate

state for the protein complex where a single subunit within the
assembly has undergone extensive unfolding, rather than models
that involve extensive unfolding of many subunits simultaneously.

Additional insight into the structural transitions experienced by
the GroEL 14mer as a function of collision energy can be derived by
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ig. 5. Drift time plots for the GroEL 62+ ions in the presence of 0 (purple), 25 (blue)
re on the right hand side of each plot, ranging from 20 to 170 V. The solid black v
bsence of tris acetate, GroEL compacts in size (shown by the vertical dashed line
nterpretation of the references to colour in this figure legend, the reader is referred

omparing the MS data in the upper panel of Fig. 4 with the IM
ata recorded in the lower panel. Spanning the two panels of Fig. 4
re lines indicating the collision energy at which the ion intensity
or dissociation products is 50% of the total ion intensity for each
f the three buffer compositions. Increasing tris acetate concentra-
ion results in the appearance of dissociation products at higher
ollision energies. The direct comparison between these two pan-
ls allows us to examine the connectivity between the CID process
bserved by using MS and the protein unfolding process observed
y means of IM. Our data confirm that the CID process is indeed

inked to the protein unfolding observed by means of IM, since
he shift to higher collision energies for the various dissociative
ransitions observed in MS are mirrored in the IM data. Further-

ore, rather than a occupying a well-defined intermediate state,
he positioning of the 50% dissociation energy on the IM data indi-
ates that many protein complexes occupying a range of CCS values
ive rise to the observed dissociation products. Overall, these obser-
ations are consistent with the data shown in Fig. 2, and imply that
on-specifically bound tris ions can measurably stabilise the GroEL
4mer in the gas phase. It is likely that this stabilisation occurs
hrough the generation of additional stabilising interactions as the
arger tris ion has many opportunities for hydrogen bonding.

A detailed investigation of the drift time distributions recorded
or the GroEL 14mer reveals evidence of further gas-phase struc-
ural transitions. As observed previously for other gas-phase
rotein–protein complexes [25], the lowest charge states of GroEL
ave larger CCS values than higher charge states under conditions
here the ions are subjected to relatively low collision energies

data not shown). In the case of 62+ GroEL ions, plots of the drift time
istributions as a function of collision energy (Fig. 5) clearly show
hat the centroid of the distribution recorded decreases prior to a

ore dramatic increase at higher collision energies (far left panel).
n addition, IM data for solutions containing 0, 25, and 50 mM tris
cetate are also shown in Fig. 5. On the addition of tris acetate the
entroid drift time distribution recorded at low collision energy is
onstant, as indicated by the position of the vertical bar shown.
or both solutions containing tris acetate, no detectable decrease
n the centroid of the drift time distribution is observed as the col-
ision energy is increased. For higher charge states of the GroEL

4mer, this decrease in centroid drift time is also not observed. The
ata in Fig. 5 are consistent with a compaction of the GroEL CCS
y about 4% in the absence of tris acetate. Significantly, the addi-
ion of tris acetate to the assembly in solution seems to stabilise
he complex relative to this structural transition in the gas phase.
0 mM (green) tris acetate in columns A, B, and C respectively. Acceleration voltages
l line marks the centroid of the drift time distribution at the lowest energy. In the
ereas no significant size decrease is observed in the presence of tris acetate. (For
e web version of the article.).

The observed decrease in CCS for the 14mer cannot be rationalised
in terms of the loss of a “solvation shell” around the ion because
data in Figs. 2 and 4 indicate a much larger gradient for the weakly
bound excess material when tris acetate is added. The decrease in
CCS is not observed when tris acetate is added in solution, and we
rationalise this decrease in ion size as a reorganisation of the qua-
ternary structure of the molecule. This is consistent with previous
results, where we interpreted a similar decrease in CCS to a collapse
in the quaternary structure of a ring-like complex [25]. The loss of
the central cavity of GroEL could result in a significant reduction
in CCS and is the most likely configuration of the smaller GroEL
14mers observed in Fig. 5.

Combining all the data acquired in this work, a general pic-
ture can be assembled for the final desolvation stages of GroEL in
the absence of lower volatility solution components (Fig. 6, upper
panel). The centre-of-mass collision energy is given as a scale bar
through the centre of the schematic and the positioning of various
structural transitions of the GroEL 14mer are positioned on this axis
according to the data presented above. At low collision energies,
weakly bound adducts and excess mass from solution is lost (Fig. 4)
and this is displayed as a decrease in “solvation shell” size leaving
tightly bound material (shown as small coloured circles). After all
the weakly bound adducts are removed, the ion internal energy
derived from collisions is portioned into disrupting the quaternary
structure of the assembly (pictured as a collapsed arrangement of
GroEL subunits, see Fig. 5). Increasing the collision energy beyond
this stage results in monomer unfolding, reported by a dramatic
increase in CCS (Fig. 4). In Fig. 6, we illustrate these unfolded states
as primarily being composed of a single disrupted monomer docked
to a folded 13mer, as discussed above. At even higher collision
energies, dissociation of the protein complex occurs.

There are several important differences to this general picture
upon the addition of less volatile buffer salts to the protein com-
plex in solution (Fig. 6, lower panel). These are shown on the
same energy axis as the upper panel where no additional lower
volatility solution components are added to the solution. Although
desolvation is found to largely follow the same general pathway
in the presence of lower volatility buffer salt (yellow circles), all
structural transitions and dissociation steps are shifted to higher

collision energies when compared to ions produced from ammo-
nium acetate buffer. This observation constitutes strong evidence
for the added stability conferred to the protein assembly in the
presence of less volatile buffer salts. Furthermore, the quaternary
structure rearrangement step observed for ions generated from
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Fig. 6. Schematic of GroEL desolvation with and without tris acetate in the buffer solution. Tris ions, which are less volatile than ammonium ions, are indicated by yellow
circles as the non-volatile component. The scale bar in the middle is taken from data acquired on the GroEL 14mer and is representative of the centre-of-mass collision energy
at which the various transitions occur. GroEL is represented as a 14mer of purple ellipses arranged in two stacked rings. The initial blue circles, containing various buffer
components are indicative of the nESI droplet evaporating to yield protein ions. The upper schematic represents data collected for ions generated from ammonium acetate.
The lower schematic depicts the observations for those ions having tris acetate added to the ammonium acetate buffer. We have identified 4 discrete transitions in either
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f the complex is reorganised to form a more compact structure than initially ado
onomeric unit within the complex occurs and is closely followed by stage 4 where

gure legend, the reader is referred to the web version of the article.).

olutions containing only ammonium acetate buffer is not observed
hen tris acetate is added. Taken together, these two observations
escribe the scope of the stabilisation provided by modifying the
omposition of ions bound to the protein assembly in the gas phase.
pecifically, the evidence in this work shows that the addition of
arger, less volatile ions to the protein complex seemingly stabilises
ll levels of protein structure from large-scale rearrangement in the
as phase.

. Conclusions

Optimising both MS and IM datasets relies heavily on under-
tanding and manipulating the bound aqueous buffer molecules
nd ions in the gas phase. Here, we demonstrate that the final stages
f desolvation for a large protein complex can be manipulated by
imple modifications to the buffer composition prior to subjecting
he assembly to nESI MS analysis. IM–MS data show that buffer

olecules are lost from the protein complex in a fashion indicat-
ng two adduct populations adhering to the protein assembly. We
ave further validated our method [23] for estimating the amount
f bound aqueous buffer for proteins of previously unknown mass.
his method has also been refined to show that varying the pres-
ure in the first region of differential pumping can influence the
bserved relationship between MS peak width and the amount of
xcess mass retained from solution. While the mechanistic details
f this pressure dependence are currently under investigation, it is
lear that altering the pressure, and thus the energy and number of
ollisions experienced by the ions, can influence the early steps of
rotein complex desolvation.

Protein complexes undergo a series of structural transitions
n the gas phase as a function of ion internal energy. For ions of
roEL generated from ammonium acetate buffer, these stages can

nclude a compaction step, followed by an increase in size and
ventual dissociation of the protein assembly. Data shown here
re consistent with previous experiments [25], suggesting that the
ompaction step observed for GroEL is indicative of the collapse

f the cavity within the barrel-like protein complex. In addition,
he ultimate size achieved by the GroEL 14mer does not exceed
he size increase predicted by models composed of a completely
xtended GroEL monomer docked to the remaining folded subunits.
his result is also consistent with a dissociation model where sub-
ucts and buffer molecules are removed. During stage 2 the quaternary structure
his stage only occurs in the absence of tris counter ions. In stage 3 unfolding of a

ciation products are observed. (For interpretation of the references to colour in this

units are unfolded in a largely sequential fashion rather than in
parallel [46,47].

The addition of lower volatility solution components result in
gas-phase protein complex ions that are more stable than those
generated from solutions that do not contain such components.
Notably, protein complexes where the larger, less volatile tris ion
has added to or replaced some cations bound to the protein complex
are seemingly stabilised against gross rearrangements in quater-
nary structure. This observation will have a significant impact on
our approach to IM–MS experiments in the future. An approach
similar to the one described here could be extended to support
the vast array of experiments aimed at preserving fragile protein
structures in the gas phase for structural analysis [48–50].
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