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Ion mobility-mass spectrometry (IM-MS) has been used to study the gas-phase structures of three
proteins: the DNA-binding core domain of p53 (amino acid residues 94-312) and two fragments of com-
plement control protein factor H (regions 10-15 and 19-20) which are involved in important cellular
processes. We report collision cross-sections as a function of charge state for these systems, following
electrospray ionisation from ‘native’ conditions. The DNA-binding core domain of p53 contains a zinc ion
that is postulated to have an important role in retaining functionality. We have chelated the zinc from the

Key Word.s". protein using phenanthroline and observed the conformational change in collision cross-section. Factor
Ion mobility-mass spectrometry . . . . . .

p53 Hregion 10-15 has been interrogated and cross-sections have been elucidated for this recombinant pro-
Factor H tein that contains a number of covalently bound N-acetylglucosamine sugar molecules. Factor H region

19-20 is proposed to be an important polyanion-binding site for the intact factor H molecule (regions
1-20, 1213 amino acid residues in total) and characterising its structure by IM-MS has provided further
information to the overall structure of the Factor H protein.

This work employs two different IM-MS instruments: the commercially available Waters Synapt HDMS
instrument, and our Mobility Q-TOF (“MoQTOF”) developed in house. Collision cross-sections obtained
from identical molecular species differ to some extent between the two instruments. We observe some
good agreement and some variation, with a general trend being that systems examined on the MoQTOF
possess and present more compact collision cross-sections than observed with the same species on the
Synapt. We attribute these differences principally to slight variations in solution conditions, effecting
solution conformations and also to the differences in the source conditions and the ion transmission to
the mobility devices affecting gas-phase conformations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction tion phase into the gas phase [1]. This research endeavour relies
on careful use of nano-electrospray ionisation (nano-ESI) to pre-
serve non-covalent interactions from solution into the solvent-free

environment of the mass spectrometer. Several experimental vari-

Interdisciplinary research on the structure activity relationships
of proteins has been greatly assisted by the use of mass spec-

trometry (MS) which can provide structural information far more
rapidly than NMR or crystallography albeit somewhat ‘coarse-
grained’. An area of intense interest is that of whole protein mass
spectrometry which relies on the transfer of an intact protein
system, frequently containing multiple components, from solu-
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ables must be optimised for this to occur [2-5]: samples need
to be of an adequate concentration (1nM to 100 uM) so as to
avoid unwanted aggregation, but concentrated enough to over-
come mass spectrometer sensitivity and ion loss issues; samples
should be sprayed from a buffer solvent that stabilises non-
covalent interactions with minimal salt content; the pressure in
the transfer region from atmosphere should be variable, elevated
source pressures (~1x 10~1mbar) above those used in tradi-
tional mass spectrometry (~1-5 x 10-2 mbar) have been shown
to assist in efficient transfer of large macromolecular species
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for MS detection due to collisional cooling. Understanding the
above factors has allowed large macromolecular assemblies in
excess of 1MDa to be analysed intact [6], and has positioned
mass spectrometry prominently as a tool for characterising protein
structure.

Careful use of nano-ESI to retain non-covalent interactions gen-
erally produces narrow charge state distributions which can be
‘read’ to infer information from the mass-to-charge (m/z) ratios and
their abundance on the stable forms of the protein, perhaps as a
function of solvent composition, ligand concentration or pH. These
methods are elegant and powerful, but only provide an indirect
report on the actual conformation(s) adopted by the protein or its
complex in the gas phase. The technique of ion mobility-mass spec-
trometry (IM-MS), which provides the collision cross-section of a
given ion along with mass-to-charge information, directly reports
on the molecular species shape and so provides an extra dimen-
sion to gas-phase analysis of biomolecules. Several groups have
published research on whole protein IM-MS over the past decade
[7-11]. Early studies by Jarrold and Clemmer studied proteins such
as ubiquitin [12] (~8.5kDa) and cytochrome c [13] (~12.4kDa)
to characterise collision cross-sections under a variety of phys-
ical conditions such as temperature, pH and solvent conditions.
More recent efforts have achieved greater sample throughput of
biomolecule mixtures [14], resolving power [15] or sensitivity [16],
allowing lower abundance species to be investigated. Instrument
development has been integral to these achievements. The work of
Robinson et al. on the 56 kDa complex of tetrameric transthyretin
used IM-MS to examine the activated form of the macromolecular
complex [17]. They produced and characterised a number of gas-
phase structures including tetramer and octamer species as well
as a larger range of oligomeric species. This work demonstrated
that activated protein assemblies can populate folded intermedi-
ate states, as measured by IM-MS, which are stable on a timescale
of milliseconds prior to dissociation. A number of investigations
have been focused upon the stability of protein ions in the gas
phase when trapped for an extended period of time. Clemmer
and co-workers [18] probed the unfolding/folding pathways of
cytochrome c¢ using a Paul trap and observed that ions unfold
from a compact solution-phase structure when transferred to the
gas phase in a relatively short time period (30-60ms). These
extended (unfolded) conformation ions are then able to adopt a
number of refolded structures when trapped for extended periods
(250ms to 10s), providing evidence for gas-phase ions to sample
and adopt a number of other available structures of comparable
energy. Recently Scarff et al. [9] utilised IM-MS to produce colli-
sion cross-sections of standard proteins (cytochrome c, myoglobin,
lysozyme) in the gas phase and then compared these to pub-
lished condensed-phase nuclear magnetic resonance (NMR) and
X-ray crystallography (XRC) structures by computational meth-
ods using MOBCAL [19,20]. Results showed that for low charge
states of proteins indicative of native structure, collision cross-
sections obtained by IM-MS were in good agreement with those
calculated from NMR and XRC structures. The ability to compare
IM-MS data to published solution- or condensed-phase protein
structures is hugely beneficial as it allows for interpretations of pos-
sible protein folding/unfolding mechanisms to be addressed as well
as clarifying possible structures that are adopted in a solvent-free
environment [21].

Since 2006, Synapt High Definition Mass Spectrometry (HDMS)
instruments (Waters, Manchester, UK) have been utilised by
research groups to elucidate and investigate protein structure in the
gas phase, widening the reach of IM-MS. This instrument allows the
collision cross-section (£2) of biomolecules to be obtained through
use of travelling wave ion guide (TWIG) technology [22]. Three
travelling wave-enabled stacked ion ring guides are employed to
trap, perform ion mobility separation on a packet of injected ions,

and to transfer mobility separated ions into a time-of-flight (ToF)
mass analyser. Within the separator region, a low pressure (up to
1 mbar) of nitrogen gas assists, along with a radio frequency (RF)
voltage, to confine ions. A transient direct current (DC) voltage is
superimposed on the applied RF of adjacent electrodes which then
moves sequentially through the separator region creating a “trav-
elling wave” sequence that propels ions through it. lIons of low
mobility have a greater propensity to slip into the travelling wave
behind the one in which they began than ions of higher mobility,
and the ion packet is separated [23]. This experimental set up does
not produce ion drift times (ty) that are inversely proportional to
ion mobility (K), therefore collision cross-section data from known
reference compounds are required to provide a calibration.

Prior to the provision of the Synapt, most IM-MS measurements
were conducted on home built apparatus [8,24-26] which con-
tain drift tubes filled with an inert buffer gas though which ions
travel under the influence of a static electric field. The mobility
of a given ion (K) is the constant of proportionality between the
drift velocity (v4) and the electric field imposed across the drift cell
(E). In these instruments, direct measurement of the rotationally
averaged collision cross-section of a given ion is possible due to
the relationship between drift velocity, mobility and cross-section
[27]. This study contains data obtained on an instrument where
collision cross-sections are determined in this way [28]. We have
used this instrument successfully to obtain collision cross-sections
for model protein systems and for (3-defensins [28] as well as for
larger macromolecular assemblies (cytochrome ¢ multimers and
intact haemoglobin tetramers) in excess of 60 kDa [29]. Here it is
applied to the study of three protein systems which have not yet
been characterised by IM-MS.

1.1. p53

As one of the mostintensively studied tumour suppressors of the
past two decades [30], p53 continues to provide encouraging evi-
dence in the fight against cancer. Nicknamed the “Guardian of the
Genome” [31], p53 suppresses tumour formation by inducing cell-
cycle arrest, apoptosis and senescence upon cellular stress, thereby
destroying DNA-damaged cells before they can proliferate [32]. As
a highly sequence specific DNA-binding transcription factor, p53
concentration is maintained at low resting levels due to interac-
tions with the E3 protein ligase MDM2 (mouse double minute
2) [33,34]. MDM2 maintains p53 concentration at low levels via
an autoinhibitory feedback loop which mediates ubiquination and
degradation of p53 [35]. Interaction between MDM?2 and p53 has
been shown to occur at the N-terminal domains of both molecules
[36] with three buried amino acid residues of p53 binding in a
deep hydrophobic binding cleft on MDM2 [32]. p53 binds to DNA
through a structurally complex domain which is stabilised by a
tetrahedral geometry zinc ion bound by three cysteine and one
histidine residues [37]. This metal atom plays a regulatory role
in the control of p53 folding and DNA-binding activity. Meplan et
al. [38] have investigated the role of metal binding on the stabil-
ity of the p53:DNA complex, revealing zinc chelation disrupts the
architecture of the p53-binding domain which results in rapid cys-
teine oxidation and disulphide-linked aggregate formation. Meplan
prepared a recombinant form of p53 lacking zinc. Upon addition
of zinc at physiological concentrations (~5 M), renaturation and
reactivation of p53 occurred, allowing DNA-binding to occur. They
further investigated this with a range of divalent metals and found
that Co?* at concentrations of ~125 wM had a similar effect, imply-
ing that the metal atom acts to hold the domain in a favourable
conformation for DNA-binding to occur.

p53 (~43.7 kDa) is composed of 393 amino acids and is divided
into three major regions: a central DNA-binding core domain, the
C-terminal tetramerisation domain and the N-terminal transacti-
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vation domain [39,40]. The core domain has been characterised by
NMR spectroscopy [41] (vide infra) and it is in this region that p53
inactivation mutations have been shown to occur in up to 50% of
human cancers. [42] Further studies of the structure of the p53 core
domain and its interaction with DNA may provide possibilities for
new drug discoveries, which could be exploited in cancer therapies.

1.2. Factor H

Factor H (fH) is a large complement control protein which circu-
lates in plasma and directs the immune system to act on pathogens
rather than damaging host tissue. The main role of this soluble
glycoprotein is to regulate the Alternative Pathway of the com-
plement system, a biochemical cascade that removes pathogens
from an organism, and can operate without antibody participa-
tion [43,44]. fH (155 kDa, 1213 amino acid residues) is composed of
twenty complement control protein modules joined in a “string-of-
beads” arrangement by nineteen short, potentially flexible, linking
sequences of three to eight residues [45]. Variations in polyanion-
binding sites within the protein are connected to a number of
complement-mediated diseases including atypical haemolytic ure-
mic syndrome [46] and age-related macular degeneration [47].
Mapping of these polyanion sites have been rigorously investigated
by Schmidt et al. [45].

In this work, two covalently bound regions of complement
control protein modules have been studied: modules 10-15 and
modules 19-20 (C-terminal domain) denoted fH 10-15 and fH
19-20 respectively. The solution structure for fH 19-20 has been
determined by NMR experiments [48] and the binding sites and
affinity of glycosaminoglycans (GAGs), sulfated heparin-derived
tetrasaccharides, have also been investigated for many of the com-
plement control protein regions, including fH 10-15 and fH 19-20
[45]. Understanding the structure of the protein and the confor-
mation(s) it adopts to bind GAGs and C3b (a cleavage product of
complement component 3) are fundamental to learning more of
the mechanisms Factor H employs in its regulatory role. lon mobil-
ity combined with mass spectrometry, with a much higher upper
size limit than NMR is here used to provide a good platform for ini-
tial investigations of the structure and dynamics of interaction of
the modules of this important biological system.

2. Experimental
2.1. Synapt HDMS Instrument

p53 DNA-binding core domain data were acquired on a Synapt
HDMS instrument (Waters, Manchester, UK) in positive ionisation
mode. All samples were sprayed via a Nanomate (Advion Bio-
sciences, Ithaca, NY) with the capillary voltage set between 0.5
and 1.5kV adjusted to maintain stable spray. Source pressure was
optimised for signal transmission. Acquisition parameters were
obtained to provide optimal ion mobility separation: cone voltage
40V, trap region collision energy 5eV, and source temperature
120°C. Within the ion mobility separator region of the Synapt,
nitrogen gas was present at a pressure of 0.51 mbar. Velocity
and wave height of the travelling wave were varied to obtain
optimal signal. Discrete wave heights of 6, 8 and 10V as well
as a wave height gradient of 8-10V were employed. For all
collision cross-section measurements a discrete wave height of
8V was employed for samples and calibrant acquisition. Equine
heart cytochrome ¢ and equine myoglobin were purchased from
Sigma-Aldrich (St. Louis, MO, USA), with 0.2mgmL~! dissolved
in 50/50 by volume water/acetonitrile containing 0.1% formic
acid were examined under identical conditions as those used
for each protein system to produce calibration curves so as to

obtain collision cross-sections from the mobility measurements
according to the methods outlined by others [49]. Arrival times for
ions from the calibrant species, bracket those for the ions of the
proteins under study (see supplementary data) thus minimising
the chance of calibration errors.

2.2. MoQTOF Instrument

Mass spectra were acquired on a modified Q-ToF 1 (Waters,
Manchester, UK) quadrupole time-of-flight mass spectrometer
possessing a 5.1 cm copper drift cell for mobility measurements
[28]. Ions were produced by positive nano-electrospray ionisation
using a Z-spray source, within a spray voltage range of 1.85-2.10 kV
and a source temperature of 80 °C. Sample and extractor cone volt-
ages were optimised to maintain a stable signal, source pressures
were also optimised for each system. Nanospray tips were prepared
in-house from borosilicate glass capillaries (Kwik-Fil, World Preci-
sion Instruments Inc., Sarasota, FL, USA) using a Flaming/Brown
Micropipette puller (Model P-97, Sutter Instrument Co., Novato,
USA). Tips were filled with 10-15 L of sample using gel loader tips
(Eppendorf, Hamburg, Germany). lon mobility experiments were
performed at ~3.2 Torr helium pressure and ~300K cell temper-
ature. The drift voltage across the cell was varied to obtain ion
mobility data by decreasing the cell body potential from 60 to 15 V.
All mobility data was obtained from plots of arrival time versus
drift voltage over this range. Measurements were taken at six or
more distinct voltages. A minimum of 2000 scans were collected for
each drift voltage. Data was analysed using modified MassLynx v4.1
software (Waters, Manchester, UK) and processed using Microsoft
Excel and Origin 7.5 (Origin Lab) to determine collision cross-
sections from arrival times over a range of drift voltages. Arrival
time distributions containing more than one conformer (evidenced
by shoulder or wide peaks) were fitted using a non-linear fitting
tool in Origin. Two or more Gaussian curves of shared width were
fitted to the data and iterations were performed until convergence.
Midpoints (scan number) of both curves were obtained and con-
verted to arrival time by multiplying by the pusher period. These
were then plotted as a function of drift cell pressure divided by drift
voltage (P/V) to obtain the slope of the linear fit. Only linear fits with
a R? value greater than 0.9990 were accepted. The gradient of the
accepted linear fits were then converted to collision cross-sections
(£2) as detailed elsewhere [28,29].

2.3. p53 protein

Cloning of wild-type human p53 (amino acid residues 94-312;
Mg =24,615.5Dain the presence of a zinc ion) was performed using
PRSETA expression vector (Invitrogen) which was modified so that
it did not contain the His tag [50]. Protein was expressed at 37 °Cin
Escherichia coli C41 cells (Avidis) and grown up to an O.D. of 0.8. The
temperature was reduced to 22 °C before cell cultures were induced
with 1 mM IPTG and grown overnight. Cells were harvested at 4°C
and lysed using Bug Buster Protein Extraction Reagent (Novagen).
Benzonase nuclease (Novagen) and EDTA-free protease inhibitor
tablets (Roche) were also used during this process. The soluble
fraction was loaded onto an SP Sepharose column (GE Healthcare),
eluted with a NaCl gradient followed by gel filtration chromatogra-
phy using HP26/60 Superdex 200 column (GE Healthcare) [51,52].
Protein samples were snap-frozen in liquid nitrogen and stored
in 25 pL aliquots at —80°C. One hour before use, an aliquot was
thawed and dialysed in 20 mM ammonium acetate. 10% by volume
propan-2-ol was added prior to analysis by mass spectrometry if
required to give a final protein concentration of 20 wM. For zinc
chelation, 1 mM aqueous phenanthroline was added prior to dial-
ysis.
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2.4. Factor H 10-15 protein

DNA sequences encoding fH 10-15 (residues 568-927 num-
bered on the basis of encoded protein sequence, i.e., before removal
of secretion signal; Mg =40,909.4 Da) were cloned into the Pichia
pastoris expression vector pPICZa (Invitrogen). Expressed proteins
were directed to the secretory pathway by placing the coding
sequence behind the Saccharomyces cerevisiae o-mating factor
secretion sequence. Following transformation into P. pastoris strain
KM71H (Invitrogen), proteins were expressed in shaker flasks
or a fermentor. Anion-exchange chromatography was used as a
first purification step and was followed by gel-filtration chro-
matography. N-linked glycosylation was deglycosylated before
purification by incubating 100 mL supernatant with 6000 U EndoHf
(New England Biolabs) at 37°C for 3h. Yields were typically
0.1-0.5 mg of pure protein per gram of wet cells. Samples were
dialysed into 20mM ammonium acetate using a Mini Dialysis
Kit with a 1kDa cut-off (Amersham Biosciences Corp., NJ, USA)
to a final stock concentration of ~200 wM. For mass spectrom-
etry analysis, stock was diluted to 25 wM in 20 mM ammonium
acetate and 10% by volume propan-2-ol was added. An addi-
tional two amino acids, alanine and glutamic acid, are present on
the sequence due to a recombinant impurity, adding a mass of
200.2 Da.

2.5. Factor H 19-20 protein

The fragment containing human fH 19-20 (residues 1107-1231
native sequence numbering; Mg=14,743.8Da) was cloned into
the P. pastoris expression vector pPICZa. Expressed fH 19-20 was
directed to the secretory pathway by placing the coding sequence
behind the S. cerevisiae a.-mating factor secretion sequence. Inef-
ficient cleavage of this secretion signal combined with cloning
artefacts resulted in the additional sequence EAEF at the N ter-
minus. Cation-exchange chromatography was used to purify fH
19-20 collected from the culture supernatant. Samples were dial-
ysed into 20 mM ammonium acetate using a Mini Dialysis Kit with a
1 kDa cut-off (Amersham Biosciences Corp., NJ, USA) to a final con-
centration of ~500 wM. For mass spectrometry analysis, stock was
diluted to 75 M in 20 mM ammonium acetate and 10% by volume
propan-2-ol was added. An additional two amino acids, alanine and
glutamic acid, are present on the sequence due to a recombinant
impurity, adding a mass of 200.2 Da.

3. Results and discussion
3.1. p53 containing zinc mass spectrometry

Fig. 1 presents two mass spectra, one obtained on a Synapt
HDMS instrument and the other on the MoQTOF, for p53 sprayed
from buffered solutions containing 10% by volume propan-2-ol.
Both mass spectra have the same dominant peaks [M+zH+Zn]?*
assigned to the z=9" and 10" charge states, of p53 containing a zinc
ion (calculated Mg =24,615.5 Da, observed Synapt Mg =24,613.2 Da
and MoQTOF Mg =24617.2 Da). These two peaks indicate the pro-
teinis in a well folded structural state as there are a limited number
of charge accessible residues available for protonation. Two dimeric
species, [2M+zH+Zn[** z=13 and 15, are observable and formed
in solution, representing higher order multimeric association. Low
abundance peaks (<20% ion intensity) are present for a number of
higher charged species, 16 <z* <11 indicative of a small amount of
protein unfolding.

3.1.1. Comparison
Mass spectra for native p53 differ somewhat between the
Synapt and the MoQTOF. Charge state distributions are similar, with
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Fig.1. Mass spectra collected on a Synapt HDMS instrument (A) and collected on the
MoQToF instrument (B) of native-like p53 sprayed from 20 mM ammonium acetate
showing monomer and dimer peaks (+10% propan-2-ol for Synapt spectrum).

the base peak varying by a single charge state (9* in Synapt, 10*
in MoQTOF). MoQTOF charge state intensity decreases at higher
charge, whereas signal decreases to charge state 13* and increases
again to a maximum at 16* in Synapt data, indicating the pres-
ence of more denatured protein molecules, and suggesting that the
source conditions are not quite optimised for native protein nano-
ESI. Multimeric species signal intensity (dimer) is more pronounced
in the MoQTOF data.

Fig. 2 is a Synapt “Heatmap” which plots m/z against drift time
(bin number) for native p53 at an experimental wave height of 8 V.
Charge state increases from the top to the bottom of the plot, with
ions of the same m/z value (y ordinate) but different drift time (x
ordinate) clearly displayed. This plot provides initial information
regarding the extent of unfolding of a particular charge state, as

A
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Drift Time (bin number)

Fig. 2. Synapt HDMS “Heatmap” plot of m/z versus drift time (bins) for native p53.
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the presence of more extended (open) conformers will increase the
length of the x ordinate line at a single m/z value.

3.2. p53 with zinc removed mass spectrometry

3.2.1. Synapt

p53 with zinc removed was analysed using the Synapt (observed
MR =24,550.2 Da; mass spectrum in supplementary data) and dis-
plays a wider charge state distribution than that of zinc-bound p53.
Charge states ranged from z=9* to 16" in the experimental range
acquired (1500-3000 m/z) with z=10* the most dominant peak.
The wider charge state distribution can be attributed to loss of
tertiary structure, possibly in the zinc-binding domain, and facile
protonation of solvent exposed basic residues.

3.2.2. MoQTOF

Mass spectra of p53 with zinc removed (MoQTOF observed
Mg =24,550.8 Da; mass spectrum in supplementary data) analysed
on the MoQTOF displays a charge state distribution of peaks from
z=7"to 12" which again is wider than that obtained prior to chela-
tion. Charge states z=7* to 10" have a second peak at higher m/z
value that can be assigned to p53 containing zinc, indicating full
chelation of the metal was not achieved because an insufficient con-
centration of phenanthroline was added or the incubation period
was not long enough (however both parameters were the same in
Synapt and MoQTOF experiments). At charge states greater than
10%, this peak is not observed indicating the protein can no longer
stabilise the metal ion. The dominant low charge state of z=10"
suggests that p53 has not denatured extensively in the absence of
zinc. Dimer peaks of attributable to [2M+15H]'>* (3274.3 m/z) and
[2M+13H]'3* (3777.9 m/z) were also observed.

3.2.3. Comparison

MoQTOF displays a more “native-like” mass spectrum than
Synapt when the protein has been subjected to zinc removal using
phenanthroline. One would expect that removing a binding site
stabilising entity (the zinc ion) would promote formation of a less
structured arrangement, as displayed by the Synapt data. How-
ever, MoQTOF data shows that within the gas phase, removal of
the zinc has had a less detrimental effect on the overall struc-
ture under these solvent conditions. This is supported by the
experimental work by Meplan et al. [38] (as detailed in the intro-
duction) as removal of zinc produces physiologically inactive p53,
whereas addition renatures the protein. This suggests that the over-
all structure is not altered (denatured) to such an extent that the
zinc-binding region cannot be easily restored. This is shown in
the MoQTOF data and suggests a gentler desolvation of proteins
before ion mobility interrogation relative to Synapt analysis with
the source conditions we used. An alternative explanation is that
the less than full chelation of zinc for the solution sprayed on the
MoQTof is responsible for the more native like protein mass spec-
trum observed.

3.3. p53 containing zinc ion mobility-mass spectrometry

3.3.1. Synapt

Awide charge state range for [M+zH]?* z=7"* to 17" was obtained
for p53 containing zinc, of good enough intensity for a total of fif-
teen collision cross-sections to be determined at a wave height of
8 V. These are plotted as a function of charge state (closed squares)
in Fig. 3A, with collision cross-section data in Table 1. Cross-section
is observed to increase with increasing charge (z) and is attributed
to protein unfolding upon protonation. Protonation sites are likely
to be basic residues as there are 19 arginine, 8 lysine and 9 his-
tidine residues available in the p53 molecule. Unfolding occurs to
overcome Coulombic repulsion. The lowest two charge states, z=9"
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Fig. 3. Collision cross-sections versus charge (z) obtained on the Synapt (closed
squares) and MoQTOF (open circles) for p53 containing zinc [M+Zn+nHJ** (A). Col-
lision cross-sections versus z obtained on the Synapt (closed squares) and MoQTOF
(open circles) for p53 with zinc chelated [M+zHJ** out as described in the text (B).
Data on the MoQTOF for z= 12 was not of good enough quality to include for reasons
described in the text.

Table 1
Collision cross-sections of native p53 (containing zinc) obtained from Synapt and
MoQTOF data.

Charge state (z*) Collision cross-section Collision cross-section

(A?) on Synapt (A?) on MoQTOF
1689
9 2503 1703
1920
10 2604 2076
11 2619 1969
3026 2154
12 3282 2324
3682 -
13 3263 2327
3822 2577
14 3331 2748
3941 2848
15 3491 3195
4121 3276
4231 2820
16 4572 3269
5211 -
17 - 3298
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and 10* provide single resolvable conformers (with collision cross-
sections of 2503 and 2604 A2 respectively). At these low charge
states the protein is believed to be in native-like, compact confor-
mations. With increasing charge (z=11" to 15*) two conformers can
be elucidated which indicates that multiple gas-phase structures
are produced, since these have larger collision cross-sections than
those seen for the lower charge states these conformations must
be indicative of unfolding states of the protein. At a higher charge,
z=16", the observed collision cross-section continues to increase
and up to three resolvable gas-phase conformations are produced
(4231, 4572 and 5211 A?). Although p53 has unfolded to a more
extended structure it is still retaining some non-covalent inter-
actions (presumably through hydrogen bonds and electrostatic
interactions) that sustain the protein in these three distinguishable
conformations for the duration of the mobility experiment.

3.3.2. MoQTOF

Aslightly wider charge state range was obtained on the MoQTOF
(z=9" to 17*) when p53 was sprayed from 20mM ammonium
acetate buffer. Unlike Synapt analysis, addition of 10% propan-2-
ol was not required to obtain a good strong signal and in fact when
added, was detrimental to signal strength (data not shown) which
suggests a difference in the desolvation of each source. Collision
cross-sections for p53 are smaller for all charge states when com-
pared with Synapt data, with cross-sections ranging from 1689 A2
for z=9* to 3298 A2 for z=17". For seven of the nine charge states,
two conformations were elucidated (only one resolvable conforma-
tion for z=12* and 17*). These are plotted as a function of charge
state (open circles) in Fig. 3A, with collision cross-section data in
Table 1, alongside Synapt data. Low charge states adopt compact
conformations, with unfolding occurring as z is increased. The two
conformations observed for both z= 14" and 15* differ by only 3.5%
and 2.5% respectively, indicating similar gas-phase structures may
be adopted at this charge state.

Dimer signal intensity in both instruments was insufficient to
calculate cross-sections. Potentially, dimer molecules of p53 may
be dissociating in the gas phase and contribute to the monomeric
species abundance.

Compact conformations are observed from both data sets at low
charge states, and increase with increasing charge. MoQTOF values
are >8.5% smaller than Synapt values for native p53 with respect
to charge (z=15%, 3195 A2 MoQTOF versus 3491 A2 Synapt). We
have attributed this predominantly to greater source pressure con-
trol in the MoQTOF, allowing gentler desolvation to occur and a
more compact gas-phase structure compared with Synapt sam-
pling which give rise to partially unfolded proteins. The variation
in cross-section between data taken on each instrument highlights
the need to take care with source conditions when performing
native ESI experiments. To check the MoQTOF p53 values, we spiked
a solution with cytochrome c, which yielded the same collision
cross-sections as previously reported [28] which are commonly
employed for Synapt calibration [49].

3.4. p53 with zinc removed ion mobility-mass spectrometry

3.4.1. Synapt

Collision cross-sections obtained for p53 with zinc removed are
in Table 2 and plotted as a function of charge state in Fig. 3B.
Seven charge states were visible in the Synapt IM-MS spectrum
with z=9* to 15" (wave height 8V). At the two lowest charge
states, z=9* and 107, single conformations were resolved with col-
lision cross-sections of 2464 and 2558 A2 respectively. At these low
charge states, structure is most likely of a compact native-like form
but loss of the zinc atom probably causes some structural rear-
rangement. For z=11" to 15* (excluding 14*), two conformations
for each charge state were successfully resolved. In comparison

Table 2
Collision cross-sections of p53 with zinc chelated out obtained from Synapt and
MoQTOF data.

Charge state (z*) Collision cross-section Collision cross-section

(A%) on Synapt (A?) on MoQTOF
- 1450
g 1566
9 2464 1963
2558 1763
1@ 1820
11 2760 1953
2931 2067
3124 -
12 3712
13 3344 3309
3856 3614
3655 -
14 _
15 3542 -
4115

with the data obtained for p53 containing zinc, low charge states
(z=9" and 10*) are more compact, with a smaller collision cross-
section in the absence of zinc and may have undergone gas-phase
collapse. Increasing charge appears to increase collision cross-
section in a near linear fashion for smaller Synapt conformers again
attributable to Coulombic unfolding.

Cross-sections for low charge states (z=9* to 12*) are smaller
in the absence of zinc than compared with those obtained with
zinc present (native p53) by up to 4.8% (12" smaller conformer).
This suggests that zinc allows a more ordered native geometry
to the protein, stabilising it against any coulombically driven gas-
phase unfolding. This trend reverses at higher charge states, with
larger cross-sections in the absence of zinc above z=12* compared
with the equivalent native p53 charge state, which indicates that
the bound metal ion stabilises the protein tertiary fold, and when
absent the protein unfolds coulombically more readily.

3.4.2. MoQTOF

Cross-sections for five charge states (z=8* to 11* and 13*) of
p53 with zinc removed are in Table 2 and plotted as a function of
charge state in Fig. 3B alongside Synapt values. Data for z=12* was
very weak (see below) and has been omitted. Cross-sections are
all smaller than Synapt however at charge state z= 13", the smaller
conformer is only 1% smaller. At low charge states (z=8"* to 11*),
cross-sections for zinc removed p53 are smaller than those for the
equivalent charge for zinc present native p53 by up to 12.3% for the
larger z=10* conformer.

The data taken on the Synapt displays a near linear increase in
cross-section with charge to complement unfolding due to Coulom-
bic repulsion. MoQTOF data is again smaller than Synapt, but shows
a more sustained cross-section at low charge, with a sudden large
unfolding transition from z=11" to 13*. The arrival time distribu-
tion for z=12* was very broad with signal intensity spread over a
large number of arrival bins, which suggests that this charge state at
the unfolding transition presents a large number of conformations.
The intensity of the peak in the mass spectrum is low which also
suggests this is an unstable ion. With respect to the larger Synapt
data, it is possible that heating due to the RF field in the T-wave
device may induce larger cross-sections for higher charge species,
i.e., protein molecules with a higher charge will unfold more. Evi-
dence for this can also be found in the data presented next for Factor
H, in particular for the modules 10-15.
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Fig.4. Mass spectra of native-like fH 10-15 sprayed from 20 mM ammonium acetate
and 10% propan-2-ol on the Synapt (A) and the MoQTOF (B).

3.5. fH 10-15 mass spectrometry

3.5.1. Synapt

fH 10-15 (Mg =40,909.4Da) was sprayed under native-like
buffer conditions with 10% by volume propan-2-ol added to assist
desolvation. Under these solvent conditions, a wide charge state
range was observable in the mass spectrum (Fig. 4A) indicative

Table 3

of a more unfolded structure than would be expected spraying
from buffer. The charge state distribution ranges from z=13* to
27* with a bimodal distribution centered on z=15" and 22*. For
each charge state, a series of peaks indicated three to six bound
N-acetylglucosamine (GlcNAc) molecules (Mg =220 Da; mass spec-
tral peaks are separated by 203 m/z as loss of 17 Da occurs to
covalently attach the sugar to asparagine residues). These are arte-
facts from the expression method and within the mass spectrum,
the four sugar molecules bound peak is most abundant. Also as a
consequence of the expression system, two additional amino acid
residues, glutamic acid (E) and alanine (A) are present at the N-
terminal and increase the protein mass by 200.2 Da.

3.5.2. MoQTOF

fH 10-15 was sprayed from the same solvent conditions as those
on the Synapt and is shown in Fig. 4B. A similarly wide charge state
distribution was observed but shifted to z=12* to 26*, and with a
trimodal distribution with peaks at 14*, 17* and 21*. The relative
abundance of the lower charge states indicates a more native-like
protein (like that of p53 with zinc removed) supporting that the
MoQTOF is able to successfully transfer relatively large (~41 kDa)
molecular complexes into the gas phase. Two to five bound GIcNAc
sugar molecules are observed with four bound sugars dominant
(the sixth bound sugar molecule is poorly resolved, but present).

3.6. fH 10-15 ion mobility-mass spectrometry

3.6.1. Synapt

Cross-sections for four fH 10-15 species were elucidated and
are presented in Table 3. Three to six bound N-acetylglucosamine
(GIcNAC) sugar molecules are observed on each charge state with
four bound sugars dominating. At low charge states, cross-sections
for three, four and five bound sugars to the protein are either the
same or within 5% of each other, indicating structural similarity.
As charge increases, collision cross-section increases and a large
rate of cross-section change is observed between z=18" and z=22"
for all species indicating a loss of interactions between domains
(plot not shown). This is observed most with the four sugar bound
species with an increase of 1876 A2 from z=18" (2615 A2) to z=22*
(4491 A2), and further charge sequestering at z=22* to 26* shows
a small increase in cross-section.

Collision cross-sections (A2) of Factor H 10-15 with 3-6 N-acetylglucosamine molecules bound obtained from Synapt data.

Charge state (z*) +3 GIcNAc molecules

+4 GlcNAc molecules

+5 GlcNAc molecules +6 GlcNAc molecules

13 - 2183
14 2196 2196
15 2301 2202
16 2397 2323

2481 2460
17 3032 2889

3713 3713
18 3155 2615

3941 3169
19 3544 3443

3974 3988
20 3669 3841

4130 4340
51 3861 3879

4377 4425
22 4474 4491
23 4519 4556
24 4643 4623
25 4629 4651
26 4775 4775

2183 -
2196 2225
2202 2236
2342 2396
2460 2519
2922 2938
3639 3664
2636 2718
3200 3348
3494 3510
4072 4030
3857 3858
4310 4339
3916 4162
4439 -
4457 4508
4556 4575
4623 4541
4628 4759

4751 4774
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Table 4

Collision cross-sections (A2) of Factor H 10-15 with 2-5 N-acetylglucosamine molecules bound obtained from MoQTOF data.

Charge state (z*) +2 GIcNAc molecules

+3 GlcNAc molecules

+4 GlcNAc molecules +5 GlcNAc molecules

13 2570 2597 2600 2608
14 2546 2559 2538 2577
15 2820 2761 2722 2738
16 2970 2821 2778 2793
17 3005 2972 2853 2741
18 3105 3028 2992 3132
19 3194 3387 3319 3308
20 3430 3573 3547 3827
21 3577 3660 3919 3550
22 3564 3750 4157 3945
23 3675 3895 4035 3881
24 3973 4154 4065 4122
25 = 4616 4102 4331
3.6.2. MoQTOF sections must be due to the differences in desolvation on transfer to

IM-MS data for fH 10-15 provided a large number of cross-
sections due to the presence of covalently bound GIcNAc sugar
molecules. Cross-sections for two, three, four and five bound sugar
molecules were acquired over a charge state range of 13* to 25"
(12* and 26* ion mobility signal was too weak to obtain cross-
sectional data) with the trend in increasing cross-section increasing
with charge (Table 4).

At low charge states, z=13* and 14", cross-sections for all four
species are within two standard deviations of the mean cross-
section at that charge state (13* average cross-section=2594 A2
with 20=33; 14* average cross-section=2555A2 with 20 =34).
This implies a similar structure for all species and suggests that
the covalently bound sugar molecules are folded back against the
protein surface (as opposed to projecting away from the protein
surface—itis assumed this would increase cross-section to a greater
extent) and non-covalently interacting with available hydrogen
bonds and electrostatic regions to reduce their exposed surface
area. Similarities in cross-section cease as charge increases above
z=15"% fH 10-15 cross-sections with two bound GIcNAc molecules
had the smallest cross-sections overall, whereas four and five
bound sugar molecules to fH 10-15 showed greater increase in
cross-section at higher charge.

Over the entire charge state range, three bound GIcNAc showed
the greatest increase in cross-section from 2597 A2 at z=13*
to 4616A2% at z=25" (A=2019A2). These observations may be
explained by the negative sugar moiety having sufficient regions
to interact with the protein at low charge states when well folded
and compact, but as unfolding is induced by charge addition the
sugar molecules have fewer favourable interactions with the pro-
tein and add to the cross-section as they project away from the
backbone into space.

Between z=17" and 207, all four species exhibit a possible
unfolding event as the cross-sections increase at a greater rate
than elsewhere (425, 601, 694 and 1086 A2 for two, three, four
and five bound GlcNAc fH 10-15 respectively). The largest of these
increases, for the five bound sugar fH 10-15 molecule, may indi-
cate that a number of the covalently bound sugars are no longer
interacting closely with the protein as these non-specific binding
sites have been lost through protein unfolding, with bond angles
and distances for favourable interactions now out of range.

Synapt fH 10-15 values are more compact at low charge states
and more extended at high charge states than for MoQTOF data. This
contrasts with the data obtained for p53 and for fH 19-20. In com-
paring Synapt and MoQTOF mass spectra of fH 10-15, the data taken
on the Synapt shows a charge state distribution that is centered at
higher charge values (22*) than that on the MoQToF (14") (Fig. 4). As
solution conditions were identical for these two spectra the slight
differences in the charge state distributions and the collision cross-

the gas phase resulting in conformational changes. As desolvation
occurs any denatured protein present collapses and electrostatic
interactions, rather than hydrophilic, dominate the final geometry
adopted. This may be the case for the formation of more compact
geometries at the low charge states of fH 10-15 (Synapt data), as the
less constrained denatured protein geometries in solution collapse
in the gas phase.

3.7. fH 19-20 mass spectrometry

3.7.1. Synapt

fH 19-20 (Mg =14,743.8 Da) was sprayed from 20 mM ammo-
nium acetate buffer solution containing 10% propan-2-ol by volume
atawave height of 8 V. Four charge states were observed from z=7*
to 10" with the 8* charge state dominant as shown in Fig. 5A. This
narrow charge state distribution and relatively low charge indicates
a native-like solution-phase structure transferred to the gas phase.
During the protein expression method, two additional residues (E
and A) have been covalently incorporated into the protein popula-
tion as a recombinant impurity. This is observed as a peak at higher
my/z for all four charge states.

3.7.2. MoQTOF

fH 19-20 was sprayed from the same solvent conditions as
above producing five monomer charge states (z=6" to 10*; 9*
dominant) as shown in Fig. 5B. The relatively narrow charge state
distribution centered on the most abundant peak, z=9%, again indi-
cates an overall folded protein structure. Upon interrogating the
mass spectrum above 2000 m/z, a plethora of dimeric species can
be elucidated. Due to a recombinant impurity of the two residues
(EA), three possible dimer species may be produced: a dimer with
both monomers not containing the recombinant impurity; a dimer
with one monomer subunit having no impurity and one monomer
containing the impurity; and a dimer with both monomers contain-
ing the impurity. All three of dimer species are displayed for z=13*
(2269.3,2284.7 and 2300.0 m/z respectively). From the intensity of
the surrounding dimer peaks, we have assigned with confidence,
dimer peaks with z=11" to 14*. Evenly charged dimer m/z values
are concomitant with those of a monomer with half the charge, so
care has been taken when assigning monomers with z=6* and 7*
and their respective dimers with z=12* and 14*.

Both instruments successfully transfer native-like fH 19-20
into the gas phase as shown by the narrow charge state distribu-
tions. Protein with and without the recombinant error are clearly
observed on all peaks. MoQTOF data show considerably more gas-
phase species which include all three forms of the dimer as well as
poorly resolved higher m/z species such as the 5* monomer.
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Fig.5. Mass spectra of native-like fH 19-20 sprayed from 20 mM ammonium acetate
and 10% propan-2-ol on the Synapt (A) and the MoQTOF (B).

3.8. fH 19-20 ion mobility-mass spectrometry

3.8.1. Synapt

Collision cross-sections for four charge states (z=7* to 10*) of
fH 19-20 were calculated with a single conformer characterised
for z=7* and 10*, and two conformers characterised for z=8* and
9* as shown in Table 5. Cross-section increases near-linearly with
charge as can be seen from Fig. 6 (closed squares) with an overall
increase from 7* to 10* of 21.8% indicative of an initially well struc-
tured protein undergoing minor structural rearrangement. The two
conformers of the 8* and 9* charge states are of similar colli-
sion cross-section (1729 and 1743 A2 respectively) and may have
adopted similar gas-phase structures.

Table 5
Collision cross-sections of Factor H 19-20 obtained from Synapt (8 V wave height)
and MoQTOF data.

Charge state (z*) Collision cross-section Collision cross-section

(A?) on Synapt (A%) on MoQTOF
6 - 1227
1343
2 1328 1214
- 1295
3 1443 1328
1729 1479
9 1556 1364
1743 1545
10 1699 1667
- 1904
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Fig. 6. Collision cross-sections versus z for [M+zH]|** where M=fH 19-20. Synapt
data is shown by closed squares and MoQTOF by open circles.

3.8.2. MoQTOF

Collision cross-sections for five monomer charge states, z=6" to
10*, and four dimer charge states,z= 11" to 14*, could be elucidated
using the MoQTOF instrument (Tables 5 and 6). Two conformers for
all monomer and dimer charge states were elucidated. Monomer
cross-sections ranged from 1227 A2 for the smallest conformer
of z=6* to 1904 A2 for the largest conformer with z=10". Fig. 6
is a comparison plot between MoQTOF and Synapt data for the
monomer charge states.

Again, cross-section values obtained from the MoQTOF are
smaller than obtained from the Synapt but here there is a much
greater agreement in values. Cross-sections for z=7* to 10" for
Synapt and MoQTOF are between 0.7% and 2.5% for one conformer
at each of these charge states.

As discussed in the fH 19-20 mass spectrometry section, three
dimeric species were observed. For z=11%, only the impurity-free
dimer (i.e., both monomer subunits do not have additional glutamic
acid or alanine residues present) was interrogated producing cross-
sections of 1933 and 2240 A? as further dimer species could not be
resolved. For z=12" and 14*, the dimer containing one impurity
monomer could be unambiguously identified (2475.0 and 2121.5
m/z for z=12* and 14" respectively) in the ion mobility-mass spec-
trum and two conformers for each charge state were elucidated.

Using Origin 7.5 curve fitting software, Gaussian peaks were fit-
ted to the arrival time distributions of each drift voltage (within
a charge state) to extract overlapping dimer and monomer infor-
mation. This method, along with observing the peak intensity in
the mass spectrum, allowed us to elucidate cross-sections for the
evenly charged monomer and dimer species.

Finally, the z=13* charge state provided full elucidation of all
three dimeric species as the m/z values did not interfere with any
other species. Protein dimer free from impurities has the most
compact geometry of the three dimeric species, with one con-
former having a cross-section (2449 A2) similar to the addition of
the two smaller monomer conformers of 6* and 7* (2441 A2). The
other dimer conformer (2279 A?) cross-section is smaller than mere
addition of two monomer subunits and may provide evidence for
folding and structural arrangement. The overall change in cross-
section upon incorporating one or two monomer subunits with
the recombinant impurity is not more than 4.4%—a small contri-
bution to cross-section as would be expected for addition of only
two residues to a protein chain.

Cross-sections were calculated for four charge states using
Synapt data, with two of these charge states having a single
conformer, and the other two having two conformers. No dimer
cross-sections could be produced at wave height at 8V, however
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Table 6
Collision cross-sections of Factor H 19-20 dimer species obtained from MoQTOF data.
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Charge state (z*) Protein dimer impurity absent

(Mg =14,743.8 Da)

Protein dimer both monomers
with EA impurity
(Mg =29,887.6 Da)

Protein dimer 1 monomer with
EA impurity (Mg = 14,943.8 Da)

» 1933
2240
12 N
. 2279
2449
14 N

2198 -
2442

2314
2562

2304
2457

2414 -
2606

using a variable wave height gradient of 8-10V allowed the obser-
vation of a small dimer species with z=13* which presented only
a single conformer. We have not calculated the collision cross-
section for this species. MoQTOF data allowed a larger number of
gas-phase species to be analysed and cross-sections elucidated for
five monomer charge states with two conformations for each. Addi-
tionally, three dimeric species could be characterised for the z=13*
dimer species. Dimer containing no EA impurity could be charac-
terised for the z=11" charge state and dimers with one monomer
subunit containing EA were characterised for z=12* and 14*.

3.9. Factor H 19-20 comparison to condensed-phase data

Published structures are available from the Research Collabora-
tory for Structural Bioinformatics (RCSB) [53] for module fH 19-20:
NMR structure (PDBID: 2BZM [48]) and XRC structure (PDBID: 2G71
[54]). Using MOBCAL, three computational methods (1, projection
approximation method; 2, trajectory method; 3, exact hard-sphere
scattering method) [19] can provide theoretical collision cross-
sections from coordinates obtainable from NMR structures or XRC
atomic coordinates which can then be compared to experimental
data. We will not present projection approximation cross-sections
for systems of this size as this method ignores the effect of multiple
collisions of a given drift gas atom with the molecular ion, which
for molecules of >200 atoms, yields collision cross-sections that
are progressively too small and therefore are greatly misleading,
particularly for large systems such as fH 19-20.

For the 10 deposited NMR structures of fH 19-20, an aver-
age theoretical collision cross-section of 1923 A2 was obtained
using the exact hard-sphere scattering (EHSS) method where the
ion is modelled by a collection of overlapping hard spheres with
radii equal to hard sphere collision distances. The orientationally
averaged momentum transfer cross-section is calculated by deter-
mining the scattering angles between the incoming buffer gas atom
trajectory and the departing buffer gas atom trajectory. Using the
same NMR structures, the full trajectory method (TM) yields an
average collision cross-section of 1907 A2 with a range of cross-
sections from 1850 to 1942 A2, These values are in good agreement
with one of the z=10* monomer conformers (1904 A2) as would be
expected for a native-like protein when compared with solution-
phase data. However the lower charge states exhibit significantly
lower collision cross-sections than this. Native protein transfer
from solution to gas phase is likely to result in gas-phase collapse
due to desolvation, causing residue side chains that were solvated
to collapse back against the protein, and generally the absence of
stabilising buffer salts and the increased contribution of electro-
static interactions may have the effect of ‘shrinking’ the protein.
We have previously reported on this phenomena [29]. Such a col-
lapse of tertiary structure from this protein, which is dominated
by loose (3-sheets, is to be expected and is supported by the lower
cross-sections of lower charge states.

4. Conclusions

Two different ion mobility instruments have been used to study
the gas-phase collision cross-sections of three biologically relevant
protein systems which had not yet been studied using this tech-
nique. Comparison between mass spectra and cross-section results
for each of these protein molecules have provided initial insights
into the stability of protein structures on transfer into the gas phase
and also the contribution of coulombically driven unfolding.

p53 protein was sprayed under native-like conditions on Synapt
HDMS and MoQTOF instruments. Mass spectra charge state distri-
butions were in good agreement, with base peaks at z=9* and 10*
respectively. Multimeric species (dimers) were observed in both
instruments in the presence of zinc which may have some biological
relevance as the active form of the full-length protein is postulated
to be a dimer of dimers [55,56]. No dimer was observable in the
absence of zinc. Subjecting the protein to ion mobility separation
yielded conformations for each charge state with collision cross-
sections indicating a protein unfolding event in the charge state
range z=11" to 15*. Cross-section values obtained on the MoQTOF
instrument were at times smaller (more compact) than those found
on the Synapt, which may be attributable to slight solution differ-
ences as well as to the differences in the source transfer regions of
the two instruments affecting gas-phase conformations.

Phenanthroline dissolved in ammonium acetate buffer was used
as a chelating agent to remove a potentially important zinc ion
from p53. The protein was analysed on both instruments and
cross-sections again measured. Synapt values indicate a Coulombic
repulsion-driven unfolding over the entire charge state measured
(z=9* to 15*) whereas MoQTOF data, in line with better preserv-
ing native interactions, displays compact conformers at low charge
state leading to an unfolding event at higher charge (between
z=11*and 13*). MoQTOF values are again smaller overall compared
to Synapt.

Factor H is a large glycoprotein composed of a “string of beads”
formation of twenty complement modules. Two regions of the
protein, 10-15 and 19-20 were analysed by MS and IM-MS on
both instruments for comparison and structure characterisation. fH
10-15 mass spectra differed with Synapt data’s base peak at z=22*
compared with z=14" on the MoQTOF. Current evidence suggests,
at least for globular soluble proteins, good native nano-electrospray
ionisation conditions will give rise to narrow charge state dis-
tributions with a base peak at relatively low charge states [57],
indicating a more denatured protein on the Synapt. The expression
system gave rise to three to six molecules of N-acetylglucosamine
sugar bound to the protein module. These sugar molecules did
not significantly affect the protein cross-section due to their size
(220Da) compared to the protein size (~41kDa). MoQTOF mass
spectra displayed the same covalent artefacts however here two
to five molecules of the sugar were resolvable. Again the addi-
tion of sequential covalent modifications did not affect the collision
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cross-sections of the protein. Finally, the C-terminal region of Fac-
tor H (19-20) was investigated. Mass spectrometry data from the
Synapt provided evidence for a native-like protein with a narrow
charge state of low charge (base peak z=8*). MoQTOF data pro-
vided the same charge state distribution, but with contributions
from gas-phase dimer species which were resolved using enhanced
Gaussian fittings to arrival time distributions. A recombinant arte-
fact in the protein expression method produced a population of
protein molecules with an additional two amino acid residues (ala-
nine and glutamic acid) which could be clearly observed in the
mass spectrum. These additional peaks proved useful in character-
ising monomer and dimer contributions at concomitant m/z values.
Cross-sections for monomer subunits were in good agreement (less
than 2.5%) between Synapt and MoQTOF data, and all conform-
ers (bar the larger z=10* conformer) were more compact than
the computationally derived cross-section from the NMR struc-
ture. Dimers were not observed on the Synapt instrument, however
up to three dimer species were seen on the MoQTOF for which
cross-sections could be extracted.

The data presented in this paper on three biologically rele-
vant systems shows that different sources can produce molecular
ions with somewhat different collision cross-sections even from
the same starting solution conditions. This is also evident in the
different charge state distributions that can be obtained in the
acquired mass spectra. Multimeric gas-phase species (predomi-
nantly dimers) were more abundant in our MoQTOF studies. Mass
spectra from the MoQTOF indicate that in our hands the source is
providing more ‘native-like’ conformations since the charge state
distributions centre on lower charge states. This may be attributed
to enhanced control of source pressure and mobility being mea-
sured in an environment where the temperature of the buffer gas
is carefully measured and included in the calculation of mobil-
ity. We had limited time on the Synapt instrument and cannot
rule out the possibility of obtaining closer collision cross-sections
from the systems examined given more time. The data also shows
that coulombically driven unfolding of proteins is both system
and source dependent, and can vary with respect to charge. Much
more experimental comparison of collision cross-sections obtained
for native nano-electrosprayed proteins on Synapt and drift tube
ion mobility instrumentation, coupled with reference to solution
and/or crystal structures, will further validate and support the use
of ion mobility-mass spectrometry as a tool for structural biology
on large and multimeric protein assemblies.
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