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Ion mobility spectrometry, with subsequent mass spectrometric detection, has been employed
to study the stability of compact protein conformations of FK-binding protein, hen egg-white
lysozyme, and horse heart myoglobin in the presence and absence of bound ligands.
Protein ions, generated by electrospray ionization from ammonium acetate buffer, were
activated by collision with argon gas to induce unfolding of their compact structures. The
collisional cross sections (�) of folded and unfolded conformations were measured in the
T-Wave mobility cell of a Waters Synapt HDMS (Waters, Altrincham, UK) employing a
calibration against literature values for a range of protein standards. In the absence of
activation, collisional cross section measurements were found to be consistent with those
predicted for folded protein structures. Under conditions of defined collisional activation
energies partially unfolded conformations were produced. The degree of unfolding and
dissociation induced by these defined collision energies are related to the stability of noncovalent
intra- and intermolecular interactions within protein complexes. These findings highlight
the additional conformational stability of protein ions in the gas phase resulting from
ligand binding. (J Am Soc Mass Spectrom 2009, 20, 1851–1858) © 2009 American Society
for Mass Spectrometry

Electrospray ionization-mass spectrometry (ESI-
MS) is a technique able to preserve the non-covalent
interactions of protein–ligand complexes in the gas

phase [1–3]. Since its original discovery, the application of
ESI-MS in this area has accelerated rapidly [4, 5]. The
ESI-MS approach can provide a sensitive and efficient
means of obtaining valuable information relevant to
binding events allowing, for example, the stoichiome-
tries of noncovalent complexes to be easily obtained [6,
7]. The practical information available from ESI-MS
measurement is already well documented [8]. In addi-
tion to stoichiometry, the affinities of protein–ligand
interactions can be quantified using MS [9–12]. In
many cases, binding affinities determined using ESI-MS
show good agreement with values obtained using other
means, potentially validating MS methods for use in
early-stage screening in the drug discovery process [13,
14]. ESI-MS is not only suitable for the analysis of
protein–ligand interactions, but has widespread utility
in studying large protein–protein complexes [15, 16],
and has been applied to the preservation and detection
of very large biomolecular assemblies, including the

ribosome [17, 18] and the tobacco mosaic virus (�40
MDa) [19].
A key underlying issue in ESI-MS studies of ligand

binding is to what extent these findings can be related
to solution behavior. Given the great importance of
water to the protein fold [20], it seems clear that
desolvation should result in catastrophic loss of native
structure, with accompanying consequences for ligand
binding. Not withstanding the role of solvation spheres
around the protein, a recent study has provided evi-
dence that an interior water molecule in FK-binding
protein makes significant contribution to the structural
integrity of the fold [21]. In this study, the interaction
between a water molecule and the side-chain of residue
E60 was investigated by obtaining high-resolution crys-
tal structures of the wild type and two mutants (E60A
and E60Q) designed to alter the interaction between
water and this residue. Conclusions drawn from this
study highlight that the buried water molecule is in-
volved in a network of interactions important for the
correct construction of the binding pocket. Upon desol-
vation, the relative strengths and importance of the non-
covalent intra- and intermolecular interactions within a
protein–ligand complex are altered. A recent example
from the Loo group has demonstrated a clear increase
in electrostatic interaction strength in the absence of
water [22]. In this work, collision induced dissociation
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(CID) of RNase A and RNase S bound to cytidine
nucleotides shows a preference for fragmentation of the
covalent phosphate bond within CDP and CTP over the
(noncovalent) electrostatic interaction between the phos-
phate residues and the RNase proteins. Earlier studies on
acyl-CoA binding proteins provided evidence that, in
the gas-phase, this protein-ligand interaction is driven
by electrostatic forces between the CoA residue and its
binding pocket, with little or no contribution from the
hydrophobic acyl chain [23].
Despite these concerns, there is evidence for the

(temporary) maintenance of native-like protein confor-
mations in the mass spectrometer. In a particularly in-
sightful experiment, the Cooks group employed the
method, previously used for the analysis of viruses using
mass spectrometry [24], of ‘soft-landing’ 8� lysozyme
ions into liquid surfaces after mass spectrometric separa-
tion [25]. The collected enzyme was shown to exhibit
normal activity against hexa-N-acetylchitohexaose sub-
strate, suggesting that the structure of lysozyme was
either preserved in the gas phase, or perturbed in such
a way as to allow the native fold of the enzyme to
resume upon solvation. Breuker and McLafferty have
recently constructed a stability timeline for desolvated
protein structure from 10�12 to 10�2 s [26]. It is argued
that, on the sub-50 ms timescale, the core fold is still
largely intact, with the key evidence originating from
the time-dependent ion mobility spectrometry work of
Clemmer’s group (vide infra).
The combination of ion mobility spectrometry (IMS)

with mass spectrometry has emerged only relatively
recently through the pioneering work of Bowers, Clem-
mer, Hill, Jarrold, and others, see [27] for a review,
although the technique of IMS itself dates back several
decades. IMS separates ions according to their charge z
and collisional cross section � [28–30], with the latter
able to provide information about biomolecular confor-
mation in the gas-phase [31]. Thus, the combination of
ESI-IMS-MS shows great promise in providing low-
resolution protein structural data. The collisionally ac-
tivated unfolding of cytochrome c in the gas phase has
been studied using ESI-IMS-MS and results indicate the
presence of well-defined conformations that relate to
varying degrees of unfolding [31]. Similar experi-
ments, conducted by the same group, on disulfide-
intact and disulfide-reduced lysozyme have shown
that the disulfide-intact protein adopts cross-sections
that are in good agreement with the crystal structure.
Disulfide-reduced lysozyme, in contrast, exhibits much
larger conformations in the gas phase. It was also
shown in this study that by introducing gas-phase
proton-transfer reactions to lower the charge states
observed, disulfide-reduced lysozyme shows cross sec-
tions that are indistinguishable from disulfide-intact
ions [32].
To study time-dependent protein unfolding in the

gas-phase, Clemmer’s group have combined IMS with a
Paul trap capable of trapping ions for extended time
periods [33]. This study examined the 9� charge state of

cytochrome c over a period of 10 ms to 10 s. Results
show that after 30–60 ms, the compact protein ions
rapidly unfold, resulting in several highly unfolded
conformation sets. On timescales between 250 ms and
10 s, these unfolded conformations proceed to refold to
new, stable gas-phase conformations. The group has
also used two-dimensional ion mobility (IMS/IMS) in
so-called combing experiments, where narrow regions
of a broader mobility distribution can be activated then
passed into a second drift tube [34, 35]. These experi-
ments have provided insights into the conformational
dynamics of protein ions in the gas phase. Although
broad peaks contain many unresolved smaller confor-
mation sets, it is shown that these peaks are not due to
the interconversion of smaller conformation sets, but
that these structures are stable on the �10 ms timescale
of ion mobility [35].
Recent developments in IMS-MS instrumentation

have seen the introduction of traveling wave mobility
separators, where DC voltages are applied as a series of
high-speed traveling waves in combination with rf
radial confinement, allowing mobility separation with-
out compromising MS sensitivity [36]. Ion mobility
studies using such a device have demonstrated that
conformations of large multiprotein complexes can be
maintained upon transition to the gas phase. In one
example of this, the application of IMS to the 11-
membered TRAP complex, which was shown to retain
its ring topology after the electrospray process, and that
the binding of tryptophan aided in the preservation
of this complex [37]. A more recent application of a
traveling wave IMS instrument was to the analysis of
active and inactive forms of the (cGMP)-dependant
protein kinase by the Heck group [38]. Results obtained
from this experiment suggest that the active cGMP
bound protein adopts larger cross-sections than the
inactive apo-protein, consistent with the expected open-
ing of the structure implied by the HDX experiments
conducted in the same study.
The present investigation was undertaken to evalu-

ate the application of ESI-IMS-MS in studying the struc-
tural stability of compact protein ions as a function of
ligand binding.

Materials and Methods

Mass Spectrometry/Ion Mobility

Electrospray ionization-ion mobility-mass spectrometry
was performed on a Waters (Altrincham, UK) Synapt
High Definition Mass Spectrometer (HDMS)—a hybrid
quadrupole/ion mobility/orthogonal acceleration time
of flight (oa-TOF) instrument. Samples were infused to
the standard electrospray (z-spray) source using a Har-
vard (Holliston, MA, USA) apparatus 22 dual syringe
pump, model 55-2222 and 100 �L Hamilton syringes
(Bonaduz, Switzerland), at infusion rates between 3 and
5 �L/min. The capillary of the ESI source was typically
held at voltages between 2.5 and 3 kV, with the source

1852 HOPPER AND OLDHAM J Am Soc Mass Spectrom 2009, 20, 1851–1858



operating in positive ion mode. The sample cone was
operated at 10–20 V, required to avoid gas-phase un-
folding and preserve non-covalent interactions. The
trap T-wave collisional cell, located just before the drift
tube, contained argon gas held at a pressure of 2.5 �
10�2 mbar. The ion mobility separator, containing ni-
trogen gas at 0.45 mbar and ambient temperature,
employed a series of DC voltage waves (7 V wave
height traveling at 280 m/s) to achieve conformational
separation. The oa-TOF-MS was operated over the
scanning range of m/z 500–3500 at a pressure of 1.8 �
10�6 mbar.

Sample Preparation

Lyophilized hen egg white lysozyme was obtained
from Fluka (Gillingham, UK) and prepared as a 7 �M
sample in 25 mM ammonium acetate solution contain-
ing 10% methanol (the presence of 10% methanol was
found to improve the ESI-MS signal without signifi-
cantly changing charge state distribution or ion mobil-
ity properties; see Supplementary Information Fig S1–
S3, which can be found in the electronic version of this
article).
The substrate of this protein, Penta-N-acetylchitopentaose

(�95%), was obtained from Sigma (Poole, UK) and
prepared at 20 �M in the same buffer. To minimize the
turnover of this substrate ligand, a double syringe
injection system was used by infusing the protein and
the ligand through separate injection lines and allowing
mixing via a PEEK ‘T-piece’ just before the electrospray
source.
Apo-myoglobin (equine heart), available asMALDI-MS

standard from Sigma (Poole, UK), was acquired in 10
nmol vials. Samples of this protein (5 �M) were dis-
solved in 25 mM ammonium acetate solution contain-
ing 10% methanol. Holomyoglobin (equine heart) was
purchased from Sigma, as a lyophilized powder �90%
and infused in to the ESI source at a 5 �M from the same
solvent.
Recombinant human FK-binding protein was ac-

quired from Sigma as 100 �L of a 1.2 mg/mL solution.
The samples were desalted using Vivaspin (Epsom,
UK) columns (MWCO 3000) and diluted to 5 �M in
ammonium acetate (25 mM) with 10%methanol. FK-506
monohydrate was obtained from Sigma andwas added to
the FKBP sample at a 6 �M final concentration.

Collisional Activation

Collisional activation was used to investigate the gas-
phase stability of compact protein ion structure in the
presence and absence of ligands. Activation of quadru-
pole isolated ions was carried out in the ‘trap’ region (a
T-Wave cell located immediately before the ion mobil-
ity cell) of the Synapt, by collision with argon gas at
2.5 � 10�2 mbar. The resulting ion conformations were
separated by the mobility cell and analyzed by TOF-
MS. By adjusting the ‘trap’ collision energy voltage,

controlling the potential offset between the source ion
guide and the ‘trap’ region, the kinetic energies of ions
entering the ‘trap’ could be controlled. Activation pro-
files were constructed from step-wise increments in
collision energy applied to the ‘trap’ and the resulting
drift traces. For all protein–ligand systems investigated
here, data were acquired initially at 5 V increments,
starting at 3 V. Additional, intermediate, voltages were
employed between 5 V steps where major conforma-
tional change was observed. Upper voltage limits were
considered to be where no further unfolding was ob-
served. At these values, protein–ligand complexes were
not fully dissociated, although partial dissociation was
observed.

Kinetic Energy Considerations of CID

When investigating effects of collisionally induced ac-
tivation in the gas phase, it should be appreciated that
the kinetic energy (KE) of ions entering the collision cell
is dependent upon their collisional cross section, with
smaller ions potentially traveling at higher velocities
and therefore experiencing increased collision energies.
In the experiments described here, collisional activation
of the ions is induced by acceleration through a relatively
high vacuum region of the instrument, before entry into
the ‘trap’ collision cell. Thus, with relatively few ion-
molecule collisions, we did not anticipate significant
differences in KE resulting from the minor increases (for
some proteins) in cross section associated with ligand
binding. To establish this, however, we measured the
apparent stopping potential at the ‘trap’ entrance, as a
measure of ion KE [39]. No detectable differences in
stopping potential of the ions entering the ‘trap’ as a
function of these small differences in collisional cross
section could be observed. Therefore, in this study, any
increase in an apo proteins susceptibility to unfolding
does not arise from more energetic collisions.

Collisional Cross Section Calibration and
Theoretical Calculations

Measured drift times were converted to collisional cross
section values by calibration using proteins with known
cross sections in a method similar to that previously
reported [37]. Ubiquitin, cytochrome c, and myoglobin
ions giving only single reported cross section values
were used and gave a linear relationship of �/z �
72.531.(tD

0.52)–21.538. Arrival times were converted to
tD by flight time correction [40]. Unless otherwise stated,
CCS values for all measured proteins are reported at drift
trace peak maxima. Errors in reported cross sections were
determined by multiple measurements (see Supplemen-
tary Information Fig. S5). MOBCAL [41, 42] was used to
obtain theoretical cross section values (Trajectory
Method, TM) for native protein structures from NMR
and X-ray crystal coordinates (for FKBP 1FKK, and
1FKJ, for lysozyme 1JA6 and 1SFB and for myoglobin
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1MYF). For X-ray data, hydrogens were added using
MolProbity [43]. The TM approach models an effective
potential for the ion, based on the 12-6-4 potential of
each atom, and determines the buffer gas scattering
angle for orientationally-averaged collision geometries,
and is taken to be a more reliable estimate of CCS for
large ions.

Results and Discussion

Data Obtained from ESI-IMS-MS

Using electrospray ionization from ammonium acetate
solution (25 mM, pH 6.9) the ion mobility traces and
mass spectra of FK506 binding protein (FKBP), myoglo-
bin, and lysozyme were recorded in the presence and
absence of ligands, and at various degrees of collisional
activation. Results are reported for the most abundant
charge states observed under the conditions used.
Charge states ranging from�6 to�9 were detected and
similar results obtained.

FK-Binding Protein � FK-506

The ESI-mass spectrum of FKBP (5 �M) in the presence
of FK-506 (6 �M) is shown in Figure 1. The charge
distributions observed for both the bound and unbound
protein are from 6� to 8�, with the 7� ions most
abundant in both cases. Ion mobility drift traces ob-
tained for apo-FKBP and the FKBP–FK-506 complex
([M � 7H]7� charge states) using mild operating con-
ditions (sample cone voltage 20 V, Trap collision cell
off-set voltage 10 V, the maximum value before the
onset of unfolding) are presented in Figure 2. Markers
are included to illustrate the average trajectory model
(TM) collisional cross sections (CCSs) calculated for the
natively folded conformations of these two species
using MOBCAL [41, 42] and X-ray-derived structural

coordinates (PDB files 1FKK and 1FKJ, respectively).
The experimental CCSs (1247 and 1358 	 11 Å2) are in
very good agreement with the theoretical values calcu-
lated at 1331 and 1387Å2 for the apo and holo protein,
respectively, suggesting that the [M � 7H]7� charge
state ion of FKBP adopts a conformation of similar size
to the folded solution species. It is apparent that, unlike
the protein–ligand complex, which maintains a fairly
narrow Gaussian distribution of conformations, the
unbound protein shows a broad signal, with a shoulder
at higher drift times (lower trap voltages, to a minimum
of 3 V, did not result in markedly different drift trace
distributions for any of the three proteins studied, see
Supplementary Information Fig. S4). Therefore, under
these mild conditions, it seems that either the FKBP–
FK-506 complex shows signs of greater conformational
stability and structural integrity in the gas phase, or the
ligand is selecting a particular set of diverse solution
conformations for binding.
Raising the ‘trap’ collision energy (see the Materials

and Methods section) to 15 V induces conformational
unfolding of both the holo- and apo-proteins, as shown
in Figure 2. Apo-FKBP largely adopts a more unfolded
conformation around 1500 Å2, with only a small popu-
lation of compact protein ions. This is evident to a lesser
extent for the FKBP–FK-506 complex, where the major-
ity of the ions present retain compact CCSs with only a
relatively small population of unfolded species at
�1560Å2. At 20 V (Figure 2), both the holo and apo
species are almost exclusively present in single partially
unfolded states. The offset of the apo and holo peaks is
�67 Å2, which is of similar magnitude to the theoretical
cross section added due to the presence of the ligand
(�56 Å2) calculated from the difference between the
calculated holo and apo native CSSs. Further increase in
trap collision energy to 25 V induces further conforma-
tional unfolding (Figure 2). Here, there is a clear lag in

Figure 1. ESI-MS spectrum of FKBP (5 �M) in the presence of FK506 (6 �M) showing the
distributions of 8� to 6� ions of both the FKBP and the FKBP � FK-506 complex.
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the degree of unfolding observed for the FKBP–FK-506
complex, relative to the unbound FKBP. Conformations
observed for FKBP–FK-506 at this voltage show ion
populations that are split almost equally between the
1560 Å2 conformation, observed previously at a trap
voltage of 20 V, and a new distribution of conforma-
tions at�1790 Å2. The apo protein however retains only
a small population at smaller CCS and mainly adopts
what appears to be two poorly resolved conformation
sets at 1730 and 1810 Å2. Increasing the collision energy
to 30 V sees the holo [FKBP–FK-506]7� adopt primarily
the most unfolded conformation observed for this com-
plex at�1790 Å2. The drift trace of the apo-FKBP at this
energy appears essentially unchanged from its confor-
mation distribution at the previous energy of 25 V,
suggesting that this too has reached a maximum CCS
(with higher collision energies inducing no further
unfolding).

Lysozyme � Penta-N-Acetylchitopentaose

The lysozyme–NAG5 noncovalent complex exhibits an
unfolding effect similar to that observed for FKBP.
However, here the 8� charge state shows only one
major structural rearrangement which occurs over a
very narrow collision energy range. This is attributed to
the disulfide linkages, which stabilize the protein core
also seen in previous work on unliganded lysozyme
[32]. The drift trace at 10 V (Figure 3) shows that both
the holo- and apo-species at low activation energies
exhibit CCSs similar to calculated theoretical values
(measured 1487 and 1408 	 44 Å2; calculated 1567 and
1644Å2 for lysozyme and lysozyme–NAG5 respec-
tively). The agreement between experimental and the-
oretical values for apo-lysozyme (�5.1%) is signifi-
cantly better than the holo-lysozyme (�14.4%). It is
notable that the measured CSS of lysozyme–NAG5
(taken at the maximum peak intensity) is smaller than
that of lysozyme alone, suggesting a higher degree of
structural collapse may be present here. The theoretical
cross sections are still within the boundaries of these

Figure 2. The unfolding profile of the [FKBP � 7H]7� (dashed
trace) and the [FKBP � FK-506 � 7H]7� (solid trace). The dashed
and solid markers indicate the calculated theoretical cross sections
for the apo and holo ions as obtained using MOBCAL.

Figure 3. The unfolding profile of the [Lysozyme � 8H]8�

(dashed trace) and the [Lysozyme � NAG5 � 8H]8� (solid trace).
The dashed and solid markers indicate the calculated theoretical
cross sections for the apo and holo ions as obtained using
MOBCAL.
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broad peaks, however. The cross section of 6� apo-
lysozyme has been determined previously by traveling
wave IMS by Smith et al. and is reported as 1333 Å2 [44],
demonstrating yet further collapse in this lower charge
state.
When the collision energy is raised to 15 V, a major

conformational shift of the unbound protein can be
observed, gaining �240 Å2 in CCS. The bound protein–
substrate system also undergoes a small increase in
collisional cross section (�150 Å2), however, the degree
of unfolding induced is clearly not as extensive. Raising
the energy by just 2 V (to 17 V in Figure 3) induces
sufficient unfolding of the lysozyme–NAG5 complex to
produce a comparable cross section to the apo-protein.
The shoulder at lower drift times on the holo-trace
shows that populations of more compact conformations
are still present. This ‘lag’ in unfolding demonstrates
that, as with the FKBP–FK-506 protein system, the
additional intermolecular interactions from the ligand
appear to provide a stabilizing effect on the compact
protein structure. At the highest ‘trap’ collision energy
shown, the drift traces for both lysozyme and lysozyme–
NAG5 show very narrow Gaussian peaks, with the
enzyme–substrate complex exhibiting a larger (60 Å2)
CSS than lysozyme alone, perhaps resulting from exter-
nalization of the ligand. As the protein fold is disrupted,
and the NAG5 contacts with lysozyme are reduced,
producing a conformationally flexible entity, which
adds significantly to the cross section. This result is in
distinct contrast to the data measured at low-energy.

Holo-Myoglobin � Apo-Myoglobin

To provide further evidence for this effect, measure-
ments were also conducted on the 8� charge state of
holo- and apo-horse heart myoglobin. Smith et al. have
previously reported the cross section for the 6� charge
state of horse heart myoglobin measured using a trav-
eling wave IMS to be 1314 Å2 [44]. Theoretical calcula-
tion of CSS using MOBCAL was only possible for the
holo-form of the protein, since the high-resolution
structure for apo-myoglobin has not been obtained.
From Figure 4, at 10 V, the trace representing the
holo-myoglobin is in excellent agreement with the cal-
culated value (measure value 1742 	 46 Å2; calculated
value 1781 Å2). To induce major unfolding in this
system, the collision energy was raised to 20 V where a
high degree of unfolding for the apo-protein into a
complex set of conformations is apparent. The effect of
this degree of activation on the holomyoglobin is much
less pronounced. Larger conformations are adopted,
but to a much lesser extent and are only apparent as
higher CCS shoulders on the existing drift trace. At 25
V, holomyoglobin unfolds extensively, although it still
possesses more compact conformations than the apo-
protein. At 30 V, both holo- and apo-myoglobin reach
their limit of unfolding and produce narrow, near-
identical conformer distributions around 2512 Å2.

Quantification of Protein–Ligand Complex
Unfolding and Dissociation in the Gas Phase

To derive descriptive values for the stability of protein–
ligand complexes with respect to both unfolding and
dissociation (loss of the ligand), we determined the Elab
energies required to induce 50% unfolding or 50%
dissociation of the complexes. To obtain the unfolding
values, Ec50(unfold), the energy required to induce con-
formations half way between the minimum and maxi-
mum cross sections observed was measured. The colli-
sion energies required to induce 50% dissociation,
Ec50(diss), were measured by plotting disappearance of
precursor as a function of Elab collision energy and the
50% value read from the resulting sigmoid plots (see
Supplementary Information Fig. S6 and S7 for an exam-
ple). The results are provided in Table 1. Comparison of
the Ec50(unfold) values for the three apo-proteins and
their protein–ligand complexes reveals a significant
increase in value upon ligand binding in each case
(
Ec50(unfold) of 9 eV, 21 eV, and 7 eV for FKBP,
lysozyme, and myoglobin respectively). Thus, as indi-

Figure 4. The unfolding profile of the [Apomyoglobin � 8H]8�

(dashed trace) and the [Myoglobin� 8H]8� (solid trace). The solid
marker indicates the calculated theoretical cross section for myo-
globin as obtained using MOBCAL.
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cated by the drift traces in Figures 2, 3, and 4, the
presence of a bound ligand leads to an increased
resistance to gas-phase unfolding of the protein ions.
For each protein the Ec50(unfold) values for both apo- and
holo-proteins are significantly less than the Ec50(diss) for
dissociation of the complex (Table 1). FKBP exhibits the
smallest difference between Ec50(unfold) and Ec50(diss) at
71 eV, and myoglobin the greatest at 253 eV. It would
appear, therefore that unfolding precedes dissociation
under conditions of low-energy multiple collision in-
duced activation. It should be borne in mind that
Ec50(unfold), as expressed here, represents a measure of
the observed extent of unfolding for the major charge
states of each protein, and not the absolute unfolded
state. Refolding processes during, or immediately be-
fore, ion mobility cannot be ruled out, although see [34].
Elab collision energy values, defined by acceleration

voltage and resulting ion kinetic energy, provide only
an indirect measure of protein–ligand complex stability.
A more direct description is given by determining the
internal energy gained as a result of multiple low-
energy collisions. Douglas has developed a model [39,
45] to describe this phenomenon in a quadrupole colli-
sion cell. Whilst the traveling wave collision cell em-
ployed in this study is not a quadrupole environment,
the approach still permits an estimation of the relative
increase in ion internal energy, 
Eint, upon collision
with a neutral gas, especially as the T-wave parameters
(wave height, velocity, entrance, and exit voltages) were
kept constant throughout the experiments. Estimates of
internal energies gained by the protein ions at collision
energies required to give 50% unfolding of both the
holo and apo species have been calculated from
Ec50(unfold) (Table 1). Expressed as 

Eint(unfold), values
for FK-binding protein, lysozyme, and myoglobin are
3.84, 9.04, and 2.96 eV respectively. These values exhibit
a similar trend to the Ec50(unfold) data, from which they
are derived, but represent a more accurate measure of
the relative additional stability afforded by the presence
of the ligand. In the case of FKBP we also determined
the increase in stability of the protein fold upon FK506
binding in solution using stability of unpurified pro-
teins from rates of H/D exchange (SUPREX) [46]. The
decrease in Gibbs free-energy for folding due to the
presence of FK506 (

Gf) was determined to be �4.62
kcal mol�1 (details to be reported elsewhere). Thus, as
expected, the protein fold in solution is stabilized by
ligand binding. Our results show that this effect is also

apparent in the gas phase, for the three proteins inves-
tigated, under conditions of collisional activation.
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