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Abstract

It is now well established that electrospray ionization (ESI) is capable of introducing noncovalent
protein assemblies into a desolvated environment, thereby allowing their analysis by mass
spectrometry. The degree to which native interactions from the solution phase are preserved in
this environment is less clear. Site-directed mutagenesis of FK506-binding protein (FKBP) has
been employed to probe specific intra- and inter-molecular interactions within the complex
between FKBP and its ligand FK506. Collisional activation of wild-type and mutant-FKBP*FK506
ions, generated by ESI, demonstrated that removal of native protein—ligand interactions formed
between residues Asp37, Tyr82, and FK506 significantly destabilized the complex. Mutation of
Arg42 to Ala42, or Tyr26 to Phe26 also resulted in lower energy dissociation of the
FKBP-FK506 complex. Although these residues do not form direct H-bonds to FK506, they
interact with Asp37, ensuring its correct orientation to associate with the ligand. Comparison with
solution-based affinity measurements of these mutants has been discussed, including the
stabilization afforded by ordered water molecules. lon mobility spectrometry (IMS) has been
employed to provide gas-phase structural information on the unfolding of the complexes. The [M
+ BH]®* complexes of the wild-type and mutants have been shown to resist unfolding and retain
compact conformations. However, removal of the basic Arg42 residue was found to induce
significant structural weakening of the [M + 7H]’* complex when raised to dissociation-level
energies. Overall, destabilization of the FKBP - FK506 complex, resulting from targeted removal
of specific H-bonds, provides evidence for the preservation of these interactions in the
desolvated wild-type complex.
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protein complexes. Recent advances have seen its successful
application to systems, including the ribosome [1], intact
viruses [2, 3], membrane associated protein assemblies [4,
5], and various protein—small molecule ligand complexes [6,
7]. The use of ESI-MS to study noncovalent protein
interactions offers several advantages over other biophysical
techniques. Notable amongst these are high sensitivity and
speed of analysis. A major question concerning the
application of MS in studying protein structure and
interactions is to what extent the native, solution based,
conformation(s) of a protein is preserved following ioniza-
tion and desolvation by ESI. Significant effort has been
directed towards this question [8]. Ion mobility spectrometry
(IMS), a gas-phase electrophoretic technique, is now often
used in conjunction with MS analyses and allows low
resolution structural information of analytes to be directly
accessed in the desolvated MS environment [8—14]. These
studies have provided insights into gas-phase protein
structure, and it is generally accepted that on the timescales
of IMS-MS experiments, major structural perturbations can
be avoided for low charge state ions [15, 16]. This said,
recent studies have shown that low charge states of ubiquitin
conformations are significantly different to the crystal
structure [17].

At the atomic level, ion mobility studies do not
definitively demonstrate that specific noncovalent interac-
tions, the fundamental forces responsible for higher order
protein structure in solution, remain intact following ESI and
desolvation. One approach to investigate the presence of
specific interactions is by systematically removing them and
assessing the impact on complex stability. This can be
achieved by either introducing single point mutations to the
polypeptide chain or by chemically modifying the binding
partner/ligand. Klassen and co-workers have utilized both
approaches to investigate the interaction between single-
chain variable fragment (scFv) of the monoclonal antibody
and its native trisaccharide ligand [18-20]. Both experiments
provide clear evidence that the specific intermolecular
interactions are preserved in these complexes following
ESI. Interestingly, these studies were performed using
blackbody infrared radiative dissociation (BIRD) as a means
of gas-phase dissociation, which allows direct access to
time-resolved thermochemical information regarding the
protein—ligand binding interaction. These experiments em-
ploy activation times of up to seconds, over which
significant structural rearrangement may occur [15].

Although BIRD allows quantitative binding information
to be obtained in the gas phase, its application has been
limited to only a few research groups due to the requirement
for FT-ICR instrumentation with a temperature-controlled
ICR cell [21]. A more generally available procedure for
interrogating protein—ligand stability is to use collision-
induced dissociation (CID). Such experiments have been
performed in conjunction with genetic/chemical alterations
to the protein—ligand binding interface by Douglas and co-
workers [22]. In these experiments, collisional activation
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was achieved in a triple quadrupole instrument and differ-
ences in dissociation energy were used to infer relative
stability of the gas-phase complexes. Although the results
generally complimented the solution data, some discrep-
ancies were also highlighted. For example, in myoglobin,
the serine92 residue forms an H-bond interaction with the
heme group and subsequent mutation of this residue induces
destabilization of the complex in the solution experiments.
This was not observed in the gas phase using CID where the
results suggest that removing this H-bond leads to stabiliza-
tion of the interaction. It should be pointed-out that this
study used relatively high charge state holo-myoglobin ions
(M + 11H]""" to [M + 14H]'*"), which, by IMS, show
multiple and extended conformations (unpublished observa-
tion). This may indicate that some of the native interactions
in these species were already disrupted prior to collisional
activation.

One of the first protein noncovalent interactions to be
studied by ESI was that formed between FK-binding protein
(FKBP) and its high-affinity ligand, FK506 [23]. FKBP
belongs to a superfamily of proteins categorized as peptidyl
prolyl cis/trans isomerases (PPlases). FK506 is a 23-
membered macrolide (Figure 1b) originating from Strepto-
myces tsukubaensis [24]. When bound to FKBP, the
complex leads to the inhibition of the calcium-dependent
phosphatase calcineurin, resulting in immunosuppression
[25]. The sub-nanomolar Kp FKBP-FK506 complex [26]
has been well characterized [27]. Early crystallographic
studies by Van Duyne and coworkers identified hydrogen
bonds between the ligand and side chain residues Asp37 and
Tyr82 [28]. These interactions have been highlighted in
Figure 1, along with the additional intramolecular interac-
tions formed by Asp37, which are discussed below. These
two interactions have been the subject of solution-based
investigations, where the effect of removing them by
mutagenesis was examined. A Tyr82Phe mutation resulted
in relatively little destabilization of the protein-ligand (P-L)
interaction [29]. Free energy measurements showed that this
variant is entropically less-favored relative to the wild-type
(WT). The more favorable entropic contribution present in
the WT-FKBP-FK506 complex is attributed to the displace-
ment of two water molecules upon binding of the ligand.
Solution studies have also highlighted the significant
contribution of the Asp37-FK506 hydrogen bond in the
stability of the P-L complex. An Asp37Val mutant of FKBP
resulted in a measured K; of 350 nM, almost three orders of
magnitude lower affinity than that measured for the WT- P-
L complex [29].

The Asp37 residue not only forms a direct interaction to
the C-10 hydroxyl group of FK506, but also interacts with
Tyr26 and Arg42 through H-bonding [28]. This extended
network has been studied in solution. A Tyr26Phe mutant
resulted in a 37-fold decrease in affinity for FK506 [29].
This is a greater destabilization of the complex than
observed for the Tyr82Phe mutant, and is rationalized by
the suggested role of Tyr26 in correctly orienting amino
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Figure 1. (a) Crystal structure of the FKBP -FK506 complex showing inter-molecular H-bonds between Asp37, Tyr82 (cyan),
the FK506 ligand (purple), and intra-molecular H-bonds between Agr42, Tyr26 (pink) and Asp37. From PDB file 1FKJ [46] and
rendered in The PyMOL Molecular Graphics System, ver. 0.99, Schrdédinger, LLC. (b) The structure of FK506

acids such as Asp37 [29]. An Arg42Ala-FKBP-FK506
complex exhibited no significant reduction in solution based
binding properties relative to the WT, despite the fact that
this residue also interacts with Asp37 [28].

Studies presented here were designed to examine whether
direct interactions responsible for solution-based binding in
the FKBP-FK506 complex are preserved in the gas phase
and whether these can be readily observed. Asp37Gly and
Tyr82Phe FKBP mutants were produced and the gas-phase
stability of their complexes with FK506 were assessed using
CID. We have focused on relatively low charge states ([M +
6H]®" and [M + 7H]’") to reduce Coulomb-induced
unfolding within the protein structure, which has been well
documented in previous work [30]. Each mutant resulted in
destabilization of the protein—ligand complex. These initial
examples were extended to include Arg42 and Tyr26,
residues that do not directly interact with FK506, but which
do form intramolecular associations with Asp37. Again,
these were seen to result in destabilization of the complex.
IMS, performed in-line with collisional activation, has been
used to offer structural insights. The results are compared
qualitatively with solution-based behavior of these mutants.

Materials and Methods
Mass Spectrometry/lon Mobility

Electrospray ionization-ion mobility-mass spectrometry was
performed on a Waters (Altrincham, UK) Synapt High
Definition Mass Spectrometer (HDMS), a hybrid quadru-
pole/ion mobility/orthogonal acceleration time of flight (oa-
TOF) instrument. Samples were infused to the standard
electrospray (z-spray) source using a Harvard Apparatus Inc.
(Edenbridge, Kent, UK) 22 dual syringe pump, model 55-
2222 and a 100 pL Hamilton (Bonaduz, GR, Switzerland)
syringe connected to a standard Waters ESI probe, at
infusion rates between 3 and 5 pulL/min. Nanospray was also

utilized for some of the acquisitions, using (thin walled)
nanospray tips acquired from Waters. The capillary of the
ESI source was typically held at voltages between 2.5 and
3 kV, and the nanospray tip at 1-1.8 kV, with the source
operating in positive ion mode. The sample cone was
operated at 10-20 V. Low voltages were required to avoid
gas-phase unfolding and preserve noncovalent interactions.
The trap T-wave collisional cell, located just prior to the drift
tube, contained argon gas held at a pressure of 2.5x 107>
mbar. The ion mobility separator, containing nitrogen gas at
0.45 mbar and ambient temperature, employed a series DC
voltage waves (7 V wave height traveling at 280 m/s) to
achieve conformational separation. The 0a-TOF-MS was
operated over the scanning range of m/z 500-3500 at a
pressure of 1.8x10°° mbar.

Collisional activation was used to induce protein—ligand
dissociation of the FKBP-FK506 complex (WT and
mutants). Activation of quadrupole isolated ions was carried
out in the trap region (a T-Wave cell located immediately
before the ion mobility cell) of the Synapt, by collision with
argon gas at 2.5x1072 mbar. The trap collision energy
voltage was controlled by the potential offset between the
source ion guide and the trap cell, allowing control over
translational kinetic energies of ions entering the collision
cell. In order to obtain sufficient reproducibility of the data
sets, variants were run in parallel, taking at least 5 repeats of
2 min acquisition times at each collision energy. To achieve
this, two variants of FKBP were mixed to give approxi-
mately equal intensities (counts) and distinguishable m/z
values. The MassLynx software was programmed to
alternate the quadrupole between isolation of the two species
(i.e., one scan at each m/z value). Two variants were run
simultaneously and two charge states analyzed each run (6+
and 7+); therefore, the quadrupole was programmed to
alternate between four m/z values in each analysis. It was
necessary to operate the quadrupole in high resolution
settings (LM 14, HM 14), in order to remove adducts from
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the protonated signal, which lead to destabilizing effects in
this complex [31]. This approach accounted for any
fluctuations in instrument conditions, by providing internal
and external standardization of relative complex stability.
Dissociation profiles were constructed by monitoring the
percentage precursor remaining (%precursor = precursor
counts/(precursor + product counts)x 100) as a function of
collision energy. Corrections, based on the small differences
in the degree of dissociation between the common complex
in each run, were calculated from the off-set in their
dissociation profiles. Adjustments were applied so that the
data from identical complexes from different runs over-
lapped, thereby creating a calibrated collision scale across all
sets of measurements.

Data were acquired initially at 5 V increments, starting at
3 V. Additional sub-volt increments were acquired close to
the 50 % dissociation region, using the quadrupole scanning
method described above. Resulting sigmoidal depletion
curves were fit using Origin 8 software (Northampton,
MA, USA) . Ecsq values, defined as the energy required to
induce 50 % dissociation of the complex, were used as
quantitative descriptions of dissociation behavior.

Ion mobility measurements were made using the traveling
wave mobility cell of the Synapt. Calibration was performed
using denatured (49.5:49.5:1 H,0:MeOH:CH3;COOH) cali-
brants bradykinin, ubiquitin, cytochrome ¢, and myoglobin
using a previously reported procedure [32]. Recent studies
have demonstrated that using calibrants sprayed from
aqueous (nondenaturing) solutions result in more reliable
calibration for measurements of ‘native-like’ ions [33].
However, these inaccuracies were shown to become signif-
icant when extrapolations to large CCSs are necessary.
Calibrant CCSs used in this study ‘bracket’ the values
measured for FKBP. Excellent calibration fits were also
achieved here and have been included in the Supplementary
Information of this manuscript (S1). Collision cross sections
were used to estimate the amount of internal energy gained
by the ions as they traverse the collision cell, according to
the model of Douglas et al. [34]. Briefly, drag coefficients
were calculated based on the diffuse scattering model
proposed by Henderson [36]. The speed of the ions through
the trap collision cell was determined by the speed of the
traveling wave in this region (280ms ' in these studies). The
internal energy of the ions were calculated based on the
initial injection voltage/energy, the center of mass energy
per collision, and the total number of collisions.

Expression, Purification, and Mutagenesis
of FKBPI2

The expression vector coding for the WT FKBP12 protein
(pGST-FKBP12) was kindly supplied by Dr. Sophie
Jackson, University of Cambridge, UK. Recombinant WT
FKBP12 protein was expressed and purified as described
before [36]. Four mutants, specifically: Y26F, D37G, R42A,
and Y82F, were prepared using the WT sequence in the
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pGST-FKBP12 plasmid as template. Each mutation was
introduced by PCR reactions using the QuikChange II site-
directed mutagenesis kit (Stratagene, Stockport, Cheshire,
UK) with primers containing the appropriate nucleotide
substitutions (Sigma, Dorset, UK), the sequences of which
are provided in the supplementary information (S2). The
presence of the required substitutions and integrity of each
sequence after mutagenesis was verified by sequencing
before using the plasmids to transform Escherichia coli
XL-10 gold cells. Expression and purification of the mutants
was performed as for the wild-type FKBP12 protein. Briefly,
the GST-tagged protein variants were added to glutathione
Sepharose 4B beads (GE Healthcare, Chalfont St. Giles, UK;
100 pL) and thoroughly washed. Following the wash steps,
the column was equilibrated in thrombin cleavage buffer
(20 mM Tris-HCI, 150 mM NaCl, 2.5 mM calcium chloride
dehydrate at pH 8.4) and thrombin was added to the column.
Following overnight incubation at room temperature, cleaved
protein was eluted from the column. Aliquots (ca. 1 mgml™" in
thrombin cleavage buffer [see ESI]) were desalted using
Vivaspin (Epsom, UK) ultrafilters (MWCO 3000) and diluted
to 5 uM in ammonium acetate (25 mM). FK-506 monohydrate
was obtained from Sigma (Poole, UK) and was added to the
FKBP sample at a 6 uM final concentration.

Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry was performed using a
MicroCal Auto ITC instrument. Due to the poor solubility
of FK506, both protein and ligand samples were prepared in
10 % propanol. From previous studies with this protein in
the presence of other organic modifiers, such as 10 %MeOH
[12], the addition of 10 % propanol was not expected to
significantly alter the protein structure or the FKBP-FK506
interaction. Each injection mixed 14.03 pL of the ligand
solution (200 uM) into the sample cell containing the protein
(20 uM) every 3 min. The data were plotted as the molar
ratio between the ligand and protein, against the heat change
per mole of injected ligand. Fitting was performed iteratively
using a standard one-site nonlinear regression model
included within Origin 7.0 software.

Results
Direct FKBP-FK506 Interactions

pGST-FKBP variants (WT, Asp37Gly, and Tyr83Phe) were
expressed, purified, and cleaved as described in Materials
and Methods section. Protein identities were confirmed by
ESI-MS analysis (see Supplementary Section S3). The
measured mass of WT-FKBP was 12,101.9 Da. Tyr82Phe
was measured at 12,086.1 Da (Am=15.8; corresponding to
removal of an oxygen atom from the WT) and Asp37Gly
was measured at 12,044.1 Da (Am=- 57.8, corresponding to
removal of CH,COOH). All proteins contained an additional
GS motif on the N-terminus from the thrombin cleavage site.
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Addition of FK506 (5 uM) to each FKBP variant (5 pM)
resulted in a clear complex. Survival of the precursor P—L
complex was monitored over a range of collision energies.
Ions were accelerated into the ‘Trap’ region of a Waters
Synapt mass spectrometer containing Argon collision gas
(see section 2). The resulting sigmoidal depletion curves of
the Asp37Gly and Tyr82Phe FKBP mutant complexes were
compared with those generated for the WT complex. Initial
evaluation revealed that the differences in relative stability
were very subtle (AE; o < 5¢V for 6+ and 7+ ions), with the
mutants exhibiting lower Ecso values than the WT
FKBP-FK506 complex. We postulated that such minor
differences may have simply been due to small variations
in instrumental or environmental conditions between each
analysis. To remove this uncertainty, acquisitions were
performed by measuring protein complexes pair-wise, and
switching the quadrupole to transmit each precursor alter-
nately scan-to-scan, as described in the Materials and
Methods. Since Asp37Gly possessed the largest mass
difference from the WT and Tyr82Phe variants, this was
used as a common internal reference in both cases, allowing
correction between measurements. Further control of the
precision of these experiments was provided by recording
multiple measurements at each collision energy to assess the
variance in the data.

Measurements were concentrated in the pseudolinear
50 % dissociation regions to allow more precise determina-
tion of Ecso values. The plots of these regions are shown in
Figure 2a and b, for the 6+ WT versus Asp37Gly and WT
versus Tyr82Phe comparisons respectively. The measured
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Ecsg values for the 6+ ions of the Asp37Gly, Tyr82Phe, and
WT FKBP-FK506 complexes were 193.5, 195.5, and 196.6
eV (Table 1). This demonstrated that the Asp37Gly mutation
resulted in greater destabilization of the gas-phase complex
compared with Tyr82Phe. The same trend was also observed
for the 7+ complexes (see Figure 2¢ and d, and Table 1). To
gain a more quantitative understanding of the degree of
destabilization resulting from removal of these interactions,
the internal energy (AEnt) transferred to the FKBP-FK506
complex ions was estimated using the method of Douglas et
al. [34, 37]. The results, expressed as a difference between
the WT and mutant Ecsgs, termed AAET, are shown in
Table 1. For both the 6+ and 7+ complexes, larger
deviations from the WT dissociation behavior were observed
for the Asp37Gly mutant. The AAEt value for the 6+
charge state of this variant was estimated to be =77 kJ mol ',
whilst that for the Tyr82Phe mutant was —27 kJ mol .
Hydrogen bond strengths are generally of the order 5—
50 kJ mol' depending on the nature of the donor and
acceptor. Where the acceptor is an anion, as is the case for
Asp37, which forms an H-bond to the C10 hydroxyl group
of FK506, bond energies tend towards the higher end of the
scale. The neutral H-bond between Tyr82 and C8 amide
oxygen of FK506 would be expected to be weaker, with a
bond energy closer to 10 kJ mol™'. Thus, there is reasonable
quantitative agreement between the observed destabilization
of the mutant FKBP-FK506 complexes and strength of the
H-bonds removed. The 7+ charge states also exhibited
similar behavior, although the destabilizing effect of Asp37
removal was somewhat less pronounced at —54 kJ mol'.
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Figure 2. Precursor ion dissociation curves for FKBP-FK506 complexes generated by ESI showing a comparison of WT
protein and (a) Asp37Gly mutant [M + 6H]%*; (b) Tyr82Phe mutant [M + 6H]®*; (c) Asp37Gly mutant [M + 7H]"*; and (d) Tyr82Phe
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Table 1. Comparison of Gas-phase and Solution Affinity for WT- and Mutant-FKBP-FK506 Complexes

Gas-phase stability

Solution affinity

[M+6H]*" [M+7H]" Kp® (nM)
Variant Ecso * (eV) AAEr ® (kJ mol™) Ecso * (eV) AAEpr ° (kJ mol™")
Wild-Type 196.60.1 - 190.9+0.7 - 0.4
Asp37Gly 193.5+0.1 772 188.6+0.2 -54.0 670
Tyr82Phe 195.5+0.2 -27.0 189.6+0.2 -30.9 1.0
Argd2Ala 194.4+1.0 -55.0 184.1+0.4 -163 0.2
Tyr26Phe 194.8+0.5 —43.4 189.7+0.3 -28.0 22

? ELag collision energies required to dissociate 50 % of FKBP-FK506 complex.

® Estimated difference in internal energy required to dissociated 50 % of WT versus mutant FKBP-FK506 complex.

¢ Affinity determined as dissociation constant K or inhibition constant K;

In order to examine protein unfolding events during ion
activation and dissociation, traveling wave ion mobility
spectrometry (TWIMS) measurements were conducted on
the 6+ and 7+ charge states of FKBP-FK506. At an Ej op
collision energy of 189 eV (chosen because it is close to
the Ecso of all variants/charge states, see Supporting
Information Figure S5) the 6+ WT-, Asp37Gly-, and
Tyr82Phe-complex ion precursors underwent no significant
structural unfolding, and retained a similar compact
conformation distribution to the unactivated complex,
despite significant levels of P—L dissociation occurring at
this energy (see Figure 3a, and Figure S5). This was an
interesting result, as it suggested that ligands dissociated

(a)

from lower charge state ions were ejected from compact
structures. Similar results have been reported in protein—
protein complexes [38]. In contrast to the 6+ charge state,
significantly more structural unfolding was present in the
7+ ions (see Figure 3b). Compared with the unactivated
complex, higher drift times were recorded for the ions
raised to 189 eV, and multiple conformational distribu-
tions were seen. Only relatively minor differences between
the drift traces of the activated WT-, Asp37Gly-, and
Tyr82Phe-complexes were apparent. These unfolding
events may have promoted P-L dissociation, and
accounted for the lower Ecs, energies of the 7+ complex,
after charge correction (Table 1).
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Figure 3. lon mobility drift trace plots showing activated (189 eV) precursor ions of (a) [M + 6H]** and (b) [M + 7H]"* FKBP - FK506
complex ions for (i) WT-FKBP; (i) Tyr82Phe-FKBP; (jii) Asp37Gly-FKBP; and (iv) unactivated WT-FKBP as a control. The [M + 6H]®*
charge state shows little or no unfolding, whereas the [M + 7H]"* complex undergoes significant unfolding
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The gas-phase results for Asp37Gly and Tyr82Phe
broadly agreed with previous solution-based observations.
Relative to WT-FKBP a Asp37Val mutant exhibited a 875-
fold decrease in binding affinity for FK506, in solution,
which was significantly more than that observed for a
Tyr82Phe mutant (2-fold). The Asp37Gly mutant-FK506
complex studied here also exhibited greater destabilization
in the gas phase than that of the Tyr82Phe variant. It is
notable, however, that the degree of destabilization was
significantly different. Entropic effects that drive interactions
in solution will be absent from these gas-phase results. The
displacement of two water molecules upon formation of the
Tyr82—FK506 interaction, for example, is not apparent in the
gas phase, and only the enthalpic contribution will be
detected. The enthalpic component, itself, will also be
altered, due to the major change in dielectric constant upon
desolvation.

To establish whether the Asp37Val mutant studied in
solution was comparable to the Asp37Gly used here,
isothermal titration calorimetry was performed on the
Asp37Gly complex (Supplementary Information
Figure S6). A Kp value of 671+89 nM was determined for
the interaction, which is approximately 2-fold higher than
the K; value measured for the Asp37Val variant in previous
studies, but of the same order of magnitude. This result
confirms the major importance of the Asp37-FK506
interaction in solution.

Summary — Direct FKBP-FK506 Interactions

It is clear from the data presented that modification of the
FKBP Asp37 and Tyr82 side-chains, designed to prevent H-
bond interactions with FK506 (at the OH on C-10 and the
amide oxygen on C-8 of the ligand, respectively), resulted in
destabilization of the P-L complex in the gas-phase. The
question arises as to whether this is direct evidence for the
preservation of these H-bonds in the desolvated WT-protein
complex, or whether mutation may simply compromise
protein structural integrity in the gas phase. Asp37 is also
involved in intramolecular interactions within the protein
structure, and although ion mobility data for the 6+ ion
suggest that there is no additional major structural perturba-
tion of this mutant, protein rigidity may be compromised
under collisional activation. However, for Tyr82 the situa-
tion is much more straightforward. In solution and in the
crystal structure, Tyr82 forms an H-bond with the ligand
only. Thus, mutation of this residue to Phe would not be
expected to destabilize protein structure in any way. Taken
together, we believe that these results do provide evidence
for the existence of specific interactions between Asp37,
Tyr82, and FK506 in the gas phase P-L complex.
Comparison with solution-based data reveals that removal
of the Asp37 side chain has a much more dramatic effect
upon the stability of the complex than does Tyr82 in this
environment. In the gas phase, this difference is much less
pronounced, but still apparent.
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Intramolecular Protein Interactions

Structural studies have demonstrated that the Tyr26 residue
of FKBP does not exhibit an H-bond interaction with
FK506. However, ITC measurements have shown that a
Tyr26Phe mutation resulted in significant loss in affinity for
FK506 (37 fold decrease). This is a much more drastic
decrease in affinity than that observed for Tyr82Phe, where a
direct interaction with the ligand is disrupted. It has been
suggested that Tyr26 is important in ensuring the correct
orientation of crucial FK506-interacting residues, such as
Asp37. Arg42 is a second residue that interacts with Asp37.
The H-bond is of key importance to the correct
orientation of the loop consisting of residues 40-44 [39].
Despite this, previous studies designed to remove this
polar interaction, via an Arg42Ala mutation, did not
appear adversely to affect P-L binding affinity. Indeed,
this mutant has 2-fold higher affinity for FK506 than the
WT protein, suggesting that Arg42 may actually compete
with FK506 for binding to Asp37. In the condensed
phase, removal of the Arg42 [39] side chain is compen-
sated for by the presence of two ordered water molecules,
which help to stabilize the 40-44 loop. Clearly, this effect
would be absent from fully desolvated ions in the gas
phase. For these reasons, the two residues, Try26 and
Arg42, which both interact with Asp37, were selected as
interesting candidates for study. We, therefore, investigat-
ed the importance of Tyr26 and Arg42 on the stability of
FKBP-FK506 within a desolvated environment under
conditions of collisional activation.

As before, following expression and purification of these
variants, ESI-MS was used to confirm the presence of
mutations and retention of biological activity (ligand
binding); see Supplementary Information S4. The 6+ and 7
+ variant complexes were isolated and subjected to
programmed collisional activation as described earlier.
Pairwise measurement of mutants and WT-FKBP was
employed to eliminate variation between analyses, and to
allow comparison with Asp37Gly and Tyr82Phe mutants,
through a common reference. Plots for dissociation of the 6+
Arg42Ala- and Tyr26Phe-FKBP-FK506 mutant complexes
are presented in Figure 4a and b, and summarized in Table 1.
It is clear that the gas-phase P—L interactions are compromised
in these variants. This demonstrates that intramolecular H-bond
networks affect the stability of the FKBP-FK506 complex in
the gas phase. The Arg42Ala mutant appears more destabilized
than the Tyr26Phe, although the differences are small. AAEnt
values are —55.0 and —43.4 kJ mol ', respectively (Table 1). It
appears, therefore, that although the Asp37-Arg42 H-bond
does not enhance to P-L binding in solution, it has noticeable
effect on gas-phase stability.

Since residues Arg42 and Tyr26 do not possess any
notable interactions with the ligand, the destabilization
observed is likely to be caused by weakening of protein
tertiary structure. To investigate this, IMS data were
collected during the analysis. As for the Asp37Gly and
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protein and (a) Arg42Ala mutant [M + 6H]®*; (b) Tyr26Phe mutant [M + 6H]®*; (c) Arg42Ala mutant [M + 7H]"*; and (d) Tyr26Phe
mutant [M + 7H]”*. Collision energies are E| 5 corrected and focused in the region around the Ecsg value. All R? values >0.98

Tyr82Phe mutants, drift traces were compared at 189 eV, experiments and represented the protein conformation
since this energy is close to the Ecs, values observed in the immediately before dissociation. For the 6+ charge state all

(a)

(iv)
(i)
(i)

(b)

(iv)

7 N—"0

(i)

0 4 8 12 16
ty/ ms
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charge state shows little or no unfolding, whereas the [M + 7H]"* complex undergoes significant unfolding
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variants possessed near-identical drift times for precursor
and at this energy and were indistinguishable from the WT
complex under conditions of minimal collisional activation.
Therefore, it would seem that little or no permanent
unfolding preceded dissociation for the 6+ charge state.
This may be useful in structural studies and is analogous to
previously reported observations concerning multiprotein
assemblies [38]. It is possible that temporary unfolding may
occur prior to dissociation but rapid collapse of the structure
must ensue, as the dissociated product ion is also compact. It
should also be borne in mind that any structural unfolding
may also be too subtle to detect using IMS.

Examination of the 7+ FKBP-FK506 complex dissoci-
ation data (Figure 4c and Table 1) revealed markedly
different behavior from that of the 6+ complex. In
particular, significant dissociation of the Arg42Ala-
FKBP-FK506 mutant complex was observed. This is the
largest destabilization of P-L complex seen in these
studies and interestingly originates from removal of an
ionic H-bond that does not interact directly with the
ligand. This is in stark contrast to solution-based obser-
vations, where the Arg42Ala mutation results in no
decrease in FK506 affinity [40]. The strength of the ionic
H-bond between Asp37 and Agr42 is enhanced in the gas
phase and is, therefore, expected to be significant for
protein stability in this environment. More importantly, the
absence of the two ordered water molecules, seen in the
condensed phase structure of this mutant [39], means that
there is no compensation for the absence of the guanidine-
group of Arg42. This represents a good demonstration that
the fundamental interactions responsible for protein struc-
ture are altered in the gas phase, especially when discrete
ordered water molecules are involved. This also explains
why there is a significant difference in stability of the
Arg42Ala-FKBP-FK506 complex in solution and in the
gas phase. Ion mobility results illustrate that the origin of
this destabilization appeared to result from gross structural
rearrangement of the complex during activation
(Figure 5b). The 7+ precursor ion of the Argd2Ala
mutant showed a high degree of unfolding at a kinetic
energy (KE) of 189 eV. This behavior was unlike
anything seen for the 6+ ion, or any of the other mutants
(Figure 5a). Replacing the basic Arg side chain with a
nonpolar methyl group (Ala) may have resulted in the
additional charge of the 7+ complex being deposited in a
location that then compromises the structural stability of
the protein in vacuo. An interesting point is that this
mutant does not lead to different charge distribution
relative to the other variants and suggests that the degree
of charging observed in ESI is more dependent on the
surface area of the protein in question, in support of
previous studies by de la Mora [41] and Kaltashov [42],
rather than the amount of basic residues available for
protonation. These results highlight that different charge
states lead to starkly different gas-phase behavior in
protein—ligand complexes, in terms of both stability and
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structure. It therefore demonstrates that charge state is an
important consideration in these experiments. Various new
techniques allow greater control over the charge state
distributions obtained from ESI [38, 43-45].

Summary — Intramolecular Protein Interactions

Destabilization of the FKBP-FK506 complex resulting from
mutation of Tyr26 and Arg42 has demonstrated that these
residues are involved in maintaining integrity of the complex
in the gas phase, and provide evidence for a H-bond network
with Asp37. IMS results of the 6+ precursor ion complex
have shown no obvious unfolding of these mutants, but the 7
+ ion of Arg42Ala exhibits significant levels of unfolded
protein. This suggests a charge-dependent phenomenon,
possibly related to the removal of a basic side chain.
Solution studies to establish the affinity of these mutants
for FK506 demonstrate that whilst Tyr26 is important,
removal of Arg42 has little effect on binding. In fact, it
may even weaken the complex. Examination of the crystal
structure of WT-FKBP clearly shows that both Try26 and
Arg4?2 interact with Asp37. Removal of the Arg42 guani-
dine-group can be offset by the presence of two ordered
waters, which help to stabilize the 40-44 loop and maintain
structural integrity. It is clear from this work that both
residues are important in stabilizing the complex in the gas
phase.

Conclusions

We have assessed the preservation of specific noncovalent
interactions formed in a protein—ligand complex in the gas-
phase. Collision-induced dissociation has proven to be
useful for studying these stability differences. The role of
direct H-bonds to the ligand, as well as intramolecular
protein interactions have been investigated and found to be
significant in stabilizing the FKBP-FK506 complex in the
gas phase. This leads us to believe that native H-bonds
between Asp37, Tyr82, and FKS506, as well as those
between Tyr26, Arg42, and Asp37 are probably maintained
post-desolvation. It is important to bear in mind that for
interactions that depend upon the presence of discrete water
molecules, direct comparison is not possible between
complexes in solution and those which are fully-desolvated
in the gas phase. Taking this effect into account explains the
discrepancy between the stability of the Arg42Ala-
FKBP-FK506 complex in these two environments. By
performing ion mobility measurements in tandem with
collisional activation it was possible to monitor any
significant structural effects. For the 6+ charge state all
mutations showed compact conformations, even at 189 eV,
an energy value close to the Ecsg. In contrast the 7+ ions
exhibited some unfolding at 189 eV and the enhanced
unfolding of the 7+ Arg42Ala-FKBP-FK506 complex was
readily apparent.
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