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ABSTRACT

Rationale

A key element of studies that utilise ion mobility mass spectrometry (IM-MS) under native
electrospray conditions for the analysis of protein-ligand binding is the maintenance of a
protein’s native conformation during the removal of bulk solvent. Ruotolo and co-workers have
demonstrated that the binding and subsequent dissociation of the anionic component of
inorganic salts stabilises native protein conformations in the gas phase. In this study, we
investigated the effect that organic acid fragments identified from a fragment-based drug
discovery (FBDD) campaign might have on the gas-phase stability of carbonic anhydrase II
(CA D).

Methods

Here we utilise native IM-MS to monitor changes in the conformation of CA 1II in the absence
and presence of four acidic fragments. By performing a series of collisional induced unfolding
(CIU) experiments we determine the effect of fragment binding on gas phase stability of CA
IL

Results

Binding and dissociation of acidic fragments results in increased gas phase stability of CA II.
Collision induced unfolding experiments revealed that the native-like compact gas phase
conformation of the protein is stable with higher degree of pre-activation when bound to a
series of acidic fragments. Importantly, even though acetate was present in high concentrations,
the stabilising effect was not observed without the addition of the acidic fragments.
Conclusions

Binding and subsequent dissociation of acidic fragments from CA 1II significantly delayed CIU
in a manner which is likely analogous to inorganic anions. Furthermore, we saw a slightly
altered stabilising effect between the different fragments investigated in this study. This
suggests that the prevention of CIU by organic acids, may be tuneable to specific properties of
a bound ligand. These observations may open avenues to exploit IM-MS as a screening
platform in FBDD.



1. Introduction

The ability to generate gas-phase ions of bio-macromolecules from pH controlled solutions has
made it possible to utilise mass spectrometry (MS) to analyse complex biological systems
under simulated physiological conditions.!? This strategy, termed native mass spectrometry,
has now become a common method for the direct monitoring of protein-ligand interactions,>-
and provides a comparatively fast and sensitive method of detecting relatively weak non-
covalent interactions between picogram quantities of unlabelled proteins and ligands.®® In
particular, over the last decade native MS has shown great promise for the biophysical
characterisation of candidate small molecule therapeutics and their binding to protein-targets
in drug discovery programmes.®

More recently, ion-mobility (IM) has emerged as a complimentary technique in native MS
studies, where measurements of a protein ions arrival time distribution (drift time), and
collisional cross sections can assist in resolving questions related to biomolecule topology,
conformational dynamics and ligand induced conformational changes.” Unsurprisingly,
applications for assessing protein-ligand interactions using IM-MS are becoming increasingly
common.'%15 Especially useful is the ability to use IM to observe the gas phase unfolding of
protein ions. Through the stepwise increase of acceleration potentials within the IM-MS
instrument, the kinetic energy of protein ions can be sequentially increased by collisional
heating prior to IM measurement. This vibrational activation results in gas phase unfolding of
the protein which can be monitored by subsequent increase in drift time in the IM
measurements.'® Ruotolo and co-corkers have demonstrated that this collision induced
unfolding (CIU) profile can be influenced by the presence of bound cations and anions!'”!?;
which resulting in an increased lifetime of a compact protein species at elevated activation
voltages. Furthermore, they demonstrated that anion induced protein stabilisation correlated
with binding affinity with the protein.'® Bound anions have been proposed to enhance protein
stability due to dissociative cooling which removes rotational and vibrational energy from the
gas phase protein.?’

Based on the observation that inhibition of CIU through anion binding is related to protein
affinity, we were curious as to whether this affect may also occur with organic molecules such
as those encountered in fragment-based drug discovery (FBDD) campaigns. Typically, FBDD
workflows utilise sensitive biophysical techniques to identify organic fragments, as a starting
point for hit optimisation.?! While this method has the advantage of increasing the efficiency
by which relevant chemical space is explored, the typically lower binding affinity associated
with fragments results in binding events which are easier to disrupt.?> Native MS and IM-MS
are both promising tools for screening protein-fragment binding in FBDD campaigns,?-* as
potentially useful information may be extracted from both the native MS observations and the
effect fragment binding has on protein stability determined by IM-based CIU experiments.
Therefore, understanding how fragment-binding influences protein gas-phase stability is
important if we are to fully leverage biological information from this biophysical technique.



In a recent study, Poulsen and co-workers?> demonstrated that 3-phenoxy benzoic acid (1,
Figure 1) bound to the active site zinc of carbonic anhydrase II (CA II), and this interaction
was observable by native MS (Figure 2). To this end we were interested in observing the effect
that this acid might have on gas phase protein stability of the CA II. In addition, experiments
were conducted on four related fragments (2 — 5). 4-Phenoxy benzoic acid (2) and 2-phenoxy
benzoic acid (3) were not reported as CA II binders, while the related 3-benzyloxy-phenylacetic
acid (4), was reported as an CA 1II binder by Poulsen and coworkers.?’ Finally the methyl ester
of compound 2 (5) was utilised as a non-acidic control. Interestingly, there is evidence for
multiple binding sites for acidic molecules in CA II. Through a X-ray co-crystallisation study,
Martin and Cohen showed that salicylic acid analogues 6 and 7 occupy both the zinc active site
as well as an alternative binding site located roughly 14 A away.?® D'Ambrosio et al. further
elucidated that increasing the steric bulk of the ortho-substituent such as with compound 8
resulted in preferential binding to the alternate region, over the catalytic site, due to steric
clashes with catalytic site residues.?’” Importantly, 8 maintained CA 1II inhibitory activity,
rendering it an allosteric inhibitor.?” Poulsen and co-workers reported the binding of 9 through
native MS, but did not obtain X-ray co-crystal to elucidate the binding site.?*> Therefore, it is
possible that compound 3 may occupy the allosteric site rather that the catalytic site.

For the purposes of this study, we opted to screen at high fragment concentrations- mimicking
conditions routinely used in early FBDD screening campaigns, where fragment dissociation
constants are typically in the high uM range. An additional benefit of selecting CA 1I for this
study, is that the zinc containing catalytic site binds to acetate anions.?® Acetate is present in
high concentrations in native MS, and is recognised as a moderately stabilising kosmotrope,'”
which could be exploited as a weakly binding internal control acid.

2. Experimental

2.1 Chemicals and Materials.

Carbonic anhydrase II and fragments 1-5 were all purchased from Sigma-Aldrich (St Louis,
MO,USA). LC-MS grade DMSO and LC-MS grade ammonium acetate (NH4OAc) were used
in all studies and were purchased from Sigma-Aldrich (St Louis, MO,USA).

2.2 Sample preparation.

CA Il is a highly conserved protein family and enzymes share similar structural folds and active
site geometries.?* For this study, samples of bovine carbonic anhydrase II (CA II) were
dissolved in 10 mM NH4OAc to a final concentration of 10 uM. (referred to here as apo CA
II). For experiments involving fragments 1 — 3; fragments were dissolved in 10 mM NH4OAc
buffer. For experiments involving fragments 4 and S, fragments were dissolved in LC-MS
grade DMSO and solutions made up with 10 mM NH4OAc buffer. Aliquots of the respective
solutions of fragments 4 and 5 were added to a buffered solution of CA II in 10 mM NH4OAc
to a final concentration of 0.3% DMSO. Fragments were separately incubated with CA Il to a
final concentration of either 10, 50, 100, or 330 uM fragment and 10 uM CA II. For
experiments involving KCl; KCI was dissolved in 10 mM NH4OAc and added to a buffered
solution of CA II to a final concentration of 60 uM KCl and 10 uM CA 1I.



2.3 Ion Mobility-Mass Spectrometry Analysis.

Mass spectra and ion mobility data were obtained on a Synapt-G2 Q-ToF mass spectrometer
equipped with travelling wave ion mobility (TWIMS). Nano-ESI was performed using a
Nanomate (Advion Bio-science) running in the positive ion infusion mode with an applied
nanoelectrospray voltage of 1.54 V. For all experiments, the cone voltage, extract voltage and
trap voltage were set at 20 V, 2V and 5 V respectively. To enhance the transmission of native
protein ions the source temperature was lowered to 50 °C and the backing pressure was adjusted
to 4.0 mbar resulting in a source pressure of 9.8e-4 mbar. For IM-MS measurements, the IMS
wave height and IMS velocity were set at 22 V and 300 V respectively; IM-MS spectra were
recorded for 5 minutes under each set of conditions. Collision induced unfolding (CIU) data
was collected by increasing the trap voltage in increments of between 2 — 5 V up to a maximum
of 80 V. Data processing to produce CIU plots was performed using CIU suite (University of
Michigan).!¢ For the protein-fragment complexes, the drift time data for all stoichiometric
complexes within the same charge state were combined.

3. Results and Discussion
3.1 Native MS of fragment binding to Carbonic Anhydrase

Native state mass spectra were obtained for apo CA II as well as in the presence of high
concentration (330 uM) of fragments 1 — 5, typical for FBDD screens (Figure 2). In addition,
mass spectra were recorded with protein:fragment ratios of 1:1, 1:5 and 1:10 in order to gauge
protein-fragment affinity (Supporting Information, Figure S1). While the 10+ charge state was
the dominant charge state for the mass spectra obtained for apo CA II as well as in the presence
of fragments 1 — 3, the inclusion of DMSO for the screening of fragments 4 and 5, resulted in
a resulted in a shift of the charge state distribution to a lower charge state resulting in the 9+
charge state being dominant, a phenomenon observed previously (Supporting Information,
Figure S2A).3° The native mass spectrum of apo CA II (Figure 2A) displayed a charge state
distribution containing two charge states (9+ and 10+; Figure S2A). The 9+ charge state
displayed a peak at m/z of 3233.2 which corresponded to a zinc bound CA 1II ion (i.e.
[M+Zn+7H]"); in addition to a second peak at m/z 3239.8 which corresponds to the acetate
bound species ([M+Zn+CH3COOH+7H]*"). Similarly, in the mass spectra obtained for CA 11
incubated with fragment 1 (Figure 2B), a portion of apo CA II with and without acetate adducts
could be observed. In addition, a mass increase consistent with fragment binding was observed.
Interestingly, the peak corresponding to the CAel binding complex (m/z of 3257.0,
[Me1+Zn+7H]%*, orange diamond) did not feature a major acetate binding adduct, suggesting
that fragment 1 displaced acetate upon binding within the catalytic active site of CA II. X-ray
co-crystal data has previously confirmed that compound 1 binds at this site of the CA 11.2° A
similar trend was observed for fragment 2 (Figure 2C), with the fragment displacing acetate
upon binding. This observation again suggests that binding of fragment 2 also occurs close to
the active site of CA II, indicating a degree of specificity in the binding mode. The large excess
of fragment in these experiments, chosen to mimic typical FBDD screening conditions, also
leads to some presumably non-specific association of fragments to the protein with fragments



1 and 2 - indicated by the presence of a species 1:2 stoichiometric complex with lower ion
abundance. In contrast, binding of fragments 3 to CA II did not result in displacement of the
acetate anion, and the [Me3+Zn+CH3;COOH+7H]*" is clearly observed (Fig 2D, orange
asterisk), supporting the notion that this fragment occupies the allosteric binding site.?” In
addition, the binding stoichiometry observed with this fragment was more diverse, with 3
displaying stoichiometry between 1:1 and 1:4 (CAe<fragment). These observations point to the
binding of fragment 3 being more non-specific in nature and is perhaps mediated via ionic
interaction on the surface of the protein and is not predominantly binding site occupation. In a
similar manner fragment 4 also displayed a range of binding stoichiometry (1:1 to 1:7) with
CA. However, there was evidence of acetate displacement upon binding and it is interesting to
note that X-ray co-crystallography has shown that acid 4 binds to the CA II catalytic site.?
Taken together, these finding suggest that both active site binding (displacing the acetate ion)
and non-specific surface binding occur upon addition of 4 to CA under the conditions used. In
contrast to all four free acid ligands, no binding was observed for methyl ester 5, highlighting
the importance of the acidic functionality for protein-ligand binding.

3.2 Ion Mobility and Collision induced unfolding (CIU) analysis of CA:fragment
complexes.

Having established that acids 1 — 4 bind to CA II as well as confirming the importance of the
free organic acid for this interaction, we subsequently monitored changes in the native mass
spectrum and ion mobility drift time of the CA II ion as a function of collisional activation.
During this CIU analysis, all experimental conditions were kept identical with the exception of
trap voltage, which was increased stepwise up to 80 V. Initially we confirmed that the addition
of 0.3% DMSO in the electrospray solution had no effect on the observed arrival time
distributions of CA II ions (supporting information, Figure S3). We then performed CIU
experiments of CA II with and without fragments. 5V increments were employed until the
onset of an increase in drift time was observed; following this the increment size was reduced
to 2 V to record all conformers of the protein ion during unfolding. Our first titration was
conducted with apo CA II. Upon increasing activation, dissociation of the bound acetate ion
was observed in the MS data and the ion was totally dissociated at a trap voltage of 30 V.
Visualisation of the changes in ion drift time as a function of increasing collision energy was
performed by way of a cumulative data heat map, produced using CIU Suite.'® This revealed
that at relatively low trap voltages, the drift time of CA II remained consistent (9 ms),
suggesting that it adopts a compact (C) conformation under these conditions (Figure 3A). As
ion activation is increased, a single unfolding event occurred between 39 and 43 V, to produce
a more extended species (E conformation) of CA II with a drift time of 15 ms. This experiment
was repeated in the presence of fragment 1 and by inspection of the mass spectral data as a
function of increasing collision voltage it is clear that increases in kinetic energy of the complex
resulted in a progressive reduction in the relative abundance of the ligand bound species being
observed. Both fragment 1 and the acetate ion dissociated from the protein and at a trap voltage
of 30V, no acid or acetate binding was observed (Figure 4). When comparing the CIU ion
mobility data between apo- and 1-bound CA II a similar trend in gas-phase unfolding profile
was observed — a single unfolding event at an elevated collision voltage (Figure 3B). However,
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by comparison of the unfolding pathway of the ligand bound form with apo-CA it was clear
that, in the presence of fragment 1, the onset of the unfolding transition occurred at a slightly
higher voltage, and the unfolding transition takes place over a wider voltage range. Indeed, the
presence of the C-conformation was still detected at 70V. This phenomenon was observed
when analysing both the 10+ and 9+ charge states. These observations suggest that binding
fragment 1 increases the stability of the compact protein conformation in the gas phase. This
is clearly demonstrated by inspection of the subtraction plots between the CIU data of the apo-
and 1-bound protein using CIUSuite compare (Figure 3C) which calculates a root-mean-
square deviation (RMSD) between the two datasets of 10.45. A similar observation was
observed when analysing the CIU profile of fragment 2 bound to CA, where the protein
remained in its compact conformation at increased trap voltages (Figure 5A) although the effect
was less pronounced than that observed for acid 1 (Figure 5B, difference plot, RMSD = 7.50).

We were conscious that this stabilising effect may have been due to the introduction of acid
bound cations, resulting in potassium adducts which were present in minor amounts in our
spectra (Figure 4, grey/hashtag). Ruotolo and co-workers had observed a significant
stabilisation effect on collisional induced unfolding from the binding of several cations and
anions.'®!° Potassium as an acetate salt was found to have a moderate stabilisation effect, while
chloride as an ammonium salt, was identified as a strongly stabilising anion. Furthermore, the
combination of stabilising anions and cations as neutral salts was found to have an additive
stabilisation effect.?’ To this end, we examined the effect that the addition of KCl to CA 11
might have on protein stability under our conditions. At a final concentration of 60 uM we
were able to observe multiple potassium adducts, both with and without bound acetate.
Although chloride has been reported to bind to carbonic anhydrase,?! it did not maintain its
association with the protein under our experimental conditions. As was the case in all other
experiments, mass spectral data suggested that the acetate adducts were totally dissociated with
collisional activation above 30 V, and the ion mobility CIU profile obtained did not suggest an
increase in stability of the compact form when compared to apo CA II (Figure 5C); in fact
evidence for destabilisation of the compact protein conformation was evident (Figure 5D,
RMSD = 9.42). Thus, it appears that the fragment induced stabilization observed was not an
artefact of inorganic salt contamination.

From inspection of these initial CIU data sets it is clear that the unfolding profile of CA 1II is
comparatively simple, perhaps a result of the CA 11 folding to adopt a single domain. Therefore,
the difference in the unfolding profiles of apo- and ligand-bound CA II are only apparent when
the protein ions are activated at a comparatively narrow range of collision voltages —which
results in the transition between the compact and extended conformation of the protein (ca 39
- 50 V; box region figure 3A). Therefore, in order to increase analytical throughput, we
investigated if significant differences could be observed by monitoring ion mobility profiles at
a single activation voltage. To this end, CA II in the presence of fragments 3 and 4 was
investigated at a single trap voltage of 45 V. In both instances, significant portions of the C-
conformation of CA II were observed. This is in comparison to the apo species which was
present in only the E-conformation (Figure 6). In addition, an increase of acetate concentration



to 200 mM did not increase survival of compact conformation of the protein ion with 45 V pre-
activation (Figure 6B).

4. Conclusions

To conclude, several studies have sought to understand the influence of small molecule
additives in stabilising/destabilising native protein ions in the gas phase. In particular, the
dissociation of inorganic anions has been shown to impart stability to a host protein even at
elevated activation voltages.!® Here, we have extended these studies by demonstrating that
binding and subsequent dissociation of organic acids from CA II significantly delayed CIU in
a manner which is likely analogous to inorganic anions. Importantly, even though acetate was
present in high concentrations, the stabilising effect was not observed without the addition of
acids 1 — 4. Furthermore, we note that different acid fragments resulted in slightly altered
stabilising effect in CIU experiments; these differences could be quantitated by calculation of
the RMSD between the apo- and ligand bound CIU profiles (Figure 3) and/or the ratio of the
compact to extended conformers of CA II in the arrival time distribution recorded with
collisional activation at the transitional zone region (Figure 6). This suggests that the
prevention of CIU by organic acids, may be tuneable to specific properties of a bound ligand,
such as pKa, or charge density. Interestingly, there appears to be little correlation between
fragment affinity and the stabilisation effect recorded in the IM-MS — for example, from native
MS analysis 2 appears to display slightly higher affinity for CA II than 1 (Figure S1); in contrast
the stabilisation of the C-conformer is more pronounced with fragment 1 binding (Figure 6).
However, we do note that there seems to be correlation of between the ability of the ligand to
displace acetate — indicative of binding close to the active site (fragments 1, 2, and to some
extent 4), and an increase in the ability to stabilise the C-conformation of CA II. These
observations suggest the possibility that subtle changes to CIU profiles as a result of fragment
binding may be indicative of the mode of binding; potentially opening avenues to exploit ion
mobility analysis in FBDD campaigns. We stress however that the dataset used here is limited
and further work using larger fragment libraries will be required to ascertain if the stabilising
effect described here can be used to prioritise fragment hits arising from native mass
spectrometry based FBDD screens.
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FIGURE 2. Native ESI MS analysis of CA II and fragment binding to CA II. In each case the 9+ charge
state is displayed. Spectra were acquired from 10 mM NH4OAc buffer. (A) apo-CA II presents without
acetate bound (diamond, m/z 3233.2 [M+Zn+7H]’") and with acetate bound (asterisk m/z 3239.8,
[M+Zn+CH;COOH+7H]’"). (B) to (F) CA Il in the presence of fragment 1 (B) fragment 2 (C) fragment
3 (D), fragment 4 (E) and fragment 5 (F). In each spectra the number of bound ligands is indicated by
color; acetate-free species are indicated with diamonds, acetate bound species are indicated with
asterisk.
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FIGURE 3. Collision Induced unfolding (CIU) of apo-CA II and fragment 1 bound CA II. Heat maps
of cumulative CIU ion mobility data is shown. (A) apo CA II. The drift time of the 10+ apo-CA (m/z
2905-2920) is displayed as a function of increasing collisional energy. This map highlights the change
from the compact (C-) to the extended (E-) conformation, via the transition zone. (B) Heat map of CA
II in the presence of fragments 1, showing the extended lifetime of conformation C. Here the drift times
of all species within the 10+ charge state are considered (m/z 2905-2955). (C) Subtraction overlay of

the CIU heatmaps of CAII bound to fragment 1 minus apo-CA II highlighting the RMSD between two
plots.
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FIGURE 4. Native ESI MS of CA II bound to fragment 1 at increasing trap voltages (10 to 30 V
displayed). The 10+ charge state is displayed. The species highlighted in red at m/z 2910.2 (diamond)
and m/z 2916.2 (asterisk) correspond to apo CA II ([M+Zn+8H]'"") and its acetate adduct

([M+Zn+CH3COOH+8H]'"") respectively. The species highlighted in orange and green correspond to
the fragment bound complex with (1:1) and (1:2) stoichiometry. Increased collisional energy results in

] ] "
2940 2950 2960

both acetate and fragment dissociation between 25 and 30 V. The minor species m/z 2919.9
(grey/hashtag) is consistent with a potassium adduct [M+Zn+CH;COOH+7H+K]'"", indicating low
levels of K* contamination.
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FIGURE 5. Collision Induced unfolding (CIU) of 10+ charge stae of CA Il bound to fragment 2 (m/z
2905-2955; A and B) and KCl (m/z 2905-2940; C and D). A and C, The unfolding curves show the
transition from the C to E conformation. B and D, Subtraction overlay of the CIU heatmaps of CA 1II
bound to fragment 2 minus apo-CA II and KCI minus apo-CA Il respectively.
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FIGURE 6. Left, Comparative single point IM arrival time distributions of the 10+ charge state of CA
II collected at a trap voltage of 45V. The compact (C-) and extended (E-) conformations of BA II ions
are highlighted in orange and blue respectively. (A) Apo CA II in 10 mM NH4OAc. (B) Apo-CA Il in
200 mM NH4OAc. (C) CA II incubated with KCI in 10 mM NHsOAc. (D) — (G) CA II incubated with
fragments 1, 2, 3 and 4 respectively in 10 mM NH4OAc. 1 - 4. Right, The ratio of the C- (orange) and
E- conformation (blue) determined by calculating the area under the curve of the two conformations in
the arrival time distributions. This comparative analysis highlights the enhanced survival of compact
conformation of CA Il species at elevated trap voltages as a result of binding and dissociation organic
acids.



