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ABSTRACT: It is believed that enzyme catalysis is facilitated by conformational dynamics of the
protein scaffold that surrounds the active site. Yet, the exact nature of catalytically relevant protein
motions remains largely unknown. Hydrogen/deuterium exchange (HDX) mass spectrometry (MS)
reports on backbone H-bond fluctuations. HDX/MS thus represents a promising avenue for
probing the relationship between enzyme dynamics and catalysis. A seemingly straightforward
strategy for such studies involves comparative measurements during substrate turnover and in the
resting state. We examined the feasibility of this approach using rabbit muscle pyruvate kinase
(rM1-PK) which catalyzes the conversion of phosphoenolpyruvate and Mg-ADP to pyruvate and
Mg-ATP. HDX/MS revealed that catalytically active Y'M1-PK undergoes significant rigidification
in the active site. This finding is counterintuitive, considering the purported correlation between
dynamics and catalysis. Interestingly, virtually the same rigidification was seen upon exposing
rM1-PK to substrates or products in the absence of turnover. These data imply that the active site
dynamics during turnover are dominated by protein-ligand binding interactions. These interactions
stabilize H-bonds in the vicinity of the active site, thereby masking subtle dynamic features that
might be uniquely associated with catalysis. Our data uncover an inherent problem with side-by-
side turnover/resting state measurements, i.c., the difficulty to design a suitable reference state
against which the working enzyme can be compared. Comparative HDX/MS experiments on

enzyme dynamics should therefore be interpreted with caution.



The catalytic power of enzymes is remarkable, with rate enhancements up to nineteen orders of

magnitude.! This acceleration results from lowered activation barriers, often in conjunction with
the breakdown of reactions into multi-step sequences.”>> A central aspect of enzyme catalysis is
the stabilization of transition states in the active site by H-bonds, the judicious positioning of
proton donors/acceptors, transiently formed covalent linkages, and the exclusion of water."* Metal
cofactors can provide electrostatic contacts, Lewis acid/base interactions, and electron shuttling.>

Like other proteins, enzymes undergo conformational dynamics, with motions that range
from picosecond side chain fluctuations to sub-second domain movements and unfolding/refolding
transitions.”” Enzyme dynamics are considered to be a key prerequisite for catalysis.> '*!® This
view is reinforced by X-ray structures that show large alterations upon substrate or inhibitor
binding, compared to the catalytically inactive resting state.'”?> These crystallographically
detectable changes typically lead from an unbound “open” conformation to a “closed” state where
the substrate is occluded from the solvent while catalysis takes place. Subsequent product release
requires an opening event, before the next turnover cycle commences.’* Steady-state catalysis
must therefore be accompanied by incessant opening/closing transitions. Structural fluctuations
may also mediate molecular contacts that are required for bond formation or dissociation.® %18
The exact role of conformational dynamics for binding, release, and for the reshuffling of chemical
bonds nonetheless remains controversial >’

A seemingly straightforward approach for deciphering the relationship between dynamics
and catalysis is to compare the properties of working enzymes with those of the resting state.
Experiments on dihydrofolate reductase suggest that the presence of substrate guides
conformational motions along a specific reaction path.?® The internal dynamics of chymotrypsin
were reported to be enhanced during catalysis.!* In contrast, the dynamics of thermolysin were

indistinguishable during catalysis and in the resting state,?® supporting the view that catalytically



relevant motions are “intrinsic” and do not strongly depend on the presence of substrate (as
previously suggested for the nano- to millisecond dynamics of adenylate kinase).*® Thus, a
consistent picture has not emerged yet.

Active/resting state comparative experiments are complicated by the fact that some
changes caused by substrates, intermediates, or products may not be directly related to catalysis.
Ligand binding generally affects the protein energy landscape, thereby altering conformational
preferences.’! Ligand-bound proteins are usually less dynamic than the corresponding apo-states.
This effect arises from the cooperative stabilization of intramolecular linkages by intermolecular
contacts.>**> However, local or global destabilization can take place as well.** It is therefore not
obvious if altered enzyme dynamics during turnover are the result of catalytically relevant
motions, or if they arise from rather trivial ligand binding effects. For deciphering these different
scenarios it is necessary to supplement active/resting state comparisons with experiments that
involve binding without turnover (e.g. by providing only one of two required substrates, or by
exposing the enzyme to substrate mimics). It appears that the need for such control experiments
has been under-appreciated in the literature.

Pyruvate kinase catalyzes the glycolytic conversion of phosphoenolpyruvate (PEP) and
Mg-ADP to pyruvate and Mg-ATP. Four mammalian variants have been identified.’® ! The L and
R isoforms are found in liver and red blood cells, respectively. M2 is expressed in embryonic

51-54

tissues and during tumorigenesis, and it is allosterically regulated by fructose-1,6-bisphosphate

(FBP).>% 3¢ The M1 isoform is found in adult brain tissue and skeletal muscle; it does not bind FBP
and is constitutively active under typical conditions.>® %% >
Rabbit skeletal muscle pyruvate kinase (M 1-PK) represents the most extensively studied

form of M1.%% 5762 The 232 kDa protein has a homo-tetrameric structure. Each subunit comprises

four domains, termed N, A, B, and C. The active sites (one per subunit) are located in clefts



between domains B and A (Figure 1).2? Each active site contains one K and one Mg?" ion, for a
total of two Mg?" once Mg-ADP or Mg-ATP are bound.®® The reaction (Figure 1b) involves
binding of PEP and Mg-ADP, followed by phosphate transfer from PEP to Mg-ADP. Mg-ATP
then departs, leaving behind pyruvate in the enolate form which has its two negative charges
coordinated by Mg?*. Subsequent ketonization of the enolate produces pyruvate and supplies much
of the driving force for the reaction.?” 3 X-ray structures provide insights into some of the events
associated with catalysis.?? Crystals were grown in the presence of Mg-ATP and oxalate. The latter
mimics the enolate form of pyruvate.** The data showed three subunit conformations, a fully
closed Mg-ATP/oxalate-bound state, a semi-open Mg-ATP/oxalate-bound structure, and an
oxalate-bound open conformation (Figure 1c-¢). The open/closed transition involves a 41° rotation
of domain B relative to A. These structures®? suggest that each turnover event is accompanied by
large-scale opening/closing events of the active site, making M1-PK an ideal model system for
probing the relationship between dynamics and catalysis.

Nuclear magnetic resonance (NMR) spin relaxation experiments are a well-established tool
for probing enzyme dynamics,?® 3% % but the application of this technique to systems as large as
rM1-PK is difficult. Also, NMR requires proteins to be stable at high concentration (0.1 to 1 mM)
for hours or days. Hydrogen/deuterium exchange (HDX) mass spectrometry (MS) represents an
alternative bioanalytical approach'® !®2° that overcomes these limitations.*> 4> %6-%% The technique
reports on conformational dynamics by monitoring the stability of backbone amide H-bonds.
Segments that are tightly folded undergo slow deuteration, while flexible and/or disordered
regions exhibit much faster HDX.% HDX/MS provides an integrative view of fluctuations that
take place on time scales of microseconds to seconds.”® This approach has been widely used for
probing enzyme dynamics, with applications ranging from mechanistic investigations'® 2% 7172 to

structure-activity relationships in the context of drug discovery.”” 7 Also, HDX/MS has been



applied to M1 and other pyruvate kinase variants for probing allosteric regulation,’” 7> 7 but not
for examining the relationship between dynamics and catalysis.

The current work addresses the question whether working/resting state HDX/MS
comparisons can uncover catalytically relevant enzyme motions. The HDX behavior of YM1-PK
was probed during catalysis, in the resting state, and in the presence/absence of various ligands
that mimic different stages of the turnover process. Our data reveal major alterations in the extent
and spatial distribution of conformational fluctuations during turnover. However, these changes
are dominated by ligand binding effects. Catalytically relevant motions that take place during
turnover are masked by ligand-induced rigidification of the active sites. These results uncover

fundamental challenges related to the interpretation of active/resting state comparative data.

Methods

rM1-PK was purchased from Sigma Aldrich. Detailed biochemical and MS-based analyses were
conducted to verify the enzymatic activity and structural integrity of the protein samples (see SI
for a detailed summary of Materials, Methods, and Protein Characterization). Unless noted
otherwise, all experiments were performed in 50 mM Tris buffer, 100 mM KCI, and 8 mM MgCl
at pH 7.5 with a Y'M1-PK concentration of 0.125 uM (as tetramer). Different types of samples were
tested. (i) In the absence of any other solutes, the aforementioned solution conditions provide the
rM1-PK resting state. (i) Working state experiments were conducted in the presence of 10 mM
ADP and 7.5 mM PEP. The time period during which the enzyme maintains turnover can be

estimated as (limiting substrate concentration)/(keat X active site concentration) = 7500 uM / (274

s x 0.5 uM) ~ 1 min. Keeping the enzyme in the working state for a longer time interval would



require higher substrate concentrations. Unfortunately, this was not possible due to ADP-mediated
signal suppression of peptic peptides. (iii) Substrate binding experiments were performed in the
presence of either 2 mM ADP or PEP. (iv) Pseudo-product binding experiments were performed
with 5 mM ATP and/or 1 mM potassium oxalate. (v) Metal-depleted »M1-PK (produced by
dialysis in the presence of EDTA) was studied in 50 mM Tris buffer; for K* and Mg?*" binding
experiments the solutions were supplemented with 100 mM KCI1 or 8 mM MgClz, respectively.
HDX was carried out in 90% D20 at pD 7.5. The samples were analyzed on a nanoACQUITY
UPLC equipped with HDX technology (Waters, Milford, MA). The LC outflow was directed to a
Waters Synapt Q-TOF G2 ESI mass spectrometer. DynamX 3.0 was used for data analysis. Error
bars represent standard deviations derived from three independent sets of experiments for each

condition.

Results and Discussion

Conformational Dynamics During Catalysis. HDX/MS measurements on M 1-PK were carried
out under various conditions. In all cases the K’/ Mg**-saturated resting state served as reference.
We will initially discuss data for the working enzyme, obtained by monitoring deuterium
incorporation into *MI1-PK while the PEP + Mg-ADP — pyruvate + Mg-ATP conversion
proceeded in solution. As noted in the Methods section, these turnover conditions could be
maintained for one minute. HDX/MS yielded information on the deuteration behavior of peptides
throughout the protein, but we will pay particular attention to three segments located in the active
site (Figure 2a). Segment 110-123 binds K™ and is in contact with the phosphate groups of Mg-
ADP or Mg-ATP. Also, this region forms part of the hinge that allows for the movement of

domain B relative to A during turnover. Segment 292-298 accommodates the non-nucleotide



Mg?*, and it interacts with PEP and pyruvate (or oxalate in the crystal structure).’” > Segment
365-374 interacts with the adenine moiety of Mg-ADP or Mg-ATP.

As an example, mass spectra for segment 365-374 in the resting state and under working
conditions for # = 1 min are shown in Figure 2b and 2c. It is readily apparent that working
conditions caused significantly reduced deuteration compared to the resting state. After
normalization (see SI Methods), it was found that the deuteration difference for segment 365-374
at t = 1 min was 36%. Even for measurements taken after 6 s this segment already showed a
deuteration difference of 18% (Figure 3c¢). Reduced HDX levels under working conditions were
also observed for the active site peptides 110-123 and 292-297, albeit the differences were not as
dramatic as for 365-374 (Figure 3a, b). For visualizing the HDX response across the entire protein
the measured deuteration differences for £ = 1 min were mapped to the crystal structure (Figure
4a). All color maps use a scale where blue indicates regions that are less dynamic (i.e. with less
deuteration) than the resting state; segments shown in red are more dynamic, as indicated in the
legend of Figure 4. Figure 4a reinforces the finding that peptides in the vicinity of the active site
exhibited strongly reduced deuteration under working conditions. Slightly elevated HDX levels
(~10%) were apparent in some domain B segments, while the N and C domains were hardly
affected (Figure S6).

The reduced deuteration in the »M1-PK active site during the 1 min catalytic activity
window is unexpected. Studies on other enzymes under turnover conditions found that structural
dynamics were enhanced,'?® altered,”® or unchanged.?®-3° To the best of our knowledge a turnover-
induced rigidification of the H-bonding network, as observed here for rM1-PK, has not been
reported previously. From the measured kcat it can be estimated that each subunit undergoes 274 s™!
x 60 s = 16,000 turnover events during the experimental time window, which must be

accompanied by at least as many active site opening/closing transitions (Figure 1c, ). One might



have expected that these large-scale movements contribute to enhanced dynamics in the active site
or in the domain B/A hinge region during turnover. However, this expectation is not confirmed by
the experimental data. Several earlier studies indicated that reduced conformational dynamics
generally suppress catalytic efficiency.'® ! 77 The rigidification seen here for catalytically active
rM1-PK thus seems counterintuitive, considering the widely accepted paradigm that
conformational fluctuations are a prerequisite for enzyme function.> '>!® The observed behavior
prompted us to examine the response of the protein to the presence or absence of a range of
mechanistically relevant ligands, as described below (see the following three sections).

For time points beyond the 1 min range, where most of the substrate has been converted,
the deuteration behavior of segment 110-123 approached that of the resting state (Figure 3a). In
contrast, HDX differences of 292-298 and 365-374 persisted for longer times (Figure 3b, ¢). The
behavior of these two segments likely reflects the phenomenon of ATP inhibition, where Mg-ATP

is in excess and residual PEP remains bound in the YM1-PK active site.”®

Substrate Binding. Catalytic turnover by *M1-PK requires the presence of both PEP and Mg-
ADP (Figure 1b). By adding just one of these compounds it is possible to examine changes in
enzyme dynamics in response to substrate binding, as opposed to turnover. HDX/MS profiles
measured upon addition of PEP showed markedly reduced deuteration in a number of peptides,
particularly 292-298 and 365-374 in the active site (Figure 3e, 3f). The magnitude and spatial
distribution of the PEP-induced changes resembled the effects seen under turnover conditions
(Figure 4a, 4b). The addition of Mg-ADP (without PEP) only caused relatively minor changes in

the deuteration behavior relative to the resting state (Figure 3d-f, Figure 4c).



Pseudo-Product Binding. We also aimed to characterize the response of *M1-PK to reaction
products in the solution. The canonical products are pyruvate and Mg-ATP. However, the binding
affinity of »M1-PK to pyruvate in the absence of Mg-ATP is quite low, such that unreasonably
high concentrations (> 10 mM) would be required to achieve significant binding levels.?? The
tendency of pyruvate to dimerize under such conditions would cause additional complications.”
Following earlier crystallographic studies on M1-PK?? we thus exposed the protein to oxalate,
which has a much higher binding affinity than pyruvate. Oxalate mimics the enolate that is
transiently formed in the active site as obligatory intermediate during PEP — pyruvate conversion
(Figure 1b).%*

Exposure to Mg-ATP caused only minor changes in the deuteration behavior of "M1-PK
relative to the resting state. In contrast, the presence of oxalate significantly lowered deuteration
levels in the active site. Even more pronounced effects were seen when both species were present
simultaneously, demonstrating that oxalate and Mg-ATP stabilize the active site H-bond network
in a synergistic fashion (Figure 3g-i). The HDX difference maps generated for the oxalate and
oxalate/Mg-ATP-bound protein (Figure 4d, f) closely resemble that of the working enzyme
(Figure 4a). In all three cases, the blue-colored regions in domain A reflect rigidification of the H-

bond network in the vicinity of the active site (Figure 4a, d, f).

Metal Cofactor Effects. To further characterize the response of *M1-PK to intermolecular
contacts we examined the consequences of K™ and Mg?" depletion, being aware of the fact that
such conditions are not necessarily relevant in a physiological context. K*/Mg**depletion induced
dramatically increased deuteration in the active site where the metal binding sites are located.
Other protein regions were affected to a much lesser extent (Figure 3j-1, Figure 4g). Upon

supplementing the metal-depleted protein with K* or Mg?* it was found that the latter was more

10



effective in terms of restoring the stability of the H-bonding network (Figure 4h, i). This behavior
is consistent with the fact that divalent ions usually interact more strongly with proteins than
monovalent species.’ In ¥M1-PK the non-nucleotide Mg>" is tightly chelated by Glu273 and
Asp296, while K* binds Asp113 and interacts with two side chain and one main chain oxygen.?
HDX kinetics can be modulated to some extent by electrostatic effects.®*> For example,
positive charge density on a protein might favor the local accumulation of OD™ catalyst (thereby
enhancing HDX rates), whereas the opposite would be expected for negative charge density. The
observation that metal ion binding decreases HDX levels in YM1-PK (and in other proteins)3 34
demonstrates that such electrostatic effects are minor.®* This is particularly true for experiments
that use relatively high ionic strength (e.g. ~150 mM in this work) which shields charge-charge
interactions.>> #! These considerations reinforce the view>> 4% 66-%8 that HDX differences for the

various conditions of Figure 3 arise from alterations in H-bond dynamics 3% 45 66-68

Ligand-Induced Active Site Stabilization vs. Catalytically Relevant Motions. The HDX/MS
experiments described above reveal that H-bond fluctuations of M 1-PK are strongly affected by
the presence of ligands. Binding to PEP, oxalate, or oxalate/Mg-ATP causes significant
stabilization of the active site. This behavior suggests that the active site exhibits induced-fit
behavior, where pliable elements fold around the ligand. Such scenarios have previously been
documented for many other protein-ligand interactions.?® 8" In all those cases intermolecular
contacts trigger conformational changes that stabilize the protein scaffold surrounding the ligand
binding site.>>* The high sensitivity of the active site for ligand-induced stabilization is further
emphasized by the finding that Mg?" removal dramatically increases the extent of deuteration,

implying that metal binding is subject to induced fit behavior as well.
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Close inspection of the Figure 4b-f color maps reveals red hues in domain B, indicating
that this region which is somewhat remote from the active site shows a slight destabilization in the
presence of catalytically relevant ligands. This behavior is consistent with earlier reports that
ligand binding can cause stabilization as well as destabilization in different protein regions.*6°

Strikingly, the HDX patterns observed upon binding of PEP, oxalate, or oxalate/Mg-ATP
under conditions that preclude substrate turnover (Figures 4b, d, f) are very similar to the HDX
pattern observed under working conditions (Figure 4a). From this finding we conclude that
changes in the rM1-PK H-bonding network seen under working conditions primarily reflect the
protein response to binding interactions, rather than the occurrence of catalytically relevant
enzyme motions. In other words, H-bond stabilization during catalysis arises from the fact that the
protein cycles through various ligand-bound states under working conditions (E-PEP-Mg-ADP,
E-enolate-Mg-ATP, E-enolate, see Figure 1b). Accumulation of the enolate-bound species under
working conditions has been verified experimentally.®® In addition, a significant a steady-state
population of E-PEP en route towards E-PEP-Mg-ADP cannot be ruled out. Our observations
imply that interactions with PEP and enolate are primarily responsible for the rigidification during
catalysis, while the presence of Mg-ADP and Mg-ATP has less pronounced effects on H-bond
stability.

Very minor differences are apparent between the working state HDX map (Figure 4a) and
the data obtained for the PEP, oxalate, and oxalate/Mg-ATP-bound states (Figure 4b, d, f).
However, attempts to interpret these small effects as a signature of unique catalytic motions would
be tenuous, keeping in mind that no ligand-bound state will represent a perfect comparator for the
working enzyme.

We do not dispute that conformational dynamics play a role for the »M1-PK catalytic

mechanism, as implied by the closed/open crystal structures of Figure 1c and le.?? In addition to
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these large domain movements, small-scale fluctuations may facilitate the chemical conversion
steps taking place during catalysis.'” However, the HDX/MS data fail to uncover any
conformational events that are uniquely linked to catalysis. Rather, the deuteration kinetics are
dominated by ligand-induced stabilization that is encountered regardless whether turnover takes
place or not. Any efforts to specifically identify catalytically relevant motions within the wide
spectrum of M1-PK dynamics® ° are stymied by the masking contributions of rather mundane
ligand binding effects. Clearly, binding-induced stabilization is associated with YfM1-PK catalysis,
but this stabilization does not represent a unigue feature of the catalytically active protein because

the same stabilization effects can be induced in the absence of turnover.

Conclusions

The question addressed in this work is whether working/resting state comparative HDX/MS
measurements can provide direct information on the nature of catalytically relevant enzyme
motions. The idea behind such experiments seems straightforward. The concept is analogous to
trying to decipher the function of an industrial assembly line by examining a factory on a Sunday
when the machinery is on standby, followed by a comparative inspection during the week when
raw material is converted to product. Within this simple analogy it will undoubtedly be possible to
uncover how motions of individual machine parts contribute to the overall turnover process.

In the case of enzymes, the situation is more complex. All proteins are subject to incessant
thermal motions as they cycle through their Boltzmann-allowed conformational space.®® Some of
these fluctuations may be catalytically relevant, while others represent unproductive “noise”.
13,28

Catalytically relevant motions may be facilitated by the presence of substrate in the active site,

while others are intrinsic.?” *° During enzymatic turnover there will be a certain fraction of time
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during which the active site is bound to substrates, intermediates, or products; these bound
conditions will alternate with periods where the active site is vacant and primed for the binding of
new substrates that would initiate the next turnover cycle. When aiming to design comparative
measurements for identifying motions that are uniquely linked to catalysis, it may be impossible to
select a suitable state against which the working enzyme can be appraised. The resting state is not
appropriate because it lacks pertinent ligand-protein interactions. On the other extreme, binding of
catalytically relevant species to the active site without turnover (as in Figure 4b-f) results in
ligand-protein interactions that are much more permanent than those encountered during turnover.
Neither condition provides a proper comparison base, which is why HDX difference maps are
unlikely to reveal dynamic features that are uniquely linked to catalysis. Other enzymes may be
less prone to binding-induced alterations than rM1-PK,*> %° but this does not imply that
differences seen in working/resting state comparisons for those other systems will necessarily
pinpoint catalytically relevant motions.

Overall, the current work demonstrates that efforts to elucidate linkages between enzyme
dynamics and catalysis via comparative measurements should be treated with caution, although
there is no shortage of such experiments in the literature. This conclusion is likely not limited to
HDX/MS but also extends to other bioanalytical tools. In the case of *M1-PK we observed
dramatic changes in the extent of conformational dynamics during catalysis. These changes are not
unique to catalysis, but they arise from binding interactions that can also be implemented in the
absence of turnover. The dominance of binding-related effects over catalytically relevant motions
is also supported by recent kinase NMR spin relaxation data.®® Likewise, binding-related
stabilization®** (or destabilization)***” phenomena have been reported for many non-enzymatic

proteins. Based on currently available data it appears that the magnitude of such binding-

14



associated dynamic changes dwarfs subtle conformational events that might be uniquely linked to

enzymatic turnover.
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Figure Captions

Figure 1. Crystal structure of "M1-PK (pdb code 1A49).22 (a) Complete tetramer. Each subunit
consists of four domains; N (cyan, residues 12-42), A (43-115 and 219-387, red), B (116-218,
green); C (388-530, blue). The active site is located in the cleft between domains A and B. (b)
Catalytic sequence, where the M 1-PK enzyme is denoted as “E”. Dots indicate noncovalent
protein-ligand contacts. Panels (c) - (e) illustrate active site closure for one of the subunits via
rotation of domain B after Mg-ATP (dark gray) and oxalate (magenta) binding. K™ and Mg?" are
shown in orange and yellow, respectively. (c) Closed state in the presence of Mg-ATP and oxalate.
(d) Semi-closed state in the presence of Mg-ATP and oxalate. (e) Open state in the presence of

oxalate, without nucleotide.

Figure 2. (a) Locations of peptides 110-123, 292-298, and 365-374 in the M1-PK active site.?
Unprocessed mass spectra of segment 365-374 after 1 min of HDX are shown for the resting state
(b), and under working conditions with substrate turnover (c). Vertical dashed lines in panels b, c

represent isotope distribution centroids.

Figure 3. HDX kinetic plots for selected M 1-PK peptides (110-123, 292-298, and 365-374, as
noted along the top) under different conditions. For the locations of these peptides within the
enzyme structure, see Figure 2a. Each panel contains data for the resting state (with K" and Mg**
bound, gray asterisks). (a-c) Comparison of resting state and working state. Note that catalytic
turnover takes place only up to £ = 1 min. (d-f) Effects of substrate (PEP and Mg-ADP) binding.
(g-1) Effects of pseudo-product (oxalate) and Mg-ATP binding. (j-1) Effects of metal depletion,

and after addition of only K™ or Mg?* back into the solution.
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Figure 4. HDX difference plots for # = 1 min relative to the resting state, i.e., [%D(current state) -
%D(resting state)], mapped to the crystal structures of one M 1-PK subunit. The “current state” is
indicated in each panel. Blue represents regions with less deuteration than the resting state; red
indicates more deuteration than the resting state (see legend, top right). The ordering of
experimental conditions is as in Figure 3. Regions not covered by the peptic mapping are indicated
in dark grey. The ligands shown represent the available crystal structures’? and do not always

exactly match to the ligands present in the corresponding HDX/MS experiments.
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