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Abstract: We report a novel approach to study allostery which combines the use of carefully
selected bioconjugates and hydrogen-deuterium exchange mass spectrometry (HDX-MS). This
strategy avoids issues related to weak substrate binding and ligand relocalization. The utility of our
method is demonstrated using human cytochrome P450 3A4 (CYP3A4), the most important drug-
metabolizing enzyme. Allosteric activation and inhibition of CYP3A4 by pharmaceuticals is an
important mechanism of drug interactions. We performed HDX-MS analysis on several CYP3A4-
effector bioconjugates, some of which mimic the allosteric effect of positive effectors, while others
show activity enhancement even though the label does not occupy the allosteric pocket (agonistic),
or do not show activation while still blocking the allosteric site (antagonistic). This allowed us to
better define the position of the allosteric site, the protein structural dynamics associated with
allosteric activation, and the presence of co-existing conformers.

Introduction

Allosteric regulation is essential to metabolism and cell signaling, thereby offering an
important source of new drug targets.’ It is a ubiquitous phenomenon by which structural
information is propagated spatially between distinct sites across the structure of macromolecular
systems. Typically, an effector binds to an allosteric site, and this binding event modulates the
functional activity at a remote site by triggering a reorganization of protein intramolecular
interactions. Despite its central role in biology, however, the molecular basis of allostery remains
largely uncharacterized in most enzymes,®’ hampering our ability to fully understand the
biophysical mechanisms underlying both life and disease.

Human cytochrome P450 enzymes (CYPs) are heme monooxygenases that frequently
exhibit atypical cooperative and allosteric behaviors.8-19 CYP3A4 has attracted considerable
interest for its contribution to the metabolism of approximately 50% of all clinical drugs** and for its
involvement in adverse drug interactions and drug resistance. The exceptionally broad substrate
specificity of CYP3A4 is a result of its active site plasticity, which can even accommodate multiple
ligands simultaneously.'%12 The kinetic behavior of CYP3A4 is further complicated by ligand binding
at allosteric site(s).1® Whereas the allosteric modulation of CYP3A4 has been kinetically defined for
several effectors,'#-1¢ the structural mechanisms involved have not. These mechanisms are
challenging to characterize given the large number of possible enzyme-ligand(s) complexes and
the possibility that ligands may relocalize after initial binding.'” Furthermore, most known effectors
of CYP3A4 also compete with other substrates for oxidation.” Importantly, the location of the
allosteric site remains a matter of debate. It may overlap with the active site (Figure S20) and even
be dependent on the nature of the effector.'®19 All of these characteristics make deconvolution of
the different ligand binding events, as well as the relationship of these events to allosteric activation
and catalytic activity particularly challenging to investigate.
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Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a powerful approach for
characterizing protein conformational flexibility. This technique probes reorganization in the
hydrogen-bond network of secondary structural elements by monitoring the time-dependent
exchange of deuterium atoms between the solvent and the amide moieties of the protein
backbone.? The ability of CYP3A4 to bind multiple ligands concurrently and the possible
relocalization of ligands in the enzyme may lead to heterogeneity in the system, thereby
complicating HDX-MS data analysis and interpretation. Moreover, neither HDX-MS nor other
methods used to study allostery discriminate between dynamic changes implicated in ligand
binding from those involved in rate enhancement. To overcome these intrinsic limitations, we report
herein a novel approach that combines bioconjugation and HDX-MS. Covalently attaching the
effector greatly reduces sample heterogeneity and noise, thereby enhancing our ability to capture
the structural dynamics changes specifically involved in enzyme activation.

Progesterone is a well-studied substrate and positive effector of CYP3A4. To probe the
progesterone allosteric site and its impact on CYP3A4 catalysis, we previously developed a
bioconjugation methodology to covalently attach a maleimide-progesterone (PGM) moiety near or
at the allosteric site selectively.?! This was used to identify allostery-mimicking, allostery-agonist
and allostery-antagonist bioconjugates based on analysis of the catalytic activity and of enzyme
activation by free progesterone.?? After reaction with PGM, some bioconjugates (e.g. F108C-PGM,
F215C-PGM and L482C-PGM) were found to display a large rate enhancement towards 7-
benzyloxy-4-trifluoromethylcoumarin (BFC) oxidation, whereas others did not (e.g. G481C-PGM
and bioconjugation of methyl-maleimide to F215C or F108C).?12?2 The enzyme activity was also
measured in the presence of the positive effector progesterone.?? As expected, the unconjugated
F108C, F215C, G481C and L482C mutants were all stimulated by free progesterone, implying an
intact allosteric pocket. In contrast, activation by free progesterone was abolished for F108C-PGM
and F215C-PGM, suggesting that the allosteric pocket is occupied by the PGM moiety.22 Together
the enhanced activity and lack of activation by free progesterone observed for these two
bioconjugates are consistent with an allostery-mimicking behavior.22 In contrast, although PGM
bioconjugation was also found to activate the L482C mutant, the addition of free progesterone to
L482C-PGM resulted in further enhancement of activity, implying that the allosteric pocket was
available, as expected for an agonist-like bioconjugate. Finally, although PGM bioconjugation did
not significantly increase the activity of the G481C mutant, free progesterone had no effect on the
activity of the G481C-PGM bioconjugate, indicating that the PGM-label is blocking access to the
activator without triggering activation itself (an antagonistic behavior).

Herein we exploit these allostery-mimicking (F108C-PGM, F215C-PGM), agonist-like
(L482C-PGM) and antagonistic (G481C-PGM) bioconjugates to further study allostery in
CYP3A4.22 We reasoned that this collection of CYP3A4-PGM bioconjugates would enable a robust
HDX-MS characterization of allosteric mechanisms in CYP3A4. The results presented herein reveal
that the structural dynamics of CYP3A4 are significantly affected by the location of the covalently-
tethered PGM ligand. Importantly, comparison of the HDX-MS data for all four CYP3A4 mutants
before and after PGM bioconjugation, allowed us to not only confirm the location of the allosteric
site, but also to identify critical CYP3A4 structural elements involved in allosteric activation, thereby
demonstrating the utility of our approach.

Results

Description of the HDX-MS workflow

Our study employs a typical continuous-labeling, bottom-up HDX-MS approach (Table S1). HDX
was achieved by incubating enzymes in a buffered D20 solution (pD = 7.0, >98% deuterium) for
different periods of time (0.5-240 min). During this continuous exchange, the amide moieties of the
protein backbone acquire solvent deuteria at a rate that is highly sensitive to the local hydrogen
bonding environment of each amide.?? Ligand binding (or PGM conjugation) can induce local and/or
global fluctuations in the conformation of the protein, which may alter hydrogen bonding networks
and, consequently, the rate of deuterium uptake at a given amide. Relative decreases in deuterium
exchange typically reflect a structural organization or an intermolecular interaction with a ligand,
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whereas relative increases in deuterium exchange suggest enhanced flexibility of the protein
backbone.

The extent of deuterium uptake for wild type CYP3A4 after 240 min of H/D exchange is
shown in Figure S3A. Our workflow resulted in a total of 77 unique, reproducibly-detected peptic
peptides spanning 88% of the CYP3A4 amino acid sequence. Overlapping peptides were identified
across most of the protein sequence, providing further validation for the uptake data. The deuterium
uptake for each peptide over time can be visualized in Figure S3B, where the relative fractional
deuterium uptake is plotted along the protein sequence. These data reveal that the N-terminus
region of CYP3A4 is generally more structured than the C-terminus, with the most rigid regions
located on the proximal side and in the direct vicinity of the heme, encompassing the N-terminus
region, the A-, C-, J-, K- and L-helices, and most of the active site residues. Interestingly, the most
flexible regions (Figure S3C, colored in red) are located mostly at positions distal to the heme
group, and include the B/C-loop, part of the D-helix, and the F-G region, as well as the J’-helix of
the proximal side. Consistent with our results, these regions were previously identified by Ekroos
et al. as showing the highest variation in Ca RSMD based on alignment of the available crystal
structures of CYP3A4.24 In their recent HDX-MS study of CYP3A4 in lipid nanodiscs, Treuheit et
al. also identified the F-G region, B/C-loop and C-terminus as the most flexible areas of the
enzyme.25 Finally, using double electron-electron resonance (DEER), Cho et al. reported significant
ligand-dependent changes in the motion of the F/G region of a soluble, truncated CYP3A4 variant.26

The aggregation of CYP3A4 in solution is a well-known phenomenon.?” In order to verify if
CYP3A4 aggregation was causing any perturbation in the HDX measurements that would
potentially bias the data interpretation, we measured deuterium uptake by CYP3A4 over a range
of enzyme concentrations (0.5, 1, 2, 5 uM). We observed no significant deuterium uptake
differences (Cl 98%) in any of the detected peptides (Figure S14), suggesting that artifactual
CYP3A4 aggregation is not significantly contributing to the quantitation of deuterium uptake in our
study.

HDX profiles of CYP3A4-PGM conjugates highlight regions involved in allosteric activation
To determine how PGM bioconjugation affects protein conformation, HDX profiles were compared
before and after PGM-bioconjugation (differential HDX) for the F108C and F215C mutants of
CYP3A4. These bioconjugates have been previously shown to mimic progesterone allosteric
activation.?2 The relative fractional uptake (RFU) differences between the free F108C and F215C
enzymes and their PGM-bioconjugates are shown in Figure 1. In this representation of the HDX
data, regions of the protein shaded blue and red undergo less and more deuterium exchange,
respectively, in the presence of the conjugated PGM moiety. The RFU differences measured in
triplicate at each exchange time point were summed together, enabling us to capture more subtle
changes in HDX with higher statistical confidence (all HDX difference data in this study are reported
at the 98% confidence interval).?® Several regions of the F108C and F215C mutant enzymes
exhibited similar changes in deuterium uptake upon PGM conjugation (Figure 2A). We reasoned
that these regions are likely to report on allosteric signaling networks shared by both the F108C
and F215C enzymes. Namely, the first portion of the E-helix, the F'-helix, the G"-helix, the K/B1-
loop, and the B1-sheet all undergo rigidification in both enzymes upon PGM labeling, whereas the
F-helix becomes more flexible.
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Figure 1. Differential HDX profiles of the allostery-mimicking PGM-bioconjugates. The significant (Cl 98%) sum of the
relative fractional uptake differences (RFU) are mapped on the CYP3A4 structure for the F108C (A) and F215C (B) mutants
upon PGM bioconjugation (PDB: 1WOF). The total sum comprised three time points for the F108C mutant (0.5, 5, 120 min)
and seven time points for the F215C mutant (0.5, 1, 2, 5, 30, 60, 240 min). The red and blue colors indicate protein segments
that exchange more and less deuterium, respectively, with PGM conjugation. The light gray regions did not undergo a
significant change in uptake upon PGM bioconjugation and the black regions were not covered in the mass spectrometry
analysis. For each enzyme, deuterium uptake plots are shown for the nine common peptides that underwent the largest
change in RFU (summed over all time points) following PGM conjugation. The total summed D uptake and RFU difference
value is indicated on each graph. The complete list of peptides that underwent significant H/D exchange with PGM
conjugation is provided in Figure S5 (coverage maps), S8 and S9 (D uptake plots).

The rigidification of peptides in the F'-G’-helices, which comprise a portion of the previously
proposed allosteric binding site,??20 are consistent with binding of the PGM label at this location in
both bioconjugates. Although largely similar, the differential HDX profiles for these two mutants do
show some minor differences, such as in the A’-A-helices, the G-helix and D/E-loop which become
more rigid in the F108C-PGM conjugate and more flexible in the F215C-PGM conjugate. These
minor disparities may be attributed to the different covalent PGM attachment sites, which may have
a small effect on the PGM binding orientation in the allosteric pocket.
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Figure 2. Differential HDX profiles of the allostery mimics (F108C, F215C) (A), the antagonist (G481C) (B), and the agonist
(L482C) (C) PGM-conjugates. Regions highlighted in blue are becoming more rigid after PGM bioconjugation, whereas
regions in red are becoming more flexible. A yellow circle designates the approximate position of the putative allosteric site
of CYP3A4. The light gray regions did not undergo a significant change in uptake upon PGM bioconjugation and the black
regions were not covered in the mass spectrometry analysis. In (A) the common changes in deuterium uptake for both
allostery mimics are combined. In (B) and (C), the total significant (Cl 98%) sum of the relative fractional uptake differences
(RFU) are mapped on the CYP3A4 structure (PDB: 1WOF). The total sum is comprised of two time points (5, 60 min) for
both mutants. The complete list of peptides that underwent significant H/D exchange upon PGM conjugation is provided in
Figure S6 (coverage maps), S10 and S11 (D uptake plots).

Finally, recognizing that substrate binding to the active site may also affect the HDX properties of
CYP3A4, we obtained the HDX-MS profile of F215C-PGM in the presence of 100 mM testosterone,
a well-studied CYP3A4 substrate (Figure S4, S7, S13). A few minor differences were observed
when compared to the HDX profile of F215C-PGM. Testosterone binding decreased the
flexibilization of the C-helix induced by PGM-labeling and increased the flexibility of the F-helix
region. The A’-A helices and p4-sheet were also more rigid in presence of the testosterone
substrate. All of the other dynamics perturbations observed in the F215C-PGM state were
preserved (e.g., rigidification of the F’-helix and the K/b1-loop, flexibilization of the H/I-loop). These
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studies demonstrate the potential of our bioconjugation approach for deconvoluting structural
perturbations induced by ligand binding to the allosteric and active sites.
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Differential HDX of the antagonistic and agonistic PGM-conjugates define functionally

relevant structural dynamics changes

To further confirm the conclusions reached using the allostery-mimicking PGM-conjugates, we next
compared the HDX difference profiles of these enzymes with those of the antagonistic (G481C-
PGM) and agonistic (L482C-PGM) bioconjugates. In the antagonistic system, the PGM moiety
occupies the allosteric pocket and prevents allosteric activation by progesterone, yet does not
activate the enzyme. If CYP3A4 conformational dynamics, as measured by HDX-MS, are indeed
reporting on allosteric mechanisms, the G481C-PGM bioconjugate is expected to have a similar
HDX profile as the allostery-mimicking systems for structural elements involved in binding the
allosteric effector, but not for those elements implicated in activity enhancement. In contrast, the
agonistic system is activated even though the PGM label does not occupy the progesterone
allosteric pocket (this bioconjugate is further activated by progesterone). We therefore anticipate
the HDX profile of L482C-PGM to be comparable to that of the allostery-mimicking systems for
structural elements implicated in activity improvement, but not for those elements associated with
effector binding. Comparison between the antagonistic (G481C) and the allostery-mimicking
(F108C and F215C) enzymes may help us confirm the location of the allosteric site (from the HDX
uptake patterns they share) and to identify structural dynamics changes specific to allosteric
activation (by identifying where their HDX uptake patterns differ). Our data show that the regions
most affected by bioconjugation of CYP3A4 G481C (the C-, F-, F’-, H- helices and the K/31-loop)
all become more rigid after PGM bioconjugation (Figure 2B, S6, S10). Similar to the allostery-
mimicking enzymes, rigidification of the F’-helix (peptide 221-226) is observed for the antagonistic
system, consistent with PGM occupying the same putative allosteric site, but likely in an orientation
that does not trigger activation. Interestingly, the F-helix (peptide 193-213), which experienced a
drastic increase in flexibility in the allostery-mimicking bioconjugates, undergoes a significant
rigidification in the antagonist bioconjugate. This further supports our earlier proposal that flexibility
in the F-helix is linked to allosteric activation of CYP3A4. In contrast to the allostery-mimicking and
antagonistic systems, no rigidification is observed around the allosteric pocket (e.g. F’-helix) upon
PGM conjugation to the agonistic system (L482C) consistent with the PGM-label being oriented
outside of the allosteric pocket. The regions of the L482C protein most affected by PGM
bioconjugation all increase in flexibility (Figure 2C, S6, S11), including the C- and the F-helices
(peptides 123-137, 189-212) that also become more flexible in the allostery-mimicking enzymes.
Thus, our HDX-MS data with the agonistic system further suggests that flexibility in these regions
may be important to allosteric activation of the enzyme.
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Figure 3. Bimodal exchange profiles of unconjugated and PGM-conjugated allostery-mimicking mutants for three regions
relevant to allosteric activation. (A) The C- (blue), F- (green) and F’-(pink) helices are highlighted on the CYP3A4 structure
(PDB: 1WOF). The percentages quantifiy the decrease in the relative abundance of the highly-exchanged species for these
regions after PGM bioconjugation in the two allostery mimics (F108C, F215C). (B) The bimodal isotope distributions for
peptides derived from the F’-, C- and F-helices are colored to match the CYP3A4 structure in (A). The more highly-
exchanged population is shown in the darker shade. The spectra were acquired after 120 min (F108C) or 60 min (F215C)
of continuous deuterium exchange. Additional deuteration time points for F108C and F215C and their PGM conjugates can
be found in Figure S16 and S17, respectively. The relative abundance of the highly-exchanged population is indicated in
each panel, and the relative abundance difference between the PGM-conjugate and the unconjugated mutant is shown in
the circle next to each state comparison. In both enzymes, PGM conjugation favors the poorly-exchanged conformation (C)
Bubble plots showing the deuterium uptake (Da) over time for the peptides in (B). The size of the bubbles denotes the
relative proportions of the unexchanged (paler shades) and highly-exchanged (darker shades) populations. Note that both
the poorly- and highly-exchanged conformnations continue to uptake deuterium over time, suggesting a combination of both
EX1 and EX2 exchange kinetics (i.e. the mixed EXX kinetics regime). See text for additional details.

Bimodal deuterium exchange profiles reveal the involvement of conformational selection in
allostery

Under native conditions, most proteins uptake deuterium in the EX2 regime, where the protein
samples unfolded conformations that rapidly re-fold at rates much greater than the rate of
deuterium chemical exchange.z? EX2 kinetics result in a gradual shift of the peptide isotope
distribution over time. This exchange pattern was observed for most of the peptides identified in
our analysis (Figure S15). However, careful inspection of the mass spectra allowed us to identify
peptides that exhibit a bimodal isotope distribution pattern. This exchange behavior (the EX1
regime) is observed when structural elements sample open conformations that re-fold at rates
slower than the rate of deuterium chemical exchange, and could indicate the formation of long-lived
conformational states. Strikingly, the peptides with such a bimodal isotope distribution were mainly
restricted to regions of CYP3A4 involved in allosteric activation (the C-, F- and F’-helices) (Figure
3A). The bimodal isotope patterns were deconvoluted using HX-express software3! in order to
quantify the fractional abundances of the relatively poorly-exchanged and highly-exchanged
peptide populations as a function of exchange time (Figure 3B, and S16-S19). Importantly, the
impact of PGM-conjugation on the peptide isotope distributions was found to differ between the
bioconjugates, which could imply that specific conformational changes are associated with effector
binding. For the allostery-mimicking enzymes (F108C and F215C), PGM conjugation stabilized the
poorly-exchanged population from the C-, F-, and F’ helices (Figure 3B, S16, S17). In contrast,
PGM conjugation to the antagonistic (G481C) or agonistic (L482C) enzymes had either no impact
on the bimodal isotope distribution of these peptides, or favored the more highly-exchanged
population (Figure S18, S19). Cumulatively, these data suggest that binding of the PGM ligand to
the allosteric pocket in F108C and F215C is changing the equilibrium between the poorly-
exchanged and highly-exchanged conformations of the C-, F-, and F’-helices. Despite the fact that
PGM stabilizes a more slowly exchanging form of the C- and the F-helices in the allostery mimics,
both the poorly- and highly-exchanged populations of C-, F-, and F-helix peptides uptake additional
deuterium over time (Figure 3C). This suggests the presence of additional conformational dynamics
in these helices (occurring in the EX2 regime) that expose other exchange sites in the protein
backbone. Thus, this mixed EX1 and EX2 behavior (denoted as EXX) reveals distinct effects of
PGM bioconjugation, resulting in an overall increase in flexibility for the C- and F-helices (increased
deuterium uptake), while favoring a relatively poorly or slowly exchanging conformation.

Bioconjugation is a valuable tool to capture allosteric structural changes

At concentrations below 25 uM, progesterone positively modulates the activity of CYP3A4 towards
several substrates (e.g. BFC, carbamazepine, nevirapine).?23232 Above this concentration,
progesterone competes with the substrate for oxidation.?234 Therefore, one would expect the
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differential HDX profile of unlabeled CYP3A4 F215C (known to be activated by progesterone) in
the presence and absence of progesterone (20 uM) to resemble the differential HDX profile of the
allostery-mimicking F215C-PGM bioconjugate. However, binding of free progesterone to the
F215C enzyme resulted in a significantly different H/D uptake profile (Figure 4, Figure S7, S12).
Namely, peptides derived from the A/A’-, the G- and the I-helices show an increase in flexibility,
which represent changes that were not observed in the allostery mimics (Figure 2A). Interestingly,
the F-, F-’, and G’-helices did not undergo significant changes in deuterium uptake in the presence
of 20 uM progesterone, clearly suggesting a distinct binding mode relative to the covalently tethered
PGM under our conditions. In the absence of another substrate for oxidation (e.g. BFC), it appears
that progesterone may not have a long residence time in the allosteric pocket, and may instead
relocate to the active site (Figure 4B). Progesterone binding in the active site could also explain the
change in dynamics observed in the active site portion of the I-helix. These data imply that the
structural dynamics changes triggered by progesterone binding to the allosteric site differ from
those associated with binding in the active site. Importantly, these results highlight the utility of the
bioconjugation approach, which proved necessary to reveal the structural perturbations specifically
associated with allosteric activation.
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Figure 4. Common features of the differential HDX profiles of the CYP3A4 F215C mutant in the presence of 20 uM
progesterone (PRG). (A) Regions highlighted in blue become more rigid in the presence of progesterone, while regions in
red become more flexible. A yellow circle designates the position of the putative allosteric site of CYP3A4. (B) HPLC-based
activity assay of the CYP3A4 F215C mutant in the presence of 20 uM progesterone, a concentration at which progesterone
behaves as a positive effector in the presence of other substrates. The elution of hydroxylated progesterone products
between 12-16 min indicates that progesterone is also binding to the active site and serving as a substrate under these
conditions. The complete list of peptides that underwent significant H/D exchange upon PGM conjugation is provided in
Figures S6 (F108C) and S7 (F215C).

Discussion

We have developed a set of functionally distinct CYP3A4-PGM bioconjugates that exhibit
a range of kinetic behaviors.?? For the CYP3A4 F108C and F215C mutants, PGM bioconjugation
mimics allostery by increasing enzyme activity and preventing further activation by free
progesterone, consistent with PGM occupying the allosteric site. In contrast, PGM bioconjugation
to the CYP3A4 G481C mutant led to an antagonistic behavior, where PGM occupies the allosteric
site (prevents progesterone from activating the enzyme), but does not activate the enzyme itself.
Finally, bioconjugation of PGM to the CYP3A4 L482C variant resulted in a system with agonistic
behavior, where the enzyme was activated by PGM bioconjugation, but the allosteric site remained
available for progesterone activation. Together, these bioconjugates provide a unique toolbox to
study the underlying mechanisms of allostery in CYP3A4. Herein, we demonstrate the utility of
combining bioconjugation and HDX-MS to characterize allosteric mechanisms. The results
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presented advance our mechanistic understanding of CYP3A4 in several ways: i) they confirm the
existence of functionally relevant flexible regions; ii) confirm that the F’-helix of CYP3A4 is part of
the allosteric site; iii) identify structural elements involved in CYP3A4 allosteric activation, notably
the conformational flexibility of the F-helix; and iv) reveal the involvement of conformer selection in
allostery.

To determine the impact of PGM bioconjugation on the structural dynamics of CYP3A4,
HDX-MS profiles of both unconjugated and PGM-conjugated mutants were compared. Different
regions of the protein partially gained or lost their ability to uptake deuterium upon bioconjugation,
suggesting that PGM triggers changes in CYP3A4 structural dynamics. Some of these dynamic
perturbations may reflect structural changes involved in allostery, while others may result from the
covalent modification itself. Therefore, not all deuterium uptake changes observed upon
bioconjugation are necessarily relevant to allostery or are strictly associated with ligand binding.
Focusing on the similarities in the deuterium uptake differences of two different allostery-mimicking
bioconjugates (F108C and F215C) enabled us to assign dynamic changes induced specifically by
PGM binding to the allosteric site (Figure 2A). These regions include the C- and F-helices, and H/I-
loop (which become more flexible), and the E-, F’- G-, and K-helices (which become more rigid).
Some of these elements are within the most highly dynamic regions of CYP3A4 (Figure S3),
suggesting that their flexibility may be required to sample allosterically-activated enzyme
conformations.

We also compared the deuterium uptake profiles of these allostery mimics with CYP3A4-
PGM conjugates that exhibit antagonistic and agonistic behavior. The antagonistic bioconjugate
exhibited similar RFU changes in the F’, H- and K-helices upon PGM conjugation. Thus, these HDX
perturbations may reflect effects of PGM binding on the enzyme, rather than an allosteric process
that results in enzyme activation. On the other hand, comparison of the agonistic bioconjugate with
the allostery-mimicking systems enabled us to identify linked elements (the C-, F-, G’ and H-
helices) with shared H/D uptake patterns that may report directly on allosteric enzyme activation
(Figure 2C). In particular, the largest change in deuterium uptake in the allostery-mimicking
bioconjugates occurs in the F-helix, a region which shows highly variable conformations between
the different crystal structures of CYP3A4 (Figure S23B-C). Upon PGM bioconjugation, the F-helix
becomes more flexible in the allostery mimics and agonistic system (Figure 2A, C) but not in the
antagonistic system (Figure 2B). These data suggest that flexibility in the F-helix is likely correlated
specifically with allosteric activation. We propose that reorganization of the F-helix may involve a
lost interaction between Arg212 and residues of the I-helix, and reorientation of Arg212 away from
the active site. This movement may facilitate proton transfer by the adjacent Thr309 residue of the
I-helix, essential to oxygen activation by the heme, and may modulate the shape and size of the
active site.?%35-38 |n addition to the F-helix, the C-helix also becomes more dynamic in all of the
activated bioconjugates, but not in the antagonist system. Noticeably, the C-helix is located below
the entrance of the putative product egress channel 2e (Figure S22) and is also involved in binding
to the P450 reductase redox partner. Its conformational flexibility may thus play a role in the
trafficking of small molecules and/or in the interaction of CYP3A4 with the cytochrome P450
reductase.3940 Another structural dynamics change observed was the rigidification of the active site
K/B1-loop in the allostery-mimicking and antagonist bioconjugates, but not in the agonist conjugate.
Located near the heme prosthetic group, the K/B1-loop is expected to participate in productive
substrate binding during catalysis (Figure 22).4!

Important insights into the location of the CYP3A4 allosteric site came from a crystal
structure in which the substrate progesterone was found to bind at a site distal to the heme, near
the F'-helix (Figure S23A).2° Although it has been speculated that this peripheral binding pocket
may stem from a crystallographic artifact, many biochemical and biophysical studies support the
hypothesis that the F’-helix is involved in effector binding and allosteric activation.8:30.3242-49 How
ligand binding in this region may lead to CYP3A4 catalytic enhancement remains unknown.
Structural changes leading to allosteric activation can be dynamic and transient, making them
difficult to fully capture with X-ray crystallography. Indeed, comparing the structures of the
substrate-free CYP3A4 (PDB: 1WOE, 1TQN)?°%0 to the progesterone-bound complex (PDB: 1WOF,
5A1P),2%51 reveals no drastic reorganization, even though the biochemical evidence for allosteric
activation is strong. Differential HDX profiles for the allostery-mimicking and antagonist systems
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revealed a rigidification of the F’-helix, consistent with binding of the covalently-tethered PGM label
to the allosteric site deduced originally from X-ray crystal structures.?® Further reinforcing this
proposition, the organization of the F’-helix was not observed for the agonistic system, consistent
with the available progesterone binding site in this conjugate.?? Thus, these modified enzymes
enabled us to distinguish structural effects relevant to allosteric enzyme activation from those that
reflect ligand binding or covalent modification itself. The covalent attachment of PGM also proved
essential to prevent relocalization of the effector ligand from the allosteric site to the active site
(Figure 4). Indeed, we were unable to observe structural organization of the F’-helix in the presence
of free progesterone (Figure 4). We attribute this lack of an HDX perturbation to weak binding of
progesterone to the allosteric site in the absence of a substrate for oxidation — a finding that
validates the effectiveness of our covalent conjugation strategy to reveal allosteric mechanisms.
Lastly, analysis of the bimodal isotope patterns observed for some peptides in our study
suggests that PGM conjugation in the allostery mimics stabilizes a well-structured conformation of
the C-, F- and F’-helices (Figure 3). In contrast, with the antagonist and agonist systems the effect
of PGM conjugation on the EX1 kinetics was not significant for the F- and F’- helices, and favored
the more highly-exchanged population in the C-helix (Figure S18, S19). Thus, the EX1 structural
dynamics of the allosterically-activated F108C-PGM and F215C-PGM enzymes are distinct from
the other bioconjugates. Our data support a model where PGM binding near the F’-helix triggers
an allosteric effect that favors a more structured, slowly-exchanging sub-population of the C-helix
(involved in reductase binding and electron transfer) and the F-helix (involved in active site access
and catalysis). Interestingly, the channel-gating B’-helical region (for which the deuterium uptake
was not affected by PGM conjugation of the allostery mimics), also exhibited EX1 behavior in all of
the CYP3A4 variants. Paco et al. have recently reported EX1 behavior in the B’-helix of P450
aromatase, noting that the bimodal isotope distribution was abolished in the presence of the
substrate.>? The observation of EX1 kinetics in the B’-helix of different CYPs could suggest the
existence of a conserved dynamic feature that is sensitive to ligand binding. Moving forward, it will
be interesting to examine the extent to which the conformational dynamics revealed in the present
study are shared by other CYPs. This information could help to better assess and predict the roles
of allostery in modulating CYP function.

Conclusion

In summary, we have demonstrated that combining bioconjugation and HDX-MS is a powerful
strategy to study the underlying structural dynamics of allostery. This unique approach allowed us
to overcome issues related to weak substrate binding, ligand relocalization, and the discrimination
between dynamic changes caused by binding from those involved in activity enhancement. The
method proved useful not only to confirm the location of the previously suggested CYP3A4
allosteric site, but also to identify a series of structural elements (e.g. the K/B1-loop and F-helix)
specifically involved in activity enhancement. Allosteric activation or inhibition of CYP3A4 by small
molecule pharmaceuticals (e.g. midazolam and warfarin) is an important mechanism associated
with drug interactions in humans.?535* Such adverse interactions are currently established
empirically, but a better mechanistic understanding of the phenomena may improve in silico
predictions, thereby facilitating the rational design of pharmaceuticals with lower potential for
adverse drug interactions. Considering that allostery is ubiquitous in biological systems, the general
approach outlined in this work should find broader application in unraveling the allosteric properties
of other enzyme systems.
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