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Abstract

Membrane-bound cytochrome P4503A4 (CYP3A4) is the major source of enzymatic drug
metabolism. Although several structural models of CYP3A4 in various ligand complexes are
available, none includes a lipid bilayer. Details of the effects of the membrane on protein dynamics
and solvation, and access channels for ligands, remain uncertain. H/D exchange mass spectrometry
(H/DXMS) with ligand free CYP3A4 containing a deletion of residues 3-12, compared to that of
the full length wild type, in lipid nanodiscs afforded 91% sequence coverage. Deuterium exchange
was fast in the F- and G-helices, HI loop, and C-terminal loop. In contrast, there is very low
exchange in the F’-and G'-helices. The results are consistent with the overall membrane
orientation of CYP3A4 suggested by published MD simulations and spectroscopic results, and the
solvent accessibility of the F/G loop suggests that it is not deeply membrane-embedded. Addition
of ketoconazole results in only modest, but global, changes in solvent accessibility. Interestingly,
with ketoconazole bound some peptides become less solvent accessible or dynamic, including the
F- and G-helices, but several peptides demonstrate modestly increased accessibility. Differential
scanning calorimetry (DSC) of CYP3A4-nanodiscs suggests membrane-induced stabilization
compared to that of aggregated CYP3A4 in buffer, and this stabilization is enhanced upon addition
of the ligand ketoconazole. This ligand-induced stabilization is accompanied by a very large
increase in AH for CYP3A4 denaturation in nanodiscs, possibly due to increased CYP3A4—
membrane interactions. Together, the results suggest a distinct orientation of CYP3A4 on the lipid
membrane, and they highlight likely solvent access channels, which are consistent with several
MD simulations.
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Hepatic cytochrome P450s (CYPs) play a critical role in chemical detoxication and drug
metabolism by oxidizing a wide range of structurally unrelated xenobiotics.2:2 Among
human membrane-bound CYPs, CYP3A4 dominates drug metabolism.3# CYP3A4 has been
extensively characterized by an impressive array of spectroscopic methods, kinetic methods,
and structural techniques.>=9 In particular, crystallographic analyses have provided detailed
models of the ligand—protein interactions and ligand-dependent conformational changes that
are coupled to catalytic turnover or inhibition by various compounds.8:® However, the
majority of these analyses have been done in the absence of a lipid membrane. As a result,
the effects of membrane—protein interactions on CYP3A4 structure, function, and dynamics
remain incompletely characterized.10

Recent studies have focused on the details of the orientation of CYP3A4 and other isoforms,
in the membrane bilayer, and on solvent access channels that may control substrate access to
and product egress from the active site.10-14 Typical drug substrates for CYP3A4 are
extremely hydrophobic and are expected to enter the active site via the membrane 8915
However, small polar diatomic molecules are also known to access the active site and ligate
to the heme iron.16 In fact, the interaction of water with the heme is a critical aspect of the
catalytic cycle, but its access to the heme has not been mapped experimentally.16 The wide
range of physical properties among ligands that access the heme of CYP3A4 suggests the
possibility of multiple distinct channels.

Molecular dynamics simulations have provided hypothetical models for the orientation of
CYP3A4 in the membrane and possible routes of entry for hydrophobic substrates and
water.10.12-14.17 However, very few experimental data are available to challenge these
models. Here, we provide the first analysis of ligand-dependent changes in solvent
accessibility and thermal stability of any CYP in a lipid bilayer. Specifically, we performed
H/DXMS and differential scanning calorimetry on CYP3A4 in lipid nanodiscs. The results
confirm several structural and dynamic features of recently proposed models, and they reveal
a map of the dynamic features of CYP3A4 in a lipid bilayer. Specifically, the H/DXMS data
indicate that the solvent accessibility of CYP3A4 is nearly identical in detergent solution
compared to that in nanodiscs. Whereas the F’- and G’-regions exhibit low H/D exchange,
the F- and G-helices are highly solvent accessible, or their interaction with the membrane
phospholipid head groups facilitates exchange and water recruitment. Also, there is a
significant thermal stabilization of CYP3A4 incorporated in nanodiscs compared to that of
CYP3A4 in solution, as well as for ketoconazole-bound CYP3A4 in nanodiscs. In fact, there
is a very large ligand-induced increase in AH for unfolding of CYP3A4 in the nanodiscs,
which could be due to modestly increased interactions with the membrane.
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MATERIALS AND METHODS

Expression and Purification of CYP3A4

Recombinant CYP3A4 was expressed as described previously.18:19 Briefly, CYP3A4 was
expressed in E. coli C41(DE3) cells transformed with pCWOri+ encoding ampicillin
resistance and a CYP3A4 gene with an N-terminal deletion of residues 3—12 and further
modified with a C-terminal His tag. The truncation eliminates amino acids 3-12 from the
wild type CYP3A4 sequence, and the protein includes a serine-to phenylalanine substitution
at position 18. A combination of lysozyme and French press were used to lyse the cells.
Protein was then purified first with a Ni-NTA affinity column followed by a hydroxyapatite
ion exchange column. Purified protein was then dialyzed into storage buffer [100 mM KP;,
20% glycerol, 1 mM EDTA, and 500 ¢M TCEP (pH 7.4)] and stored in 1 mL aliquots at ~25
LM at —80 °C for further use. Aliquots were typically not used after a single freeze—thaw.
Protein concentration was determined using a similar method to that of Omura and Sato?°
with an extinction coefficient of 104 mM~1 cm~1 for the ferric enzyme.

Expression and Purification of MSP1D1

Expression and purification of the nanodisc scaffold protein MSP1D1 were performed as
described previously.2122 Briefly, MSP1D1 was expressed in £, coli BL21-Gold (DE3) cells
transformed using a pET expression vector encoding kanamycin resistance with a C-
terminal His tag connected by a TEV protease cleavage site. Cells were lysed using a French
press, and after separation by ultracentrifugation (100000g for 1 h at 4 °C), the lysate
supernatant was purified with a Ni-NTA affinity column followed by dialysis into standard
buffer (50 mM Tris, 100 mM NaCl, and 0.5 mM EDTA at pH 7.4). Pro-TEV Plus (Promega
Corporation) was used to remove the His tag according to the established protocol, and then,
MSP1D1 without its His tag, MSP1D1(-), was purified again with a Ni-NTA column,
dialyzed into standard buffer, and stored in 1 mL aliquots at —20 °C. Protein concentration
was determined by absorbance at 280 nm using calculated extinction coefficients (g9 nm
(MSP1D1(+)) = 21430 M1 cm™1; &89 (MSP1D1(-)) = 18450 M~ cm™1).

Self-Assembly of Nanodiscs

CYP3A4-nanodiscs were prepared in a similar manner as described previously.?1:23 A
POPC film was dried in a vacuum desiccator overnight in preparation. CYP3A4,
MSP1D1(-), and POPC were mixed in a 0.1:1:65 molar ratio with 50 mM sodium cholate
and incubated on a shaker at 4 °C for 1 h. Washed Amberlite XAD-2 beads (hydrophobic
adsorbent resin) were added at 0.5 g/mL to the protein mixture in order to remove the
detergent and initiate self-assembly. The mixture was returned to the shaker at 4 °C for 4
additional hours. Ni-NTA column chromatography was used to purify the 3A4 nanodiscs
from both empty nanodiscs and excess POPC. The 10-fold excess of MSP1D1 helped ensure
that only one monomer of CYP3A4 was incorporated into a single nanodisc. Size exclusion
chromatography (SEC) on a Superdex 200 10/300 GL column (GE Healthcare) was used to
verify stable incorporation of 3A4 into nanodiscs, measuring absorbance at 420 and 280 nm
(Supporting Information, Figure S1). SEC demonstrates resolution of CYP3A4 (21 min
retention time) from empty nanodiscs (25 min retention time) and CYP3A4 nanodiscs (23
min retention time). Also, SEC with a mixture of empty nanodiscs and free CYP3A4 yields
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a chromatogram with a heme-protein peak at 21 min and a protein peak at 25 min, and no
peak at 21 min (Supporting Information, Figure S2). A difference spectrum of [ferrous CO-
bound CYP3A4—ferrous CYP3A4] was used to calculate the P420 content in the nanodiscs
of 7%.

Differential Scanning Calorimetry

DSC experiments were performed using a MicroCal VP-Capillary DSC System (MicroCal,
Northampton, MA). Nanodisc samples were diluted to 5 £M in a final volume of 500 /A and
dialyzed overnight against disc forming buffer (100 mM potassium phosphate and 50 mM
sodium chloride at pH 7.4). The instrument was primed by performing three consecutive
scans of disc forming buffer before analysis of a single sample. DSC thermograms were
generated by scanning from 10 to 130 °C at a scan rate of 60 °C/h. Transition temperatures
and enthalpies of the transitions were determined by fitting the data using the software
package Origin (MicroCal).

Hydrogen/Deuterium Exchange Mass Spectrometry

Deuterium exchange of CYP3A4 nanodiscs was carried out as described previously for other
proteins by Parker et al.2425 Standard hydrogen—deuterium exchange practices were applied
with a few additional steps to account for disassembly of the nanodiscs and removal of the
excess POPC from solution prior to MS analysis. Ten micromolar 3A4-nanodisc samples,
with or without 100 M ketoconazole, were diluted 10-fold into 50 mM Tris, 100 mM NacCl,
pD 7.4, and 99% deuterium oxide. After 0's, 10 s, 30 s, 1 min, 2 min, 10 min, and 24 h at

25 °C, the entire sample was quenched 1:1 with cold quench buffer (300 mM KPi, 4 M
guanidine-HCI and 0.25 M Tris-carboxyethane-phosphate [TCEP] at pH 2.5), and nanodisc
disassembly was facilitated by the addition of a 25-fold excess of sodium cholate in relation
to nanodisc concentration. Then, the entire mixture was immediately added to cold
immobilized pepsin (Pierce). Samples were stored on ice with frequent mixing for 4 min,
after which 10 mg of ZrO,-coated silica resin (Hybrid SPE resin, Sigma) was added to the
digestion mixture to remove excess POPC and stored again on ice for an additional 60 s. The
entire sample was passed across a chilled filter (0.45 um cellulose acetate) to remove pepsin
beads, ZrO, resin, and precipitated cholate before being immediately separated into aliquots
and flash frozen in liquid nitrogen for storage at —80 °C.

Chromatography was performed on a Waters nanoACQ-UITY UPLC system, where samples
were thawed on ice for 5 min and injected on a Vanguard BEH Shield RP18 1.7 um trap
column (2.1 x 5 mm; Waters) flowing 0.1% formic acid (FA) with 0.02% trifluoroacetic acid
(TFA) at 100 gL/min to load the peptides. After a 3 min wash, peptides were diverted onto a
Hypersil 1.9 ym Cqg column (1 x 50 mm; Thermo Scientific) using a gradient of 15 to 40%
solvent B for 8 min (solvent A, 0.1% FA, 0.02% TFA, and 5% acetonitrile [ACN]; solvent
B, 0.1% FA and 0.02% TFA 80% ACN). At the end of the UPLC gradient, sample flow from
the column was diverted away from the MS source to prevent unnecessary flow of excess
cholate into the mass spectrometer. The syringe, loop, and trap column were cleaned
between sample injections with sample loop volume injections of 10% formic acid, 80%
methanol, 2:1 isopropanol-ACN, and 80% ACN. To avoid carryover, the column was
cleaned with two rapid (10 to 100% solvent B for 30s) gradients at the end of each sample
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run. A Waters Synapt G2-S Q-TOF mass spectrometer was used to analyze eluting peptides
with desolvation temperatures of 80 and 150 °C. The column, injection loop, and lines were
kept at 0.5 °C in a separate cooler unit to minimize back exchange. CYP3A4 peptide
identities were acquired using PLGS Version 3 (Waters), by analyzing ion-mobility MSE
data against a library comprising the sequences of CYP3A4, MSP 1D1, and porcine pepsin,
which helped to further distinguish peptides unique to CYP3A4 from the scaffold protein
and digestion mixture. Specifically, peptides were identified using criteria of a maximum of
3 ppm error in parent mass assignments, a minimum of 5 y- or b-ions in MSE data, and a
minimum PLGS score of 7.5. Deuterium shifts were calculated using DynamX Version 3
(Waters) Deuterium levels were not corrected for back-exchange and are therefore reported
as relative as justified by others.26

Ketoconazole was dissolved to 9 mg/mL (17 mM) in ethanol. It was added to 10 /M
nanodisc samples for a final concentration of 100 x#M, with the expected generation of type
Il difference spectrum (not shown) and incubated for 5 min on ice before beginning
deuterium exchange according to the same methods as that used for the ligand-free samples.

RESULTS

Differential Scanning Calorimetry

As an initial probe of monomeric CYP3A4 dynamics and solvent exposure in a membrane
bilayer, DSC was used to determine the melting temperature ( 7,,), in the absence and
presence of the CYP3A4 substrate ketoconazole. DSC provides a relative measure of the
thermal stability of a folded protein, which typically changes upon its interaction with a
stabilizing partner such as a ligand, another protein, or a membrane.28:27 As solvent
channels are restricted and proteins become more compact, the 7, typically shifts to higher
temperatures. However, in contrast to a vast literature concerning DSC with soluble proteins,
DSC with membrane proteins is largely unexplored and previously unreported for protein in
nanodiscs. Speculatively, two limiting cases can be considered concerning the thermal
transitions expected for a protein—nanodisc particle. Specifically, in one case it would be
expected that a protein deeply embedded in the membrane of a nanodisc would lead to a
cooperative thermal denaturation of the entire “particle” including the embedded protein, the
scaffold protein, and lipid bilayer. This would be expected to happen at a temperature at least
as high as the higher 7, of either the individual embedded protein or the individual
nanodisc. In contrast, if the protein was embedded in the membrane via only a single anchor
helix as expected for CYP3A4 and the remainder was only superficially interacting with the
lipids, then its thermal denaturation and the denaturation of the nanodisc would possibly
occur separately or sequentially, with minimal effect of each component of the other.
Multiple thermal transitions would be observed corresponding to the target protein or to the
nanodisc. If the monotopic membrane protein such as CYP3A4 interacted with the
membrane interface, then its thermal denaturation would likely be affected, but the effects
would not be predictable based on experience with soluble proteins. Because the thermal
denaturation of peripheral membrane proteins on a membrane surface is not well-
characterized, there are no clear experimental benchmarks for this situation. However, it is
reasonable to speculate that the DSC of the protein would be more complex than two state
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unfolding of soluble proteins, wherein protein—-membrane interactions would also contribute.
We hypothesized that these limiting cases provide qualitative benchmarks for the behavior of
intrinsic membrane proteins vs monotopic peripheral membrane proteins and that CYP3A4
in nanodiscs would behave more like the latter. For the sake of comparison, DSC was also
performed with CYP3A4 in buffer, which is an aggregate of CYP3A4, based on size
exclusion chromatography (Supporting Information). DSC results are shown in Figure 1.

Conveniently, the phase transition of POPC bilayers of the nanodiscs used here is
sufficiently low (4 °C) to not interfere with the typical thermal transitions of proteins

(40 °C-65 °C). Furthermore, the empty nanodiscs exhibit no thermal transitions below

60 °C. At ~70 °C-100 °C, the empty nanodiscs denature and yield the observed exothermic
transition. So, the nanodiscs contribute no DSC response in the temperature range 35 °C-
65 °C, where the CYP3A4 nanodiscs clearly yield a set of overlapping transitions. In
addition, the thermogram for aggregated CYP3A4 in buffer, not incorporated in nanodiscs, is
shown in Figure 1. It is clear that incorporation into nanodiscs has a significant stabilizing
effect on CYP3A4 compared to its aggregated state in buffer, and the addition of
ketoconazole further stabilizes the CYP3A4. The model-independent calorimetric AH's
measured directly for each entire thermogram are reported in Table 1 along with the 7, for
the highest transitions. A more detailed analysis of the thermodynamic parameters
associated with the complex transitions is reported in Supporting Information and Table S1,
and includes a comparison of calorimetric enthalpy and van’t Hoff enthalpy for each of the
deconvoluted transitions that comprise the overall thermograms (Figure S3). The
discrepancy between calorimetric enthalpy and van’t Hoff enthalpy for most of the
deconvoluted transitions clearly indicates they are not two-state processes. Because there are
no experimental benchmarks for interpreting this behavior with membrane-associated
proteins, we focus here only on the model-independent parameters in Table 1.

A striking result is the very significant increase in 7y, (A7 °C) for thermal denaturation of
CYP3A4 in the nanodisc upon addition of a saturating concentration of ketoconazole,
compared to in the absence of ligand. Furthermore, the complexity of the thermogram
increases and the overall calorimetric AH nearly doubles in the presence of ketoconazole.
These very large ligand-induced changes are much greater than the modest increase in AH
and 7, in the absence of the nanodisc (Table 1). This is possibly due to a change in ligand-
induced CYP3A4-membrane interactions, as discussed further below regarding H/DX
behavior.

Also, the thermal transitions corresponding to the nanodiscs are shifted from ~77 °C in the
absence of CYP3A4 to ~85 °C-90 °C when CYP3A4 is included, suggesting that the
CYP3A4 stabilizes the nanodisc slightly, as would be expected for a peripheral membrane
protein with a single helix inserted in the membrane. This is accompanied by a very large
increase in calorimetric enthalpy for the nanodiscs denaturation (Table 1). Just as the
scaffold proteins of the nanodisc interact with lipids to form an ordered lipid boundary
layer,28:29 the inserted N-terminus of the CYP3A4 could result in more ordered lipids with a
resulting increase in AH for their temperature-induced denaturation.
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Together, the results demonstrate a clear membrane-induced stabilization of CYP3A4 and
ketoconazole-induced stabilization of CYP3A4 that is not entirely deeply embedded in the
membrane. This suggests that upon addition of ketoconazole, the CYP3A4 protein is more
tightly packed or more intimately interacting with the membrane, and presumably this
corresponds to a decrease in solvent accessibility in some regions of the protein.

CYP3A4 Solvent Accessibility in Nanodiscs by H/ DXMS

To determine the relative solvent accessibility of specific peptides contained in the
membrane-bound CYP3A4, amide H/DXMS experiments were performed in which
CYP3A4 nanodiscs were exposed to D,O for variable periods of time ranging from 0 s to 24
h. After exposure to D,O, CYP3A4 nanodisc disassembly and digestion were performed as
described above, modified from previously published experiments (Figure 2B; refs 24, 25,
and 30). Figure 2A includes a schematic of CYP3A4 with a possible orientation with respect
to a membrane, based on available models. Digestion conditions were optimized by the
addition of 2 M guanidine HCI in the final quench mixture. This greatly increased the
peptide signal and subsequent fragment identification. Using LC-ESI-MSE, more than 60
unique peptides were identified in CYP3A4 that also included quality deuterium uptake
profile. This accounts for a linear sequence coverage of 91% (Figure 3A), which is
significantly greater than obtained in H/DXMS studies with other proteins in nano-
discs.242> Additionally, overlapping peptides were identified in multiple regions, providing
further support for our deuterium uptake profiles.

The deuterium uptake profiles for the peptides comprising CYP3A4 in the primary sequence
are summarized in Figure 3A, and their corresponding locations in the folded structure are
shown in Figure 3B. The relative extent of H/D exchange at seven time points of the
identified peptides are mapped onto the linear peptide sequence, which demonstrates clearly
resolved regions of varying exchange. The location of these peptides in the tertiary structure
is shown in Figure 3B. Our data represent the time-dependent exchange of nearly the entire
folded structure of CYP3A4 in the nanodisc membrane.

H/DXMS of CYP3A4 in Detergent Solution

In order to compare the solvent accessibility and dynamics of CYP3A4 in nanodiscs with
detergent-solubilized CYP3A4, we also performed HDXMS in 0.1% Emulgen buffer. This is
a commonly used detergent for /n vitro CYP3A4 experiments. Direct comparisons of
structure and dynamics of CYPs in nanodiscs and detergent solution are lacking, and modest
differences in functional behavior in the two environments have not been explained.
Interestingly, attempts to measure H/DX for CYP3A4 in buffer without Emulgen, and not in
nanodiscs, yielded poor signal and poor sequence coverage (not shown). Also, although it
might be expected that Emulgen would monomerize CYP3A4, our SEC analysis of
CYP3A4 in 0.1% Emulgen did not indicate a homogeneous monomer. It is a complex
mixture with aggregates (not shown). Therefore, we caution against comparing DSC data in
buffer with HD/XMS data in Emulgen due to possible differences in aggregate structure. It
is still useful to compare H/DX in Emulgen with CYP3A4 in nanodiscs to determine
whether protein fold or conformation is affected. Results for the Emulgen solution are
summarized in Figure 4, which includes a “butterfly plot” of the H/DX in nanodiscs vs the
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H/DX in Emulgen (Figure 4A). The high degree of symmetry with respect to the “zero
exchange” demonstrates that the solvent accessibility is very similar in nanodisc and
Emulgen. A plot of the difference (Figure 4B) reveals modest differences mainly localized in
the F- and G-helices; the H/D exchange is ~20% greater at the early time points (10 s and 30
s) for the Emulgen samples compared to the nanodisc samples, and these differences become
smaller at longer time points, as expected. These data suggest that the membrane
interactions with the F- and G-helices are not perfectly mimicked by the detergent. Together,
the data indicate that the lipid bilayer provides some protection from solvent for the F- and
G-helices compared to that of the protein in detergent solution, even though they remain
highly exchangeable when CYP3A4 is in the membrane. Also, it is highly significant that
there is increased peptide coverage at the N-terminus in the Emulgen samples compared to
that in the nanodisc samples. Two additional peptides spanning residues 33-51 of CYP3A4
were identified in the Emulgen samples that could not be recovered in the nanodiscs
samples. Residues 33-51 include the last half of the A”-helix, the A-anchor, and the first
half of the A’-helix. This is further confirmation that these residues interact very intimately
with the membrane bilayer and become accessible in its absence.

Effects of Ketoconazole on H/D Exchange

The crystal structure of the ketoconazole complex of CYP3A4, which lacks the N-terminal
transmembrane helix, suggests relatively subtle but wide ranging conformational changes
upon binding.? In order to assess possible effects of the membrane on ligand-induced
conformational change, we performed H/DXMS with the [CYP3A4-ketoconazole] complex
in nanodiscs. The H/ DXMS results are remarkably consistent with the change in solvent
accessibility suggested by the crystal structure. Figure 5 summarizes the effects of
ketoconazole. Figure 5A and B are butterfly plots of ligand free vs ketoconazole bound and
their difference, respectively. The four regions that exhibit significant protection in the
presence of ketoconazole (A% exchange >5%) are colored dark blue in the tertiary structure
(Figure 5C) and highlighted in the difference plot (Figure 5B). The protected regions include
(1) the A helix, (2) the G-helix and the loop preceding the H-helix, (3) the middle of the I-
helix, and (4) the loop between the K-helix and the A1 sheet. Additional regions with modest
protection in the presence of ketoconazole (2% > A% exchange >5%) are colored light blue
in the tertiary structure (Figure 5C) and highlighted in the difference plot (Figure 5B).
Interestingly, two regions become more solvent exposed in the presence of ketoconazole
(—2% > A% exchange > —5%) and are colored red in the tertiary structure (Figure 5C) and
highlighted in the difference plot (Figure 5B). The regions that are less protected include (1)
the C-helix and (2) the J-helix and the loop preceding the J'-helix. It should be emphasized
that the precision of H/DX is within these measured differences, which are observed in
multiple overlapping peptides, and differences of >2% were observed for these peptides in at
least two separate experiments. This change in mass is easily resolvable for peptides with the
molecular weights obtained in our experiments.

DISCUSSION

The studies included here represent the first H/DXMS analysis of any CYP in a lipid bilayer,
and the DSC experiments are the first of any membrane protein in a lipid nanodisc, of which
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we are aware, although empty nanodiscs with other lipids have been studied by DSC and
other mass spectrometry methods.31-33 Together, the studies provide new information about
(1) the membrane topology and orientation and some of the resulting access channels for
solvent or possibly substrates to the active site; (2) the effect of a substrate on solvent
accessibility of CYP3A4 in a membrane; (3) the effect of ketoconazole on the thermal
stability of membrane bound CYP3A4; and (4) the overall solvent accessibility of CYP3A4,
which is nearly identical in detergent solution and in membrane nanodisc, but the dynamics
of the F- and G-helices or their solvent accessibility are not identical.

The solvent accessibility profile for ligand-free CYP3A4 in nanodiscs, shown in Figure 3,
presents a number of interesting observations. As expected, the I-helix that is buried in the
interior of the protein exhibits low solvent accessibility. A number of other peptides along
the “backside” of CYP3A4 and expected to face away from the membrane, including the D-,
E-, F-, and G-helices, show relatively high solvent accessibility. Previously published
simulations by others7:34 suggest dramatic rearrangement and varying degrees of insertion
of CYP3A4 upon interaction with a membrane.

In particular, Baylon et al.1” and Denisov et al.10 show based on MD simulation that the
elements that interact most with the membrane are the deeply embedded N-terminal helix
and A-anchor, between A”- and A’-helices, and the F//G’-helices. This membrane
penetration of the F/- and G’-helices is in strong agreement with our experimental H/DXMS
data, which exhibit slow exchange along this interface. In fact, it is striking that the N-
terminus that is near the F/G’ region in the folded structures is among the very few regions
not recovered in our workup. Our coverage includes only the C-terminal few residues of the
A’-helix that precede the A-helix. The lack of coverage in this localized regions compared to
the near complete coverage throughout the rest of the sequence suggests, indirectly, that the
N-terminus is intimately embedded in the membrane and therefore difficult to recover in the
postincubation workup. This is consistent with essentially all of the previously published
simulations.

Additionally, the C-, D-, and E-helices have been predicted on the basis of MD simulations
to not be in direct contact with the membrane,10-17:34 which is reflected in higher solvent
accessibility profiles in our experiments. However, in our experiments, we observe a
remarkably high degree of solvent deuterium exposure in the F- and G-helices and the B/C
loop, which is consistent with the simulation work by Baylon et al.,1” particularly along the
relatively exposed B/C loop. In addition, the simulations of Berka et al.3* suggest that the F
’IG’-helices-loop and a large portion of the F- and G-helices are deeply embedded in the
membrane and should exhibit less H/D exchange. They note, however, that portions of the F-
and G-helices are in contact with polar lipid head groups. Our results are inconsistent with
the entire F/G-helices being deeply embedded in the membrane. However, to the extent that
the polar lipid head groups may not completely shield the protein from solvent, our results
strongly suggest the likelihood that that portions of the F- and G-helices are on the lipid
surface and not deeply embedded in the membrane, consistent with the suggestion by Berka
et al. Interestingly, the simulations performed by Baylon et al. included truncated, short, acyl
chains of the lipids, which would be expected to result in decreased hydrophobic effects and
possibly underestimate the strength of the interactions between the native membrane and the
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F/G-helices. However, their models are remarkably aligned with our results. Unexpectedly,
the region of CYP3A4 near the F- and G-helices is the /most solvent accessible of any
regions in CYP3Ad4, in contrast to some surface loops that face the cytosol. Multiple
sequential and overlapping peptides confirm this result. In fact, it is important to emphasize
that the set of overlapping peptides includes small peptides (68 residues) on the C-terminal
end and the N-terminal end of the F- and G-helices. These F- and G-helix peptides are the
ends of these helices closest to the F'G’-region and thus might expected to be protected by
the membrane, yet they are highly solvent exposed.

The combination of the results demonstrating that the N-terminus and F’/G’-helices form the
only embedded membrane anchor points, together with the expectation that the F- and G-
helices and F/G loop provide a hydrophobic conduit for substrates entering from the
membrane, suggests the possibility that the F/G-helices of CYP3A4 are capable of
transiently “bouncing” on and off the membrane or translating across it. This would create
transient hydrophobic channels in the F/G loop region that are in contact with the
membrane, while other portions anchor the entire molecule to the bilayer. In fact, we
propose that some portions of the F/G-helix region transiently sample the surface and upper
hydrophaobic region of the lipid hydrocarbon chains, based on their unexpectedly high
solvent accessibility despite their highly hydrophobic character. The F- and G-helical
regions could be transiently moving between the hydrophobic region and the surface of the
membrane, while the F’/G’-helices and loop, along with the N-terminal region, provide a
membrane-anchored “hinge”.

Any subtle variance between the simulations of different groups and some of our
experimental data could be a result of (1) the slight N-terminal truncation that is used in our
CYP3A4 construct and the simulations by Denisov et al.,10 but not Berka et al.,}” yielding a
much shallower insertion into the nanodisc for the former; (2) the nanodisc lipid packing
could be different from other membrane environments and disfavor deep insertion of the
protein; and (3) some of the MD simulations could overemphasize the lipid protein
interactions and yield an artificially “deep” insertion. Interestingly, there is precedent for
protein-lipid interfaces promoting water access to a higher degree than bulk lipid phases.3°
Alternatively, increases in local charge can accelerate H/DX in proteins.3® Regardless of the
source of the differences, the H/DX MS data clearly confirm the role of the A-helix, £1,2,
and nearby F’/G’-regions as the strongest membrane anchors in the nanodisc platform.
Although the majority of the N-terminal transmembrane helix is present in our construct but
not detected by MS, it is possible that a full length CYP3A4 with the additional 10 residues
at the N-terminus could interact even more strongly with the membrane and increase the
strength of the localized interactions with the A-helix and $1,2 and F’G’-regions. This in turn
could conceivably pull the F- and G-helix into slightly more intimate contact with the
membrane. However, it is unlikely that the F- and G-helices, which are remote from the
point of N-terminal insertion into the membrane, would have dramatically altered dynamics.

Functional Epitopes and Channels in CYP3A4

The H/ DX data are best considered in the context of functional regions or “epitopes” that
contribute to ligand access or other behaviors. Some of these functional epitopes are
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summarized in Figure 6. For example, Fishelovitch et al.1314 proposed an “aqueduct” for
water access that is distinct from some substrate binding channels, in which Arg375
switches between conformations that provide a gating mechanism for access of water to the
heme. Others have observed this possible gating mechanism in MD simulations in the
membrane as well.17 The channel, including Arg375, is lined by G436, S437, G438, P439,
R440, N441, and C442 of the heme binding domain located in a loop connecting helices L
and K’; Y99, T103, R105, and N104 of the BC loop near the C-terminal end of the B helix;
and W126 and K127 of the C helix. The putative aqueduct is shown in Figure 6A with side
chain atoms of these residues shown as spheres to aid in visualizing the site. The side chains
and main chain atoms are color coded according to the relative solvent accessibility of the
relevant amides at 10 min. Interestingly, the aqueduct is not “hyperaccessible” to solvent
when CYP3A4 is in nanodiscs. In particular, one side of the proposed aqueduct exhibits
minimal H/DX, but the other side exhibits moderately high exchange, as indicated by the
yellow and orange atoms respectively (35%-40% exchange). The channel appears
sufficiently solvent accessible to provide access of water to the heme, but it is not, for
example, as solvent accessible as the F/G-helices, which exchange as much as 60% of their
amide deuterons in the same time frame.

Our solvent accessibility data are also consistent with other solvent channels suggested on
the basis of simulations. Fishelovitch and colleagues!® suggest a number of substrate access
channels, and they identify specific residues in each of the channels. We have found that the
peptides bordering each of these channels, in particular the major channel forming residues
that comprise channels “3” and “S”, correlate well with peptides that have relatively high
solvent accessibility, supporting the potential ease of access into the active site by these
routes, as highlighted in Figure 6B and C, respectively. On the basis of our data and the
previous simulation studies, it appears that substrate access channels favoring the CYP3A4
face with the F/G-helices represent the major solvent access pathways into the active site.

Another structural element that has been implicated with potential importance in substrate
access and turnover is the “Phe-cluster”,® comprising F213, F215, F219, F220, F241, and
F304. This cluster has been considered to contribute to a binding site near the active site but
distinct from it. These residues are highlighted in Figure 6D with the color scheme that
reflects the H/DX at 10 min. These residues fall into a medium to high exchange regime
behind the F//G’-helices, suggesting that these too may have a moderate degree of solvent
accessibility and thus could provide an intermediate site of access of hydrophobic ligands to
the active site.

Effects of Ligand on Functional Epitopes

The comparison of solvent exchange for these “epitopes” in the presence and absence of
ketoconazole further reveals functionally relevant changes in solvent access to CYP3A4.
Crystallographic studies have established that ligand binding to CYPs, including CYP3A4,
can induce conformation changes throughout the protein.8:9 Specifically, those studies
highlighted the F/ G and F/G’ helices as well as the C-terminal loop as regions with the
greatest degree of conformational change. The comparison of the data acquired in the
presence and absence of ketoconazole is summarized on the structure of CYP3A4 in Figure
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5. A trend observed in this data set is that solvent accessibility changes are not localized to
the active site, although there is a noticeable protective effect by ketoconazole binding in the
I-helix, which becomes significantly less solvent accessible. In particular, the middle of the
I-helix near the conserved O, binding site becomes less solvent accessible. A number of
different parts of the protein are affected moderately by ketoconazole binding, which
supports the likelihood of long-range ligand-induced effects throughout CYP3A4 upon
binding. In addition to the I-helix, regions of CYP3A4 that become less solvent accessible
include the G-helix and the loop connecting it to the F/G’ region, as suggested by the
crystallographic models. A region of interest with regard to ketoconazole binding is the
aqueduct channel discussed above. Solvent accessibility in the region containing residues in
the aqueduct does not change (—2% < Aexchange <2%) upon ketoconazole binding with the
exception of residues in the C-helix (126-127), which become more solvent accessible in the
presence of ketoconazole. R375 (on the Betal sheet) is near a solvent accessible region,
however.

The effect of ketoconazole on the H/DX of CYP3A4 is particularly noteworthy when
considered in combination with the DSC, which indicates a very large increase in
calorimetric enthalpy for denaturation upon addition of KTZ (Table 1). In the absence of
large scale conformational changes, such an increase AH is consistent with an increased
stabilizing interactions with the membrane that would also decrease H/ DX, as suggested for
the G-helix and the loop connecting the F’- and G’-helices. It is reasonable to speculate that
these regions interact more tightly with the membrane upon KTZ binding. The proposed
effects of ligand on membrane insertion of the local region around the F-G-loop are
paralleled by studies that demonstrate the importance of amino acid sequence in this region
in dictating membrane interactions of CYP2J2. MD simulations and mutagenesis with
CYP2J2 suggest that the F-G-loop region is a critical determinant of the depth of insertion of
the F-G region in a POPC lipid bilayer, further supporting our conclusions and the potential
generality of membrane interactions across several CYP isoforms.38

A subtle but notable and interesting effect of KTZ binding is that there is no universal
protective effect throughout. A few peptides exhibit increased solvent accessibility upon
binding to ketoconazole, as shown in red in Figure 5. A region that becomes more solvent
exposed upon binding is the C-helix, which is particularly interesting because this region
contains one of the residues involved in cross-linking of CYP3A4 to Cyt bs, which plays
important supporting roles in the metabolism of many CYP3A4 substrates, as highlighted in
Figure 6E.3940 This region’s involvement in both conformational change upon ligand
binding (Figure 5) and direct linkage to Cyt b suggests the interesting possibility that Cyt
bs binding and substrate binding could be energetically coupled.

It is interesting to compare our results with recent SAXS data for CYP3A4 in nanodiscs and
with the few other H/DX experiments on CYPs in solution. The recently published low
resolution structure of CYP3A4 in a nanodisc based on SAXS is potentially informative
regarding our results.*! The ensemble of SAXS structures suggests that the globular domain
of CYP3A4 interacts minimally with the lipid surface of the nanodiscs and that it does not
interact significantly with the scaffold protein. Notably, the structures based on SAXS
suggest that the G'-helix interacts with the membrane surface near the rim of the nanodisc,
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consistent with our H/DX data that indicate that the G’-helix is among the least dynamic or
the least solvent exposed elements. The monotopic interaction of CYP3A4 with the
membrane surface suggested by SAXS is consistent with the H/ DXMS data. Regarding H/
DXMS, an elegant study with CYP101 (P450cam) demonstrates redox-dependent H/DX in
some structural elements.#2 The ferrous enzyme exhibited a reduction in dynamics and
appears more rigid, to the extent that H/DXMS reports on dynamics. For the ferric enzyme,
our results agree with those from P450cam suggesting that the soluble and membrane-bound
CYPs are not very different with regard to solvent access channels. Because of the additional
technical challenges of H/DX in the presence of nanodiscs, we have not yet performed
experiments with the reduced CYP3A4. However, with the methods established to perform
H/DXMS of CYP3A4 in nanodiscs, many redox states and ligand states may now be
interrogated. The other isoforms studied by H/DX were CYP2B4 and CYP2B6, but those
studies were done only in the absence of a membrane.*3 In those studies, several ligands
caused larger changes in H/DX than we observe with CYP3A4, for some peptides including
the F- and G- regions and the B/C loop. In summary, these results provide the experimental
basis to assess peptide-specific dynamics and solvent accessibility for CYP3A4 in a native-
like membrane environment. It is particularly striking that the F- and G-helices are among
the most solvent accessible regions in both environments, as suggested by some MD
simulations in model membranes, in a manner inconsistent with their being deeply
embedded in the membrane. Overall, the model presented in Figure 2 based on multiple MD
simulations!’:34 is consistent with all of the H/DXMS data. The elements most intimately
embedded in the membrane appear to be the G’-helix, portions of the F’-helix, and A-anchor.

In light of the high hydrophobicity of the F- and G-helices, it is reasonable to speculate that
hydrophobic ligands that enter the CYP3A4 active site from the membrane rely on transient
interactions between these regions and the membrane. The DSC suggests these interactions
are modulated by the ligand, particularly in the G-helix. The comparison of HDX in
detergent vs in the nanodiscs membranes indicates that the membrane may uniquely control
dynamics of the F- and G-helix regions, which are different in the detergent solubilized
state.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Differential scanning calorimetry of CYP3A4 nanodiscs. Thermograms are shown for empty
nanodiscs (blue), CYP3A4 in buffer without nanodiscs (black), CYP3A4 nanodiscs in the
absence of ligand (red), and CYP3A4 nanodiscs with ketoconazole (green). All samples
were 5 4M with respect to CYP3A4, CYP3A4 nanodisc, or empty nanodisc. The thermal
transitions above 65 °C are due to nanodisc denaturation, which is stabilized slightly by the
presence of CYP3A4. Transitions between 45 °C—65 °C are due to CYP3A4, which is
stabilized by ketoconazole. The thermally resolved denaturation of CYP3A4 and the
nanodisc indicates that CYP3A4 is not deeply embedded in the nanodisc membrane.
However, the shift to higher 7y, of the nanodisc in the CYP3A4 nanodiscs (red curve vs blue
curve) indicates that the CYP3A4 remains associated with, and stabilizes, the nanodisc after
CYP3A4 has denatured. All nanodisc or CYP3A4 nanodisc concentrations were 5 ¢M. The
calorimetric enthalpies for the resolved transitions are reported in Table 1.
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Figure 2.
CYP3A4 membrane model and HDX workflow. (A) Ribbon structure of CYP3A4 (PDB:

1TQN) oriented on a membrane interface (left). The membrane is depicted by the shaded
yellow region. The green cylinder represents the membrane helix of residues 13-27, which
are included in the protein used throughout this work, but are not recovered in the H/DX
experiments. The second structure is rotated 90° to show the distal face (right). The
perspective is from the membrane into the active site, and the membrane helix is omitted.
The left orientation is similar to the orientation suggested in ref 17, which is supported by
the data presented here. This orientation is used frequently throughout this article. Helices
are individually labeled and colored: A”-helix, deep olive; A’-helix, deep teal; A-helix, pink;
B-helix, lime green; B’-helix, tan; C-helix, cyan; D-helix, slate; E-helix, blue; F/G helices,
red; F'/G’ helices, purple; H-helix, salmon; I-helix, forest green; J-helix, raspberry; J/-helix,
pale green; K-helix, marine; L-helix, gold; f1-sheets, yellow; and f2-sheets, orange. The A-
anchor is boxed in and labeled in the left view. The cytosolic and membrane-embedded
components are labeled along the schematized membrane surface in black. The membrane
anchor residues 1-2 and 13-27 of full length CYP3A4 are contained in the construct used
for all experiments but are not shown. These residues extend from the point labeled “N-
term” and are expected to penetrate into the membrane. (B) Workflow detailing protein-
bound nanodisc formation and subsequent HDX labeling, quenching, disassembly, and
peptic digest steps used to generate samples for mass spectrometry.
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Figure 3.
Time-dependent HDX data for ligand-free CYP3A4 in nanodiscs. (A) Summarized residue-

by-residue HDX exchange data for CYP3A4 at time points of 0's, 10 s, 30 s, 1 min, 2 min,
10 min, and 24 h. The percent deuteration level was calculated by dividing the observed
deuterium uptake by the theoretical maximum deuterium uptake for each peptide (number of
residues — number of prolines — 1). Gray regions where no peptide was identified in these
experiments and colors correspond to a range of percent deuteration as shown in the legend
at the bottom. The secondary-structure elements are shown above their corresponding
position in the sequence and are colored using the same scheme as that in Figure 2A.
Residues 1-2, 13-50, and 493-503 are present in the protein studied but are not shown in
the heat map because no H/D exchange data were recovered for them. (B) Solvent
accessibility data mapped onto the crystal structure of CYP3A4 (PDB: 1TQN) for each time
point. Colors used are the same as those indicated in A. The crystal structure begins at
residue 28 and does not include the N-terminal transmembrane helix (27 residues; green
cylinder in Figure 2). Residues 1-2 and 13-27 of the N-terminal transmembrane helix are
present in the protein studied, but they were not recovered, and no H/D exchange data were
recovered for them.
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Figure 4.

HDX comparison of ligand-free CYP3A4 nanodiscs versus detergent solubilized CYP3A4.
(A) The butterfly plot shows deuterium exchange profiles of ligand-free CYP3A4 nanodiscs
(top) vs detergent solubilized CYP3A4 (bottom). Percent uptake for each time point is
plotted at the midpoint of the primary sequence for each peptide. For example, uptake for
the peptide spanning residues 33 to 51 is plotted at 42. The alpha-helices and beta-sheets are
highlighted in gray and labeled above the plot. Generic “a” and “#” labels in gray are given
to helices and sheets that are not named in this article, respectively. (B) A plot of the
differences between matching peptides of CYP3A4 in nanodiscs and detergent solubilized
CYP3A4 at each time point. The difference plot highlights regions of CYP3A4 nanodiscs
that are more (positive value) or less (negative value) solvent accessible compared to
detergent solubilized CYP3A4. Differences are not plotted when matching peptides do not
exist between states. For example, no difference is calculated for the peptide spanning
residues 33-51 because there was no peptide observed in that region for CYP3A4 nanodiscs.
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A CYP3A4 Nanodisc -/+ Ketoconazole
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Figure 5.
HDX comparison of ligand-free CYP3A4 nanodiscs versus ketoconazole bound CYP3A4

nanodiscs. (A) The butterfly plot shows deuterium exchange profiles of ligand-free CYP3A4
nanodiscs (top) vs ketoconazole bound CYP3A4 nanodiscs (bottom). Percent uptake for
each time point is plotted at the midpoint of the primary sequence for each peptide. (B) A
plot of the differences between matching peptides of CYP3A4 in nanodiscs and detergent
solubilized CYP3A4 at each time point. The difference plot highlights regions where solvent
accessibility increases (negative value) or decreases (positive value) upon ketoconazole
binding. (C) Solvent accessibility change data for CYP3A4-ketoconazole binding mapped
onto the ketoconazole-bound crystal structure (PDB: 2V0OM). Ketoconazole is shown in stick
representation in black. Peptides in blue highlight modest decreases in solvent accessibility
upon ketoconazole binding (2-5% above axis), peptides in dark blue highlight large
decreases in solvent accessibility upon ketoconazole binding (>5% above axis), and peptides
in red highlight modest increases in solvent accessibility upon ketoconazole binding (2-5%
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below axis). The second structure is a 90° rotation of the first structure showing the distal
face of CYP3A4.
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Figure 6.
Channels and sites of interest in CYP3A4. The relevant side chains for each structure are

highlighted to help visualize their position in the structure. The membrane helix represented
by the green cylinder in Figure 2 is present in the protein studied but is omitted here for
clarity. (A) Water “aqueduct” residues, noted specifically by Fishelovitch and colleagues,*
Y99, T103, N104, R105, W126, K127, R375, and G436 through C442, shown in spheres
with the 10 min exchange data set for ligand-free CYP3A4. (B) Channel “3” residues, as
described specifically by Fishelovitch and colleagues,13 F108, S119, 1120, K209, R212,
F213, F215, F219, F220, V240, F241, P242, R243, V245, and F304, shown in spheres on
the 10 min exchange data set for ligand-free CYP3A4. (C) Channel “S” residues, as
described specifically by Fishelovitch and colleagues, 13 S119, K173, L211, R212, F213,
E308, T309, S311, S312, 1369, A370, M371, L482, L483, and Q484, shown in spheres on
the 10 min exchange data set for ligand-free CYP3A4. (D) Phe-cluster residues F213, F215,
F219, F220, F241, and F304 highlighted in spheres in the 10 min exchange data set. This is
also shown with a 90° rotation to show the distal face. (E) CYP3A4 residues implicated in
Cyt bs cross-linking,37” K91, K96, K127, and K421 highlighted in spheres on the CYP3A4
structure depicting the effects of ketoconazole as shown in Figure 3.
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Model Independent Differential Scanning Calorimetry Parameters

Table 1

AH,, (cal/mol)2

system/species CYP3A4 nanodisc CYP3A4 nanodisc
CYP3A4 in buffer 52.6 8.9 x 104
CYP3A4 in nanodiscs 56.7 85.8 1.8x10°5 55x10°
CYP3A4 in buffer + KTZ? 544 9.0x 10*
CYP3A4 in nanodiscs + KTZ 62.6 87.9 36x10° 5.0x10°
nanodisc 76.8 7.9 x 104

a N
Calorimetric enthalpy.

b50 UM ketoconazole.
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