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Human cytochrome P450 3A4 (CYP3A4) is a major hepatic and
intestinal enzyme that oxidizes more than 60% of administered
therapeutics. Knowledge of how CYP3A4 adjusts and reshapes the
active site to regioselectively oxidize chemically diverse com-
pounds is critical for better understanding structure–function rela-
tions in this important enzyme, improving the outcomes for drug
metabolism predictions, and developing pharmaceuticals that
have a decreased ability to undergo metabolism and cause detri-
mental drug–drug interactions. However, there is very limited
structural information on CYP3A4–substrate interactions available
to date. Despite the vast variety of drugs undergoing metabolism,
only the sedative midazolam (MDZ) serves as a marker substrate
for the in vivo activity assessment because it is preferentially and
regioselectively oxidized by CYP3A4. We solved the 2.7 Å crystal
structure of the CYP3A4–MDZ complex, where the drug is well
defined and oriented suitably for hydroxylation of the C1 atom,
the major site of metabolism. This binding mode requires H-bond-
ing to Ser119 and a dramatic conformational switch in the F–G
fragment, which transmits to the adjacent D, E, H, and I helices,
resulting in a collapse of the active site cavity and MDZ immobili-
zation. In addition to providing insights on the substrate-triggered
active site reshaping (an induced fit), the crystal structure explains
the accumulated experimental results, identifies possible effector
binding sites, and suggests why MDZ is predominantly metabo-
lized by the CYP3A enzyme subfamily.
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Human cytochromes P450 (CYPs) play a dominant role in the
metabolism of drugs and other foreign chemicals, providing

one of the primary means for phase I xenobiotic detoxication.
Among the 57 human CYPs, CYP3A4 is the most abundant liver
and intestinal enzyme, and it oxidizes the vast majority of phar-
maceuticals (1). CYP3A4 has very broad substrate specificity and
can metabolize molecules widely differing in size and chemical
structure through alkyl carbon and aromatic ring hydroxylation,
O- and N-dealkylation, and epoxidation (2). Furthermore, CYP3A4
has the ability to simultaneously accommodate multiple molecules
in the active site, which could lead to cooperative binding, atypical
(non-Michaelis–Menten) kinetic behavior, and drug–drug inter-
actions (3).
Despite its central role in drug metabolism, there is limited

understanding of how CYP3A4 adapts to and regioselectively
oxidizes a wide range of diverse compounds. The X-ray structure
of ligand-free CYP3A4 was determined more than a decade ago
(4, 5), but since then, cocrystal structures with only three sub-
strates were reported: erythromycin, progesterone, and bro-
moergocryptine (6–8). Among these, only bromoergocryptine is
bound in a productive mode, whereas erythromycin is positioned
unsuitably for N-demethylation, and progesterone is docked
outside the active site pocket. Therefore, more structural in-
formation is needed for better understanding the structural
plasticity of CYP3A4, interpretation of complex kinetic data, and
improvement of the outcomes for drug metabolism predictions.

Here we describe the cocrystal structure of CYP3A4 with the
drug midazolam (MDZ) bound in a productive mode. MDZ
(Fig. 1) is the benzodiazepine most frequently used for pro-
cedural sedation (9) and is a marker substrate for the CYP3A
family of enzymes that includes CYP3A4 (10). MDZ is hydrox-
ylated by CYP3A4 predominantly at the C1 position, whereas
the 4-OH product accumulates at high substrate concentrations
(up to 50% of total product) and inhibits the 1-OH metabolic
pathway (11–14). The reaction rate and product distribution
strongly depend on the assay conditions and can be modulated by
α-naphthoflavone (ANF), testosterone, and other small molecules
(12–18). Metabolism of MDZ is further complicated by the drug’s
ability to act as a NADPH and time-dependent inhibitor of
CYP3A4, possibly by covalent modification of the protein (19).
The crystal structure of the CYP3A4–MDZ complex helps us
better understand and explain these and other experimental
findings by providing direct insights into the protein–substrate
interactions and substrate-induced reshaping of the active site.

Results and Discussion
High Ionic Strength Promotes Formation of the CYP3A4–MDZ Complex.
Among structurally diverse compounds oxidized by CYP3A4,
MDZ is the most specific substrate and the best in vivo probe for
the CYP3A4 activity prediction (10). Because of this unique
property and the very limited structural information on the
CYP3A4–substrate interactions available so far, it was of great
interest to determine the crystal structure of the MDZ-bound
CYP3A4. However, our initial attempts were unsuccessful be-
cause, similar to most other substrates tested, MDZ dissociated
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from CYP3A4 during crystallization. Because high ionic strength
promotes association of small molecules to CYP3A4 (8), we tested
whether an increase in the phosphate concentration could facilitate
the CYP3A4–MDZ complex formation. Phosphate was chosen be-
cause it stimulates MDZ hydroxylation activity of CYP3A4 by in-
creasing kcat for both the C1 and C4 hydroxylation reactions (12). As
shown in Fig. 2A, MDZ is a classic type I ligand that induces a low-
to-high spin shift in the heme iron.When the phosphate concentration
is elevated from 0.1 to 0.6 M, the amplitude of the absorbance change
remains the same, but the titration curve saturates at a threefold lower
MDZ concentration, leading to a proportional decrease in the dis-
sociation constant (Kd), from 4.8 ± 0.4 to 1.8 ± 0.2 μM, respectively.
Thus, the phosphate ions could stimulate metabolism of MDZ, in
part, by increasing its binding affinity for CYP3A4.

Crystal Structure of the CYP3A4–MDZ Complex. Phosphate ions
promoted CYP3A4-MDZ cocrystallization as well. The brown
color of crystalline CYP3A4 indicated that the protein is substrate-
bound and in a high-spin form. The crystal structure was refined to
2.7 Å with R and Rfree of 22.4% and 29.2%, respectively (Table S1
and Fig. S1). Three molecules present in the asymmetric unit were
highly similar and had MDZ bound to the active site in a similar
orientation (Fig. 3 A and B). The better-defined molecule A was
used for structural and comparative analyses discussed here.
The diazepine/imidazole moiety of MDZ is near parallel to

and 3.4–3.7 Å above the heme. In addition to hydrophobic and
π–π stacking interactions with the cofactor, the heterocyclic ring
establishes hydrophobic and Van der Waals interactions with the
Arg105, Ile289, Ala305, Ala307, and Thr309 side chains, whereas
the imidazole nitrogen is H-bonded to Ser119. The fluorophenyl
group, in contrast, is sandwiched between the Leu216/Pro218
and Leu482 side chains. This arrangement and H-bonding to
Ser119 limit rotational, lateral, and vertical movements of MDZ
and fix it in position suitable for the C1 atom hydroxylation, with
the C1–Fe distance of 4.4 Å.
Having a large and malleable active site, CYP3A4 is expected

to undergo conformational changes to accommodate and regio-
specifically oxidize chemically diverse compounds. However, until
now, the active site reshaping has never been observed. In the
previously determined structures of CYP3A4, the ligands mainly
affected the F–F′ loop conformation and the relative orientation
of the F, F′, G′, and G helices, but these changes were fairly
modest (see Fig. 3.10 in ref. 20). The CYP3A4-MDZ cocrystal
structure provides a glimpse into how a small substrate molecule
could trigger large transformations of the active site, which can be
considered an induced fit. To bring MDZ closer to the heme and

properly orient, conformational changes in several regions take
place (Fig. 3C). The most drastic reorganization occurs in the F–G
helix–loop fragment that comprises the upper wall of the active
site cavity. This highly flexible fragment is considerably longer
in CYP3A4 (residues 202–263) and contains additional F′- and
G′-helical regions and connecting loops. A 12-Å movement of
Leu216 toward/with the fluorophenyl ring of MDZ leads to a
complete and partial unwinding of the F′ and G helices, re-
spectively; a one-turn extension of the F helix; and a 20° rotation of
the G′ helix. The G′ helix shift, in turn, forces the B–C loop to
move 5 Å away from the active site, whereas the C-terminal loop
shifts inward by 3 Å to fill the space emptied by the 211–216 res-
idues, bringing Leu482 closer to MDZ. Together, these confor-
mational perturbations lead to a collapse of the upper wall of the
active site cavity (∼20% volume decrease; Fig. 3D) and engulfment
and immobilization of MDZ. Furthermore, changes in the F–G
fragment are transmitted to the D, E, and H helices and the
N-terminal end of the I helix, which shift up or down by 0.6–1.6 Å
and involve residues as far as 36 Å away from the catalytic center.

Ser119 Is Critical for MDZ Binding. Because MDZ establishes only a
single H bond with the Ser119 residue, we tested whether the S119A
replacement affects the binding affinity for CYP3A4. The purified
S119A mutant exists partially in a high-spin form, but MDZ does not
cause any further increase in high-spin content. Instead, an increase
in MDZ concentration leads to a high-to-low spin conversion (Fig.
2B), resulting in formation of the resting (water-coordinated) form.
In the presence of 0.6 M phosphate, absorbance changes were
similar but more pronounced because the high-spin content in
CYP3A4 S119A is higher under these conditions (∼15% vs. ∼8% in
0.1 M phosphate). Based on spectral perturbations induced by
MDZ, it was possible to derive the Kd values, which were ionic-
strength-independent (6.4 ± 0.5 and 6.2 ± 0.6 μM at 0.1 and 0.6 M
phosphate, respectively) and 1.3- to 3.4-fold higher than the re-
spective values for the wild type. Because the high-spin transition in

Fig. 1. Structure of MDZ with the indicated primary (C1) and secondary (C4)
hydroxylation sites.

Fig. 2. (A and B) Spectral changes induced by MDZ in the wild type and
S119A CYP3A4, respectively. Arrows indicate direction of absorbance changes.
(Left insets) Difference spectra between the ligand-free and MDZ-bound
forms. (Right insets) Titration plots and hyperbolic fittings from which the Kd

values were derived. A low-to-high spin shift in CYP3A4 S119A induced by
testosterone is shown in Fig. S2.

Sevrioukova and Poulos PNAS | January 17, 2017 | vol. 114 | no. 3 | 487

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616198114/-/DCSupplemental/pnas.201616198SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616198114/-/DCSupplemental/pnas.201616198SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616198114/-/DCSupplemental/pnas.201616198SI.pdf?targetid=nameddest=SF2


CYP3A4 S119A could be induced by testosterone (Fig. S2), we
conclude that the H-bond to Ser119 is crucial for achieving the
MDZ binding mode observed in the crystal structure.
Further evidence for the importance of Ser119 in MDZ as-

sociation and metabolism was provided by Khan et al. (21), who
showed both that the S119A mutation switches the preferential
oxidation site from the C1 to C4 atom via a sevenfold increase in
Km for the 1-OH MDZ formation and a fourfold increase of
Vmax for the 4-OH metabolite production, and that the majority
of spectral changes during the CYP3A4–MDZ complex forma-
tion are caused by the substrate oriented suitably for the C1
hydroxylation. Our spectral data agree with these results and
indicate that Ala at position 119 disfavors the crystallographic
binding mode and promotes an alternative orientation in which
MDZ cannot displace the distal water ligand and, as the product
analysis showed (21), preferentially undergoes hydroxylation at
the C4 site. Together, the experimental and structural data, as
well as the finding that substitution of Ser119 profoundly changes
regioselectivity and total activity of steroid hydroxylation (22),
identify Ser119 as the key active site residue that defines the
substrate binding affinity, orientation, and oxidation sites.

Structural Explanation of Other Mutagenesis Results. In addition to
Ser119, Khan et al. investigated the role of 14 other residues in
MDZ metabolism (21). The mutation sites in their study were
chosen on the basis of the homology model because the X-ray
structure of CYP3A4 was not available at that time. Four of the
mutated residues (Ala305, Thr309, Ile369, and Ala370, shown in
green in Fig. 4) lie within the Van der Waals distance from the
diazepine/imidazole portion of MDZ. Changes in these residues’
size could directly affect the binding affinity and orientation of

MDZ and, hence, alter catalytic rate and product distribution. As
expected, the latter parameters were affected by all investigated
mutations (A305G/V, T309A/F, I369V/W, and A370V/F) to a
different extent (21). The T309A, A370F, and I369W substitutions
had the highest effect and decreased the overall activity by several-
fold. Furthermore, the T309F mutation completely switched
preferentiality in hydroxylation to the C1 site, and A305V, I369W,
and A370V to C4. The latter three mutations disfavor the ob-
served 1-OH orientation because of clashes with the MDZ
chlorophenyl ring. Polar Thr309, in contrast, is strategically posi-
tioned near the dioxygen-binding site (Fig. 4B) and, similar to
homologous residues in other P450s, could be involved in the
proton delivery network. As suggested by Khan et al. (21), a
marked decrease in the catalytic turnover caused by the T309A/F
mutations could, in part, result from the altered proton shuttle. In
silico modeling shows that Phe in position 309 would allow the
1-OH orientation if MDZ turns away by 10–15° around the
H-bonded imidazole nitrogen. That the 4-OH metabolite cannot
be formed by the T309F mutant suggests an existence of only one
binding site for this orientation, located in the vicinity of Thr309.
Other mutated residues are situated further away (shown in

cyan in Fig. 4) but could influence MDZ binding and metabolism
indirectly. Phe108, Ile120, and Phe304, for instance, are part of
the newly formed hydrophobic cluster near the fluorophenyl-
flanking Leu216 (Fig. 5A). By changing the side chain volume
and interresidue contacts, the F108A/W, I120A/W, and F304A/W
mutations could affect the mobility and positioning of Leu216
and, as a consequence, orientation of MDZ. The importance of
hydrophobic interactions at this site is evident from the notable
mutational effect on the metabolic activity and product distri-
bution (21). The Ala mutants’ activities were more or less similar

Fig. 3. Crystal structure of the CYP3A4–MDZ complex. (A) Superposition of three molecules present in the asymmetric unit shows their similar fold (root-
mean-square deviation between the ordered Cα-atoms is 0.6–0.7 Å). (B) Close-up view at the active site of molecule A. MDZ is bound above the heme plane
with the C1–Fe distance of 4.4 Å and forms a hydrogen bond with Ser119 via the imidazole ring nitrogen. The chlorophenyl ring is within the Van der Waals
distance from the Ile369–Ala370 fragment, whereas the fluorophenyl ring is flanked by the Leu216, Pro218, and Leu482 side chains. These interactions
immobilize MDZ and orient suitably for hydroxylation of the C1-atom, the primary oxidation site. Simulated annealing Fo–Fc composite omit map for MDZ (in
green mesh) is contoured at 3σ. (C) Superposition of the ligand-free (Protein Data Bank ID 1TQN; in light/dark green and black) and MDZ-bound (in gray,
magenta and red) structures. Structural elements undergoing reorganization are labeled. MDZ is in orange and space-filling representation. A 12-Å shift of
Leu216 (shown in cyan) is indicated by an arrow. (D) Slice through the superimposed 1TQN (cyan and magenta) and MDZ-bound structures (yellow and blue)
with semitransparent surfaces to show that the substrate-induced conformational switch leads to the active site collapse.
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to those of the wild-type CYP3A4, but Trp at either position led
to a two- to threefold increase in the reaction rate and a three- to
fourfold higher preference for the C1 hydroxylation. The bulkier

indole ring could strengthen hydrophobic contacts holding the
cluster together, thereby helping to maintain the Leu216 orienta-
tion optimal for the 1-OH association mode. In other words, the
F108W, I120W, and F304W mutations most likely stabilize the
1-OH binding mode, rather than prevent the 4-OH orientation.
Because Pro107 precedes Phe108, the P107A/W mutations could
increase this fragment’s flexibility and assist the aforementioned
cluster formation to some extent. Indeed, both mutations elevate the
catalytic rate by 30–50% and promote the C1 hydroxylation (21).
It is also of interest to discuss the mutational effect of two

residues from the I helix, Ile301 and Tyr307. An 80% decrease in
the 1-OH product formation caused by the I301W substitution
can be explained by steric hindrance and/or interference with
the H-bond formation to the nearby Ser119. That, similar to the
T309F mutation, I301W completely inhibits formation of the
4-OH metabolite is another indication that the binding site for
this orientation is near the I helix and largely overlaps with the
crystallographic binding mode. The side group of Tyr307, in
contrast, is directed parallel to the I helix and forms hydrophobic
interactions with Leu211. In the ligand-free CYP3A4, this and
the neighboring Leu210 comprise the F′–F loop, which becomes
part of the extended F helix upon formation of the CYP3A4–
MDZ complex. Therefore, substitutions in residues 210, 211, and
307 could influence MDZ orientation by altering hydrophobic
interactions and conformational dynamics in the F–G fragment.
This prediction is in line with the experimental findings showing
that replacement of Leu210 or Leu211 with Trp has a moder-
ately negative effect on the activity (30–45% decrease) and vir-
tually no influence on the product distribution (21). In contrast,
introduction of a smaller and less hydrophobic Ala instead of
Leu210 and Tyr307 would alter the active site architecture and,
as experimentally found, the oxidation site: L210A and 307A
shift preference toward the C4-atom hydroxylation, and Y307W
to C1 (21).

Structural Effect of Allelic Variants on MDZ Metabolism. The L373P
substitution, which was also investigated by Khan et al. (21), oc-
curs naturally and represents a single-nucleotide variation (SNV)
in human CYP3A4 (allele CYP3A4.12) (23). Leu373 is 6.8 Å away
from the C4 atom and comprises the β strand that lines the wall of
the heme-binding pocket (Figs. 4 and 5B). If, similar to the Leu
side chain, the phenyl ring is positioned below the heme plane, the
L373F mutation could only change the environment and redox
properties of the heme, but not the substrate association mode.
However, the L373F variant displayed a 10-fold lower preference
for the C1 hydroxylation relative to the wild type (21). This could

Fig. 4. (A and B) Side view and top view, respectively, at the active site of
the CYP3A4–MDZ complex, where residues mutated by Khan et al. (21) are
highlighted. Residues located within the Van der Waals distance or more
remotely from MDZ (in orange) are depicted in green and cyan, respectively.
Some secondary structure elements were deleted to provide a better view.

Fig. 5. (A) Reorganization in the hydrophobic cluster (in cyan) near the MDZ-flanking Leu216 (in blue) assists the 1-OH MDZ orientation. Corresponding
residues from the ligand-free 1TQN structure are shown in black. (B) Location of CYP3A4 SNVs whose functional effects on the MDZ metabolism were in-
vestigated. The I and E helices are in beige and pink, respectively; the F–G fragment is in green. (C and D) Residues comprising the peripheral progesterone
binding site (in different colors) and the F–G fragment (in black) in the ligand-free and MDZ-bound CYP3A4, respectively.
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happen if the phenyl ring protrudes into the active site and,
through steric clashing, disfavors the 1-OH binding mode.
Among numerous coding SNVs altering the functional activity of

CYP3A4 (24), the MDZ hydroxylase reaction has been investigated
in two more variants: T185S and L293P (alleles CYP3A4.16 and
CYP3A4.18, respectively) (21, 25, 26). Neither of these remote mu-
tations is in position to directly affect the CYP3A4-MDZ interaction
(Fig. 5B). Leu293 is at the N-terminal edge of the I helix and forms
hydrophobic interactions with Phe113 from the B–C-connecting loop.
Although both regions undergo MDZ-induced positional shifts, the
L293P mutation should not significantly affect conformational dy-
namics in CYP3A4 because of its remote and surface location. In-
deed, the L293P variant exhibits only a mild (∼15%) decrease in the
1-OH product formation (the 4-OH metabolic pathway was not in-
vestigated) (26). In contrast, the E helix Thr185 lies right underneath
Phe203 from the F helix (Fig. 5B). It is possible that the conforma-
tional changes induced by MDZ are transmitted to the E helix
through the Thr185–Phe203 interaction. In this case, even slight
changes in the volume of residue 185 could affect conformational
dynamics and modulate the substrate binding and oxidation. This
possibility could explain why the T185S mutation alters both 1-OH
and 4-OH metabolic pathways via a 30–50% change in the Vmax
and/or Km values (25).

Insights into the Effector and Cooperative Binding Mechanism. In-
creased production of the 4-OH metabolite and inhibition of the
1-OH pathway observed at high MDZ concentrations (11–14) is
an example of negative homotropic substrate cooperativity in
CYP3A4. The underlying mechanism for this phenomenon, as
well as the effector role of ANF, testosterone, or carbamazepine,
were investigated by NMR spectroscopy in combination with
molecular modeling techniques, using the ligand-free 1TQN
structure as a working model to deduce MDZ orientations con-
sistent with the experimental results (14, 17). Both studies were
conducted at high substrate:CYP3A4 ratios (260:1 or 1,000:1),
when the C1 hydroxylation is no longer favored and the 1-OH/
4-OH product ratio approaches unity. It was shown that under these
conditions, the substrate cannot closely approach the heme, as the
distances between the C1 and C4 protons of MDZ and the heme
iron were equal (7.6–8.0 and 7.8 Å, respectively), and 2–3 Å longer
than allowed for hydrogen extraction. The NMR data suggested
also that in the absence of effectors, MDZ freely rotates/slides
along the heme plane with no favorable orientation (17) or forms
stacked dimers (14). The movements of MDZ were restricted by
ANF and testosterone, which bound near the heme and promoted
the C1 and C4 hydroxylation, respectively (17). Carbamazepine, in
turn, was proposed to form stacked heterodimers with MDZ to
orient it favorably for the C4 hydroxylation (14).
Taking into account both the NMR and structural data, one

can conclude that overcrowding of the active site disallows
conformational changes observed in the crystal structure, and
that the 1-OH stimulation by ANF at low MDZ concentrations
(12) must proceed via a different mechanism because there is no
space within the catalytic cavity for the simultaneous binding of
the effector and MDZ in the crystallographic mode. As pre-
viously suggested, ANF could promote metabolism by enhancing
the CYP3A4–redox partner interaction (12) and/or oxygen ac-
tivation events (27), or modulate conformational dynamics in
CYP3A4 by docking to the surface site. One potential effector-
binding area identified in the progesterone-bound structure of
CYP3A4 is above the phenylalanine cluster (5, 8). However, this
peripheral site disintegrates upon MDZ binding (Fig. 5C), and
hence, its occupation by ANF would inhibit, rather than promote,
the substrate-dependent conformational switch.
Because MDZ triggers structural changes both within and far

away from the active site, ANF could modulate the drug metabolism
by associating with the affected areas (e.g., near the F–G fragment or
the D, E, H, or I helices) and changing conformational dynamics.

There are several surface clefts in the MDZ-bound CYP3A4 where
ANF and other effector molecules could potentially bind (Fig. 6A
and Fig. S3A). Two pockets are adjacent to the G′–G fragment and
the hydrophobic cluster near the MDZ-flanking Leu216 (Fig. 6B),
the areas undergoing structural rearrangement critically important
for the proper MDZ orientation. Both pockets preexist in ligand-free
CYP3A4, although with a distinct depth and shape (Fig. S3B). It is
possible that occupation of one or both of these sites by ANF could
affect the F–G fragment reorganization and the Leu216–cluster
formation, which, in turn, would modulate the MDZ binding and
metabolism.
Also, it is evident from the X-ray structure that the C4-atom of

MDZ cannot approach the catalytic center without expansion
of the active site. That formation of the 4-OH metabolite is

Fig. 6. Possible ANF binding sites in the MDZ-bound CYP3A4. (A) Surface
clefts on the proximal face with manually docked ANF molecules (in pur-
ple). The F–G fragment is in green; MDZ in orange. Potential ANF binding
sites on the distal side are shown in Fig. S3. (B) Side view at the pockets,
occupation of which by ANF could modulate conformational dynamics in
the F–G fragment (in gray and cyan) and the Leu216-cluster formation.
Selected residues comprising the potential ANF binding sites are shown in
yellow sticks.
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increased at high MDZ concentrations (11–14) also implies that
overcrowding and widening of the active site is a prerequisite for
this orientation. The latter requirement could explain why the
1-OH but not 4-OH metabolic pathway leads to CYP3A4 in-
activation (21). An NADPH and time-dependent loss of the
CYP3A4 activity was attributed to covalent protein modification
(19), although no direct evidence for protein–metabolite adduct
formation was presented. According to the X-ray structure, the
protruding C1-atom of MDZ is only 3.3–3.5 Å away from the Leu216
and Ala305 side chains. Thus, there is a possibility that the free
radical intermediate, formed after the C1 hydrogen extraction, could
attack and covalently attach to either of these residues without sig-
nificant movement of MDZ. In contrast, because of a central posi-
tion in the heterocyclic ring and the active site widening, a transient
radical formed at the C4 atom might be too far from any residue for
the covalent adduct formation.
Summing up, the CYP3A4–MDZ complex structure provides

unique insights into the substrate-induced readjustment and
reshaping of the active site. Structural reorganization involves
the entire F–G segment and triggers long-range residue move-
ments that transmit to the areas far away from the active site.
Based on the structural and previously reported experimental
results, it was possible to conclude that MDZ has two highly
overlapping binding sites near the I helix, and depending on the
substrate concentration, a collapse or widening of the active site
is required for the 1- and 4-OH metabolite formation. The ex-
tended and highly flexible F–G fragment, Ser119, Leu216,

Pro218, and Leu482 were identified as the key elements that assist
the substrate to associate in a productive mode. These elements are
not present in other drug-metabolizing CYPs (Figs. S4–S6), which
could explain why MDZ is predominantly oxidized by the CYP3A
enzyme subfamily. The X-ray structure also helps to better un-
derstand functional effect of SNVs and other genetic variations
and, by representing a conformational snapshot, could be used for
computer modeling and molecular dynamics simulations to improve
the outcomes for the in vivo drug metabolism predictions.

Materials and Methods
Protein Purification, Crystallization, and Structure Determination. The wild-
type and S119A mutant of human Δ3–22 CYP3A4 were expressed and pu-
rified as previously described (28). Crystallization and determination of the
X-ray structure of the CYP3A4–MDZ complex are described in SI Materials
and Methods. Data collection and refinement statistics are summarized in
Table S1. The atomic coordinates and structure factors were deposited to the
Protein Data Bank (ID code: 5TE8).

Equilibrium Titrations. Titration of 1 μM WT and S119A CYP3A4 with MDZ
(DMSO solution) was carried out in 0.1 or 0.6 M phosphate buffer at pH 7.4. The
Kd values were estimated from hyperbolic fits to the plots of the maximal
absorbance change vs. MDZ concentration using IgorPro (WaveMetrics).
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