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By converting cholesterol to 24S-hydroxycholesterol, cytochrome
P450 46A1 (CYP46A1) initiates the major pathway for cholesterol
removal from the brain. Two crystal structures of CYP46A1 were
determined. First is the 1.9-Å structure of CYP46A1 complexed with
a high-affinity substrate cholesterol 3-sulfate (CH-3S). The second
structure is that of the substrate-free CYP46A1 at 2.4-Å resolution.
CH-3S is bound in the productive orientation and occupies the
entire length of the banana-shaped hydrophobic active-site cavity.
A unique helix Bⴕ–C loop insertion (residues 116 –120) contributes
to positioning cholesterol for oxygenation catalyzed by CYP46A1.
A comparison with the substrate-free structure reveals substantial
substrate-induced conformational changes in CYP46A1 and suggests that structurally distinct compounds could bind in the enzyme active site. In vitro assays were performed to characterize the
effect of different therapeutic agents on cholesterol hydroxylase
activity of purified full-length recombinant CYP46A1, and several
strong inhibitors and modest coactivators of CYP46A1 were identified. Structural and biochemical data provide evidence that
CYP46A1 activity could be altered by exposure to some therapeutic
drugs and potentially other xenobiotics.
cholesterol metabolism 兩 monooxygenase 兩 drug interactions 兩
cholesterol 3-sulfate

A

ccumulating evidence indicates that neurodegeneration and
development of neurological disorders such as Alzheimer’s
disease (AD) are associated with disturbances in cholesterol
homeostasis in the brain (1–5). It is also becoming increasingly
clear that the conversion of cholesterol to 24S-hydroxycholesterol (24OH-CH) is an important mechanism that controls
cholesterol turnover in the central nervous system (6–8). Cholesterol 24-hydroxylation is carried out by cytochrome P450
46A1 (CYP46A1) and represents the first step in the major
pathway for cholesterol elimination from the brain (9–11).
Unlike cholesterol, 24OH-CH can cross the blood–brain barrier
and be delivered to the liver for further degradation to bile acids.
Studies of CYP46A1-knockout mice indicate that the continued synthesis and turnover of cerebral cholesterol via
24-hydroxylation are necessary for memory and learning (12).
There appears to be a link between CYP46A1 and AD; the
CYP46A1 expression pattern in the brain and levels of
24OH-CH in the serum and cerebrospinal f luid are different
in healthy people and those affected by AD (13–17). The
association between polymorphisms in the CYP46A1 gene and
susceptibility to AD was also demonstrated in a number of
studies (www.alzforum.org). However, this association has not
yet been unambiguously proven and is still under investigation.
Evidence has also been obtained in cultured cells and mice that
supports a role for side-chain oxysterols, including 24OH-CH,
as endogenous ligands for liver X receptors, that regulate the
expression of genes involved in fatty acid and cholesterol
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metabolism (7). 24OH-CH was also shown to inhibit the
formation of amyloid ␤-peptides, a hallmark of AD, in cell
cultures (14, 18). Additionally, 24OH-CH is thought to induce
apolipoprotein E-mediated cholesterol eff lux from astrocytes
and thus to affect the progression of neurodegenerative diseases, including AD (19).
CYP46A1 is one of the four key enzymes that control cholesterol turnover in mammals (20). All of them belong to the
cytochrome P450 superfamily of heme-containing monooxygenases, and all hydroxylate cholesterol, yet at different positions on
the sterol molecule (20). CYP7A1 initiates cholesterol degradation in the liver, CYP46A1 in the brain, CYP11A1 in steroidogenic organs, and CYP27A1 in all other tissues. CYP46A1 is
the first of these four P450s to be structurally characterized. The
substrate-bound and ligand-free crystal structures of human
CYP46A1 reveal specific interactions between the enzyme and
the high-affinity substrate cholesterol sulfate (CH-3S) and differences between the substrate-bound and substrate-free enzyme conformations. Structural studies suggested that the flexibility of the enzyme might permit the binding of other
compounds as substrates or inhibitors, and kinetic experiments
identified several marketed drugs that inhibited or stimulated
the activity of the enzyme in vitro. These results indicate that the
activity of CYP46A1 can be modulated by structurally unrelated
compounds used as therapeutic agents.
Results and Discussion
Design, Characterization, and Crystallization of a Modified CYP46A1.

Crystallographic studies were carried out on ⌬(2–50)CYP46A1dH
(21), a modified recombinant human CYP46A1, in which the first
50 N-terminal amino acid residues were deleted, and a His4 tag
was added at the C terminus. The truncation removed a 23residue transmembrane-anchoring domain and rendered this
membrane P450 more soluble. These modifications did not
adversely affect the kinetic properties of cholesterol, 24OH-CH,
and CH-3S hydroxylation (Table 1). ⌬(2–50)CYP46A1dH was
purified and crystallized in the presence of CH-3S, which we
found binds tightly to the enzyme with an estimated Kd of 7 nM,
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Table 1. Kinetic properties of CYP46A1 against different steroids
Cholesterol

24OH-CH

CH-3S

CYP4

kcat,
min⫺1

Km,
M

kcat/Km,
min⫺1/M

kcat,
min⫺1

Km,
M

kcat/Km,
min⫺1/M

kcat,
min⫺1

Km,
M

kcat/Km,
min⫺1/M

Full-length*
⌬(2–50)*

0.11†
0.43

5.4
7.7

0.02
0.06

0.92
0.85

3.9
1.5

0.24
0.56

0.46
2.5

4.9
3.3

0.09
0.8

*Contains a C-terminal His4 tag, which does not affect the kinetics of hydroxylation.
†The results are means of three to four measurements. SD ⱕ 20%.

which is ⬇10 times lower than the Kd of the endogenous substrate
cholesterol (100 nM). CH-3S is metabolized by both full-length
and truncated CYP46A1 reconstituted with cytochrome P450
reductase in vitro. The catalytic efficiency of CH-3S hydroxylation by full-length and ⌬(2–50)CYP46A1dH was better than that
of cholesterol hydroxylation and comparable with the efficiency
of 24OH-CH hydroxylation (Table 1). We established that
24OH-CH can be further metabolized by CYP46A1 to 24,25and 24,27-dihydroxycholesterols in both cell cultures and the in
vitro reconstituted system (22). Similar to cholesterol (11, 22),
the major product in the incubations with CH-3S had a retention
time and mass spectrum consistent with hydroxylation at C24
(data not shown). There was also a smaller conversion into a
product with a retention time and the mass spectrum indicative
of 24,25-dihydroxycholesterol, suggesting sequential hydroxylation of the 24-hydroxycholesterol sulfate. Approximately 10% of
24OH-CH present in human circulation is sulfated (10), and
bovine brain contains a similar fraction (⬇14%) of sulfated
24OH-CH (23). It is not, however, clear whether sulfated
24OH-CH is formed by the action of CYP46A1 on CH-3S or by
the action of a sulfotransferase on 24OH-CH (23). After successful crystallization of the CH-3S–CYP46A1 complex, we
crystallized the substrate-free enzyme also.
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CH-3S Binding to ⌬(2–50)CYP46A1dH. The crystal structure of ⌬(2–
50)CYP46A1dH complexed with CH-3S was solved (21), and the
final model was refined at 1.9-Å resolution [supporting information (SI) Table S1]. CH-3S is not hydroxylated by the enzyme
in the crystal structure because it is stable when bound to the
ferric form of the P450 in the absence of the electron transfer
from P450 reductase. This substrate is positioned unambiguously
in the 2兩Fo兩⫺兩Fc兩 composite-omit map with well defined electron
density for the steroid nucleus and carbon atoms C20–C24 of the

side chain (Fig. 1a). The terminal atoms of the side chain,
C25–C27, are less well defined but still within the envelope of the
electron density. An increased B-factor for C27 indicates a small
rotational vibration or disorder for this methyl group. CH-3S
occupies the active-site cavity over its entire length with the
steroid side chain facing the distal surface of the heme prosthetic
group and the sulfate anion directed toward the protein surface.
The sulfate group forms four hydrogen bonds, with His-81
(␤1-1–␤1-2 loop), Arg-110 (B⬘ helix), and Asn-227 (F–G loop)
of the enzyme (Fig. 1b). The steroid nucleus interacts with
Phe-80 (␤1-1–␤1-2 loop), Met-108, Tyr-109, Ala-111, Leu-112
(B⬘ helix), Ile-222 (F helix), Trp-368, Phe-371 (␤1–4 strand), and
Ala-474 (␤4 loop). Three of these residues, Ala-111, Leu-112,
and Ile-222, contact the flat surface of the steroid nucleus; and
three, Phe-80, Trp-368, Phe-371, are on the opposite side,
contacting the steroid axial methyl groups. Met-108 and Tyr-109
restrain the steroid nucleus along one edge as does Ala-474 at the
edge of the C ring. A hydrogen bond between Trp-368 and
Ala-474, and a network of hydrogen bonds involving Tyr-109,
Thr-370, Phe-371, Arg-372, and a heme propionate position
these active-site residues. The aliphatic tail of CH-3S is surrounded by Phe-121, Val-126 (in a B⬘–C loop insertion, unique
to CYP46A1), Ile-301, Ala-302, T306 (I helix), Ala-367 (␤4–1
strand), and Thr-475 (␤4 loop), which are located at a 3.7- to 4-Å
distance and likely to limit its motion. The C24 and C25 atoms
of CH-3S, the primary and secondary sites of hydroxylation by
CYP46A1, respectively, are positioned at a 5.7 ⫾ 0.05-Å distance
from the heme iron (Fig. 1c), which is ⬇1–1.5 Å greater than
expected for hydroxylation by the oxyferryl intermediate during
turnover (24). It is likely that CH-3S moves closer to the heme
iron during subsequent steps in the catalytic cycle after reduction
of the heme iron. The orientation and position of CH-3S suggest
that cholesterol will have a similar overall mode of binding. A

Fig. 1. CYP46A1 active site. (a) The composite-omit 2兩Fo兩⫺兩Fc兩 electron density map (green mesh) contoured at 1.5 around the heme (in pink) and CH-3S (in
yellow). Amino acid residues (in cyan) within 4 Å of CH-3S are shown. The heme iron and water molecule 732 are represented as big brown and small red spheres,
respectively. The oxygen, nitrogen, and sulfur atoms are in red, blue, and orange, respectively. Dashed cyan lines indicate hydrogen bonds. Residues forming
a circular scaffold are labeled in red. (b) Enlarged view of the active site around the sulfate anion of CH-3S and (c) in the vicinity of the heme iron. Dashed gray
lines connect the C24 and C25 of CH-3S and the heme iron.
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Fig. 2. Superposition of CH-3S-bound CYP46A1 structure (colored from blue at the N terminus to red at the C terminus) and vitamin D3-bound CYP2R1 structure
(in wheat) shown in stereoview. CH-3S and vitamin D3 are in yellow and cyan, respectively, and heme is in pink in CYP46A1 and in light pink in CYP2R1.

difference could be in contacts of the cholesterol 3␤ hydroxyl
with CYP46A1, and if so, in the depth of insertion in the active
site. Residues that may be involved in recognition of the
cholesterol 3␤ hydroxyl are His-81 and Asn-227.
The only other structurally characterized, eukaryotic P450
complexed with the compound similar to cholesterol is vitamin
D3-bound CYP2R1 [Protein Data Bank (PDB) ID code
2OJD].CYP2R1 is a vitamin D 25-hydroxylase (25, 26) that, like
CYP46A1, carries out regioselective hydroxylation of the sterol
side chain. Several features of the binding of CH-3S exhibit
similarities and differences compared with the binding of vitamin D3 to CYP2R1. Superposition (as described in Methods)
shows that the two P450s have very different orientations of the
substrate with respect to the heme (Fig. 2). In CYP2R1, vitamin

D3 enters the active site between the helices B⬘, G, and I, whereas
in CYP46A1 the entrance to the active-site channel is between
the helices B⬘, F, and the ␤-1 sheet region. An element that
contributes to this difference is the B⬘–C loop, which contains
five extra residues (116–120) in CYP46A1. The B⬘–C loop is
positioned near the G helix in CYP46A1 and blocks substrate
access because residues 116–120 extend toward and interact with
residues on the G and I helices: in particular, Phe-116–Leu-240;
Phe-116 carbonyl–Arg-244; Glu-118–Arg-248; Arg-119–Asp294, and Leu-120 carbonyl–Arg-251. Conversely in CYP2R1, the
␤1–4 strand is shifted up to 4 Å, blocking access of vitamin D3
from the direction observed for CH-3S. Despite the differing
routes of substrate access, the structural details in the vicinity of
the heme are similar in CYP2R1 and CYP46A1. The C atoms to

Fig. 3. Comparison of the CH-3S-bound and ligand-free CYP46A1 structures. (a) Superposition of the two structures. The CH-3S-bound structure is colored in
cyan, heme is in pink, and CH-3S is yellow except for the sulfate group, which is in orange. The ligand-free structure is colored in gray, and heme is in light pink.
(b) Solvent-accessible surface of the ligand-free (in gray) and CH-3S-bound (in yellow) active sites. The volume does not change significantly from 309 Å3 in the
ligand-free structure to 320 Å3 in the CH-3S-bound structure as calculated by VOIDOO (27). The active-site residues are colored in gray in the ligand-free structure
and in cyan in CH-3S-bound. Side chains in contact with the steroid nucleus shift 0.6 – 4.2 Å upon substrate binding, whereas residues interacting with the sulfate
group shift up to 9 –12 Å in the two structures. For clarity, part of the B⬘–C loop region (residues 113–120) is not displayed.
9548 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0803717105
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Drug or related compound
(indication or use)
No additive
Cholesterol
Clobenpropit (experimental
anticonvulsant)
Thioperamide (experimental
anticonvulsant)
Tranylcypromine (antidepressant)
Phenacetin (first nonsteroidal
antiinflammatory drug)
Acetaminophen (active ingredient
of Tylenol)
4⬘-(2-Hydroxyethoxy)-acetanilide
Quinine (antimalarial)
Quinidine (antiarrhythmic)
Lansoprazole (proton pump inhibitor)
Dapsone (antibacterial)

Cholesterol
hydroxylation, %

Kd, nM

100 ⫾ 4
27 ⫾ 3
ND*

100 ⫾ 12
80 ⫾ 9

34 ⫾ 4

50 ⫾ 10

ND
135 ⫾ 5

7⫾2

132 ⫾ 4
145 ⫾ 9
112 ⫾ 5
68 ⫾ 4
86 ⫾ 5
89 ⫾ 6

*ND, not detectable. The results are means of quadruple experiments.

be hydroxylated in the CH-3S and vitamin D3 side chains (C24
and C25, respectively) are at similar distances from the heme
iron (5.7 Å and 6.4 Å, respectively), and the substrate side chains
are oriented at virtually identical angles relative to the plane of
the heme. In both enzymes, substrate selectivity largely reflects
interactions with the protein near the entrance of the substratebinding site where the sterol and secosterol portions of each
molecule are sequestered.
Ligand-Free CYP46A1 Structure Compared with the Substrate-Bound
Form. The crystal structure of ligand-free ⌬(2–50)CYP46A1dH

was solved and refined at 2.4-Å resolution. Major differences in
the substrate-bound vs. unliganded structures are observed in
the positions of the secondary structure elements that define the
entrance to the active-site cavity, helices B⬘ and F (residues
106–113 and 209–225, respectively), and the loop linking sheets
␤1-1 and ␤1-2 (residues 79–83) (Fig. 3a). Binding of CH-3S
induces concerted movement of helix B⬘ and the F–G loop
inward and the ␤1-1–␤1-2 loop outward. These movements are
accompanied by shortening of the sheets ␤1-1 and ␤1-2 and
elongation of the G helix by 1.5 turns, which together with the
F helix, also shifts toward the ␤-sheet domain. The F–G loop
becomes more stabilized in the CH-3S structure and could be
traced; in the substrate-free structure electron density for residues 230–239 is not observed. Substrate binding results in a
formation of the channel that extends ⬇25 Å from the heme Fe
to the protein surface. Although the shape of the active-site
cavity changes when CH-3S binds (Fig. 3b), the volume of the
active site does not change appreciably as calculated by VOIDOO (27). The second group of residues affected by conformation changes in CYP46A1 comprises five active-site residues
that restrain the steroid nucleus around the C–D ring junction
(Tyr-109, Leu-112, Trp-368, Gly-369, and Ala-474; Figs. 1a and
3b). These residues form a circular scaffold and shift inward
upon interaction with the substrate. They are connected to the
residues at the entrance to the active site via a network of
hydrogen bonds. It is possible that conformational changes on
the CYP46A1 surface and the substrate-induced constriction of
the internal circular scaffold are coordinated.
Water plays an important role in P450 catalysis by providing
protons. In the ligand-free structure, the heme-coordinating
water, W718, is located 2.35 Å from the Fe (Fig. S1). Binding of
CH-3S displaces this water molecule ⬇0.8 Å parallel to the heme
Mast et al.

plane to the position of W732. The distance to Fe increases to
2.87 Å, and W732 becomes hydrogen-bonded to Thr-306 (2.9 Å)
and Ala-302 (2.9 Å). The proximity of W732 to the heme iron
could explain the partial low-to-high spin conversion in ⌬(2–
50)CYP46A1dH when CH-3S binds.
Pharmacological Implications of the CYP46A1 Structures. Conforma-

tional flexibility of the active site suggested a potential for the
enzyme to accommodate ligands other than sterols. This
prompted an evaluation of the inhibitory properties of ⬎50
compounds (Table S2), both marketed drugs and nonpharmaceuticals, in an assay employing a fixed concentration of cholesterol as a substrate (2.7 M, equal to 0.5 Km), and fixed
concentration of the potential inhibitor (43 M). Data on only
three compounds, the CNS active drugs clobenpropit, thioperamide, and tranylcypromine, which had a significant inhibitory
effect on CYP46A1 under the experimental conditions used are
shown in Table 2. No cholesterol hydroxylase activity was
detected in the incubations with clobenpropit and tranylcypromine, and inhibition with thioperamide was 66%. All three drugs
elicited a spectral response in CYP46A1, permitting determination of their apparent Kd values. The binding affinities of these
compounds were in the low nanomolar range and thus in
agreement with the observed significant inhibition of the
CYP46A1 activity. Because the drug-induced difference spectra
were of a type II response, which occurs when the hemecoordinating water is substituted by a nitrogen atom (28, 29), the
determined Kd values should correlate well with the IC50 values,
as established by previous studies of other P450s (30). Information on pharmacokinetics of tranylcypromine in humans is
available. The peak plasma concentrations of tranylcypromine
lie in the 0.065–0.19 g/ml (0.49–1.43 M) range (31), indicating
that it has a potential to inhibit CYP46A1 in vivo.
Perhaps more exciting was a discovery that three compounds
modestly activate cholesterol hydroxylation by CYP46A1. Cholesterol 24-hydroxylation was increased by ⬎30% in the presence
of phenacetin or acetaminophen (Table 2). Subsequent testing of
nine nonpharmaceutical analogs of phenacetin (Table S2) and
some of the known P450 activators (quinine, quinidine, lansoprazole, and dapsone) led to identification of an additional
activator. The phenacetin analog, 4⬘-(2-hydroxyethoxy)acetanilide, caused even greater, 45%, stimulation of the cholesterol hydroxylase activity of CYP46A, whereas quinine, quinidine, lansoprazole, and dapsone modestly inhibited CYP46A1
(Table 2). Although a larger activation would probably be
required to affect cholesterol turnover significantly in vivo, the
current results serve as a proof of concept that activation of
CYP46A1 is possible, in principle. The mechanism for this
activation could be similar to that proposed for the stimulation
of the CYP2C9-mediated 4⬘-hydroxylation of flurbiprofen by
dapsone (32–34). The stimulation is suggested to occur via
simultaneous binding of dapsone and flurbiprofen to the active
site of CYP2C9 with dapsone binding limiting the motion of
flurbiprofen and affecting the hydration of the active site. There
is an unfilled space, or a subpocket, in the active site of
CH-3S-bound CYP46A1 (Fig. S2). The subpocket is adjacent to
the CH-3S side chain and delimited by segments of the I helix
(Ile-301) and F helix (Val-215, Ile-219, Ile-222), the loop between the ␤4-1 and ␤4-2 strands (Ala-474), and a part of the
B⬘–C loop (Leu-112, Leu-120, Phe-121). This void could serve as
a site for binding of small xenobiotics in the presence of
cholesterol, where they might influence the position of the
aliphatic tail of the cholesterol to improve the efficiency of
hydroxylation. Although this subpocket is small, it increases in
size if the substrate moves closer to the heme during activation
occurring throughout optimization of the substrate position for
reaction. Additionally, the insertion in the helix B⬘–C loop is
likely to be sufficiently malleable to deform in the presence of the
PNAS 兩 July 15, 2008 兩 vol. 105 兩 no. 28 兩 9549
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Table 2. Effect of some drugs and related nonpharmaceuticals
on cholesterol hydroxylase activity and binding to CYP46A1

activator because it exhibits a loop structure as seen in the
rearrangement upon CH-3S binding. The other possibility is that
the coactivators exert their effect through some other mechanism that does not involve the subpocket.
In summary, this work demonstrates crystallization of a
human enzyme that utilizes cholesterol as a primary endogenous substrate. The enzyme is distantly related to other
structurally characterized mammalian P450s. The two
CYP46A1 structures indicate that binding of CH-3S elicits an
induced fit that serves to anchor the cholesterol nucleus near
the active-site entrance and restrict the motion of the aliphatic
side chain near the catalytic center of the molecule. The
f lexibility of the protein may render the enzyme susceptible to
inhibition/stimulation by structurally unrelated compounds as
demonstrated by the identification of several inhibitors and
activators of cholesterol 24-hydroxylation among a panel of
drugs used in clinical practice.
Methods
Protein Purification and Crystallization. CYP46A1 complexed with CH-3S was
expressed, purified, and crystallized as described in ref. 21. The substrate-free
form was purified by using the same protocol as the CH-3S-bound form except
that the substrate was omitted from all of the buffers, and 30 mM histidine
was used to elute the enzyme from the Ni–agarose column. Crystals of
substrate-free CYP46A1 were obtained under conditions similar to those of
the CH-3S-bound CYP46A1, by microseeding with a cat whisker (21). The well
solution was 8% PEG 8000, 50 mM potassium phosphate buffer (KPi), pH 4.7,
20% (vol/vol) glycerol.
Structure Determination and Refinement. The CH-3S-bound structure was
solved by using MIRAS data collected in-house as described in ref. 21 and then
refined by using high-resolution data (Table S1). The high-resolution data
were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) beam
line BL 11-1, with 0.97945-Å radiation. The same beam line was used to collect
a high-resolution dataset from a substrate-free CYP46A1 crystal. The structure
of substrate-free CYP46A1 was solved by rigid-body refinement with the
CH-3S-bound CYP46A1 structure as a starting model. Both structures were
refined by using PMB/CNS (35, 36). The quality of each structure was assessed
by using Molprobity (37). The CH-3S-bound structure had 97.9% residues in
the most favored region, 2.1% in the allowed region, and no outliers. Similarly, the substrate-free structure had 95.9% of residues in the favored region,
4.1% in the allowed region and no outliers.

Kinetic Studies. The ability of recombinant CYP46A1 to metabolize CH-3S was
tested by using CYP46A1 reconstituted with cytochrome P450 reductase in
vitro. After termination of the enzyme reaction, the substrate and products
were extracted, solvolyzed, converted into trimethylsilyl ethers, and analyzed
by gas chromatography-mass spectrometry as described in ref. 22. Kinetic
parameters for cholesterol, 24OH-CH, and CH-3S were determined at 37°C in
detergent-free 50 mM KPi containing 50 mM NaCl, if ⌬(2–50)CYP46A1dH was
used, or in the presence of 40 g of dilauroylglycerol-3-phosphatidylcholine,
100 mM NaCl, and 0.02% Cymal-6, if full-length CYP46A1 was used. The
reaction conditions were optimized for the formation of only one product.
The reconstituted system (1 ml) contained 0.1– 0.25 M P450, 0.5 M NADPH
cytochrome P450 oxidoreductase, varying concentrations of cold substrate
(1–75 M), 250,000 cpm of radiolabeled substrate, and 2 units of catalase. The
enzymatic reaction was initiated by 1 mM NADPH, carried out for 5–15 min,
and terminated by vortexing with 2 ml of CH2Cl2, if cholesterol or 24OH-CH
was used, or with butanol containing 0.3 M NaCl, if CH-3S was used. The
organic phase was isolated, evaporated, dissolved in acetonitrile, and subjected to HPLC. Incubations with cholesterol and 24OH-CH were separated as
described in ref. 38 and those with CH-3S by using a linear gradient between
solvent A (CH3OH:CH3CN:H2O, 40:10:50, vol/vol) and solvent B (100% CH3OH)
over 15 min, after which the flow was kept at 100% solvent B for another 7
min. Substrate metabolism was ⬍18% and linear with reaction time and
enzyme concentration. Data were analyzed as described in ref. 22.
Inhibition/Stimulation Studies. The effects of different compounds on cholesterol hydroxylase activity of CYP46A1 were evaluated in the reconstituted
system comprising 0.25 M full-length recombinant CYP46A1, 0.5 M NADPH
cytochrome P450 oxidoreductase, 2.7 M cholesterol as a substrate, trace
amounts of [3H]cholesterol (250,000 cpm), and 43 M test compound. The
assay buffer was the same as in kinetic studies.
Alignment of P450s. Sequences of 12 structurally characterized mammalian
P450s (PDB ID codes 1Z10, 2P85, 1SU0, 1PQ2, 1R90, 1NR6, 2F9Q, 20JD, 2HI4,
1TQN, 2Q9F, and 2IAG) were aligned by using ClustalW (Fig. S3). From this
alignment, six blocks of 238 residues throughout the protein sequence that do
not have any insertions or deletions in any of the 12 were identified. For each
structure, the ␣-carbons (C␣) of these residues were used for alignment with
CYP46A1 by using the MIFit least-squares fit function (J. Badger and D. E.
McRee, Active Sight). The rmsd for the 238 C␣ atoms used in the alignment of
CYP46A1 and CYP2R1 is 3.0 Å.

Spectral Binding Studies. Binding affinities of different compounds were
estimated as described (22, 38) by using 0.25 M P450. Titrations of ⌬(2–
50)CYP46A1dH were carried out in 50 mM KPi, pH 7.2, containing 50 mM NaCl;
the assay buffer for full-length CYP46A1 contained 100 mM NaCl and 0.02%
Cymal-6. Steroids were added from 0.2–5 mM stocks in 2.5– 45% aqueous
2-hydroxypropyl-␤-cyclodextrin; clobenpropit, thioperamide, phenacetin,
acetaminophen, 4⬘-(2-hydroxyethoxy)-acetanilide, quinine, quinidine, lansoprazole, and dapsone were dissolved in water, and tranylcypromine in 50%
MetOH. The Kd and maximal absorbance change were estimated by nonlinear
least-squares fitting by using the quadratic form of the single-site binding
equation (39).
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