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ABSTRACT: Cytochrome P450 46A1 (CYP46A1)is a key enzyme responsible for cholesterol elimination
from the brain. This P450 can interact with different steroid substrates and protein redox partners. We
utilized hydrogen—deuterium (H-D) exchange mass spectrometry for investigating CYP46A1-ligand
interactions. First, we tested the applicability of the H-D exchange methodology and assessed the
amide proton exchange in substrate-free and cholesterol-sulfate-bound P450. The results showed
good correspondence to the available crystal structures and prompted investigation of the CYP46A1
interactions with the two steroid substrates cholesterol and 24S-hydroxycholesterol and the protein
redox partner adrenodoxin (Adx). Compared to substrate-free P450, four peptides in cholesterol-
bound CYP46A1 (65—80, 109—116, 151—164, and 351—361) and eight peptides in 24S-hydroxycho-
lesterol-bound enzyme (50—64, 65—80, 109—116, 117—125, 129—143, 151—164, 260—270, and 364—
373) showed altered deuterium incorporation. Most of these peptides constitute the enzyme active site,
whereas the 351—361 peptide is from the region putatively interacting with the redox partner Adx.
This also defines the proximal (presumably water) channel that opens in CYP46A1 upon substrate
binding. Reciprocal studies of Adx binding to substrate-free and cholesterol-sulfate-bound CYP46A1
revealed changes in the deuteration of the Adx-binding site 144—150 and 351—361 peptides, active site
225—239 and 301—313 peptides, and in the 265—276 peptide, whose functional role is not yet known.
The data obtained provide structural insights into how substrate and redox partner binding are
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coordinated and linked to the hydration of the enzyme active site.

The initial reactions in cholesterol biotransformation to
bile acids and steroid hormones are catalyzed by a group of
hemoproteins called cytochrome P450s (P450s or CYPs')
(1,2). The focus of the present work is on CYP46A1, which
catalyzes the first step in the major pathway of cholesterol
elimination from the brain. CYP46A 1 converts cholesterol
to 24S-hydroxycholesterol. Unlike cholesterol, 24S-hy-
droxycholesterol can cross the blood—brain barrier and
be transported to the liver for further degradation to bile
acids (3,4). The significance of CYP46A1 may not be
limited to its involvement in cholesterol degradation.
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24S-Hydroxycholesterol is a potent activator of the LXR
receptors in cultured cells and mice (5); therefore,
CYP46A1 may play a regulatory role by producing a
biologically active product. It is also possible that
CYP46A1 may be involved in subsequent metabolism of
24S-hydroxycholesterol. In vitro, CYP46A1 was found to
further oxidize 24S-hydroxycholesterol to 24,25- and
24,27-dihydroxycholesterols with the catalytic efficiency
~10-fold higher than that of cholesterol hydroxylation
(6,7). CYP46A1 activity in vitro can be reconstituted with
either NADPH-cytochrome P450 oxidoreductase (CPR),
the redox partner for microsomal P450s (6), or with
adrenodoxin reductase (AdR) and adrenodoxin (Adx)
constituting the mitochondrial electron transfer chain
(Pikuleva I. A., personal communication). Thus, it is
possible that in vivo CYP46A1 interacts with different
steroids and redox partners. Crystal structures of the
substrate-free and cholesterol-sulfate-bound CYP46A1
have been recently determined and revealed that the
enzyme undergoes significant conformational changes
upon substrate binding (7). This conformational flexi-
bility prompted the current study accessing the molecular
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dynamics of CYP46A1 in solution upon interaction with
different ligands, steroid substrates, and protein redox
partner Adx.

Amide hydrogen—deuterium (H-D) exchange analyzed
by mass spectrometry is a powerful tool for the analysis of
protein conformation and dynamics in solution (§—12).
Two ionization methods, electrospray ionization (EST) and
matrix-assisted laser desorption ionization (MALDI) are
typically used in the H-D exchange experiments. The
MALDI-based approach usually has a lower coverage of
protein sequence and higher rate of back-exchange than
the ESI-based approach but a higher speed of spectral
acquisition, more straightforward peak assignment, and
simpler data analysis. MALDI H-D exchange has been
broadly used to study conformational changes in peptides
(13—15), protein aggregation (/6,17), epitope mapping
of a monoclonal antibody (/8), protein—membrane inter-
action (/9), thermodynamics of protein—ligand complexes
(20—23), and dynamics of various proteins in different
states (24—34). The data obtained by MALDI H-D
exchange are in good agreement with the data available
from crystal structures (27—34). In the present work, we
demonstrate that the MALDI H-D exchange is well suited
to detect ligand-induced conformational changes in
CYP46A1. We were able to identify and compare regions
of the P450 affected by the binding of cholesterol sulfate,
cholesterol, 24S-hydroxycholesterol, and Adx and
through these studies enhance our understanding of how
substrate binding affects the interaction between the P450
and the redox partner and how the redox partner affects
binding of the substrate.

EXPERIMENTAL PROCEDURES

Materials. Deuterium oxide (99.96%) was purchased
from Cambridge Isotope Laboratories (Andover, MA),
immobilized pepsin from Pierce Chemicals (Rockford,
IL), cholesterol and 24S-hydroxycholesterol from Avanti
Polar Lipids (Alabaster, AL), and ZipTip Cig tips from
Millipore (Bedford, MA). All other chemicals were from
Sigma-Aldrich (St. Louis, MO). Prior to digestion, beads
of immobilized pepsin were prewashed twice with 1 mL
of cold 0.03% TFA (pH 2.5) and resuspended in cold
0.03% TFA.

Proteins. The truncated form, (A2—50), of recombi-
nant human CYP46A1 was expressed as described (35).
To obtain substrate-bound CYP46A1, enzyme purifica-
tion was carried out in the presence of a selected steroid
(35), namely, 50 uM cholesterol sulfate, 30 uM cholester-
ol, or 50 uM 24S-hydroxycholesterol. After the last
purification step, CYP46A1 was diluted and concen-
trated several times to decrease the concentration of NaCl
present in the buffer to 25 mM and adjust the ratio of
steroid to CYP46A1 to 1:1. Recombinant bovine adre-
nodoxin was expressed and purified as described (36).

H-D Exchange. To initiate deuterium incorporation
into substrate-free and steroid-bound CYP46A1, 5 uL of
40 uM protein (200 pmol) was mixed with 95 uL of the
labeling buffer and 50 mM potassium phosphate (pD 7.2,
in 95% D,0). At certain time points, 10 4L of solution
(20 pmol of CYP46A1) was removed and quenched
with 10 uL of chilled 0.45% TFA. The final pH of the
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quenched sample was 2.5, and the sample was immedi-
ately frozen on dry ice/ethanol and stored at —80 °C until
further analysis. Before the analysis, the quenched sample
(20 uL) was thawed on ice for 5 min, mixed with 4 uL of
prewashed immobilized pepsin slurry, and digested for 6
min on ice with occasional mixing. Beads of immobilized
pepsin were then removed by centrifugation at 10,000g
for 20 s, and the supernatant was applied to the ZipTip
Cg tip. The tip was washed with 0.03%TFA, and pep-
tides were eluted with 20% acetonitrile then 50% acet-
onitrile, each containing 0.03%TFA. Each fraction was
mixed 1:1 (v/v) with a chilled matrix solution containing
6 mg/mL a-cyano-4-hydroxycinnamic acid, 40% aceto-
nitrile, and 0.03% TFA. The mixture was quickly spotted
onto a chilled stainless steel target plate. After 1 min,
when peptides—matrix crystals precipitated, extra liquid
was absorbed from the edge of each spot using tissues.
The plate was immediately loaded into the mass spectro-
meter, and data were acquired without delay. All manip-
ulations beginning from sample thawing to spotting the
peptides onto the target plate were carried outat4 °Cina
cold room.

To probe the CYP46A1 dynamics upon Adx binding,
200 pmol of cholesterol-sulfate-bound or substrate-free
CYP46AT1 and 2 nmol (10-fold molar excess) of Adx were
incubated in a total volume of 10 L for 10 min at room
temperature. To initiate deuterium incorporation, the
reaction mixture was then diluted 20-fold into 50 mM
potassium phosphate (pD 7.2, in 95% D,0). Sample
collection, quenching, pepsin digestion, ZipTip Cig se-
paration, and spotting onto the target plate were per-
formed exactly the same as described above.

MALDI-TOF MS. The MALDI-TOF mass spectra
were acquired using a 4700 Proteomics Analyzer (Applied
Biosystems, Framingham, MA). For initial assignment
of peptic fragments, a peptic digest of CYP46A1 was
prepared using the same digestion and handling condi-
tions that were used for deuterium exchange experiments.
The following identification of peptic fragments was
performed on the basis of exact mass and MS/MS analy-
sis. MS-mode acquisitions consisted of 2,400 laser shots
averaged from 30 sample positions in each spot. In the
MS/MS-mode acquisitions, 6,000 laser shots were
averaged from 60 sample positions in each spot. The
signal intensity threshold was set to a signal-to-noise
ratio of 10. The precursor ion selection window was
set at a resolution of 150, which is a typical setting
for this instrument. Automated acquisition of MS and
MS/MS data was controlled by 4000 Series Explorer
software 3.0. MS spectra were internally calibrated in
a two-point procedure using reference peptides with m/z
[M + H]" values 976.5210 and 1891.0588. These pep-
tides had been previously identified by MS/MS analysis.
After calibration, MS spectra were manually analyzed
on the basis of matching the observed masses with
the theoretical masses of CYP46A1 peptides generated
by FindPept software (http://us.expasy.org/tools/
findpept.html) for pepsin digestion (pH > 2) with 4
missed cleavages. The observed m/z [M + H]" values
deviated from the theoretical m/z [M + H]" values by
no more than 10 ppm. Each identified peptide was also
systematically interrogated by MS/MS analysis, and each
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MS/MS spectrum was manually interpreted to validate
the peptide.

Deuterium incorporation was determined by calculat-
ing the centroid of each isotopic peak cluster. The cen-
troids were computed using the DEX software pac-
kage (37); the centroid is a weighted average of the
m/z values of the peaks in the isotopic envelope, with
the weights equal to the corresponding peak areas.
Deconvolution was performed using the natural isotopic
distribution.

Back-exchange was estimated by measuring deuterium
incorporation in a model peptide: KAQYARSVLLEK-
DAEPDILELATGYR (peptide B, NIST Reference Ma-
terial 2397). This peptide was deuterated for 3 h and
digested using the same handling conditions that were
used for the CYP46A1 H-D exchange experiments. The
ratio between deuterium incorporation and the total
number of exchangeable backbone amide hydrogens for
two peptic fragments of 1028.51 and 1034.59 Da was
calculated and represents the back-exchange. The average
of three experiments showed that the deuterium loss
during the analysis was 48 £+ 2% for both peptic frag-
ments. Since all experiments were carried out under
identical experimental conditions, the data obtained were
not adjusted for the back-exchange (10).

Data Analysis. The full set of data used to determine if a
peptide experienced a significant change in deuterium
incorporation upon substrate or Adx binding is in the
Supporting Information. Significance was not deter-
mined by a specific statistical test. Instead, we attempted
to apply the same rules, described below, to each deter-
mination in an unbiased fashion.

Variation due to the ZipTip C,g separation and sample/
martrix spotting sometimes caused a replicate experiment
to give a low intensity or obscured mass spectrum for a
particular peptide at one or more time points. The relative
deuterium incorporation at these time points either could
not be determined or had a distorted deuterium uptake
curve. Uptake curves with few time points were dis-
carded. Peptides with significant differences between the
control and treatment groups were then identified as
follows. First, among the three replicate experiments for
each peptide, the two replicate experiments with the most
similar deuterium uptake curves were selected. Next, the
mean difference in deuterium incorporation between the
control time points and the treatment time points were
plotted for each peptide (Figures S1 and S2 in Supporting
Information). Specifically, for a given peptide, the differ-
ence between each control/treatment pair in both repli-
cate experiments was determined, and then the mean of
these differences was calculated. These plots served as a
guide for selecting the peptides that experienced a sig-
nificant change in deuterium incorporation upon treat-
ment. Generally, peptides with a mean difference greater
than 0.5 were selected. However, to make a final decision
for each peptide, the deuterium uptake curves for both
replicate experiments were compared (Figures S3 to S17
in Supporting Information). Generally, both replicate
experiments had to indicate a significant difference be-
tween the control and treatment to classify the peptide as
experiencing a change in deuterium incorporation upon
substrate or Adx binding. The exceptions were peptides
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260—270 and 364—373 in 24S-hydroxycholesterol treat-
ment and peptides 301—313 and 351361 in Adx treat-
ment. These exceptions are discussed in Supporting
Information.

Analysis of the DEX output was performed using the
R programming language (38), Microcal Origin 6.0
(OriginLab, Northhampton, MA), and PyMOL (DeLa-
no Scientific LLC, South San Francisco, CA).

RESULTS

Peptide Mapping and Sequence Coverage of CYP46A1.
To improve sequence coverage, the peptic peptides were
first fractionated on ZipTip C;g tips by using a two-step
elution with 20% acetonitrile followed by 50% acetoni-
trile. Subsequent accurate mass measurements of peptide
ions and sequence information from the MS/MS frag-
mentation made it possible to assign monoisotopic
masses to specific CYP46A1 peptides in each fraction.
A total of 53 peptide fragments whose isotopic envelopes
were well resolved after the H-D exchange were consid-
ered. These peptides cover most secondary structural
elements in CYP46A1 and represent 83% of the protein
sequence (Figure 1). The regions of CYP46A1 that were
lost and not analyzed include residues 81—108 (the 51—2
sheet/B helix), 281—293 (H—I loop), and 406—425
(K" helix) (Figure 1).

H-D  Exchange  of  Cholesterol-Sulfate- Bound
CYP46A1. The deuterium incorporation into substrate-
bound CYP46A1 was compared to that of the substrate-
free CYP46A1l. Eleven peptides were found to have a
change in deuterium uptake upon cholesterol sulfate
binding (Figure 2). Six of these peptides (65—80, 109—
116, 117—125,225-239, 362—373, and 364—373) contain
residues (F80, M108, Y109, R110, Al111, L112, F121,
N227, A367, W368, and F371) that interact with choles-
terol sulfate in the crystal structure of cholesterol-sulfate-
bound CYP46A1(7). The other five peptides (50—64,
129—143, 151—164, 351361, and 445—455) are away
from the active site. All 11 peptides that showed altered
H-D exchange in solution represent the regions in
CYP46A1 that were affected by cholesterol sulfate bind-
ing in the enzyme crystal structure (Figure 3). Also, the
largest occurrences of deuteration in solution were ob-
served for the most dynamic elements of the CYP46A1
crystal structure (peptides 50—64, 65—80, 109—116, and
225—239). These results suggested that the MALDI-
based H-D exchange provides meaningful data and that
the conformational differences between the cholesterol-
sulfate-bound and substrate-free crystal structures of
CYP46A1 (7) indeed reflect the substrate-induced con-
formational changes occurring in the protein in solution.
These studies with cholesterol sulfate established the
applicability of the H-D exchange methodology for elu-
cidation of the molecular dynamics of CYP46Al in
solution and gave impetus to the investigation of choles-
terol and 24S-hydroxycholesterol binding. Crystal struc-
tures of cholesterol- and 24S-hydroxycholesterol-bound
CYP46A1 are not yet available.

H-D Exchange of Cholesterol- and 24S-Hydroxycholes-
terol-Bound CYP46A1. As in the case with cholest-
erol sulfate, deuterium incorporation was compared
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FIGURE 1: Sequence coverage of human CYP46A1 by peptic digestion. The peptides considered suitable for obtaining H-D exchange data are
indicated by arrows and cover 83% of the (A2—50) CYP46A1 sequence. The secondary structural elements are shown above the sequence. Helixes
and sheets are shown in red and blue, respectively.
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FIGURE 2: Peptides showing altered H-D exchange upon binding of cholesterol sulfate. The scale of the y axis shows the expected number of
deuterated amide groups in each peptide. Adjustment for the back-exchange was not performed; therefore, the difference in deuterium
incorporation between substrate-free (O) and cholesterol-sulfate-bound (l) CYP46A1 is a relative value.

to that of the substrate-free CYP46A1. Only four pep-
tides (65—80, 109—116, 151—164, and 351—361) showed

H-D exchange in cholesterol-sulfate-bound CYP46Al.
Yet in cholesterol-bound CYP46A1, deuterium in-

altered H-D exchange upon cholesterol binding corporation was smaller than that in the cholesterol-
(Figure 4). These peptides also exhibited changes in sulfate-bound enzyme.
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FIGURE 3: Regions in the CYP46A1 structure showing altered
deuterium incorporation upon binding of cholesterol sulfate. Sub-
strate-free CYP46A1 is in orange, cholesterol-sulfate-bound is in
cyan, cholesterol sulfate is in yellow, and heme is in pink. The 230—
239 region is disordered in substrate-free CYP46A1 and is therefore
not shown.

Interaction with 24S-hydroxycholesterol elicited H-D
exchange similar to that observed upon the binding of
cholesterol sulfate. Eight peptides were identified (Fig-
ure 5). Seven of them are the same as those that showed
altered deuterium uptake in cholesterol-sulfate-bound
CYP46A1 (50—64, 65—80, 109—116, 117—125, 129—
143, 151—164, and 364—373); however, one peptide
(260—270) was different. This peptide may reflect a
distinct feature of 24S-hydroxycholesterol binding to
CYP46A1. Also, interaction with 24S-hydroxycholester-
ol did not affect deuteration of the 351—361 peptide,
which showed changes in H-D exchange in cholesterol-
and cholesterol-sulfate-bound CYP46A1.

Figures 2, 4, and 5 show mainly a decrease in H-D
exchange suggesting a reduction in the flexibility of the
protein backbone and/or shielding of the selected back-
bone protons by the substrate. Substrate-increased pro-
ton exchange of CYP46A1 was rare and observed only for
the 364—373 peptide upon 24S-hydroxycholesterol-bind-
ing (Figure 5).

H-D Exchange of CYP46A1 Complex with Adx. Adx is
a small 13 kDa soluble protein that transfers electrons to
CYP46AL1 in the in vitro reconstituted system. We used
Adx as a model to gain insight into how substrate binding
affects interaction of CYP46A1 with the redox partner.
Unfortunately, we could not investigate the complex
formation with CPR, the CYP46A1 natural redox part-
ner. The sequence coverage of this complex was low in
MALDI-based H-D exchange because both (A2—50)
CYP46A1 and CPR are high molecular weight proteins
(52 kDa and 78 kDa, respectively).

Substrate-free and cholesterol-sulfate-bound forms of
CYP46A1 were used in the experiments with Adx. The
results are summarized in Figure 6. Interaction with Adx
affected the deuteration of five peptides in substrate-free
CYP46A1 (144—150, 225—239, 265—276, 301—313, and
351—361). Three of these peptides (144—150, 265—276,
and 301—313) also showed altered H-D exchange upon
Adx binding in cholesterol-sulfate-bound CYP46A1. The
225—239 peptide that had the largest decrease in deuter-
ium incorporation in the substrate-free CYP46A1—Adx
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complex was unaffected in cholesterol-sulfate-bound
CYP46Al. As for the 351—361 peptide, unlike experi-
ments with substrate-free CYP46A1, we could not find
this peptide in cholesterol-sulfate-bound CYP46A1. On
the basis of our mutagenesis studies, the 351—361 peptide
represents a portion of the Adx-binding site in CYP46A1
(Pikuleva, I. A., personal communication).

In contrast to substrate binding that mainly led to
a decrease in H-D exchange, Adx binding increased the
H-D exchange in three of the five peptides identified in
substrate-free CYP46A1 and all three peptides in choles-
terol-sulfate-bound CYP46A1.

DISCUSSION

In the present work, we utilized H-D exchange mass
spectrometry to study CYP46Al, an important enzyme
that controls cholesterol elimination from the brain. We
capitalized on the availability of substrate-free and sub-
strate (cholesterol sulfate)-bound crystal structures of
CYP46A1 (7) and comparative analysis of these structures
indicating that the enzyme active site is conformationally
flexible. We first compared deuteration of cholesterol-
sulfate-bound and substrate-free CYP46A1 in solution
and identified peptides showing different deuterium incor-
poration. These peptides were then mapped on the crystal
structures of CYP46A1 and found to coincide with the
regions of structural changes occurring upon interaction
with cholesterol sulfate (Figure 3). Such good correspon-
dence to the crystallographic data suggested that the
MALDI H-D exchange methodology can indeed be used
for studies of CYP46A1—ligand interactions and justified
subsequent experiments with cholesterol, 24-hydroxycho-
lesterol, and Adx. A summary of the peptides exhibiting a
change in deuterium uptake upon binding of each of the
tested ligands is shown in Table 1.

Cholesterol binds weaker to CYP46A1 than cholesterol
sulfate, and in vitro has an apparent K4 ~ 10 times higher
than that of cholesterol sulfate (7). The catalytic efficiency
of cholesterol hydroxylation by CYP46A1 is also lower in
the in vitro reconstituted system (7). Likely because of
weaker binding, only four peptides in CYP46A1 were
found to have altered deuteration upon interaction with
cholesterol (shown in red in Figure 7). Two of these
peptides form a part of the CYP46A1 active site. They
are located at the entrance (the 65—80 peptide, which
forms a part of the helix A) and in the middle of the
substrate binding cavity (the 109—116 peptide, which
forms a part of the B’ helix) (Figure 7). The other two
peptides are outside the active site and seem to be asso-
ciated with the binding of the CYP46A1 redox partner
Adx. The 351—361 peptide (helix K) contains K358, whose
mutation to alanine abolishes cholesterol hydroxylation
when the redox partner is Adx but has no effect on
cholesterol hydroxylation when the redox partner is CPR
(Pikuleva, I. A., personal communication). The 351—361
peptide also defines a side of the proximal channel (pre-
sumably water channel) that is formed upon binding of
cholesterol sulfate and filled with a network of hydrogen-
bonded water molecules (39). Our H-D exchange data
indicate that cholesterol binding alters the deuteration of
this region as well. As for the 151—164 peptide, residues
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substrate-free (O) and cholesterol-bound (M) CYP46A1 is a relative value.
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FIGURE 5: Peptides showing altered H-D exchange upon binding of 24S-hydroxycholesterol. The scale of the y axis shows the expected number of
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within this peptide (that form a part of helix D) have not substitution had no effect on cholesterol hydroxylation
yet been mutated, but the neighboring R147 in the same when the redox partner was CPR but reduced the rate of
helix was. As with the K358A mutation, the R147A cholesterol hydroxylation ~3-fold when the redox partner
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Table 1: Summary of Peptides Showing Significant Change in Deuter-
ium Uptake upon Ligand Binding”

Adx with  Adx with

substrate- cholesterol-
peptide/ cholesterol 24S-hydroxy-  free  sulfate-bound
ligand  sulfate cholesterol cholesterol CYP46A1 CYP46Al

50—64 X

65—80 X
109—116 X X
117—-125 X
129—143 X
144—150 X X
151—-164
225-239
260—270 X
265—276
301313
351-361
362—373
364—373
445—455

>

X

XX R K XX
XX R XK
XX

XK XK

“X indicates significance.

AN
K358 455 143
@ 164
435
351 R147

FIGURE 7: Regions in substrate-free CYP46A1 exhibiting altered
deuterium incorporation upon binding of cholesterol (in red). Corre-
sponding peptides in cholesterol-sulfate-bound are in cyan. Unaf-
fected regions in substrate-free CYP46A1 are in orange. Cholesterol
sulfate is in yellow, and heme is in pink. F121, V126, R147, N227,
A367, and K358 are in blue. The shape of the active site in substrate-
free CYP46A1 is shown in orange mesh and in cholesterol-sulfate-
bound P450 in cyan mesh.

was Adx (Pikuleva, I. A., personal communication). R147,
V151, M154, N158, E162, and E166 in the D helix form a
network of hydrogen bonds via their backbone atoms.
Consequently, cholesterol-induced changes in the 151—
164 peptide may affect the position of the side chain of
R 147 and thus the interaction with Adx.

A number of peptides having altered deuterium incor-
poration upon cholesterol sulfate binding did not show
changes in deuterium uptake upon cholesterol binding
(Table 1). The lack of changes in deuteration of the 117—
125 (B'-C loop) and 364—373 (34—1 sheet) peptides that
contain F121, V126, and A367, which restrain the side
chain of cholesterol sulfate, suggests a different position of
the steroid side chain in cholesterol-bound CYP46Al
(Figure 7). Also, the lack of changes in the 225—239
peptide (forms a part of the F-G loop) that contains
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260

351 270

FIGURE 8: Regions in substrate-free CYP46A1 exhibiting altered
deuterium incorporation upon binding of 24S-hydroxycholesterol
(in light blue). The unaffected 351—361 peptide is in orange. Heme is
in pink, A367 and F121 are in blue, and the shape of the active site in
substrate-free CYP46A1 is in olive mesh.

N227 hydrogen bonded to the sulfate anion in cholesterol
sulfate indicates that the cholesterol 35-hydroxyl does not
interact with the residues in the F-G loop. Finally, choles-
terol binding did not affect the deuteration of the 445—455
peptide, one of the two peptides that form the proximal
channel in cholesterol-sulfate-bound CYP6A1 (39), but
reduced the deuterium uptake of the other 351—361 pep-
tide. It is possible that the hydration of the CYP46A1
active site in cholesterol-bound and cholesterol-sulfate-
bound enzymes is different. Cholesterol seems to induce
smaller conformational changes in CYP46A1 than choles-
terol sulfate, suggesting that the shape of the active site in
cholesterol-bound CYP46A1 is more similar to that of the
substrate-free enzyme than that of the cholesterol-sulfate-
bound form (Figure 7). The major differences from the
substrate-free CYP46A1 appear to be at the entrance and
in the middle of the substrate access channel where the
cholesterol 35-hydroxyl and steroid nucleus interact with
the residue(s)/backbone of CYP46A1. The similarity with
cholesterol-sulfate-bound CYP46A1 includes conforma-
tional changes in or close to the sites of the redox partner
binding and around the water channel. Identification of
these conformational changes is an important finding for
the P450 field because it provides first structural insight
into how substrate binding affects interaction with the
redox partner and hydration of the P450 active site.
24S-Hydroxycholesterol binds tighter to CYP46Al
than cholesterol and is a better substrate for CYP46A1
than cholesterol (6,7). The tighter binding of 24S-hydro-
xycholesterol is probably due to the additional inte-
raction(s) provided by the 24S-hydroxyl group. Probably
due to these additional interaction(s), the two peptides,
117—125 and 364—373, that contain F121 and A367 that
define the position of the steroid side chain (Figure 8) and
are unaffected by cholesterol binding, had altered H-D
exchange upon 24S-hydroxycholesterol binding. The
117—125 peptide showed a decreased deuterium uptake,
whereas the deuteration of the 364—373 peptide was
increased. These results suggest that the side chain of
24S-hydroxycholesterol will be closer to the 117—125
peptide but farther from the 364—373 peptide than the
side chain of cholesterol. Unlike cholesterol sulfate and
cholesterol, 24S-hydroxycholesterol did not elicit changes
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FIGURE 9: Regions in CYP46Al1 affected by the binding of Adx.
Peptides in substrate-free CYP46A1 are shown in orange and in
cholesterol-sulfate-bound P450 in cyan. Cholesterol sulfate is in
yellow, heme is in pink, R147, N227, 1301, A302, T306, and K358
are in blue. The 230—239 region is disordered in substrate-free
CYP46A1 and is therefore not shown.

in the deuteration of the 351—361 peptide but reduced
deuterium uptake of the 260—270 peptide. The former is
putatively involved in the interaction with Adx and also
forms the entrance to the proximal channel; the function of
the latter (which forms the C-terminal part of helix G) is
unknown. These distinct features of 24S-hydroxycholes-
terol binding, lack of changes in the H-D exchange of the
351361 peptide and reduced deuteration of the 260—270,
may explain our previous observation pertinent to sub-
strate dependence of the CYP46A1 redox partner interac-
tions. We found that the catalytic efficiency of cholesterol
hydroxylation is ~3-fold higher with Adx as a redox
partner than with CPR, whereas for 24S-hydroxycholes-
terol hydroxylation, CPR is a much better redox partner
than Adx (Pikuleva, I. A., personal communication). The
H-D exchange behavior of 24S-hydroxycholesterol-bound
CYP46A1 suggests that 24S-hydroxycholesterol does not
prepare CYP46A1 for efficient binding of Adx or maybe
even deteriorates the interaction with this redox partner.
We also tested how binding of one of the CYP46A1
substrates, cholesterol sulfate, affects interaction with
Adx. Two peptides were affected, 225—239 and 351—
361. The 225—239 peptide forms a part of the F-G loop,
which is disordered in substrate-free CYP46A1 but be-
comes more stabilized in cholesterol-sulfate-bound
CYP46A1 because N227 forms two hydrogen bonds with
the sulfate anion (Figure 9). Binding of Adx made the F-G
loop less dynamic in substrate-free CYP46A1 but had no
effect on this region in the cholesterol-sulfate-bound
enzyme, which is already stabilized by the interaction with
the substrate. Also, interaction with Adx reduced deutera-
tion of the 351—361 peptide in substrate-free CYP46Al,
but we could not recover this peptide in all three experi-
ments with the cholesterol-sulfate-bound enzyme. Re-
duced deuterium uptake of the 351—361 peptide in
substrate-free P450 is consistent with our mutagenesis
studies suggesting that K358 in this peptide interacts with
Adx. The lack of this peptide in the experiments with
cholesterol-sulfate-bound CYP46A1 is more difficult to
explain. Probably, simultaneous binding of cholesterol
sulfate and Adx affected the CYP46A1 cleavage in this
region, and the 351—361 peptide was not generated. Sub-
strate-free and substrate-bound forms of CYP46A1 also
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showed similarities in H-D exchange in the presence of
Adx. Reduced deuteration of the 144—150 peptide (the
N-terminal part of the F helix) is consistent with our
mutagenesis data suggesting the involvement of R147 in
the binding of Adx. Altered deuterium uptake of the 265—
276 (the G-H loop) and 301—313 (a part of the I helix)
peptides is a novel finding. The 265—276 peptide is spa-
tially close to the 144—150 peptide (Figure 9). It is possible
that interaction of Adx with R147 also affects the neigh-
boring 265—276 peptide. The 301—313 peptide constitutes
a part of the active site with 1301, A302, and T306 defining
the position of the side chain of cholesterol sulfate over the
heme iron, the site of catalysis (7). In the crystal structure of
CYP46A1, C24 and C25 of cholesterol sulfate, the primary
and secondary sites, respectively, of hydroxylation, are
positioned ata 5.7 A distance from the heme iron, which is
~1—1.5 A greater than expected for hydroxylation of the
oxyferryl intermediate during turnover (40). The reduced
H-D exchange of the 301—313 peptide suggests that bind-
ing of the redox partner makes the substrate side chain or
the whole steroid molecule move closer to the I helix and
consequently the heme iron.

In summary, by using H-D exchange and mass spectro-
metry, we identified unique and common regions in
CYP46A1 undergoing conformational changes upon
binding of steroid substrates and the protein redox partner
Adx. We gained structural insight into how substrate
binding may affect the hydration of the P450 active site
and why redox partner preferences of CYP46A1 depend
on the steroid used. Results of the H-D exchange mass
spectrometry become particularly informative when com-
bined with the data obtained by other methods.
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