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ABSTRACT: The conversion of cholesterol to 7R-hydroxycholesterol catalyzed by cytochrome P450 7A1
(CYP7A1) initiates the major pathway for cholesterol elimination in mammals. In the present work we
focused on identification of determinants of the CYP7A1 substrate specificity inside the active site using
a homology model with a novel P450-fold, site-directed mutagenesis, and substrate-binding and kinetic
studies. Forty-one mutants, encompassing twenty-six amino acid residues, were generated and characterized,
and of these, seven residues appear to determine cholesterol binding in the active site. In addition, four
cholesterol derivatives were used as active site probes in the wild type and the seven mutant enzymes,
and the spectral binding constants and products were analyzed. It was concluded that Asn288 in the I
helix plays a key role in the P450-cholesterol contacts by hydrogen bonding to the steroid 3â-hydroxyl,
while Val280 and Ala284 are beside and the Trp283 is above the steroid nucleus orienting the cholesterol
molecule. Leu360 and Ala358 between the K helix and theâ1-4 strand and Leu485 in theâ4 sheet-
turn appear to define the size of the active site over the heme pyrrole ring A, thus limiting the orientation
and size of the substrate at the steroid A ring. Additionally, the A358V mutant was found to form two
new products, one being 7â-hydroxycholesterol. Our data indicate that a tight fit of cholesterol in the
enzyme active site is in part responsible for the high efficiency of cholesterol turnover by CYP7A1.

In mammals, cholesterol elimination is achieved mainly
through its conversion to bile acids (1). While several
metabolic routes lead to the formation of bile acids, the route
which begins with the hydroxylation of the cholesterol ring
system dominates under normal physiological conditions (2).
This route is called the classical or neutral bile acid
biosynthetic pathway. It occurs in the liver and is initiated
in the endoplasmic reticulum by cytochrome P450 7A1
(CYP7A1),1 which catalyzes the conversion of cholesterol
to 7R-hydroxycholesterol (3). The importance of this enzy-
matic reaction is highlighted by the fact that cholesterol 7R-
hydroxylase deficiency in humans results in high levels of
total serum and LDL cholesterol, substantial accumulation
of cholesterol in the liver, and a markedly decreased rate of
bile acid excretion as assessed by the examination of

individuals with a homozygous mutation in theCYP7A1gene
that abolished the enzyme function (4). Studies of CYP7A1
substrate specificity indicate that the steroid has to have a
free hydroxyl group at C3 and atrans or quasi-trans A/B
ring configuration (3). Requirements for the substrate side
chain are not as stringent as for the ring system as shown
by the ability of CYP7A1 to metabolize such cholesterol
derivatives as 20S-, 24S-, 25-, and 27-hydroxycholesterols
in the reconstituted system in vitro and in COS cells (5, 6).
Surprisingly, little is known about the residues in the
CYP7A1 active site that are involved in the interaction with
cholesterol. Several years ago this laboratory initiated
systematic structure/function studies of CYP7A1 which
capitalize on the knowledge derived from the analysis of
crystal structures of different P450s and of models based on
these structures (7-12). Despitee20% sequence identity,
all structurally characterized P450s have a similar overall
fold with the active site formed by the same secondary
structural elements. In some of the structurally determined
P450s, the active site is isolated from the protein surface,
but in most there is one or more clear channels between the
buried active site and the protein exterior. Crystallographic
studies of P450 102A1, a soluble bacterial P450, indicate
that a hydrophobic patch of amino acids at the mouth of the
substrate access channel located nearâ-strands 1-1/1-2 and
the F-G loop could participate in initial substrate recognition
(13). On the other hand, in eukaryotic membrane-associated
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P450s such as CYP2C5, their hydrophobic substrates are
most likely recruited directly from the lipid bilayer (8, 12).
It also was suggested that residues lining the interior of the
channel can control the orientation of the substrate as it enters
the enzyme active site and provide an additional mechanism
for the strict regioselectivity of hydroxylation reactions in
addition to the residues inside the active site (8, 14). Thus,
substrate specificity in P450s that regioselectively hydroxy-
late a limited number of structurally similar substrates could
be governed by three groups of residues which are located
on the surface of the molecule, inside the substrate access
channel and inside the active site. Previously, we investigated
the role of the putative F-G loop in CYP7A1, a surface
region of the P450 structure, which was shown to be
important for substrate access/interaction in a number of
structurally characterized P450s (15-19) and predicted to
be associated with the membrane in eukaryotic P450s (8,
12). Mutations within this region affected interaction of
recombinant enzyme with theEscherichia colimembrane,
decreasedkcat and significantly increasedKm, but not theKd

for cholesterol (20). On the basis of these data, we proposed
that the putative F-G loop is one of the membrane-
interacting areas in CYP7A1, whereby cholesterol enters the
enzyme from the membrane, and residues at the membrane-
protein interface participate in initial cholesterol recognition
(20). Herein, we have used mutagenesis studies, molecular
modeling, and cholesterol analogues to gain further insight
into the mechanism for CYP7A1 substrate specificity by
identifying a set of residues in the enzyme active site that
we believe are involved in the interaction with cholesterol.

EXPERIMENTAL PROCEDURES

CYP7A1 Sequence Alignment, Modeling, and Cholesterol
Docking. The modeling of CYP7A1 was done using an
approach in which three determined P450 structures were
used as templates. The templates used for the first generated
structure were substrate-free P450BMP which is the heme
domain of P450 102A1 (CYP102A1; PDB code 2HPD),
substrate-free CYP2C5 (PDB code 1DT67), and CYP51
(PDB code 1EA1). The second generation model shown in
this paper was generated using substrate-bound P450 102A1
(1JPZ), substrate-bound CYP2C5 (1N6B), and CYP51
(1EA1). A structural alignment of the three proteins was done
using the Homology suite of InsightII (Accelrys, Inc.). The
sequence of CYP7A1 was then aligned to the template
sequences initially using the ClustalW program and, then,
further refining this alignment manually to ensure that the
known conserved sequences and patterns were aligned and
that the amphipathicity of helices was in register. Using these
alignments, the Modeler program of the InsightII suite was
employed to generate two or three models with three sets of
loops each. The model selected for further study was the
one with the fewest buried unpaired charges. This model
was then energy minimized using the Discover package of
the InsightII suite until the change in energy with respect to
the change in the coordinates was less than 0.01. The
substrate was then introduced into the substrate-binding
pocket, docked manually, and then optimized using either
molecular dynamics or Affinity (Accelrys, Inc.) or HEX
(www.biochem.abdn.ac.uk/hex/) to optimize the orientation.

Site-Directed Mutagenesis.A truncated form of a human
CYP7A1 in which the N-terminal membrane anchor was

removed by genetic engineering (20) was used in the present
study. Site-directed mutagenesis was carried out using an in
vitro QuikChange site-directed mutagenesis kit (Stratagene)
according to the instructions. The mutagenic oligonucleotides
are shown in Table 1 of Supporting Information. The correct
generation of desired mutations and the absence of undesired
mutations were confirmed by DNA sequencing of the entire
CYP7A1 coding region. The expression of CYP7A1 and the
various mutant forms inE. coli and partial purification were
as described (20).

Substrate-Binding Assays. Several approaches were used
to characterize substrate binding to CYP7A1. In all of these
approaches the assay buffer was always 50 mM potassium
phosphate buffer (KPi), pH 7.4, containing 20% glycerol,
0.05% Tween 20, and 1 mM EDTA, and substrates were
added from a stock solution (1-10 mM) in 2-hydroxypropyl-
â-cyclodextrin (HPCD). Tween 20 was included because
previously we investigated the effect of 0.01%-0.4% Tween
20 on the enzyme activity and found that at 0.01%-0.05%
concentrations this detergent stimulates the activity whereas
at higher concentrations it starts inhibiting the activity. The
maximal stimulation of the activity (more than 4-fold
compared with the detergent-free buffer) was observed at
0.05% Tween 20. At this concentration, however, Tween
20 increases theKd of cholesterol for CYP7A1 about 90-
fold, from 0.05µM in detergent-free buffer to 4.4µM in
the presence of 0.05% Tween 2. To be able to compare
substrate-binding and kinetic properties of CYP7A1 wild type
and mutants, theKd andKm values must be measured in the
same assay buffers, so we decided to include 0.05% Tween
20 in the buffer for substrate binding. Initially, all probe
substrates were assessed for the ability to induce a 420-
390 nm shift in the spectrum of P450 (type I spectral
response). If a substrate-induced spectral shift was observed,
titrations with steroids were carried out in 1 mL of the assay
buffer at 0.1-0.5µM P450 concentrations. The total volume
of the added steroid was no more than 10µL. GraphPad
Prism software (GraphPad, San Diego, CA) was used to
calculate apparent binding constants (Kd) by fitting spectral
data into one of the following equations:∆A ) (∆Amax[S])/
(Kd + [S]) or ∆A ) 0.5∆Amax(Kd + [E] + [S] - ((Kd + [E]
+ [S])2 - 4[E][S])1/2), where∆A is the spectral response at
different substrate concentrations [S],∆Amax is the maximal
amplitude of the spectral response, and [E] is the enzyme
concentration. The former equation was applied whenKd was
higher than the enzyme concentration and the latter when
Kd was similar to or less than the enzyme concentration
assuming 1:1 stoichiometry. After each experiment, the P450
content was quantified by the CO difference spectrum of
the reduced form of the enzyme (21) to confirm that there
was no denaturation during titration.

Some of the cholesterol analogues did not induce a spectral
shift, and they were tested for the ability to displace
cholesterol from the P450 active site (displacement assay).
This approach was utilized previously to determine affinities
of several compounds that do not yield difference spectra to
CYP2D6 (22). Two P450 samples were balanced against
each other in a spectrophotometer, and then cholesterol was
added to the sample cuvette to 5µM, a value near theKd of
cholesterol for CYP7A1 (4.3µM, determined experimentally
from the spectral binding assay) to induce a type I spectral
response. Then varying amounts of the probe substrate (1-
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50 µM) from 1 or 10 mM stock were added to the sample
cuvette, and spectral changes,∆A390-420, were plotted vs the
concentration of the probe substrate and the concentration
of the added HPCD. Then, in a separate experiment, P450
in the presence of 5µM cholesterol was titrated with a 45%
solution of HPCD that was used to dissolve the probe
substrate to account for the effect of this vehicle on
cholesterol binding to P450, and the∆A390-420 plots vs HPCD
concentration were subtracted from those obtained during
titration with the probe substrate. Analysis of the corrected
spectra indicates that none of the probe substrates tested (5-
cholestene, 5-cholesten-3â-ol methyl ether, and cholesterol
sulfate) caused attenuation of the cholesterol-induced spectral
response, suggesting that these compounds do not displace
cholesterol from the CYP7A1 active site, likely because they
do not bind to the active site. To confirm that, theKd and
∆Amax of cholesterol for CYP7A1 in the presence of 20µM
probe substrate were determined (inhibition assay). Neither
Kd nor∆Amax was affected by the probe substrates, providing
further evidence that they do not bind to the enzyme active
site. Specially for the present study we also developed a filter
binding assay to characterize mutants that did not show
spectral response upon addition of cholesterol or exhibited
reverse type I spectral response (a shift from 390 to 420 nm)
or had a significantly reduced∆Amax in a spectral binding
assay. A detailed description of this assay will be published
separately. This assay was conducted in small glass test tubes,
each containing the assay buffer, 1µM P450, 1 nM [3H]-
cholesterol (250000 cpm), and a range of cold cholesterol
(0-50µM) in a total volume of 50µL. Reagents were mixed
and incubated on ice for 30 min, and then the content of
each tube was filtered onto a premoistened ICE 450
polysulfone membrane (pore size 0.45µm, diameter 47 mm)
from Pall Life Science (Ann Arbor, MI). Filters were washed
with 1 mL of the assay buffer, dried for 3 h at 37°C, placed
in 5 mL of scintillation liquid, and counted. The data were
corrected for the nonspecific binding (∼6%) of the [3H]-
cholesterol to the filter in the absence of P450 and cold
cholesterol. Then radioactivity of the filters at various
concentrations of cold cholesterol was subtracted from the
radioactivity of the filter when no cold cholesterol but only
P450 was present in the assay buffer, and the resulting data
were plotted vs the concentration of cold cholesterol and fit
as described for the spectral binding assay. About 85% of
radioactive cholesterol was displaced in the wild-type
CYP7A1 by cold cholesterol at saturating cholesterol con-
centrations, indicating that∼15% of this substrate was bound
nonspecifically to the P450. The amount of P450, 50 pmol,
used in this assay was selected on the basis of our data on
the maximal capacity of the filter to bind the enzyme: no
CYP7A1 was detected in the flow-through fraction when
25, 50, and 75 pmol were used, whereas∼10% of the
enzyme went through the filter when 100 pmol was used.
Radioactive and cold cholesterol were added from stock
solutions in 45% HPCD, and the total volume of 45% HPCD
was adjusted to 5µL. In a separate experiment we established
that up to 10µL of 45% HPCD could be used in the assay
without effect on cholesterol binding to P450. Independent
of whether cholesterol was added from 1 mM stock in 4.5%
or in 45% HPCD, kinetic constants were essentially the same.

HPCD was used in the present study to prepare stock
solutions of steroids because when dissolved in organic

solvent (ethanol, acetone, dimethylformamide, or acetoni-
trile), cholesterol induced a very small spectral response in
CYP7A1 at 1-20 µM concentrations, and this response was
distorted by the turbidity because of cholesterol precipitation
upon dilution into aqueous solution. A poor spectral response
precluded utilization of a spectral binding assay; therefore,
we tested HPCD. HPCD solubilizes hydrophobic compounds
by forming an inclusion complex in which the solubilized
lipophile is partially inserted in the hydrophobic cavity of
HPCD (23). The advantage of cyclodextrin-solubilized
compounds is that they do not precipitate upon dilution in
aqueous medium, and in the case of moderately to weakly
to bound lipophiles (binding constants of 100µM or higher),
their release from the cyclodextrin inclusion complexes is
essentially instantaneous and quantitative (24). The average
lifetime of a lipophile in the cyclodextrin cavity was found
to be in the milli- to microsecond time range or shorter
dependent upon the compound with simple dilution being
the major driving force for dissociation of weakly to
moderately bound complexes (24). HPCD appeared to be
the only vehicle in which cholesterol induced a substantial
type I spectral response in CYP7A1 with no turbidity and
with the ∆A390-420 increased up to 9µM cholesterol
concentration and then stayed unchanged up to 100µM
concentration. TheKd of cholesterol for HPCD in the assay
buffer was determined. TheKd measurement was based on
the approach utilized by others (25), in which turbidity of a
solution containing a suspension of a hydrophobic compound
is decreased in the presence of increasing concentrations of
HPCD. To ensure that measurements are taken at the
solubility equilibrium, a 0.5 mM suspension of cholesterol
in the assay buffer was divided into 20 aliquots to which
different amounts of HPCD from 45% stock solution were
added. Aliquots were left at room temperature and under
constant stirring and their optical densities (due to turbidity)
measured at 450 nm on the 16th and 40th h following the
addition of HPCD with essentially no difference between
the values at two time points. The range of HPCD concen-
trations used was 0%-7.5% (0-63 mM), the optical density
of the aliquot in the absence of HPCD was 0.18, and that of
six aliquots with 1.2%-7.5% (10-63 mM) HPCD was zero,
indicating that cholesterol was completely dissolved. The
optical density of an aliquot at a given concentration of
HPCD was then subtracted from the optical density of the
cholesterol suspension in the absence of HPCD, and the data
obtained were plotted vs HPCD concentration. TheKd was
calculated with GraphPrism from software using the follow-
ing equation:A ) 0.5Amax(Kd + [C] + [HPCD] - ((Kd +
[C] + [HPCD])2 - 4[C][HPCD])1/2), whereA is the optical
density at different HPCD concentrations [HPCD],Amax is
the maximal optical density, and [C] is the cholesterol
concentration. Because oligomers of glucose in HPCD have
a different degree of substitution, usually percent solutions
of HPCD are prepared. However, to compare theKd value
of cholesterol for HPCD with that for P450, the same units
must be used; therefore, we converted percent concentrations
of HPCD into micromolar concentrations knowing that
mixing 45 g of HPCD with 55 mL of water produces 82
mL of solution, and the average molecular weight of HPCD
from Sigma-Aldrich (catalog number CO926) is 1450. The
Kd value of cholesterol for HPCD in 50 mM KPi, pH 7.4,
containing 20% glycerol, 0.05% Tween 20, and 1 mM
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EDTA, was found to be 163µM, indicating that cholesterol
does not form a strong complex with HPCD under the
experimental conditions used. If so, according to the literature
data on the release of weakly to moderately bound lipophiles
from the cyclodexrtrin complexes (24), cholesterol should
quantitatively dissociate in the assay buffer when its stock
in HPCD is diluted 100-fold during titration experiments. It
was also established that at least a 20-fold molar excess of
HPCD over cholesterol is required to completely dissolve
the substrate. To determine whether a higher molar ratio of
HPCD/cholesterol in a stock solution of cholesterol in HPCD
will affect cholesterol binding to CYP7A1, the enzyme was
mixed with a fixed concentration of cholesterol and then
titrated with increasing concentrations of HPCD. Two fixed
concentrations of cholesterol at which the effect of HPCD
was evaluated (5 and 20µM) were selected on the basis of
the range of cholesterol concentrations utilized for most of
our Kd measurements. No decrease in∆A390-420 induced by
20 and 5µM cholesterol was observed up to 9000 and 2800
µM HPCD, respectively, indicating that cholesterol does not
leave the P450 active site because HPCD does not compete
with the enzyme for cholesterol at these concentrations. Thus,
no more than a 450-560-fold molar excess of HPCD over
cholesterol should be used in a stock solution to avoid its
effect on cholesterol binding to the P450 in the spectral
binding assay. For most of our titrations we used 10 mM
cholesterol stock in 375 mM or 45% HPCD, and only two
mutants, S285T and L485V, were titrated with 1 mM
cholesterol because they had higher affinities for cholesterol.
The binding constants of cholesterol for these mutants were
essentially the same when titrations were carried out with 1
mM cholesterol in 37.5 mM HPCD and with 1 mM
cholesterol in 375 mM HPCD, indicating that cholesterol
availability to CYP7A1 does not seem to be affected even
when the HPCD/cholesterol ratio is increased 10-fold and
equal to 375.

Partially purified preparations of the wild-type and mutant
enzymes with a specific heme content of 7-10 nmol/mg of
protein and no more than 10% of the inactive P420 form
were used. However, four of the mutants, L282A, W282F,
S285T, and N288Q, contained∼50% of the P420 form.

Kinetic Studies with Cholesterol as a Substrate.The
apparentKm and kcat values were determined as described
(20) and analyzed with the Graph-Pad Prism software using
the Michaelis-Menten equation. Cholesterol 7R-hydroxylase
activity was assayed in 50 mM KPi, pH 7.4, and 0.05%
Tween 20 at 37°C for 1-5 min. The reconstituted system
(1 mL) contained P450 (0.01-1.0 µM), 1-100 units (0.5-
50µM) of rat NADPH-cytochrome P450 reductase, 2-200
µM cholesterol, 250000 cpm [1R,2R-3H] cholesterol, 40µg
of L-dilauroylglyceryl-3-phosphocholine, and 1 mM NADPH.
The product formation was linear with time and enzyme
concentration and did not exceed 18% of total metabolism.

Enzyme ActiVity Measurements with Epicholesterol and
5-Androsten-3â-ol. Assay conditions were similar to those
used for kinetic studies except a longer reaction time (10
min) and a fixed steroid concentration (50µM) were used
to maximize product formation. The concentration of P450
was 0.1µM. To exclude that the product formation is the
result of nonenzymatic oxidation with hydrogen peroxide,
0.25 µM (40 units) catalase was included in the assay.
Reactions were terminated by adding 2 mL of CH2Cl2.

Organic extracts were evaporated, converted into trimeth-
ylsilyl (TMSi) ethers, and analyzed by gas chromatography-
mass spectrometry (GC-MS) using a Hewlett-Packard 5973
quadropole instrument (Palo Alto, CA) equipped with a
Hewlett-Packard 19891A-102 column (25 m× 200µm) (26).
At first, each product was characterized by the full mass
spectrum. If the spectrum was identical to that of one of the
synthetic compounds (the 7R- and 7â-hydroxy and 7-oxo
products of epicholesterol and 5-androsten-3â-ol), the product
formation was quantified by determining the peak area of
the total ion tracing atm/z 458 (molecular ion) for epic-
holestrol- TMSi, m/z 456 (M - 90) for monooxygenated
products of epicholesterol- TMSi, m/z346 for 5-androsten-
3â-ol - TMSi, m/z 344 for monooxygenated products of
5-androsten-3â-ol - TMSi, and m/z 360 for 7-oxo-5-
androsten-3â-ol - TMSi.

Synthesis of 7-Oxygenated Products of Epicholesterol and
5-Androsten-3â-ol. The 7R- and 7â-hydroxylated isomers
of epicholesterol and 5-androsten-3â-ol as well as the
corresponding 7-oxy analogues were produced by allylic
oxidation with soybean lipoxygenase and linoleic acid
essentially as described previously for formation of the
corresponding metabolites of cholesterol (27). Linoleic acid,
50 mg in 0.25 mL of ethanol, was dissolved in 50 mL of
sodium borate buffer, pH 9.5, containing 0.37 g of KCl. The
incubation time was 30 min, and oxygen gas was blown over
the solution, which was kept at 37°C. The steroid, 300µg,
was added in 300µL of acetone. Three portions (100000
units each) of soybean lipoxygenase were then added at 10
min intervals with continuous stirring. The reaction was
terminated by the addition of 200 mL of methanol after 30
min, followed by addition of water and extraction with
diethyl ether. The extraction was performed without prior
acidification, and the ether was evaporated in vacuo. Part of
the extracted material was converted into trimethylsilyl ether
and analyzed directly by GC-MS. As expected, all three
allylic oxidation products of the two 3â-hydroxy-5-unsatur-
ated steroids were present in the mixture and could easily
be identified by their typical mass spectra (28-30). In case
of oxidation of epicholesterol, the yield of 7-oxoepicholes-
terol was calculated to be 14.4% (based on the total ion
current chromatogram obtained in the mass spectrometric
analysis). This product had a mass spectrum similar to that
of 3â-hydroxy-5-cholesten-7-one and was identified by the
molecular peak atm/z472 (M) (theoreticalm/z for C30H52O2-
Si 472.37) and peaks atm/z 457 (M - 15) andm/z 129
(characteristic for the∆5-3-trimethylsilyl ether group) (29,
30). The two epimeric 7-hydroxylated products had been
formed in a yield of 6.4% with a ratio of 1.7 between the
two epimers (epimer with shortest retention time/epimer with
the longest retention time). The mass spectra of the two
epimers were almost identical with a dominating peak atm/z
456 (M - 90) due to facile elimination of the allylic
thrimethylsilyloxy group at C7 (theoreticalm/z for the
molecular peak C33H62O2Si2 546.43) as well as a peak at
m/z129 (28, 29). The isomer with the shortest retention time
was regarded to be the 7R isomer based on the finding that
the 7R-hydroxy/7â-hydroxy isomers of cholesterol, dehy-
droepiandrosterone, and pregnenolone behave similarly in
the same gas chromatography. Further evidence that the 7â
isomer was the one with longest retention time was obtained
by reduction of the mixture with sodium borohydride, which
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gave a preferential formation of the 7â-hydroxy isomer from
7-oxoepicholesterol. It is well established that reduction with
sodium borohydride gives a preferential yield of the equato-
rial reduction product (31), which is the 7â-hydroxy isomer
in case of 3â-hydroxy-5-unsaturated steroids. In case of
allylic oxidation of 5-androsten-3â-ol, the 7-oxo product was
formed in a yield of 18.4% with only traces of the two
7-hydroxylated products. 5-Androsten-3â-ol-7-one had the
expected mass spectrum with a molecular peak atm/z 360
(theoreticalm/z for C22H36O2Si 360.25) and a peak atm/z
129, and the two allylic products had a dominating peak at
m/z 344 (M - 90, theoreticalm/z for the molecular peak
C25H46O2Si2 434.3) as well as a peak atm/z 129. Treatment
of the mixture with sodium borohydride converted most of
the 7-oxo derivative into 5-androstene-3â,7â-diol, with very
little formation of the 7R isomer.

RESULTS

Sequence Alignment and Model of CYP7A1.As described
in Experimental Procedures, to construct a homology model
of a protein, a sequence alignment must be generated of the
query sequence with the templates (Figure 1). On aligning

CYP7A1 with the template sequences of CYP2C5,
CYP102A1, and CYP51, it was found that the region around
the B′ helix seemed to be absent. Initially the ClustalW
program alignment created a B′ helix region, but on visual
inspection, it appeared from key residues and patterns that
are present in eukaryotic-like P450 proteins that it was
incorrect. That is, in the C helix of most eukaryotic P450s,
there is the conserved pattern WcchR/H (where “c” is a
charged residue and “h” is an uncharged residue). This
pattern is seen in CYP7A1 as WKKFH which is very similar
to the CYP2C5 template sequence of WKEMR, and the
CYP102A1 eukaryotic-like sequence WKKAH, and to the
CYP2B4 sequence of WRALR found in the C helix. (Note:
CYP51 is a bacterial protein, and this conserved pattern is
absent.) N-Terminal of the usual B′ helix between the A and
B helices there is another common pattern which starts with
a glycine at the end of the A helix and leads intoâ strands
1-1 and 1-2, which contain aâ-turn. Theâ-strands are
generally hydrophobic, and theâ-turn, as shown in the
sequence alignment in Figure 1, contains residues that are
commonly found in turns such as glycine and proline in
addition to a basic amino acid, either a lysine or an arginine.

FIGURE 1: Alignment of CYP7A1 with structurally characterized P450s 102A1 (PDB code 1JPZ), 2C5 (PDB code 1NR6), and MT51
(PDB code 1E9X) used for modeling.R-Helices andâ-strands are underlined with single and double lines, respectively. Secondary structural
elements of CYP7A1 were predicted using the program JPRED, and those of P450s 102A1, 2C5, and MT51 were taken from the PDB
structures 1JPZ, 1NR6, and 1E9X, respectively. Residues implied in substrate or inhibitor binding by structural and our studies are in bold.
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Thus, with these conserved patterns at either end of the
typical B′ helix region, it appears that there is no B′ helix
region in CYP7A1. This has implications for the modeled
structure in that the end of the substrate pocket is open with
a portion of the heme exposed to solvent. This is the same
region that is believed to be the access channel in CYP2C5,
different from that found in CYP102A1 in which the access
channel is between the F-G loop and theâ-sheet 1. It is
also a region that is commonly involved in substrate
orientation in the substrate-binding pocket.

In addition to this atypical N-terminal alignment, there are
several regions with additional residues in the more con-
served C-terminal portion of the protein. One region is
between the J′ helix and the K helix, and the other is between
the meander region and the heme-binding loop. In the
modeled structure, these insertion regions place additional
loops pointing into solvent on the putative redox partner-
binding side of the protein, also termed the proximal face,
and are similar in sequence to CYP8A1 (prostacyclin
synthase), which does not require a protein redox partner.

Cholesterol-Bound Model of CYP7A1.In the present study
several cycles of model building and substrate docking were
performed followed by site-directed mutagenesis to better
understand the binding and orientation of the substrate in
CYP7A1. Initially, residues to be mutated were selected on
the basis of the ClustalW sequence alignment. Subsequently,
when the adjusted alignment (as discussed above) and
substrate-bound model were constructed, additional mutations
in CYP7A1 were made. Those residues chosen along with
substrate-contact residues in structurally characterized P450s
are shown in Figure 1.

With the model of CYP7A1, the substrate was docked
using three different methods: manual docking followed by
molecular dynamics simulation, by the program Affinity, or
by the HEX program, all giving similar results. When
manually docking, the substrate was orientated such that the
active R-hydrogen of the C7 carbon was placed in close
proximity (approximately 2 Å) to the putative ferryl oxygen
of the heme. Only two orientations of the substrate were
possible because of steric hindrance. One of these orientations
correlated with the initial mutagenesis data and, thus, was
used as the preferred substrate-bound model for choosing
the next set of residues to be mutated. After the second set
of mutants was constructed and characterized, the cholesterol-
bound model of CYP7A1 was further refined using the more
recent substrate-bound structure of CYP2C5 (1N6B) and the
substrate-bound form of P450102A1 (1JPZ), along with
CYP51, resulting in the binding pocket shown in Figure 2.
The active site residues in this second model remained the
same as those in the first model. Interestingly, the F-G loop
was found to partially cover the opening resulting from the
absence of the more typical B′ helix.

Interaction of Different Cholesterol DeriVatiVes with Wild-
Type CYP7A1.Substrate-binding and enzyme activity studies
were carried out to ascertain the importance of the cholesterol
hydroxyl group and the side chain interaction with CYP7A1.
No spectral response was induced by 5-cholestene (contains
no hydroxyl, Figure 3, Table 1). This steroid did not displace
cholesterol from the CYP7A1 active site in the displacement
assay and did not inhibit cholesterol binding at 20µM
concentration (equal to fiveKd values of cholesterol to
CYP7A1). Together, these data suggest the lack of 5-cho-

lestene binding to CYP7A1 and the crucial role of the
cholesterol hydroxyl group in the formation of the enzyme-
substrate complex. CYP7A1 was then titrated with 3-keto-
cholesterol (contains a keto group instead of the hydroxyl;
Figure 3, Table 1). TheKd for 3-ketocholesterol was only
2.5-fold higher than that for cholesterol, indicating a minor
contribution of the hydrogen atom of the hydroxyl group to
bonding with CYP7A1. Quite surprisingly, epicholesterol,
which differs from cholesterol by having the hydroxyl in
the 3R position instead of the 3â position (Figure 3), was
also found to induce a spectral response in CYP7A1,
although at a much lesser extent than did cholesterol (Table
1). Despite a 4-fold decreased∆Amax, theKd value was only
2.1 times higher than that for cholesterol. Reconstitution of
catalytic activity with epicholesterol as a substrate followed
by the GC-MS analysis of the enzyme assay extract revealed
that this cholesterol derivative binds in several different
orientations in the enzyme active site because three distinct
product peaks (designated as P1, P2, and P3 in Figure 4A)
were seen during the gas chromatography separation. The
small peak in the tracing of the ion atm/z 456 preceding P1
in Figure 4A is a nonhydroxylated contaminant in the
material incubated corresponding to a 3-hydroxylated C27
steroid with two double bonds. The amounts of P1, P2, and
P3 corresponded to the conversion of about 0.5%, 1%, and
2% of the substrate, respectively, as quantified by the total
ion tracing in the mass spectrometric analyses, with catalase
having no effect on the rate of product formation. In a parallel
incubation with cholesterol, the rate of product formation
(7R-hydroxycholesterol) was much higher, 38%, indicating
that CYP7A1 metabolizes epicholesterol much slower than

FIGURE 2: Substrate-binding pocket of CYP7A1. Cholesterol is in
yellow, C7 of cholesterol is in green, and heme is in red.

FIGURE 3: Chemical structures of compounds used in the present
study.

3264 Biochemistry, Vol. 44, No. 9, 2005 Mast et al.



cholesterol. The major product P3 in Figure 4A had the same
mass spectrum and retention time as synthetic 5-cholestene-
3R,7R-diol. The other minor products P1 and P2 were
monohydroxylated species of epicholesterol. The position of
the extra hydroxyl group in P1 was not clarified, whereas
P2 contained the extra hydroxyl group in the nucleus: its
mass spectrum had a fragment atm/z 253 and atm/z 343
(loss of an intact steroid side chain fromm/z 456). None of
the products in the incubations of CYP7A1 with epicholes-
terol were identical to 5-cholestene-3R,7â-diol. Thus, taken

together, data on 5-cholestene, 3-ketocholesterol, and epic-
holesterol indicate that while CYP7A1 does not appear to
have strict requirements for the stereochemistry of the
hydroxyl at C3, it still requires a polar group at this position.

Spatial constraints in the active site around the 3â-OH
were probed with 5-cholesten-3â-ol methyl ether and cho-
lesterol sulfate (Table 1). Neither of the two steroids
produced a detectable spectral response, displaced cholesterol
from the CYP7A1 active site, and inhibited cholesterol
binding. As with 5-cholestene, these data suggest a lack of

Table 1: Binding of Different Cholesterol Derivatives to Wild-Type CYP7A1

derivative Kd, µMa ∆Amax
b

cholesterol
displacementc

inhibition of
cholesterol bindingd

cholesterol 4.3( 0.01 0.04( 0.006
5-cholestene no detectable spectral responsee no no
3-ketocholesterol 10.8( 0.9 0.05( 0.002
epicholesterol 8.7( 1.5 0.01( 0.001
5-cholesten-3â-ol methyl ether no detectable spectral response no no
cholesterol sulfate no detectable spectral response no no
5-androsten-3â-ol 13.3( 2.5 0.005( 0.001
5-pregnen-3â-ol 21.3( 0.4 0.016( 0.001

a Calculated on the basis of the spectral binding assay as described under Experimental Procedures. The results represent the average of three
different titrations( SD. b Normalized to nanomoles of P450.c Assessed by the displacement assay as described under Experimental Procedures.
d Assessed by the inhibition assay as described under Experimental Procedures.e The spectral response,∆A390-420, was<0.002 absorbance units
when 2µM P450 was titrated with up to a 100µM steroid.

FIGURE 4: GS-MS analyses of the incubations of the wild-type CYP7A1 (A) and the N288Q mutant (B) with epicholesterol and the
wild-type CYP7A1 (C) and the V280L mutant (D) with 5-androsten-3â-ol. In panels A and B, the trimethylsilyl ether of epicholesterol was
recorded atm/z 458 (molecular ion) and trimethylsilyl ethers of monohydroxylated epicholesterol species atm/z 456 (M - 90). In panels
C and D, the trimethylsilyl ether of 5-androsten-3â-ol was recorded atm/z346 (molecular ion) and the trimethylsilyl ether of monohydroxylated
products of 5-androsten-3â-ol at m/z 344 (M-90). Due to a difference in fragmentation intensity, the sensitivity in the detection of the
7-oxygenated products atm/z 456 (A and B) andm/z 344 (C and D) is between 12 and 15 times higher than that in the detection of the
substrate atm/z 458 (A and B) and atm/z 346 (C and D).
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binding and space limitations around C3. The role of the
cholesterol side chain was assessed by titrations with
5-androsten-3â-ol (contains no side chain; Figure 3) and
5-pregnen-3â-ol (contains a truncated side chain; Figure 3).
The Kd values for 5-androsten-3â-ol and 5-pregnen-3â-ol
were only 3.1- and 5-fold higher than that for cholesterol,
respectively (Table 1), indicating weak nonpolar contacts of
the cholesterol side chain with hydrophobic residues from
the enzyme. A slightly lower affinity for 5-pregnen-3â-ol,
which has a part of the side chain preserved, may reflect a
different conformation of this truncated side chain compared
with that in cholesterol. The side chain also seems to be
required for effective displacement of water from the heme
iron as judged by an 8- and 2.5-fold lower∆Amax for
5-androsten-3â-ol and 5-pregnen-3â-ol, respectively. As is
described in the next section, many of the CYP7A1 mutants
that had significantly decreased∆Amax had also significantly
decreasedkcat, suggesting that increased hydration of the
heme iron slows down the catalysis. Enzyme activity studies
indicate that although the side chain contributes only
moderately to the strength of interaction with CYP7A1, this
functionality is important for positioning the cholesterol
molecule inside the active site to allow 7R-hydroxylation.
The GC-MS analysis of a silylated extract obtained after the
fully reconstituted system with wild-type CYP7A1 was
incubated with 5-androsten-3â-ol showed the presence of one
major and one minor hydroxylated product in a yield of about
3.4% and 0.3%, respectively, calculated from the tracings
of the total ions (Figure 4C). The two monohydroxylated
products had the same retention time and mass spectrum as
synthetic 5-androstene-3â,7R-diol and 5-androstene-3â,7â-
diol, respectively. Since both the 7R- and the 7â-hydroxy-
lated isomers are formed by autoxidation of the substrate, it
was important to exclude the possibility that part of it may
have been formed by autoxidation. In control incubations
lacking P450, P450 reductase, or NADPH there was no
significant conversion to the 7â-hydroxylated product, and
the maximal conversion into the 7R-hydroxylated product
was 0.1%. Inclusion of catalase in the assay mixture did not
eliminate the product formation but resulted in even more
product formed: both 7R- and 7â-hydroxylase activities were
stimulated about 1.2-1.3-fold. It should be emphasized that,
in order to avoid higher blank readings, the commercial
substrate had to be purified by HPLC just before the
incubations.

Substrate-Binding Properties of the Mutant P450s. A total
of 41 mutants encompassing 26 amino acid residues were
generated and characterized (Tables 2 and 3). Usually one
nonconservative substitution was created for a residue that
did not seem to be involved in the interaction with cholesterol
according to the model or alignment, whereas two preferably
conservative substitutions to a smaller and larger sized side
chain were introduced when the residue in question was
suggested by the model to point inside the active site. On
the basis of how mutations affected spectral binding of
cholesterol, amino acid residues could be arbitrarily placed
into two groups. The first group includes residues 120, 357,
359, 361, 362, 363, 364, 473, 481, 483, 487, and 488 (the
T120S, S357A, S359A, N361Q, N361L, I362L, R363L,
T364V, A473V, S481A, A483V, I487L, I487V, L488V, and
L488I mutants) whose replacements resulted in insignificant
(e2.3-fold) change of parameters of spectral binding. The

2.3-fold value was chosen as a cutoff limit for this group
because disruption of an interaction involving nonpolar
groups of a substrate and the protein weakens the free energy
of binding,∆G, by at least 0.5 kcal/mol, which corresponds
to a 2.3-fold increase ofKd (32). Thus, 12 residues of 26
studied are unlikely to participate in contacts with cholesterol.

The second group is formed by residues 280, 281, 282,
283, 284, 285, 286, 287, 288, 358, 360, 480, and 485. Most
of these were investigated by generating two mutations, and
at least one of them induced either moderate (g2.3-fold
increase ofKd) or dramatic change of spectral binding
properties (significantly reduced∆Amax or the lack of spectral
response or reverse type I spectral response). Residues of
this second group could be divided into three subgroups
based on location in the primary sequence: 280-288 (the
putative helix I), 358-361 (the region between the K helix
andâ1-4), and 480-485 (theâ4-sheet region).

Four side chains point inside the active site from the
putative I helix according to the model with Val280
interacting with the cholesterol side chain, Ala284 being
close to C18 at the C/D ring junction, Trp283 laying over
C19 at the A/B ring junction, and Asn288 interacting with
the 3â-hydroxyl (Figure 2). Mutation of Val280 to a smaller
size Ala did not affectKd as judged by the spectral or filter
assays, whereas the larger size V280L, A284V, A284C, and
N288Q mutations abolished a cholesterol-induced spectral
response. To clarify whether a lack of a spectral response
indicates a lack of cholesterol binding, the filter assay was
employed. Much less, 2.6-5.9-fold, or only 17%-38% of
cholesterol bound to the wild-type P450 was found to bind
to the V280L, A284V, A284C, and N288Q mutants, and this
cholesterol binding was in an unproductive orientation
because there was no cholesterol hydroxylation when enzyme
activity was measured. Studies with cholesterol analogues
have established that there are at least two functionalities in
the active site of wild-type CYP7A1, one that interacts with
the steroid 3â-hydroxyl and another that hydrogen bonds with
the 3R-hydroxyl. On the basis of the similarKd values of
cholesterol and epicholesterol for the wild-type CYP7A1
(Table 1), interactions with the 3R- and 3â-hydroxyls are of
an equal strength. Thus, binding to the V280L, A284V,
A284C, and N288Q mutants with theKd similar to that of a
wild-type P450 could be the result of cholesterol interaction
with the functionality that in the wild-type enzyme forms a
hydrogen bond with the 3R-hydroxyl. If so, binding will be
in a 180° flipped orientation that could be unproductive and
that leads to no spectral response. To test whether unproduc-
tive cholesterol orientation is due to a reduced volume of
the active site, the V280L and A284C mutants were titrated
with the smaller 5-pregnen-3â-ol and 5-androsten-3â-ol and
found to interact with these steroids with apparent binding
constants either similar to or∼3-fold higher than those of
the wild type or the V280A mutant (Table 3). This gain of
function was also confirmed in the enzyme activity studies
with the V280L mutant. This P450 was inactive in cholesterol
7R-hydroxylation but was able to 7R-hydroxylate 5-andros-
ten-3â-ol (Figure 4D). There was also a small amount of
7â-hydroxylation by this mutant. Both products were also
formed in the presence of catalase. Together, the binding
and activity data indicate that the additional volume of the
Leu side chain may exclude the cholesterol from the active
site because of its interference with the cholesterol side chain,
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whereas the alternate substrates having a shorter steroid side
chain or lacking the side chain could be appropriately
orientated and metabolized. Thus, Val280 and Ala284 seem
to play a role both in orientation and in specificity of
substrate by controlling the volume of the active site.

Mutation of Trp283 to a smaller Tyr resulted in a 2.7-
fold increase ofKd for cholesterol, whereas the Phe substitu-
tion abolished the cholesterol-induced spectral response.
These data are in agreement with the homology model which
suggests that position 283 in CYP7A1 should be occupied
by a large residue that possibly acts as a lid to keep the

cholesterol near the heme. The cholesterol side chain does
not seem to be involved in the interaction with Trp283 as
judged by essentially the same affinity of the W283Y mutant
for 5-pregnen-3â-ol and an even stronger affinity for
5-androsten-3â-ol. The homology model suggests that Asn288
interacts with the cholesterol 3â-hydroxyl either directly or
through the water molecule. Our spectral, filter, and enzyme
activity data showing that Asn288 is essential for binding
of cholesterol in correct orientation inside the enzyme active
site support this suggestion. Titrations with cholesterol
analogues established that the N288Q mutant interacts with

Table 2: Cholesterol Binding and Kinetic Properties of CYP7A1 Wild Type and Mutantsa

spectral assay

CYP7A1 Kd, µM ∆Amax Kd, µM

filter assay,
bound

cholesterol,
cpmb Km, µM kcat, min-1 location in model/suggested role

wild type 4.3( 0.1 0.04( 0.006 8.2( 0.2 17502 7.0( 1.0 143.7( 18.6

Residues Whose Mutations Resulted in Insignificant (e2.3-fold) Change of Parameters of Spectral Binding
T120S 4.4( 0.3 0.07( 0.009 NDc ND
S357A 2.7( 0.2 0.09( 0.002 ND ND
S359A 4.2( 0.3 0.08( 0.009 ND ND
N361Q 2.9( 0.8 0.08( 0.009 ND ND
N361L 3.5( 0.2 0.07( 0.004 ND ND
I362L 1.9( 0.2 0.02( 0.007 ND ND
R363L 6.3( 0.3 0.03( 0.002 ND ND
T364V 5.6( 0.3 0.06( 0.005 ND ND
A473V 6.9( 1.0 0.01( 0.001 ND ND
S481A 7.6( 0.5 0.02( 0.002 ND ND
A483V 4.7( 0.2 0.05( 0.001 ND ND
I487L 4.4( 0.3 0.04( 0.002 ND ND
I487V 7.3( 0.5 0.05( 0.002 ND ND
L488V 9.4( 0.7 0.03( 0.002 ND ND
L488I 4.1( 0.8 0.02( 0.002 ND ND

Residues with at Least One Mutation That Affected Parameters of Spectral Binding either Moderately or Significantly

Putative Helix I
V280L no spectral responsed 14.1( 0.7 2915 (17) no activitye inside the active site near cholesterol side chain,
V280A 4.0( 0.5 0.008( 0.001 8.4( 0.6 12960 (74) 26.1( 2.7 29.5( 4.1 defines the size of the active site
V281L 3.3( 0.3 0.08( 0.004 12.6( 1.4 103.6( 2.5
V281A 13.0( 1.8 0.03( 0.001 10.7( 0.3 8.6( 0.1 points away from the active site
L282A no spectral response 6.9( 0.1 6368 (36) no activity points away from the active site toward the

E helix
W283F no spectral response 7.5( 0.4 2007 (12) no activity inside the active site, interacts with cholesterol
W283Y 11.7( 1.5 0.02( 0.002 31.4( 2.2 100.3( 14.0 C19 methyl
A284V no spectral response no activity inside the active site pointing toward pyrrole
A284C no spectral response 6.9( 0.4 2893 (17) no activity ring B of the heme
S285A 4.6( 0.8 0.07( 0.007 ND ND points away from the active site
S285T (rt I)f 0.1( 0.03 0.15( 0.03 0.4( 0.05 2632 (15) 16.6( 2.0 7.3( 0.6
Q286N 7.5( 0.7 0.05( 0.001 ND ND points away from the active site
Q286M 1.5( 1.3 0.007( 0.001 6.2( 0.2 611 (4) 32.0( 4.1 105.2( 12.3
A287V 4.4( 1.0 0.006( 0.001 4.6( 0.5 9.8( 1.5 points away from the active site
A287C 3.8( 0.6 0.007( 0.001 3.1( 0.3 836 (5) 24.7( 5.6 10.1( 2.3
N288Q no spectral response 4.5( 0.4 6573 (38) no activity inside the active site, interacts with cholesterol
N288L inactive P420 protein 3â-hydroxyl

Putative Helix K-â1-4 Region
A358V 32.5( 2.5 0.02( 0.002 25.1( 3.8 3.8( 0.5 inside the active site near cholesterol C3,

additional products defines the size of the active site
L360I 2.5( 0.2 0.04( 0.003 14.9( 1.4 127.6( 8.2 inside the active site, interacts with cholesterol
L360V 14.8( 2.1 0.04( 0.004 17.7( 3.4 98.7( 3.7 C18 methyl

Putativeâ4 Sheet Region
Q480N 12.6( 0.8 0.03( 0.002 8.8( 1.1 39.7( 2.5 points away from the active site, solvent
Q480M 7.9( 0.1 0.03( 0.004 ND ND exposed
R482L inactive P420 protein points away from the active site
L485V (rt I) 0.98( 0.3 0.01( 0.001 0.9( 0.1 766 (4) 12.5( 3.3 16.9( 3.3 inside the active site near cholesterol B/C ring
L485I 12.7( 2.2 0.02( 0.004 23.5( 2.2 4.6( 0.4 junction, defines the size of the active site

a Both kinetic and binding results represent the average of three independent experiments( SD. ∆Amax in the spectral assay is normalized to
nanomoles of P450.b Represents specific binding, i.e., radioactivity that was displaced with cold cholesterol at saturating concentrations. Nonspecific
cholesterol binding to wild-type CYP7A1 was 15%. Number in parentheses shows percent of cholesterol binding compared with that to the wild-
type enzyme.c ND, not determined.d The spectral response,∆A390-420, was<0.002 absorbance units when 2µM P450 was titrated with up to a
100 µM steroid.e Indicateskcat < 0.2 min-1. f rt I, reverse type I spectral response.
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a smaller 3-ketocholesterol and epicholesterol (Table 3).
These data indicate that, as in the case with Val280 and
Ala284, a reduction of the volume of the active site could
also be the reason for the altered cholesterol orientation in
the N288Q mutant. Studies with epicholesterol also suggest
that Asn288 does not interact with the steroid 3R-hydroxyl
group. This interpretation is in agreement with the GC-MS
analysis of the incubations of the N288Q mutant with
epicholesterol showing the formation of the same products
as those observed in the incubations with the wild-type
enzyme (Figure 4A,B), although at a much lower rate. Both
the spectral and enzyme activity data suggest that epicho-
lesterol binds to the active site of the N288Q mutant and
the wild-type enzyme in the same orientation, which,
however, is different from that of cholesterol. Asn288 also
appears to be involved in the stability of the protein, possibly
by a hydrogen bond network that maintains a proper protein
folding since the N288L mutation resulted in the inactive
P420 enzyme. One more replacement in the putative I helix
dramatically affected the mode of cholesterol interaction with
CYP7A1. The S285T mutant exhibited a reverse type I
spectral response with a peak at 421 nm and a trough at 388
nm, and the spectralKd 43 times lower than that of the wild-
type enzyme. Much tighter cholesterol binding was also
confirmed by the filter assay. According to the model, the
side chain of Ser285 points toward the E helix, away from
the substrate-binding pocket. The effect of the S285T
mutation could be due to a conformational change induced
by a large size substitution. This interpretation is supported
by the S285A mutation that did change the spectralKd for
cholesterol.

Only two side chains, Ala358 and Leu360, were implicated
by site-directed mutagenesis and homology modeling to point
inside the active site in the region between the putative helix
K and theâ1-4 sheet and assist in orientation and position-
ing of cholesterol. The A358V mutation caused a 7.6-fold
increase in the spectralKd for cholesterol. This deterioration
of the affinity could be explained by a limited space around
C3 in the active site with a larger size A358V substitution
pushing the cholesterol 3â-hydroxyl away from the position
that is optimal for formation of a stable interaction with
Asn288, either directly or through a water molecule. The
ability of the A358V mutant to interact with the smaller
3-ketocholesterol, which is approximately 1.5 Å narrower
around the C3 of the steroid A ring than either the
epicholesterol or cholesterol, supports this interpretation and
suggests that position 358 in CYP7A1 should be occupied
by a small residue to provide enough space in the active

site for cholesterol to bind. No spectral response was
observed upon the titration of the A358V mutant with
epicholesterol. The enzyme was also inactive in epicholes-
terol hydroxylation as assessed by GC-MS. These data, which
are concordant with the homology model, indicate that
epicholesterol may be unable to properly dock into the active
site in the A358V mutant because of steric hindrance between
the 3R group and the bulkier valine resulting in the lack of
spectral shift and turnover. For Leu360, the homology model
suggests that this side chain could be involved in positioning
the cholesterol appropriate for hydroxylation, and in the
L360V mutant, the smaller side chain may allow a lateral
displacement of the cholesterol, causing a decreased affinity
for the correct substrate orientation. The site-directed mu-
tagenesis data are in agreement with this notion: the L360V
replacement resulted in a 3.4-fold increase of the spectral
Kd for cholesterol, whereas the L360I substitution did not
affect cholesterol binding, indicating that Leu360 contacts
the cholesterol C18 methyl group through its terminal side
chain carbon which is preserved when Leu is substituted with
Ile.

The last two residues whose mutations affected cholesterol
affinity either moderately (Gln480) or dramatically (Leu485)
were found in theâ4-sheet region. Conservative replacement
of Gln480 with a smaller Asn resulted in a 2.9-fold increase
of the spectralKd, whereas the nonconservative substitution
of Met having a similar length increasedKd only 1.8-fold.
The observed effects suggest some size requirements for
position 480 and could be due to tertiary conformational
changes because Gln480 points away from the active site in
the model. Leu485, in contrast, points inside the active site
in the model defining its volume over the cholesterol B/C
ring junction. Replacement with a smaller Val led to a reverse
type I spectral response and a tighter (4-8-fold) cholesterol
binding based on both spectral and filter assays. Substitution
with the same size Ile had an opposite effect, resulting in
type I spectral response and a 3 times looser cholesterol
binding. Comparison of the two mutations indicates very
strict requirements for the size and structure of the residue
at position 480 for optimum orientation of cholesterol.

Kinetic Properties of the Mutant P450s 7A1. Mutants with
moderate and significant changes of cholesterol binding
properties, as well as those exhibiting reverse type I spectral
response or significantly reduced (>6-fold) ∆Amax, were
assayed for cholesterol 7R-hydroxylase activity, and the
kinetic parameters were determined, if product formation was
observed (Table 2). Of the 20 mutants examined, six (V280L,
L282A, W283F, A284V, A284C, and N288Q) did not

Table 3: Binding of Different Cholesterol Derivatives to the CYP7A1 Mutantsa

cholesterol 5-pregnen-3â-ol 5-androsten-3â-ol epicholesterol 3-ketocholesterol

form Kd, µM ∆Amax Kd, µM ∆Amax Kd, µM ∆Amax Kd, µM ∆Amax Kd, µM ∆Amax

WT 4.3( 0.01 0.04( 0.006 21.3( 0.4 0.016( 0.001 13.3( 2.5 0.005( 0.0004 8.7( 1.5 0.01( 0.001 10.8( 0.9 0.05( 0.002
V280L no spectral responseb 18.6( 2.4 0.007( 0.001 15.5( 1.5 0.005( 0.0001
V280A 4.0( 0.5 0.01( 0.001 14.1( 0.6 0.003( 0.0001 4.9( 0.3 0.001( 0.0002
W283Y 11.7( 1.5 0.02( 0.002 15.0( 2.0 0.004( 0.0001 2.2( 0.2 0.001( 0.0001
W283F no spectral response no spectral response no spectral response
A284C no spectral response 18.9( 0.1 0.003( 0.0005 40.8( 3.3 0.005( 0.0005
N288Q no spectral response 7.8( 1.3 0.05( 0.005 18.2( 0.3 0.01( 0.001
A358V 32.5( 2.5 0.02( 0.002 no spectral response 9.4( 0.4 0.04( 0.002

a Calculated on the basis of the spectral binding assay as described under Experimental Procedures. The results represent the average of three
different titrations( SD. b The spectral response,∆A390-420, was<0.002 absorbance units when 2µM P450 was titrated with up to a 100µM
steroid.
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metabolize cholesterol even when 50 times higher amounts
of P450 and high cholesterol concentrations (100µM) were
used in the reconstitution system and the reaction time was
increased 10-fold. Also, none of these mutants exhibited
cholesterol-induced spectral response. Three mutants, W283Y,
Q286M, and L360V, had a 3-4.5-fold increasedKm and
insignificantly alteredkcat (<1.6-fold). The increasedKm of
the W283Y and L360V mutants is most likely the result of
the increasedKd, whereas a change in theKm of the Q286M
mutant is probably due to the reduced amount of bound
cholesterol as is indicated by the filter assay and supported
by the reduced∆Amax in the spectral assay. Three mutants,
S285T, L485V, and A287V, had theirKm values changed
insignificantly (<2.3-fold), while thekcat values were de-
creased 8.5-20-fold. The decreased rates of catalysis likely
reflect the increased solvation of the heme iron in these
mutants as judged by the reverse type I cholesterol-induced
spectral response exhibited by the S285T and L485V mutants
and significantly decreased∆Amax of the A287V mutant.
Finally, three mutants, A287C, V280A, and A358V, had a
2.9-3.7-fold increasedKm and a 4.8-36-fold decreasedkcat.
While both, Val and Cys, replacements at position 287 led
to a significantly decreasedkcat, only the latter resulted in a
3.5-fold increase inKm. Val and Cys both have a similar
size, but Cys is a hydrogen donor and may form bonds,
whereas Val cannot. It is possible that the Cys substitution
introduced conformational changes through bonding to a
nearby residue and thus altered theKm. Although a simul-
taneous change ofKm andkcat is always difficult to interpret,
the kinetic properties of the V280A and A358V mutants are
in agreement with our notion that Val280 and Ala358 are
located inside the enzyme active site and important for proper
cholesterol binding. The A358V substitution also caused an
appearance of a new peak in the HPLC product profile in
the amounts of 20%-25% of that of 7R-hydroxycholesterol
(not shown). While an attempt to identify this product by
GC-MS was not successful because too little of this unknown
metabolite was produced, the GC-MS analysis did reveal the
formation of 7â-hydroxycholesterol (R and â isomers of
7-hydroxycholesterol are not separated under our conditions
of HPLC) in the amounts of 3%-10% of that of 7R-
hydroxycholesterol and ruled out that 7â-hydroxycholesterol
is the result of nonenzymatic cholesterol oxidation because
the major autoxidation product of cholesterol, 7-oxocholes-
terol, was not detected.

DISCUSSION

Among four P450s that are known to initiate cholesterol
degradation in humans, 7A1, 11A1, 27A1, and 46A1, the
former has the highest catalytic efficiency of cholesterol
hydroxylation in the reconstituted system in vitro (33-35),
which, in our opinion, reflects physiological requirements
for the liver to degrade about 600 mg of cholesterol on a
daily basis (36). For comparison, about 40, 50, and 6-7 mg
of cholesterol are hydroxylated every day by P450s 11A1,
27A1, and 46A1, respectively, in steroidogenic and extra-
hepatic tissues and the brain (36-38). The present work is
a continuation of our studies aimed at establishing the
features of the CYP7A1 molecule that result in the strict
substrate specificity and high rate of catalysis.

Sequence alignment with structurally characterized P450s
(Figure 1) and a homology model of CYP7A1 indicates that

CYP7A1 contains extra loops on the proximal face, lacks
the B′ helix, and contains Asn288 in the I helix instead of a
highly conserved threonine which is thought to be required
for dioxygen bond cleavage during catalysis (reviewed in
ref 39). These features produce a novel P450. Among
structurally determined P450s, the B′ helix is absent in only
bacterial P450cin, which also contains Asn instead of a
conserved threonine (40). The extra loops are also seen in
CYP8A1, which is an endoperoxidase not requiring an
NAPDH reductase as a source of electrons. Additionally,
with the lack of the B′ helix, the edge of the heme is partially
exposed in the model. Thus, one might speculate that the
site of CYP7A1/reductase interaction is novel compared to
other already studied P450s.

While a thorough investigation of whether the B′ helix is
indeed missing in the structure was not pursued herein, the
role of Asn288 was assessed. Our data strongly suggest that
Asn288 is a key residue for binding cholesterol because this
side chain interacts with the steroid 3â-hydroxyl either
directly or via a water molecule. Furthermore, as the N288L
substitution that produced a denatured P420 protein indicates,
Asn288 is also involved in a network responsible for
maintaining a stable protein structure. This is in contrast to
CYP101A1 (41), CYP1A2 (42), CYP102A1 (43), CYP2B4
(44), CYP3A4 (45), and P450nor (46), in which replacement
of a conserved threonine with a residue that does not have
a hydrogen-bonding capacity still results in a functionally
folded enzyme. Thus, it would seem that Asn288 forms a
stabilizing hydrogen bond network in the substrate-free
protein, and in the presence of cholesterol, the C3â-hydroxyl
allows for an alternate network. In the N288Q mutant the
increased length of the side chain may prevent cholesterol
from docking appropriately in the active site and participating
in the “new” hydrogen bond network, whereas the C3
R-hydroxy group in epicholesterol may allow for substrate
binding and catalysis. A similar reason might be the case
for binding and catalysis of 3-ketocholesterol. We hope to
obtain more information about Asn288 in future by inves-
tigating how CYP7A1 hydroxylates epicholesterol. In addi-
tion to Asn288, six more residues are suggested to interact
with cholesterol in our studies (Figure 2, Table 2), three in
the putative I helix orsubstraterecognitionsite 4, SRS-4
(Val280, Trp283, and Ala284), two in the helix K-â1-4
region or SRS-5 (Ala358 and Leu360), and one in theâ4-
sheet region or SRS-6 (Leu485). The SRS regions are those
defined by Gotoh (47). These residues are aligned with
determinants of substrate specificity in structurally character-
ized P450s (Figure 1), which is concordant with the notion
that substrate-contact residues in different P450s are located
at the same or similar alignment positions (48). Conservative,
larger sized V280L, A284V, A284C, and N288Q substitu-
tions of three active site residues in the putative I helix and
a smaller size aromatic W283F mutation of the fourth side
chain in this region resulted in cholesterol binding in an
unproductive orientation. The smaller L485V replacement
in the putativeâ4-sheet region caused a reversed type I
spectral response and a much tighter cholesterol binding,
whereas the very conservative L485I mutation did not change
the type of the spectral response but led to a 3-fold looser
substrate binding. These and the kinetic data indicate that
the requirement for the size of the active site residue is also
strict at position 485. The A358V substitution in the putative
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helix K-â1-4 region preserved the type I spectral response
but increased the spectralKd for cholesterol 8-fold and
resulted in a 37-fold decrease ofkcat and formation of two
new products, one of which was not identified and 7â-
hydroxycholesterol. Such properties of the mutant enzyme
again suggest strict requirements for the size of a side chain
at position 358 in CYP7A1. Only Leu360 in the helix
K-â1-4 region could be mutated without significant
functional consequences. Thus, our mutagenesis data indicate
that there seems to be a very good complementarity of fit
between the cholesterol molecule and the enzyme active site.
This type of tight fit of substrate and enzyme active site in
a P450 was initially observed for CYP101A1, a prokaryotic
P450 which metabolizes camphor (reviewed in ref39).
Subsequent studies established that this complementary fit
is also true for some eukaryotic P450s from families 2, 3,
and 4 (reviewed in refs48 and 49). This present work
provides experimental evidence that the “complementarity”
mechanism is also responsible for the strict substrate
specificity of CYP7A1, possibly by reducing the rotational
freedom of the substrate inside the enzyme active site and
resulting in one binding orientation and a good coupling of
the P450 reaction cycle as suggested for CYP101A1 (39).

A correlation between the hydration of the heme iron and
the catalytic rate constant,kcat, was also observed. Nine
mutants had significantly (no less than 3.6-fold) decreased
kcat. Seven of them (A287V, A287C, V280A, V281A,
A358V, Q480N, and L485I) exhibited a type I cholesterol-
induced spectral response and a decreased∆Amax, indicating
that less water, than in the wild type enzyme, is displaced
from the heme iron upon substrate binding. Two mutants
(S285T and L485V) showed a reverse type I cholesterol-
induced spectral response, indicating that substrate binding
does not cause water displacement but, in contrast, leads to
a higher percentage of protein molecules with water ligated
to the heme iron. Thus, cholesterol-bound forms of all nine
catalytically impaired mutants had increased solvation of the
heme iron compared with that of cholesterol-bound wild type,
but this increase in solvation was realized through two
different mechanisms. Because seven of nine mutations with
decreasedkcat were in the active site, it is also possible that
precise substrate positioning, which is a key factor for tight
coupling of P450 enzymatic reaction (reviewed in ref39),
was also affected and contributed to a less productive
catalysis. A pivotal role of water in efficient catalysis was
demonstrated previously by crystallographic studies of a
complex between P450 102A1 and the novel substrate
N-palmitoylglycine (NPG) (18). NPG interacts with higher
affinity and reacts with a higher turnover number than
palmitic acid. It was established that NPG binding results in
generation of the high-affinity water binding site converting
the enzyme to a form with high catalytic competence likely
because water displacement raises the reduction potential of
the heme iron and, by making the iron easier to reduce,
increases the efficiency of usage of reducing equivalents
required for substrate hydroxylation (18). Our data indicate
that CYP7A1 may be similar in this respect to P450 102A1.

To summarize, the present comprehensive investigation
was aimed at understanding how CYP7A1, a key enzyme
in cholesterol homeostasis in humans, binds cholesterol and
is adapted to fit physiological requirements for a high rate
of cholesterol turnover in the liver. Our previous studies

indicate that strict substrate specificity of CYP7A1 is in part
determined by the initial cholesterol recognition that takes
place on the surface of the molecule (20). Herein, through
computer modeling and site-directed mutagenesis, we gained
insight into the CYP7A1 active site and identified two
additional features that appear to contribute significantly to
the enzyme strict substrate specificity and regio- and ste-
reoselectivity of hydroxylation and high rate of catalysis.
These features are a good complementarity fit between the
cholesterol molecule and the enzyme active site and a
requirement for displacing the water molecule from the heme
iron upon substrate binding. The present work significantly
advances our understanding of the molecular mechanisms
of cholesterol binding and catalysis in mammals and serves
as a paradigm for our ongoing studies of another three
cholesterol-metabolizing P450s, CYP11A1, CYP27A1 and
CYP46A1.
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