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ABSTRACT: Cytochrome P450s in endoplasmic reticulum membranes function in the hydroxylation of
exogenous and endogenous hydrophobic substrates concentrated in the membranes. The reactions require
electron supplies from NADPH-cytochrome P450 reductase in the same membranes. The membranes
play important roles in the reaction of cytochrome P450. The membrane topology of guinea pig P450
17R was investigated on the basis of the differences in reactivity to hydrophilic chemical modification
reagents between those in the detergent-solubilized state and proteoliposomes. Recombinant guinea pig
cytochrome P450 17R was purified fromEscherichia coliand incorporated into liposome membranes.
Lysine residues in the detergent-solubilized P450 17R and in the proteoliposomes were acetylated with
acetic anhydride at pH 9.0, and the acidic amino acid residues were conjugated with glycinamide at pH
5.0 by the aid of a coupling reagent, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride. The
modifications were performed under conditions where the denatured form, P420, was not induced. The
modified P450 17R’s were digested by trypsin, and the molecular weights of the peptide fragments were
determined by MALDI-TOF mass spectrometry. From the increase in the molecular weights of the peptides,
the positions of modifications could be deduced. In the detergent-solubilized state, 11 lysine residues and
7 acidic amino acid residues were modified, among which lysine residues at positions 29, 59, 490, and
492 and acidic residues at 211, 212, and/or 216 were not modified in the proteoliposomes. Both the N-
and C-terminal domains and the putative F-G loop were concluded to be in or near the membrane-
binding domains of P450 17R.

17R-Hydroxylase cytochrome P450 (P450 17R;1 EC
1.14.99.9) catalyzes both 17R-hydroxylation and C17-20
bond cleavage reactions of C21-steroids, and is located in
the membranes of the endoplasmic reticulum of adrenal and
gonadal glands (1-3). The substrate steroids progesterone
and pregnenolone are hydrophobic and favor partitioning into
the membrane lipid phase rather than into the aqueous phase
(4, 5). It is a reasonable proposal that steroidogenic P450
metabolizes the substrates concentrated in the membranes
and the substrates enter the substrate-binding site directly
from the membranes (6, 7). The possibility that the F-G

loop of the protein might be located close to the substrate
access channel has been shown in P450 cam, P450 BM3,
and P450 14M, water-soluble P450s (8-10). It is crucial
for understanding the reactions of steroidogenic P450s
whether the substrate access channel of the P450s is facing
the membrane or aqueous phase.

The cytochrome P450-catalyzed hydroxylation reaction
requires two electron equivalents that are transferred from
NADPH-cytochrome P450 reductase through the interaction
between the two proteins in the membranes (11, 12). P450
associates with the reductase via the electrostatic interaction
between the cationic residues of P450 and the anionic
residues of the reductase (13-15). NADPH-cytochrome
P450 reductase loses the N-terminal membrane-spanning
domain through limited proteolysis and becomes soluble in
aqueous solution (16). The soluble reductase hardly delivers
electrons to P450 and cannot support the P450 reactions (17).
These experimental results show that the proper orientation
of P450 with respect to the reductase on the membranes is
necessary for the electron transfer from the reductase to P450.

The membrane topology of microsomal P450s has been
studied by various methods, limited proteolysis (18-20),
rotational diffusion experiments (20, 21), deletion of the
N-terminal peptide, site-directed mutagenesis (22-27), im-
munochemical methods using antibodies against specific
epitopes of P450s (28, 29), atomic force microscopy (30),
and molecular modeling (31, 32). These studies show that
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the N-terminal hydrophobic sequence in microsomal P450
contains a signal for localization to the endoplasmic reticulum
membranes and is the primary site for binding to the
membranes. The experiments using N-terminal-truncated
(about 20 amino acids) P450s showed, however, that there
are membrane-binding domains in microsomal P450s other
than the N-terminal domain and the deletion of the N-
terminal region from P450s does not destroy the enzyme
activities. The results of site-directed mutagenesis and
crystallographic studies on P450 2C5 were consistent with
the hypothesis that the F-G loop interacts with the mem-
branes and the entrance of the putative substrate access
channel orients toward the surface of the membrane.

Chemical modification is a powerful method in the
identification of amino acid residues important for the
function of proteins. The combination of HPLC and amino
acid sequencing requires milligrams of protein for the
identification of modified sites. The development of mass
spectrometry in protein science provides a sensitive meth-
odology for the measurement of molecular weights of peptide
fragments, which allows one to identify the modified sites
in the protein using micrograms of protein. In this study,
we chemically modified the ionic amino acid residues lysine,
glutamate, and aspartate of recombinant guinea pig adrenal
cytochrome P450 17R both in the detergent-solubilized state
and in proteoliposomes. The positions modified in the
detergent-solubilized state were identified by the mass
spectrometry of the tryptic peptide fragments. It is found
that some of them could not be modified in the proteolipo-
somes, and we concluded that the amino acid residues not
modified in the proteoliposomes are in positions at or near
the membrane-binding domains in P450 17R.

EXPERIMENTAL PROCEDURES

Purification of Enzymes and Preparation of Proteolipo-
somes.Recombinant guinea pig P450 17R (His)4 was purified
by sequential chromatographies with DEAE-Sephacel (Phar-
macia-Amerciam) and Ni-NTA (Quiagene) as described
previously (33, 34). NADPH-cytochrome P450 reductase
was purified from bovine liver microsomes as described
elsewhere (35). Proteoliposomes containing P450 17R in a
ratio of 1:2000 (mol/mol) to phospholipids were prepared
by the cholate dialysis method using egg yolk phosphati-
dylcholine (Sigma-Aldrich) (36). The concentration of P450
17R in the sample was determined using a difference
absorption coefficient of∆ε(448-490 nm)) 91 mM-1 cm-1

for the CO-dithionite-reduced spectrum (37). The concen-
tration of lipids was estimated from the radioactivity of [14C]-
DPPC (Dupont-NEN) that had been mixed with the phos-
pholipids before dialysis (38). More than 80% of the
incorporated P450 17R is located on the outside surface of
the liposome membranes.

Chemical Modifications and Trypsin Digestion.Acetyla-
tion of the lysine residues of P450 17R was carried out with
acetic anhydride (Nakalai Tesque, Kyoto, Japan). P450 17R’s
in 0.1% â-dodecylmaltoside (Dojinn, Kumamoto, Japan)
solution and in prepared proteoliposomes were diluted to 4
µM with about 25 volumes of 100 mM H3BO3 (pH 9.0). To
each 20µL of sample solution, 2µL of freshly prepared 10
mM acetic anhydride was added, in which the molar ratio
of P450 17R to acetic anhydride was 1:250, and the mixture

was incubated for 15 min at 4°C. The reaction was
terminated by the addition of 40µL of 100 mM NH4HCO3.
A 40 µL sample of chilled acetone (-20 °C) was mixed
with the solution to precipitate acetylated P450 17R, and the
mixture was kept at-20 °C overnight. The precipitates were
collected and dissolved again in 40µL of 100 mM NH4-
HCO3, and then the precipitation was repeated again with
40 µL of chilled acetone. The precipitates were dried by
evacuation and dissolved in 40µL of 100 mM NH4HCO3.
The acetylated P450s were digested at 25°C for 2 h with
trypsin (Sigma) at a molar ratio of trypsin to P450 17R of
1:100 (mol/mol).

Glycinamidation of the acidic residues of P450 17R was
performed as follows (39). The solutions of detergent-
solubilized P450 17R and the proteoliposomes were diluted
to 1-2 µM with about 25 volumes of 50 mM glycinamide-
HCl solution (pH 5.0). The modification reaction was started
by the addition of 4µL of 4 mM 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide hydrochloride (EDC; Sigma) to the
sample solution, and the mixture was incubated for 2 h at
room temperature. The reaction was terminated by the
addition of 10µL of 500 mM sodium acetate (pH 5.0). The
precipitations and trypsin digestion were preformed in the
same way as those after acetylation.

Mass Spectrometry and Identification of Modified Posi-
tions.The positions of modified amino acid residues of P450
17R were deduced from the increase in molecular weights
of the tryptic fragments determined by MALDI-TOF mass
spectrometry. Zip Tip C18 (Millipore) was used to remove
metal ions from the sample. The peptide fragments adsorbed
on the tip were eluted with tetrafluoroacetic acid (TFA;
Sigma) to plastic tubes and dried. A 3µL aliquot of matrix
solution (R-cyano-4-hydroxy-trans-cinnamic acid (Sigma))
was added to the tube, and 1µL of the sample-matrix mixture
was spotted on a stainless steel probe tip of the instrument
and allowed to air-dry for 10 min at room temperature. Mass
spectra for most of the samples from acetylated P450 17R
were measured with a Bruker Bioflex II MALDI-TOF mass
spectrometer equipped with a nitrogen laser (337 nm).
Spectra for other samples, mainly from glycinamidated P450
17R, were measured on a Bruker Ultraflex MALDI-TOF
mass spectrometer. Mass spectra were obtained by ac-
cumulating data for 200 laser shots under the threshold
irradiance in the reflector positive mode at a 28.5 kV
acceleration voltage and 1.5 kV in the detector. Fragments
in the range fromm/z800 tom/z3000 were mainly observed.
Well-resolved spectra arising from three to five selected
target spots were analyzed. All MALDI-TOF mass spectra
were calibrated externally using a standard peptide mixture
(angiotensin II (m/z 1047.2), adrenocorticotropic hormone
fragment 18-39 (m/z 2466.7), and insulin (m/z 5734.6);
Sigma). The identification of the peptide fragments
was carried out with a software MASCOT (http://
www.matrixscience.com) or Protein Prospector (http://
prospector.ucsf.edu). The acetylated fragments were identi-
fied by an increase in the mass number of 42 in the fragments
containing lysine residues, and a mass number of 56 was
used for the identification of glycinamidation of acidic amino
acid residues. An error in mass number of(1.0 was tolerated
in the identification of the modified peptides, if there were
no unmodified fragments in this error range.
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Optical absorption spectra were measured with a Beckman
DU-650 spectrophotometer. 17R-Hydroxylase activities be-
fore and after modifications were measured only for P450
17R in liposome membranes using [3H]progestrone (Dupont-
NEN) as described previously, since P450 17R does not show
any significant activity in the detergent solution (33, 40).

RESULTS

More than 25 tryptic peptide fragments from unmodified
guinea pig P450 17R were detected in the mass spectrum in
the region ofm/z800-3500 (Figure 1A (C)). It is reasonable
that almost the same spectra were observed for detergent-
solubilized P450 17R and for the proteoliposomes, because
the detergents or membrane lipids were removed before the
trypsin treatments and the conditions for the proteolysis were
the same for both samples. With mass spectrometry under
the conditions used in this study, fragments containing less
than 7 or more than 40 amino acid residues are difficult to
detect. Identified peptides in the mass spectra from unmodi-
fied P450 17R covered about 70% of the sequence of the
parent protein. This sequence coverage showed that the
peptides from most parts of P45017R were detected in the
mass spectra in the present study. Almost similar sequence
coverage was found for P450 17R’s modified by the reagents.

We examined several conditions for acetylation of P450
17R, pH, temperature, reaction time, and the molar ratio of
acetic anhydride to P450 17R. Acetic anhydride is reactive
to the-NH2 group rather than the-NH3

+ group, where the
pKa for the amino group in the lysine side chain is about 10
(41). A pH higher than 10 induced denaturation of P450 17R,

and 100 mM H3BO3 (pH 9.0) was used for acetylation. A pH
lower than 4, reaction at room temperature for 2 h, and/or
too high a concentration of acetic anhydride induced the
denatured form of the enzyme, P420. We confirmed that
acetic anhydride at a molar ratio of 250:1 to P450 17R could
not induce P420 when reacted at 4°C for 2 h. Trypsin
digestion was performed after acetylation and subsequent
removal of detergents or phospholipids by repeated acetone
precipitations. Two times more concentrated trypsin (a molar
ratio of 1:50 to P450 17R) did not make any significant
changes in the mass spectra even after incubation of 4 h at
room temperature.

In the spectra of tryptic peptides from P450 17R acetylated
in the detergent-solubilized state (Figure 1A (D)), we can
see several new peaks (shown by closed and open arrows),
which are not detected in the unmodified P450 17R. In Figure
1B, the spectra in the range fromm/z 1150 tom/z 1450 in
Figure 1A were expanded. New peaks atm/z1172.2, 1239.4,
1360.4, and 1403.3 are clearly detected after acetylation in
comparison of spectrum D with spectrum C in Figure 1B.
We also noticed13C satellite peaks on the right side of each
peak, which provide confirmation of the high resolution of
the measurements. From the molecular weights of the
peptides that appeared after the acetylation, we can deduce
the sequences of the peptides in which one of the lysine
residues was acetylated. The sequences and the positions of
acetylated lysine residues are listed in Table 1. Several more
peaks could be candidates for acetylated peptides, but they
had molecular weights similar to those of unacetylated tryptic
peptides (within∆(m/z) ) (1.0), which are neglected in this
table. Some of the peaks in the unacetylated P450 17R
decreased in the acetylated sample, which can be attributed
to an increase in the molecular weight due to acetylation
and also to inhibition of the trypsin digestion by the
acetylated lysine at the C-terminal of the peptide fragments,
the cleavage position of trypsin. The percentage of individual
lysine residues acetylated was estimated to be 10-50% using
the decrease in the original peak heights and the increase in

FIGURE 1: MALDI-TOF mass spectra of acetylated guinea pig
cytochrome P450 17R: (C) unmodified, (D) acetylated in the
detergent-solubilized state, (L) acetylated in the proteoliposomes.
Panel A shows the spectra in the region fromm/z 800 tom/z 2300.
Those fromm/z1150 tom/z1450 are expanded in panel B. Arrows
show the positions of peaks that are not detected in unmodified
P450 17R. Open arrows show the positions of peaks that cannot
be detected in the proteoliposomes but can be in the detergent-
solubilized state. The details of the reaction conditions and the
identifications are described in the Experimental Procedures.

Table 1: Identification of the Positions of Acetylated Lysine
Residues in Detergent-Solubilized Guinea Pig P450 17R and in the
Proteoliposomesa

a The details of the reaction conditions and the identifications are
described in the Experimental Procedures. The symbols+++, ++,
and+ represent the appearance of the peak in most, more than half,
and less than half of the samples, respectively.
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those of the corresponding acetylated fragments. The acety-
lated P450 17R in the proteoliposomes showed less than 10%
of the 17R-hydroxylase activity for progesterone of the
unacetylated P450 17R. More than 20 repetitions of prepara-
tion of acetylated samples confirmed that 11 lysine residues
were acetylated in the detergent-solubilized state, as shown
in Table 1. Parts A (L) and B (L) of Figure 1 show typical
spectra of P450 17R acetylated in the liposome membranes.
It is clear that some of the peaks (shown by open arrows) in
parts A (D) and B (D) of Figure 1 cannot be detected in the
sample from the acetylated proteoliposomes. In other words,
the acetylation of some positions of P450 17R was inhibited
by the incorporation of the enzyme into liposome mem-
branes. The reproducibility of the appearances of a particular
acetylated peptide signal in the mass spectra was shown by
+++, ++, or + for the peptide observed in most, more
than half, or less than half of the spectra, respectively, in
Table 1. Differences in the intensities of the signals of various
peptides cannot be attributed, however, to differences in the
yields of the peptides, since those are highly dependent on
the ionizations by the MALDI method (42). The reproduc-
ibility in Table 1 does not reflect correctly the reactivity of
the peptide to the reagent. The conditions for proteolysis and
ionization are the same for samples from P450 17R’s both
in the detergent-solubilized state and in the liposomes,
because the detergent and the phospholipids were removed
before the proteolysis. The difference in the reproducibility
of a particular modified peptide in Table 1 between those
from the detergent-solubilized P450 17R and the proteoli-
posomes showed the difference in reactivity of the peptide
to the modification reagent in the two states.

Figure 2 shows spectra of tryptic peptides from P450 17R
glycinamidated in the detergent-solubilized state (Figure
2(D)) and in the liposome membranes (Figure 2(L)). As in
the case of acetylation, one can recognize the appearance of
several new peaks (shown by arrows) in the spectrum from
glycinamidated P450 17R in the detergent-solubilized state
(Figure 2 (D)). We can identify seven glycinamidated acidic
residues in P450 17R in the detergent-solubilized state, and
the sequences and the modified positions are shown in Table
2. The percentage of individual acidic residues glycinami-
dated was about 5-10% of that in the original P450,
estimated from the peak heights of the new peaks. We could
detect almost no changes in the catalytic activity and no

denatured form of P420 after the glycinamidation. A few of
the glycinamidated peptide peaks (shown by open arrows)
in Figure 2 (D) cannot be observed in the spectrum of
glycinamidated P450 17R in proteoliposomes (Figure 2 (L)).
The disappearances of the peaks atm/z 2582.2, 2740.4, and
2796.0 must be due to the inhibition of glycinamidation by
liposome membranes, which corresponds to the inhibition
of the glycinamidation at positions D211, D212, and/or D216
as shown in Table 2. We could not determine the precise
positions of the modifications, because these three acidic
amino acid residues are located in the same peptide fragments
(peptides 201-222 and 200-222). Since increases in the
mass number of 56 and 56× 2 were observed in these
fragments, there is no doubt about the modifications at D211,
D212, and/or D216.

DISCUSSION

It is a reasonable assumption that the reactivity of water-
soluble chemical modification reagents to lysine and acidic
amino acid residues of guinea pig cytochrome P450 17R
incorporated into the liposome membranes might be different
from that of the protein in the detergent-solubilized state.
The main differences could be expected in the residues
located in the membrane-binding domains. Previously, we
reported that P450 17R and P450 C21 in the detergent-
solubilized state were easily digested to small peptide
fragments by trypsin treatments but not those incorporated
into liposome membranes (21). Tables 1 and 2 show
differences in reactivities of lysine and acidic amino acid
residues in P450 17R between those in the detergent-
solubilized state and in the liposome membranes. It is
possible that the difference in the reactivity is due to the
conformational change of the membrane protein caused by
the solubilization in detergent solution. P450 17R showed,
however, similar activity in the presence of a very low
concentration of a nonionic detergent, and thus, it can be
assumed that not much change in the conformation occurred
in the detergent-solubilized state compared to the native form
in the membranes (2). The difference in the reactivity must
be due to the accessibility of the small and water-soluble
modification reagents to those amino acid residues, and the
positions that are not modified in the proteoliposomes must

FIGURE 2: MALDI-TOF mass spectra of glycinamidated guinea
pig cytochrome P450 17R: (D) glycinamidated in the detergent-
solubilized state, (L) glycinamidated in the proteoliposomes. Arrows
show the positions of peaks that are not detected in unmodified
P450 17R. Open arrows show the positions of peaks which cannot
be detected in the proteoliposomes but can be in the detergent-
solubilized state. The details of the reaction conditions and the
identifications are described in the Experimental Procedures.

Table 2: Identification of the Positions of Glycinamidated Acidic
Amino Acid Residues in Detergent-Solubilized Guinea Pig P450
17R and in the Proteoliposomesa

a The details of the reaction conditions and the identifications are
described in the Experimental Procedures. The symbols+++, ++,
and+ represent the appearance of the peak in most, more than half,
and less than half of the samples, respectively.
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be at or near the membrane-binding domains of P450 17R.
A similar inhibition of chemical modifications has been
reported at the interaction surfaces of two proteins (43).
Oligomer formation in the detergent-solubilized state had
been reported for P450 C21, and an oligometric structure
has been observed recently for P450 2C2 in living cells (40,
44). These oligomer formations might occur also in guinea
pig P450 17R and might affect the reactivity of the amino
acid residues to the modification reagents. In this study it is
assumed that the oligomer formation of P450 17R might
affect the reactivity of amino acid residues less than the
membranes does.

In Figure 3, the positions of modifications are shown in
the sequence of guinea pig P450 17R. The positions of the
helices were deduced from the alignment of guinea pig P450
17R with the oxyganase domain of P450 BM3 (32). The
modified positions in the detergent-solubilized state are
shown by bold letters, and bold letters in squares show the
positions where the modifications were inhibited by liposome
membranes. One notices that the lysine and acidic amino
acid residues in the range 210-250 (F-G loop and G-helix)
are easily modified. The unmodified positions in Figure 3
do not mean that the hydrophilic modification reagent cannot
access those residues but show that the modifications of these
residues cannot be detected under these experimental condi-
tions. We cannot exclude the possibility that some other
lysine and acidic residues were modified but the tryptic
peptides were not observed in this range of measurements
or the peptides were not easily ionized under these experi-
mental conditions (42). Bold letters in the squares are near
both N- and C-terminals and in the sequence between F and
G helices. These amino acid residues must be near or in the
membrane-binding domains, and the membranes disturb the

access of the modification reagents to these residues in the
proteoliposomes.

Figure 4 shows a model for guinea pig P450 17R on the
membrane. The upper part of the molecular structure,
corresponding to the N-terminal-deleted protein (48-C-
terminal), was constructed by superimposition of the amino
acid sequence of guinea pig P450 17R on a molecular model
of human P450 c17 which had been simulated using the
structure of P450 BM3 (32). The lowest energy structure
for guinea pig P450 17R was determined using the coordi-
nates of human P450c17 as the initial positions of the
corresponding residues of guinea pig P450 17R with the
program package TINKER (J. W. Ponder, Washington
University School of Medicine, St. Louis, MO). The calcula-
tion did not change the coordinates much, and Figure 4 was
made using the human coordinates for positions of the
corresponding amino acid residues of guinea pig P450 17R
with the software RasMol Ver. 2.7.1.1. The N-terminal region
(M1-P18) is assumed to form anR-helix structure that spans
the membranes as a primary membrane-binding domain (18).
We cannot suggest anything about the structure of the region
(R19-H47) connecting the N-terminal region and the upper
part of the molecule (48-C-terminal). It is remarkable in this
model that all the amino acid residues whose modification
was inhibited by the presence of the membranes, except for
K29, are almost in a plane (black residues in Figure 4). Since
the ionic amino acid residues are difficult to embed into the
hydrophobic region of the membranes, salt bridges might
be formed between these amino acid residues and the ionic
headgroups of the phospholipid molecules in the membranes.
The effects of the ionic phospholipids on the P450 activities
have been reported, which might be due to the interaction
between ionic residues in the P450 and the phospholipids
(45).

The inhibition of the acetylation at K29 and K59 is
reasonable, because these residues are located in the region

FIGURE 3: Positions of lysine and acidic amino acid residues in
guinea pig P450 17R modified by acetic anhydride and glycinamide,
respectively. Bold letters show the modified positions, and bold
letters in squares show the positions that cannot be modified in the
proteoliposomes but can be modified in the detergent-solubilized
state. The positions of the helix (underlined) are deduced on the
basis of the structure of P450 BM3 in refs 9 and 32. It is not clear
from the results which two aspartic acid residues among D211,
D212, and D216 are modified, but three of them are shown by
bold letters in squares.

FIGURE 4: Membrane topology of guinea pig P450 17R. The upper
part of the molecular model (48-C-termical) was constructed by
superimposition of the amino acid sequence of guinea pig P450
17R on a molecular model of human P450 c17 simulated by Auchus
and Miller (ref 32). The black residues are the positions that cannot
be modified in the proteoliposomes but can be modified in the
detergent-solubilized state. Lysine 29 is one of them but is not
shown in the model, because no information is available about the
structure of the region that connects the N-terminal membrane-
spanning helix to the upper part of the molecule. The black helix
shows the putative C-helix.

P450 17R Membrane Topology Biochemistry, Vol. 42, No. 49, 200314667



connecting the N-terminalR-helix with the functional
domain. E84 is accessible to water-soluble reagents and is
the nearest amino acid residue to the N-terminal which is
exposed in the aqueous solution in our results. D211, D212,
and/or D216 are located near or in the putative F-G loop
of P450 17R. Several studies have suggested that the F-G
loop has an important role in the binding to membranes and
also is localized near an entrance of the substrates (25, 26).
The hydrophobic substrate concentrated in the membranes
by the partitioning between aqueous and membrane lipid
phases might directly enter the substrate access channel
through the entrance near the F-G loop. Previously, we
suggested that the membrane-binding domains are located
around the C-terminal side in P450 C21 on the basis of the
effect on limited proteolysis of incorporation of the enzyme
into liposomal membranes (20). The present study showed
that liposome membranes inhibited chemical modification
reactions at K490 and K492. The existence of the membrane-
binding domains at the N- and C-terminals and the putative
F-G loop can explain the high stability of P450 17R against
proteolysis and heat and also the slow rotational diffusion
relaxation time in the membranes (21).

Nishimoto showed that a cluster of acidic residues in
NADPH-P450 reductase was interacting with lysine residues
of cytochromec in the process of electron transfer from
NADPH to cytochromec using a cross-linked covalent
complex between the two proteins (13). FMN in NADPH-
P450 reductase functions as storage of electrons for the
acceptors cytochromec and P450s and has been shown to
exist near the surface of the reductase in a domain rich in
acidic residues (46). A detailed structure analysis of P450
for the interaction with cytochromeb5 and NADPH-P450
reductase was performed with site-directed mutagenesis in
P450 2B4 by Bridges et al. (14). They reported that Arg
and Lys residues in 122-139 and around 430 have important
roles in the interaction with the reductase. We found the
corresponding residues 125Arg, 126Arg, 136Arg, 141Lys,
440Arg, and 449Arg on the opposite side of P450 17R with
respect to the membrane-binding sites of the molecule in
the model in Figure 4. Sevriouskova et al. showed an
important role for the C-helix (118-130) in a P450-redox
partner electron-transfer complex in bacterial cytochrome
P450 BM3 (15). The corresponding C-helix in P450 17R is
shown by a black helix in Figure 4. Electrons might be
transferred from the FNM of the reductase interacting on
the opposite side of P450 17R with respect to the membranes,
and the hydrophobic substrate concentrated in the membranes
might enter the binding site from the membranes.

It must be pointed out that development of mass spec-
trometry leads to a sensitive and quick identification of
modified peptides, and the method used in this experiment
is powerful and convenient for the study of the topology of
membrane proteins.

ACKNOWLEDGMENT

We express our deep gratitude to Prof. Kenji Kamiya and
Dr. Tuyoshi Ikura of the Research Institute for Radiation
Biology and Medicine for their kind technical advice in
MALDI-TOF mass spectrometry.

REFERENCES
1. Nakajin, S., Shively, J. E., Yuan, P., and Hall, P. F. (1981)

Microsomal cytochrome P450 from neonatal pig testis: Two

enzymatic activities (17R-hydroxylase and C17, 20-lyase) associ-
ated with one protein,Biochemistry 20, 4037-4042.

2. Kominami, S., Shinzawa, K., and Takemori, S. (1982) Purification
and some properties of cytochrome P450 specific for steroid 17R-
hydroxylation and C17-C20 bond cleavage from guinea pig
adrenal microsomes,Biochem. Biophys. Res. Commun. 109, 916-
921.

3. Zuber, M. X., Simpson, E. R., and Waterman, M. R. (1986)
Expression of bovine 17R-hydroxylase cytochrome P450 cDNA
in nonsteroidgenic (COS I) cells,Science 234, 1258-1261.

4. Arrowsmith, M., Hadgraft, J., and Kellaway, I. W. (1983)
Thermodynamics of steroid partitioning in dimyristoylphosphati-
dylcholine liposomes,Biochim. Biophys. Acta 750, 149-156.

5. Tomida, H., Yotsuyanagi, T., and Ikeda, K. (1978) Solubilization
of steroid hormones by polyoxyethylene lauryl ether,Chem.
Pharm. Bull. (Tokyo) 26, 2832-2837.

6. Kominami, S., Itoh, Y., and Takemori, S. (1986) Studies on the
interaction of steroid substrates with adrenal microsomal cyto-
chrome P-450 (P-450C21) in liposome membranes,J. Biol. Chem.
261, 2077-2083.

7. Kominami, S., Higuchi, A., and Takemori, S. (1988) Interaction
of steroids with adrenal cytochrome P-450 (P-450 17R,lyase) in
liposome membranes,Biochim. Biophys. Acta 937, 177-183.

8. Poulos, T. L., Finzel, B. C., and Howard, A. J. (1987) High-
resolution crystal structure of cytochrome P450cam,J. Mol. Biol.
195, 687-700.

9. Ravichandran, K. G., Boddupalli, S. S., Hasemann, C. A., Peterson,
J. A., and Deisenhofer, J. (1993) Crystal structure of hemoprotein
domain of P450BM-3, a prototype for microsomal P450’s,Science
261, 731-736.

10. Podust, L. M., Poulos, T. L., and Waterman, M. R. (2001) Crystal
structure of cytochrome P450 14R-sterol demethylase (CYP51)
from Mycobacterium tuberculosisin complex with azole inhibitors,
Proc. Natl. Acad. Sci. U.S.A. 98, 3068-3073.

11. Peterson, J. A., Ebel, R. E., O’Keeffe, D. H., Matsubara, T., and
Estabrook, R. W. (1976) Temperature dependence of cytochrome
P-450 reduction: A model for NADPH-cytochrome P450 reduc-
tase-cytochrome P450 interaction,J. Biol. Chem. 251, 4010-4016.

12. Kominami, S., Owaki, A., Iwanaga, T., Tagashira-Ikushiro, H.,
and Yamazaki, T. (2001) The rate-determining step in P450C21-
catalyzing reactions in a membrane-reconstituted system,J. Biol.
Chem. 276, 10753-10758.

13. Nishimoto, Y. (1986) Localization of cytochrome c-binding
domain on NADPH-cytochrome P450 reductase,J. Biol. Chem.
261, 14232-14239.

14. Bridges, A., Gruenke, L., Chang, Y.-T., Vakser, I. A., Loew, G.,
and Waskell, L. (1998) Identification of the binding site on
cytochrome P450 2B4 for cytochrome b5 and cytochrome P450
reductase,J. Biol. Chem. 273, 17036-17049.

15. Sevrioukova, I. F., Li, H., Zhang, H., Peterson, J. A., and Poulos,
T. L. (1999) Structure of a cytochrome P450-redox partner
electron-transfer complex,Proc. Natl. Acad. Sci. U.S.A. 96, 1863-
1868.

16. Gum, J. R., and Strobel, H. W. (1979) Purified NADPH cyto-
chrome P-450 reductase. Interaction with hepatic microsomes and
phospholipids vesicles,J. Biol. Chem. 254, 4177-4185.

17. Lu, A. Y. H., Juke, K. W., and Coon, M. J. (1969) Resolution of
the cytochrome P-450-containingω-hydroxylation system of liver
microsomes into three components,J. Biol. Chem. 244, 3714-
3721.

18. Vergeres, G., Winterhalter, K. H., and Richter, C. (1989) Iden-
tification of the anchor of microsomal rat liver cytochrome P-450,
Biochemistry 28, 3650-3655.

19. Brown, C. A., and Black, S. D. (1989) Membrane topology of
mammalian cytochrome P-450 from liver endoplasmic reticu-
lum: Determination by trypsinosis of Phenobarbital-treated mi-
crosomes,J. Biol. Chem. 264, 4442-4449.

20. Kominami, S., Tagashira, H., Ohta, Y., Yamada, M., Kawato, S.,
and Takemori, S. (1993) Membrane topology of bovine adreno-
cortical cytochrome P-450C21: Structural studies by trypsin
digestion in vesicle membranes,Biochemistry 32, 12935-12940.

21. Ohta, Y., Kawato, S., Tagashira, H., Takemori, S, and Kominami,
S. (1992) Dynamic structures of adrenocortical cytochrome P-450
in proteoliposomes and microsomes: Protein rotation Study,
Biochemistry 31, 12680-12687.

22. Sakaguchi, M., Mihara, K., and Sato, R. (1987) A short amino-
terminal segment of microsomal cytochrome P-450 functions both
as an insertion and as a stop-transfer sequence,EMBO J. 6, 2425-
2431.

14668 Biochemistry, Vol. 42, No. 49, 2003 Izumi et al.



23. Murtazina, D., Puchkaev, A. V., Schein, C. H., Oezguen, N.,
Braun, W., Nanavati, A., and Pikuleva, I. A. (2002) Membrane-
protein interactions contribute to efficient 27-hydroxylation of
cholesterol by mitochondrial P450 27A1,J. Biol. Chem. 277,
37582-37589.

24. Larson, J. R., Coon, M. J., and Porter, T. D. (1991) Purification
and properties of a shortened form of cytochrome P-450 2E1:
Deletion of the NH2-terminal membrane-insertion signal peptide
does not alter the catalytic activities,Proc. Natl. Acad. Sci. U.S.A.
88, 9141-9145.

25. Nakayama, K., Puchkaev, A., and Pikuleva, A. (2001) Membrane
binding and substrate access merge in cytochrome P450 7A1, a
key enzyme in degradation of cholesterol,J. Biol. Chem. 276,
31459-31465.

26. Cosme, J., and Johnson, E. F. (2000) Engineering microsomal
cytochrome P450 2C5 to be a soluble, monomeric enzyme:
Mutations that alter aggregation, phospholipid dependence of
catalysis, and membrane binding,J. Biol. Chem. 275, 2545-2553.

27. Scott, E. E., Spatzenegger, M., and Halpert, J. R. (2001) A
truncation of 2B subfamily cytochromes P450 yields increased
expression levels, increased solubility, and decreased aggregation
while retaining function,Arch. Biochem. Biophys. 395, 57-68.

28. De Lemos-Chiarandini, C., Frey, A. B., Sabatini, D. D., and
Kreibich, G. (1987) Determination of the membrane topology of
the phenobabital-inducible rat liver cytochrome P-450 isozyme
PB-4 using site-specific antibodies,J. Cell Biol. 104, 209-219.

29. Williams, P. A. Cosme, J., Sridhar, V., Johnson, E. F., and McRee,
D. E. (2000) Mammalian microsomal cytochrome P450 monooxy-
genase: Structural adaptations for membrane binding and func-
tional diversity,Mol. Cell 5, 121-131.

30. Bayburt, T. H., and Sligar, S. G. (2002) Single-molecule height
measurements on microsomal cytochrome P450 in nanometer-
scale phospholipid bilayer disks,Proc. Natl. Acad. Sci. U.S.A.
99, 6725-6730.

31. Nelson, D. R., and Strobel H. W. (1988) On the membrane
topology of vertebrate cytochrome P-450 proteins,J. Biol. Chem.
263, 6038-6050.

32. Auchus, R. J., and Miller W. L.(1999) Molecular modeling of
human P450c17(17R-hydroxylase/17,20lyase): Insights into reac-
tion mechanisms and effects of mutations,Mol. Endocrinol. 13,
1169-1182.

33. Owaki, A., Takamasa, A., Yamazaki, T., and Kominami, S. (2002)
Membrane reconstitution of recombinant guinea pig cytochrome
P450 17R and the effects of site-directed mutagenesis on androgen
formation,J. Steroid Biochem. Mol. Biol. 81, 255-262.

34. Yamazaki, T., Ohno, T., Sakaki, M., Akiyoshi-Shibata, Y.,
Yabusaki, T., Imai, T., and Kominami, S. (1998) Kinetic analysis
of successive reactions catalyzed by bovine cytochrome
P45017R,lyase,Biochemistry 37, 2800-2806.

35. Kominami, S., Ogishima, T., and Takemori, S. (1982) Studies on
NADPH-cytochorme P-450 reductase from bovine adrenocortical
microsomes, inFlaVins and FlaVo-proteins (Massey, V., and
Williams, C. H., Eds.) pp 715-718, Elsevier, Amsterdam.

36. Kominami, S., Inoue, S., Higuchi, A., and Takemori, S. (1989)
Steroidogensis in liposomal system containing adrenal microsomal
cytochrome P-450 electron-transfer components,Biochim. Bio-
phys. Acta 985, 293-299.

37. Omura, T., and Sato, R. (1964) The carbon monoxide-binding
pigment of liver microsomes. I. Evidence for its hemoprotein
nature,J. Biol. Chem. 239, 2370-2378.

38. Kominami, S., Ikushiro, S., and Takemori, S. (1987) Two mode
of binding of adrenal NADPH-cytochrome P450 reductase to
liposomal membranes,Biochim. Biophys. Acta 905, 143-150.

39. Akashi, S., Shirouzu, M., Terada, T., Ito, Y., Yokoyama, S., and
Takio, K. (1997) Characterization of structural difference between
active and inactive forms of the Ras protein by chemical
modification followed by mass spectrometric peptide mapping,
Anal. Biochem. 248, 15-25.

40. Kominami, S., Hara, H., Ogishima, T., and Takemori, S. (1984)
Interaction between cytochrome P-450 (P-450C21) and NADPH-
cytochrome P-450 reductase from adrenocortical microsomes in
reconstituted system,J. Biol. Chem. 259, 2991-2999.

41. Geoghegan, K. F. (1996) Modification of amino group in lysine
side chain, inCurrent Protocol in Protein Sciences(Coligan, J.
E., Dunn, B. M., Ploegh, H. L., Speicher, D. W., and Wingfield,
P. T., Eds.) pp 15.2.1-15.2.18, John Wiley & Sons, Inc., New
York.

42. Cohen, S. L., and Chait, B. T. (1996) Influence of matrix solution
conditions on the MALDI-MS analysis of peptides and Proteins,
Anal. Chem. 68, 31-37.

43. Hager-Braun, C., and Tomer, K. T. (2002) Characterization of
the tertiary structure of soluble CD4 bound to glycosylated full-
length HIVgp120 by chemical modification of arginine residues
and mass spectrometric analysis,Biochemistry 41, 1759-1766.

44. Szczesna-Skorupa, E., Mallah, B., and Kemper, B. (2003)
Fluorescence resonance energy transfer analysis of cytochromes
P450 2C2 and 2E1 molecular interactions in living cells,J. Biol.
Chem. 278, 31269-31276.

45. Ingelman-Sundberg, M., Haaparanta, T., and Rydstrom, J. (1981)
Membrane charge as effector of cytochrome P450LM2 catalyzed
reactions in reconstituted liposomes,Biochemistry 20, 4100-4106.

46. Wang, M., Roberts D. L., Paschke, R., Shea, T. M., Masers, B. S.
S., and Kim, J.-J. (1997) Three-dimensional structure of NADPH-
cytochrome P450 reductase: Prototype for FMN- and FAD-
containing enzymes,Proc. Natl. Acad. Sci. U.S.A. 94, 8411-8416.

BI035096Z

P450 17R Membrane Topology Biochemistry, Vol. 42, No. 49, 200314669


