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Abstract

Microsomal cytochrome P450s (CYPs) are anchored to the endoplasmic reticulum membrane by
the N-terminal signal-anchor sequence which is predicted to insert into the membrane as a type 1
transmembrane helix with a luminally located N-terminus. We have mapped amino acids of the
CYP2C1 signal-anchor, fused to Cys-free glutathione S-transferase, within the membrane by Cys-
specific labeling with membrane-impermeant maleimide polyethylene glycol. At the C-terminal
end of the signal-anchor, Trp-20 was mapped to the membrane-cytosol interface and Leu-19 was
within the membrane. Unexpectedly, at the N-terminal end, Glu-2 and Pro-3 were mapped to the
cytoplasmic side of the membrane rather than the luminal side as expected of a type 1
transmembrane helix. Similar results were observed for the N-terminal amino acids of the signal-
anchor sequences of CYP3A4 and CYP2E1. These observations indicate that contrary to the
current model of the signal-anchor of CYPs as a type 1 transmembrane helix, CYP2C1, CYP2E1,
and CYP3A4 are monotopic membrane proteins with N-terminal signal-anchors that have a
hairpin or wedge orientation in the membrane.

Keywords
cytochrome P450; endoplasmic reticulum; membrane protein

INTRODUCTION

Microsomal cytochromes P450 (CYPS)1 are integral membrane proteins localized in the ER.
Their membrane topology has been studied extensively leading to a model in which the
hydrophobic N-terminal signal-anchor peptide is the single transmembrane helix and
functions as a membrane anchor and ER retention signal whereas the remaining catalytic
domain resides on the cytosolic side of the ER partially imbedded in the membrane
(reviewed in [1-3]). The localization of the catalytic domain of the CYPs on the cytosolic
side of the ER membrane has been well documented, but evidence for the orientation of the
N-terminal signal-anchor in the membrane has been conflicting. The most generally
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accepted model is that the N-termini of CYPs are located in the lumen of the ER and the
hydrophobic region of the signal sequence spans the membrane bilayer with a following
hydrophilic linker region and the catalytic domain in the cytosol. Evidence supporting this
model includes glycosylation of N-terminal peptide sequences [4,5] and the reversal of
topology induced by changing the charge balance of the regions flanking the signal-anchor
of CYPs [6-8]. Studies employing methods that label the N-terminus with membrane-
impermeant reagents resulted in conflicting conclusions that either agree with the model
above [2,9] or to the contrary, indicate that the N-terminus is on the cytoplasmic side of the
membrane [10,11].

The N-terminal signal-anchors of microsomal CYPs are very heterogeneous in length and
amino acid sequence, but they all contain a hydrophobic core with an average length of 15—
18 amino acids (http://drnelson.uthsc.edu/p450bpub237.html), but are as short as 12-14
amino acids in some CYPs such as CYP21A1 [12], CYP52C2 [13] and CYP3A11 [14].
Since the mean length of eukaryotic ER transmembrane domains is about 20 residues [15],
in most cases the hydrophobic core of membrane insertion sequences of CYPs is either too
short or of borderline length to span a membrane in a a-helix conformation as predicted by
the current model.

We initially undertook these studies to determine whether hydrophobic changes in the signal
anchor sequence of CYP2C1 that affected ER retention [16] also altered the position of the
signal-anchor sequence relative to the membrane-cytosol interface. The position of the
signal-anchor sequence was mapped by modification of Cys with a membrane-impermeable
reagent MAL-PEG [17]. Surprisingly, the results indicated that the CYP2C1 signal anchor
sequence inserts into the cytosolic leaflet of the bilayer as a hairpin, with both N- and C-
terminal ends of the signal-anchor sequence at the cytosolic side of the ER membrane.

MATERIALS AND METHODS

Materials

Cell culture materials were purchased from Invitrogen. Antibodies were from Santa Cruz
Biotechnology, except that HRP-conjugated anti-FLAG antibody was from Sigma-Aldrich
and Cy-5 conjugated secondary antibody was from Jackson ImmunoResearch Laboratories.
The chemiluminescence western blotting detection kit was from Pierce Chemical Co. and
MAL-PEG was from Fluka Chemicals.

Plasmid construction

Plasmid pGEXC4S-6P-1 containing Cys-free glutathione S-transferase (GST) was obtained
from Dr. Nikolay Tzvetkov, Department of Biophysical Chemistry, School of Medicine
Hannover, Germany [18]. The GST coding region was amplified by PCR with a 5’ primer
containing a Hindll1 site and 3’ primer with an Xhol site and the product was digested with
Hindlll and Xhol. The CYP2C1 DNA fragment coding for the 29 N-terminal amino acids
was amplified from the plasmid C1(1-29)/GFP [19] with a 5’ primer containing a Kpnl site
and a 3’ primer with a HindlI1 site and the product was digested with these enzymes. Both
fragments were cloned into the CYP2C2/Ad-Track plasmid [20,21], digested with Kpnl and
Xhol to delete the CYP2C2 insert, to produce 2C1/GST in which the resulting CYP2C1/
GST coding sequence was in frame with the C-terminal FLAG tag. To construct the Cys-
free chimera ALA/GST, QuickChange mutagenesis with 2C1/GST as a template was used to
replace Cys at positions 10 and 13 with Ala. This plasmid was subsequently used as a
template for constructing mutants with selected Cys substitutions using the QuickChange
site-directed mutagenesis kit (Agilent Technologies) following the manufacturer’s protocol.
To construct 2E1/GST and 3A4/GST, plasmids 2E1/GFP [22] and CYP3A4/GFP [3],
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respectively, were used as templates for amplification of the N-terminal coding regions with
oligonucleotide primers containing Kpnl and Hindlll sites in the 5" and 3’ primers,
respectively. DNA fragments encoding amino acids 1-31 and 1-33 for CYP2E1 and
CYP3A4, respectively, were amplified for cloning. PCR products were digested with Kpnl
and Hindlll and ligated to plasmid C1/GST digested with the same enzymes. Mutants
substituting Cys for Ala-2 in 3A4/GST and for Ser-2 in 2E1/GST were constructed using the
QuickChange mutagenesis kit and confirmed by sequencing.

Cell culture and Transfection

Cell culture of HEK293 and COS1 cells and transfection with Lipofectamine 2000 reagent
was done as described [23].

Preparation of Microsomes

To isolate microsomes, HEK293 or COS1 cells were grown and transfected in 200 mm
plates. Two days after transfection, cells were washed, suspended in phosphate-buffered
saline and pelleted by low speed centrifugation. The cell pellet was resuspended in 1.5 ml of
microsomal buffer (50 mM Hepes-KOH, pH 7.2, 250 mM sorbitol, 70 mM potassium
acetate, 5 mM EGTA, 1.5 mM magnesium acetate, and protease inhibitors) and
homogenized with 35 strokes (pestle B) in a Dounce homogenizer. The homogenate was
centrifuged for 8 min at 3,000xg and the supernatant was again centrifuged at 105,000xg for
45 min to pellet the membranes. The microsomal pellet was resuspended in 100 pl of
microsomal buffer and aliquots were stored at —80°C.

Cys modification assay

For modification with maleimide PEG 5 kDa (MAL-PEG), reactions were performed in
microsomal buffer and contained 6-10 pl of microsomes and 2 mM MAL-PEG (diluted
from freshly prepared 50 mM stock in DMSO) with or without 1% Triton X-100 in a final
volume of 20 pl. Incubations were carried out for 5 min at room temperature and then for 30
min at 4°C. To stop the reactions, DTT was added to a final concentration of 100 mM, and
after incubation for additional 10 min at 4°C, an equal volume of 2x SDS PAGE loading
buffer was added and samples were incubated for 5 min at 95°C before separation of
proteins by SDS/PAGE and western analysis.

Immunoblot analysis

Proteins were separated by SDS/PAGE and electrophoretically transferred to nitrocellulose.
The Flag containing peptides were detected by western analysis with anti-FLAG HRP-
conjugated antibody (1:10,000). To detect calnexin, the blots were stripped and re-probed
with anti-calnexin antibody (1:1,000) followed by the incubation with the secondary HRP-
anti rabbit antibody (1:10,000). The blots were analyzed using a chemiluminescence
detection kit from Pierce Chemical Co.

Immunofluorescence

For confocal fluorescent microscopy studies, HEK293 cells were grown and transfected on
coverslips in 6-well plates, and 24-36 h after transfection, cells were fixed in 3.7%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with the mouse
anti-FLAG antibody (1:100), followed by Cy5 conjugated anti-mouse antibody (1:100).
Fixed cells were imaged with a Zeiss LSM510 confocal microscope as described [24].
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RESULTS

Mapping the membrane protected region of the CYP2C1 signal-anchor by Cys scanning
using MAL-PEG modification

Because of its specificity and usefulness for labeling proteins in natural membranes, MAL-
PEG has been used successfully to map the membrane topology of other proteins [17,25].
MAL-PEG is a membrane-impermeant conjugate of maleimide and 5 kDa polyethylene
glycol, which can react with a Cys SH group either exposed outside of the membrane or
located at the interface and to all Cys after membranes are solubilized with detergents.
Attachment of this reagent to a single Cys adds about 10 kDa to the apparent molecular
weight of a protein after PAGE, so that the protein modification and the number of modified
Cys residues can be easily detected by the change in mobility [17]. For the required Cys-free
reporter protein, we used a Cys-free version of GST [18] which contained a FLAG sequence
at its C-terminus and the CYP N-terminal sequences fused at its N-terminus.

Similar to other microsomal CYPs, the N-terminal signal of CYP2C1 consists of the
membrane targeting hydrophobic sequence flanked on its N-terminal side by a negatively
charged amino acid and positively charged amino acids on its C-terminal side, which is
followed by a linker region (amino acids 21-29, also called stop-transfer signal) (Fig 1A).
The chimeric protein, 2C1/GST localized to the ER membranes in HEK293 cells ( Fig. 1B),
as expected from our previous studies in other cell lines with other reporter proteins
[16,22,26] which showed that the 29-amino acid N-terminal signal-anchor is sufficient to
mediate ER targeting and retention. Two Cys (10 and 13) are present in the hydrophobic
region of the CYP2C1 signal-anchor (Fig. 1A). A Cys-free chimera (ALA/GST) that was
constructed by substituting Ala for Cys-10 and Cys-13 also localized normally to the ER
(Fig. 1C). ALA/GST was subsequently used as a template to prepare mutants containing
single Cys substitutions. As analyzed by confocal microscopy, none of these mutations
affected ER localization with the W20C mutation shown as a representative example (Fig.
1D).

The mobility of 2C1/GST expressed in HEK293 cells was not changed after treatment of
intact microsomes with MAL-PEG, but after solubilization of the membranes with Triton
X-100, two slower migrating bands were observed (Fig. 2A). This result is consistent with
the location of Cys-10 and Cys-13 in the membrane so that one or both residues in
individual 2C1/GST molecules are modified only after solubilization of the membranes. In
contrast, mobility of the Cys-free chimera ALA/GST was not altered in the presence or
absence of detergent (Fig 2A), demonstrating the specificity of MAL-PEG for Cys. The
control protein calnexin, which is an integral ER membrane protein and contains Cys only in
its large luminal domain, was labeled with MAL-PEG only after solubilization of the
membranes indicating that the ER membranes were intact and not inverted (Fig. 2A). For
both 2C1/GST and calnexin, only a fraction of the proteins react with MAL-PEG,
presumably because the reaction is incomplete and the extent is affected by the sequence
context and conformation of the protein at the Cys residue. Thus, the Triton X-100 control is
critical, and the labeling in the absence of Triton X-100 relative to labeling in its presence
indicates the extent of protection of the Cys residue by the membrane.

To identify the C-terminal end of the CYP2C1 signal-anchor that is protected from MAL-
PEG maodification by the membrane, Cys was substituted for Leu-19, Trp-20, or GIn-22
(Fig. 2B). As expected, the Q22C mutant was modified in both the intact and solubilized
membranes consistent with its expected location outside the membrane on the cytosolic side
(Fig. 2B). Trp is often located at the membrane interface of transmembrane helices [27], and
in CYP2C1, Trp-20 is followed by the positively charged Lys-21 at the beginning of the
linker region located in the cytosol (Fig. 1A). The W20C mutant was modified by MAL-
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PEG in microsomes, but not as efficiently as after membrane solubilization (Fig. 2B)
suggesting it was partially protected by the membrane which is consistent with the location
of Trp-20 at the membrane-cytosol interface. Consistent with this idea, the L19C mutant was
completely protected by the membranes from modification by MAL-PEG (Fig 2B), as
expected if the hydrophobic Leu-19 is positioned within the membrane. These studies
indicate that Leu-19 is the C-terminal most amino acid of the CYP2C1 signal-anchor within
the membrane and Trp-20 is at the interface. GIn-22 and, presumably, the positively charged
Lys-21 are completely exposed on the cytosolic side of the ER membrane.

To map the N-terminal amino acids of the CYP2C1 signal-anchor that are protected by the
membrane, Cys was substituted for Glu-2 or Pro-3. Based on the accepted model placing the
N-terminus of the signal-anchor on the luminal side of the membrane, modification of these
residues by MAL-PEG should have required solubilization of the membranes. Surprisingly,
in intact microsomes, both D2C and P3C mutants were modified with MAL-PEG (Fig. 2B).
The P3C mutant was only partially protected by the membrane from modification by MAL-
PEG suggesting that this position is at the membrane-cytosol interface. Analysis of the
control ER protein calnexin by reprobing the same blot showed that the microsomal
membranes were intact vesicles and not inverted (Fig. 2B). Similar results were observed
when the proteins were expressed in COS1 cells (Fig. 2C), which have been used most often
in previous studies on CYP membrane topology and targeting. These observations indicate
that, contrary to the generally accepted model, the N-terminus of CYP2C1 is on cytosolic
side of the ER membrane. These mapping results indicate that the sequence of the CYP2C1
signal-anchor inserted in the membrane extends from Val-4 to Leu-19 and that these 16
residues are inserted in a hairpin like configuration and penetrate only partially through the
membrane in the cytosolic leaflet of the ER membrane.

Mapping the localization of the N-terminus of CYP2E1 and CYP3A4

To determine whether a similar hairpin-like structure of the N-terminal signal-anchor is
present in other CYPs, particularly with longer hydrophobic sequences, we examined human
CYP2E1 and human CYP3A4. The N-terminal signal-anchor of CYP2E1 contains 20 amino
acids between Ser-2 and Trp-23 and CYP3A4 contains 21 amino acids between Asp-6 and
His-28 (Fig. 3A) so in contrast to CYP2C1, both hydrophobic regions could span the
membrane. CYP2E1 and CYP3A4 have no Cys residues in their N-terminal signal-anchors.
Cys was substituted for Ser-2 of CYP2E1 and Ala-2 of CYP3A4 in the signal-anchor
sequences fused to Cys-free GST. These mutants still exhibited normal ER localization (Fig.
1E, F).

Treatment of microsomes from HEK293cells expressing these GST chimeras with MAL-
PEG did not affect the mobility of the Cys-free parent CYP2E1 and CYP3A4 signal
sequence-GST chimeric proteins as expected (Fig 3B). In contrast, the Cys at position 2 of
both proteins were modified by MAL-PEG with or without Triton X-100 treatment (Fig. 3B)
indicating that the N-termini of both proteins were on the cytoplasmic side. Although the
level of modification was lower than that observed for the CYP2C1 D2C substitution,
solubilization of the microsomes with Triton X-100 only modestly increased the
modification. The decreased labeling, thus, most likely represents sequence-specific effects
on the efficiency of the reaction. These results are consistent with the localization of the N-
terminus of CYP2E1 and CYP3A4 signal-anchors on the cytosolic side of the ER
membrane, as was observed with CYP2C1.

DISCUSSION

These studies unexpectedly demonstrate that the N-terminal amino acids of the microsomal
CYPs, CYP2C1, CYP2E1L, and CYP3A4 are exposed on the cytoplasmic side of the ER
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membrane, contrary to the generally accepted model of CYP membrane topology. Similar
levels of labeling of D2C and Q22C with and without Triton X-100 indicate that these
positions are totally exposed on the cytoplasmic side while partial protection of P3C and
W20C indicate that these residues are present at the membrane-cytosol interface. An
important control is the labeling of calnexin, which occurs only after solubilization of
membranes with Triton X-100, providing evidence that the microsomal membranes are
intact vesicles and not inverted. These results, therefore, provide strong evidence that the N-
termini of the CYPs that were studied are on the cytoplasmic side and, thus that the
hydrophaobic core of the signal-anchor inserts into the membrane as a hairpin or wedge
structure. In support of this model, NMR studies on the signal-anchor of a prostaglandin |
synthase, which is structurally similar to CYPs, indicated that residues 1-20 formed a helix-
turn-helix structure in the membrane which did not span the membrane [28]. While in
prostaglandin | synthase, the uncharged N-terminus was proposed to be in the membrane
core, we would propose that the charged Asp-2 results in the cytosolic orientation of the N-
terminus in CYP2C1.

In earlier studies, labeling of CYPs in microsomes with the membrane impermeant label,
FITC, was observed and a cytosolic orientation for the N-terminus was proposed [10] as we
observe, but the opposite conclusion was reached in similar studies showing that the N-
terminal Met of CYP2BL1 in liposomes or natural membranes was protected from labeling
with FITC, but was labeled after Triton X-100 treatment [9,29]. Support for the luminal
orientation of the N-terminus also came from studies showing that CYP2C1 with a
glycosylation signal fused at the N-terminus [4] and CYP19, which has a natural
glycosylation signal at the N-terminal end [5], were glycosylated, which only occurs on the
luminal side of the membrane. The earlier CYP2C1 experiments may have been misleading
since the glycosylation was inefficient and the glycosylation could have “locked” the N-
terminus in a luminal orientation that may normally occur transiently during the insertion
into the membrane [30]. The reasons for the differences in this study with other studies
supporting a luminal orientation for the N-terminus are not clear, but possibilities include
CYP-specific differences in the orientation of the N-terminus or the different experimental
conditions used. In this study of the membrane position of the signal anchor, the use of
exogenously expressed recombinant and mutated proteins in cultured cells is required for the
analysis which possibly could alter the topology the signal anchor. The present studies
cannot exclude this possibility. The appropriate cellular localization of the mutated proteins,
however, suggests that the signal anchor sequence is functioning normally and has a normal
membrane topology.

It has been shown that the mean length of the hydrophobic transmembrane segment found in
different ER membrane proteins in vertebrates is 20.3 residues, which is sufficient to span
the hydrocarbon core of about 30 A of a typical membrane, which is flanked on both sides
by 15 A long interfacial regions [15]. The N-terminal hydrophobic cores of microsomal
CYPs average 15-18 amino acids, but may be as short as 12—14 amino acids and, thus may
not be long enough to extend across the membrane. The insertion of the signal-anchor
sequence as a hairpin eliminates the need for 20 hydrophobic amino acids and is a structure
that can accommodate the varying lengths of hydrophobic cores in CYPs.

The impetus for these studies was to determine if mutations in the signal-anchor sequence
that altered its hydrophobicity and eliminated ER retention changed the position of the
amino acids at the C-terminus that bordered the membrane-cytosol interface [16]. Studies of
the position of these mutated signal anchors in the membrane (not shown) revealed only
minor changes in the membrane position and no consistent correlation of position with ER
retention. The position within the membrane, therefore, does not appear to be the
determining factor for the ER retention function. The results suggest that the hairpin
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structure, rather than specific amino acids sequences may be important for ER retention.
Further support for this idea comes from earlier studies in which we have shown that the
CYP2C1 signal-anchor positioned at the C-terminal end or in the middle of a type 1
chimeric membrane protein did not function as an ER retention signal [23]. At that time the
type 1 transmembrane helix model was accepted for the N-terminal signal anchor so we
hypothesized that the ER retention function was lost because of the sequences fused at the
N-terminal side of the signal-anchor. Based on our current results, a more likely explanation
is that the hairpin structure of the signal-anchor is required for ER retention and when the
signal-anchor is in the middle or at the C-terminal end of a protein, it inserts into the
membrane as a typical typel transmembrane helix.

The hairpin structure may increase the affinity of CYP2CL1 for the curved membranes in the
smooth ER where CYPs are located. Interestingly, reticulon 4 has been recently shown to be
a part of the multicomponent complex formed by CYP2C2 in a mouse liver [20,21].
Reticulons are ER membrane structural proteins which induce curvature in the smooth ER
by insertion of two strongly conserved long hydrophobic sequences into the membrane as
two wedges which expands the surface of the cytosolic leaflet [31]. If the CYP2C1signal
anchor is a hairpin sequence mainly in the cytosolic leaflet, the signal anchor may have
higher affinity for the expanded cytosolic leaflet in curved smooth ER, thus, accounting for
its localization in smooth ER. Alternatively, or in addition, direct interactions with reticulons
may contribute to the ER localization of CYP2C1.

In conclusion, these studies have shown that the N-terminal signal-anchor sequences of 3
microsomal CYPs are inserted in hairpin-like structures, contrary to the commonly accepted
model of a transmembrane a-helix structure. This hairpin-like structure may be able to
accommodate heterogeneity in sequence and length of signal-anchors that is observed in
CYPs, although this structure may not be characteristic of all CYPs. The hairpin structure of
the signal-anchor may contribute to its ER retention properties.
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Figure 1.

Subcellular localization of wt and Cys-mutants of chimera 2C1/GST. A. Sequence of the N-
terminal 29 amino acids of CYP2C1. B-F. HEK293 cells were transfected with expression
vectors for 2C1/GST (B) or the 2C1 mutants, D2C/GST (C) and W20C/GST (D) or for
A2C-3A4/GST (E) or S2C-2E1/GST (F). After 24 h, fixed cells were permeabilized and
subjected to immunostaining with anti-FLAG antibody followed by Cy5-conjugated
secondary antibody. Cells were analyzed by confocal microscopy. Scale bars, 5 um.
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Membrane topology of CYP2C1 signal-anchor analyzed by MAL-PEG labeling. A-B.
HEK?293 cells were transfected with expression vectors for 2C1/GST or Cys-free mutant
ALA/GST (A) or for mutants of 2C1/GST containing a single Cys substituted for Leu-19,
Trp-20, GIn-22, Asp-2, or Pro-3 (B). Forty h after transfection, microsomes were prepared
and used for MAL-PEG labeling assay, as described in Materials and Methods. Equal
aliquots of microsomes were incubated with or without 2 mM MAL-PEG (mPEG) in the
presence or absence of 1% Triton X-100 (TX100), and samples were analyzed by Western
blot with anti-FLAG antibody (upper panel). The lower panel shows Western blots of the
same samples probed with an anti-calnexin antibody. C. COS1 cells were transfected with
expression vectors for mutants of 2C1/GST containing single Cys substituted for Asp-2 or
GIn-22. The cells were analyzed as described in parts A and B.
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Figure 3.

Subcellular localization and N-terminal labeling of chimeras 2E1/GST and 3A4/GST. A.
Sequences of the N-terminal sequences of CYP3A4 and CYP2EL. B. HEK293 cells were
transfected with the expression vectors for wt and single Cys containing mutants of 2E1/
GST and 3A4/GST and after 40 h microsomes were prepared from the cells. Labeling with 2
mM MAL-PEG and analysis were performed as described in the legend to Fig. 2.
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