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ABSTRACT The NH2-terminal sequences of cytochromes
P450 resemble signal peptides, but these sequences are not
cleaved during the insertion of these integral membrane
proteins into the microsomes. To examine whether these
putative signal peptides are functionally equivalent to signal
peptides of secretory proteins, cDNA coding for a fusion
protein was produced, in which the signal peptide for prepro-
parathyroid hormone was replaced with the putative signal
peptide of cytochrome P450IIC2. The translational product of
RNA synthesized in vitro from the cDNA was neither processed
nor translocated by chicken oviduct microsomal membranes in
a reticulocyte cell-free system but was resistant to extraction
from the membranes by alkaline solutions. In addition, the
translation of the hybrid RNA was arrested by signal recog-
nition particle. Unlike most signal peptides, the cytochrome
P450IIC2 NH2-terminal sequence does not contain basic amino
acids preceding the hydrophobic core. Introduction by oligo-
nucleotide-directed mutagenesis of lysine and arginine at the
NH2 terminus resulted in a fusion protein that was partially
processed by the microsomal membranes, with translocation
across the membrane of both the processed and unprocessed
proteins. The positive charges convert the cytochrome
P450IIC2 NH2 terminus from a combination membrane inser-
tion-halt transfer signal to a more classical secretory mem-
brane-insertion signal, possibly by altering the orientation of
the signal peptide in the membrane.

The integration of proteins into cellular membranes may
occur by either a cotranslational signal recognition particle
(SRP)-dependent insertion, or by a posttranslational mech-
anism that does not require SRP (1, 2). The SRP-dependent
mechanism is similar to that proposed for the initial steps of
protein secretion. In contrast to secreted proteins, the hy-
drophobic signal sequences of some membrane proteins are
not cleaved during the translocation process. The uncleaved
signal peptides then serve to anchor the protein to the
membrane (2). Because the uncleaved signal peptides share
common structural features with those that are cleaved, it is
not clear what property prevents recognition of the signal
peptide by the signal peptidase.
Cytochromes P-450 are integral membrane proteins that

are the terminal oxidases in the microsomal mixed-function
monooxygenase (3). Cytochromes P-450 are synthesized
exclusively in the rough endoplasmic reticulum, and the
mature protein in the membrane is the same size as the initial
translational product (4). Nevertheless, the insertion of the
protein into the membrane is dependent on the presence of
SRP (5). These data suggest that cytochromes P450 contain
an uncleavable signal peptide that may also serve as a
membrane anchor, but the region of cytochrome P-450 with
this function has not been identified. The NH2-terminal

sequences of all known microsomal cytochromes P-450 are
strongly hydrophobic and resemble signal peptides. Haugen
et al. (6) initially suggested that the NH2 terminus is the
signal peptide for these proteins.
To test this hypothesis, we constructed a hybrid protein in

which 25 NH2-terminal amino acids of rabbit P-450PBc2
(P450IIC2)t were substituted for 21 amino acids of the signal
peptide of bovine preproparathyroid hormone (pre-pro-
PTH). We now report that the NH2-terminal sequence of
cytochrome P-450 directs the integration but not the trans-
location of the hybrid protein through microsomal mem-
brane. However, if two basic amino acids are introduced at
the NH2 terminus, the modified sequence directs the trans-
location of the hybrid protein and is partially cleaved.

MATERIALS AND METHODS
Enzymes and Chemicals. DNA restriction and modifying

enzymes were obtained from Bethesda Research Laborato-
ries, Boehringer Mannheim, New England Biolabs, and
Pharmacia P-L Biochemicals. SP6 RNA polymerase and
RNasin were from Promega Biotec. The Nco I linker CC-
CATGGG, m7GpppG, and radioactive compounds were
obtained from New England Biolabs, Pharmacia P-L Bio-
chemicals, and Amersham, respectively.

Bacterial Strains and Bacteriophages. Plasmids were prop-
agated in Escherichia coli strain NM522 as described (9)
except that strain BW313 (dut-, ung-, thi-1, relA, spoT1/
F'lys A) (10), obtained from T. Kunkel (National Institute of
Environmental Health Sciences, Research Triangle Park,
NC), was used to prepare a uracil-containing template for
oligonucleotide-directed mutagenesis. Growth conditions for
this strain were as described (10). The interference resis-
tance phage M13K07 served as the helper phage (11).
Plasmid single-stranded DNA for mutagenesis and enzy-
matic sequencing was prepared as described (12).

Construction of Plasmids. The construction of the plasmid
pPNTH contains an insert of pre-pro-PTH cDNA into which
a direct internal repeat of 117 nucleotides was introduced
(12). The resulting "stretched" pre-pro-PTH [pre-pro-
P(N)TH] cDNA codes for a protein 39 amino acids longer
than pre-pro-PTH but one which carries an identical signal
peptide. P(N)TH thus is Endo-Prol"a-Metlsb-Glylsc-Metl1d
PTH residues 19-5218-Met18f-parathyroid hormone and has
been designated PNTH in earlier publications (12, 13). The
nucleotides coding for the 22 NH2-terminal amino acids of

Abbreviations: SRP, signal recognition particle; PTH, parathyroid
hormone; P(N)TH, "stretched" PTH, where N represents a cDNA-
encoded internal PTH insert of 39 amino acids that includes a repeat
of PTH sequence 19-52. [P(N)TH is an endo-parathyroid hormone
that allows for clearer gel separation.]
*Present address: Promega Biotec, 2800 South Fish Hatchery Road,
Madison, WI 53711.
tThe name P4501IC2 for the isozyme previously designated P-
450PBc2 (7) is in accordance with the recommended cytochrome
P450 nomenclature (8).
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the pre-pro-P(N)TH signal sequence were deleted by exonu-
clease III digestion and subsequent Nco I linker insertion as
described (13). The plasmid with this deletion was used to
construct a hybrid in which the deleted pre-pro-P(N)TH
amino acids were replaced with the NH2-terminal region of
P450IIC2.
To obtain the P-450 sequence coding for the 25 NH2-

terminal amino acids, a 70-bp Nco I fragment was isolated
from the cloned P450IIC2 gene (7, 14) and inserted into the
pre-pro-P(N)TH deletion plasmid at the Nco I site. The
nucleotide sequence at the fusion site was verified by
sequencing. The plasmid encoding the fusion protein is
called pc2P.

Oligonucleotide-Directed Mutagenesis. The method used
for in vitro mutagenesis was modified from Kunkel (10) and
Mead et al. (11). The synthetic oligonucleotide GGGCC-
CATGAAACGGGTGGTAG was synthesized on an Applied
Biosystems (Foster City, CA) model 380A DNA synthesizer
and used as primer in the construction of pc2P1. An ung-
dut- strain of E. coli (10) was transformed with pc2P, and
single-stranded DNA isolated from this strain was used as a
template for in vitro mutagenesis as described (11). Colonies
of E. coli NM522 containing plasmid DNA with the appro-
priate mutations were identified first by hybridization to the
5' 32P-labeled primer and verified by DNA sequencing.

Transcription and in Vitro Translation. Plasmids pPNTH,
pc2P, and pc2P1 were linearized with EcoRI and transcribed
with SP6 polymerase in the presence of m7GpppG as de-
scribed (12). Translations in a wheat germ extract and rabbit
reticulocyte lysate cell-free systems were done as described
(12). Total microsomal membranes, high salt-washed mem-
branes, and SRP were isolated from chicken oviduct (12, 13).
SRP purified on omega aminopentylagarose was further
concentrated on DEAE-cellulose (15) and, when indicated, 1
,ul of this eluate was added per 12.5 ,lI of translational
reaction. Microsomal membranes and salt-washed micro-
somal membranes were added to the reaction mixture at a
final concentration of 2.1 A260 units per ml.
For protease protection experiments, tetracaine HCO was

added to a concentration of 3 mM after completion of
translation. Reactions were incubated with trypsin/chymo-
trypsin mixture (each at 25 ,g/ml) or proteinase K (0.4
mg/ml) at 0°C for 30 min. Triton X-100 at a final concentra-
tion of 1% was added to control samples for membrane
solubilization. Proteolysis was stopped by the addition of
phenylmethylsulfonyl fluoride to a final concentration of 2
mM. Samples were analyzed by electrophoresis on 15%
acrylamide gels containing NaDodSO4 followed by autora-
diography (12).

Membrane-Integration Assay. After translation in a wheat
germ cell-free system, 50-,ul reactions containing micro-
somal membranes were adjusted to pH 11.5 with 1 M NaOH.
After 15-min incubation on ice, reactions were layered over
a 50-,ul cushion of 0.2 M sucrose solution/150 mM KCI/1
mM MgCl2, pH 11.5, and centrifuged in a Beckman Airfuge
at 30 psi (1 psi = 6.895 x 103 Pa) for 15 min. After the
supernatants were collected, membrane pellets were washed
by resuspending them in 50 pul of 100 mM sodium carbonate,
pH 11.5. After another 15-min incubation on ice, membranes
were pelleted as before and resuspended in NaDodSO4/gel
loading buffer. The supernatants were combined and precip-
itated with 10% (vol/vol) trichloroacetic acid, and the pellets
were resuspended for analysis by NaDodSO4/acrylamide gel
electrophoresis (12).

RESULTS
Translocation and Processing of P-450-P(N)TH Fusion Pro-

teins. To study whether the strongly hydrophobic NH2-
terminal region of cytochrome P-450 can functionally replace

the cleavable signal sequence of pre-pro-P(N)TH, we fused
the NH2-terminal 25 amino acids of P4501IC2 to a pre-pro-
P(N)TH sequence from which the signal peptide had been
deleted, except for four amino acids preceding the cleavage
site (Fig. 1). In the presence of chicken oviduct microsomal
membranes, the translational product of pre-pro-P(N)TH
RNA was processed to pro-P(N)TH (Fig. 2). The latter was
resistant to proteolysis by either trypsin and chymotrypsin
(Fig. 2A) or proteinase K (Fig. 2B) unless Triton X-100 was
added tath-e reaction, indicating that the pro-P(N)TH had
been translocated across the microsomal membrane. A
single major translational product of the pc2P RNA was seen
that had an electrophoretic mobility similar to that of pre-
pro-P(N)TH, as expected. In contrast to the results with
P(N)TH, no processing of the pc2P translational product was
seen when microsomal membranes were added to the reac-
tion. Furthermore, only a trace amount of the translational
product was resistant to protease digestion (Fig. 2). These
results indicate that the cytochrome P-450 NH2 terminus did
not mediate the translocation of the hybrid protein across the
microsomal membrane and, thus, the cytochrome P450
NH2 terminus is not functionally equivalent to the signal
peptide of pre-pro-P(N)TH.
A major difference between the cytochrome P-450 NH2

terminus and typical eukaryotic signal peptides is the lack of
positively charged amino acids preceding the P-450 hydro-
phobic core. Comparisons of the sequences of eukaryotic
signal peptides showed that nearly all signal peptides have a
net positive charge in the NH2-terminal portion with an
average of two positive charges (16). For example, the
pre-pro-PTH signal sequence (MMSAKDMVKVMIVM-
LAICFLARSDG) has a net charge of + 1 at its NH2 termi-
nus. To analyze the possible effect of positively charged
amino acids on the function of the cytochrome P-450 NH2-
terminal sequence, the cDNA was modified so that it coded
for lysine and arginine at positions -28 and - 27, respec-
tively (Fig. 1). These amino acids substituted for aspartate
and leucine residues, thereby changing the net charge at the
NH2 terminus from - 1 to + 2. Other than these two changes
in this new construction, called pc2P1, the sequence was
identical to that of pc2P.
When pc2P1 RNA was translated in the presence of

microsomal membranes a new lower-molecular weight pro-
tein species was seen, indicating that partial cleavage of the
pc2P1 translational product had occurred (Fig. 2). In addi-
tion, this processed product was protected from protease
digestion, indicating that it was translocated across the
microsomal membrane. Unexpectedly, a significant fraction
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==k P-450 pro-P(N)TH
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pc2P MDLVVVLGLCLSCLLLLSLWKQSHGRSDGKSVKK R A
-29 -1

RI

pc2Pl KR

FIG. 1. Schematic representation of the primary structures of
the fusion proteins encoded by plasmids pc2P and pc2Pl. The
diagram (at top) shows the structure of the cDNA insert in the
expression vector. P-450 corresponds to the 25 NH2-terminal amino
acids of cytochrome P45011C2, followed by 4 COOH-terminal amino
acids of the pre-pro-P(N)TH signal sequence and the rest of the
pro-P(N)TH sequence. The NH2-terminal sequence of the fusion
protein, pc2P, is shown. The normal pre-pro-P(N)TH processing
site is at the glycine at position -1. Charges of NH2-terminal amino
acids are shown above the sequence. Differences in the NH2-
terminal amino acid sequence of the protein encoded by pc2P1 RNA
are shown below the pc2P sequence.
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FIG. 2. Processing and protection from proteolytic digestion of translational products of RNAs coding for pre-pro-P(N)TH and the
P-450-P(N)TH fusion protein in reticulocyte lysate. pPNTH, pc2P, and pc2Pl RNAs were translated in a reticulocyte lysate cell-free system
in the absence or presence of chicken oviduct microsomal membranes (RM). After translation was completed, reactions were treated with
trypsin/chymotrypsin (A) or proteinase K (B) with or without the addition of Triton X-100. Arrows in the pPNTH lanes and the pc2P1 lanes
indicate the processed proteins that are formed in the presence of microsomal membranes. The band present between these unprocessed and
processed proteins when the pc2Pl reaction is treated with trypsin/chymotrypsin probably results from partial proteolysis of the unprocessed
form. The same band is also seen in the pc2P reaction.

of the unprocessed translational product was protected from
proteolytic digestion. In the trypsin/chymotrypsin experi-
ment (Fig. 2A), but not the proteinase K experiment (Fig.
2B), the proteolysis treatment resulted in a major protected
band smaller than the unprocessed translational product.
Because mild trypsin/chymotrypsin digestion of the transla-
tional product in the absence of membranes also produced
this band, it probably results from small amounts of protease
that penetrate into the lumen of the microsomal membrane.
The protection from proteolytic digestion suggests that some
of the unprocessed translational product was also translo-
cated entirely across the membrane but was only ineffi-
ciently cleaved by signal peptidase. Poor processing of
pc2P1 protein may result from fusion of the cytochrome
P-450 NH2-terminal translocation signal with the P(N)TH
protein. Inouye et al. (17) have shown that structural incom-
patibility between a signal sequence and a protein attached
to it can impair processing by signal peptidase. Because the
processed pc2P1 migrated slightly more slowly than pro-
P(N)TH, a cryptic cleavage site in the cytochrome P-450
sequence may be utilized that could contribute to the ineffi-
cient cleavage.

Interaction of the pc2P Translational Product with SRP.
The lack of translocation of the pc2P translational product
suggested that the cytochrome P-450 NH2-terminal region
might not mediate an SRP-dependent insertion of cyto-

RNA Globin pc2P

SRP - + - + +
K-RM - - - - +

pPNTH

FIG. 3. Effect of SRP on translation in a wheat germ cell-free
system. RNA coding for either globin, pc2P, or pre-pro-P(N)TH was
translated in a wheat germ cell-free system in the absence or

presence of SRP and microsomal membranes extracted with 0.5 M
KCI to remove SRP (K-RM). Translational products were analyzed
on NaDodSO4/acrylamide gels. The arrow in the pPNTH gel
indicates the band corresponding to pro-P(N)TH.

chrome P-450 into the microsomal membrane. To examine
the interaction of the NH2-terminal region with SRP, RNA
was translated in the wheat germ cell-free system. In this
system SRP arrests the translation of some proteins with
membrane-insertion signals (18-20). The addition of SRP to
the translation system did not affect the translation of globin,
which is a cytoplasmic protein and does not contain a signal
peptide (Fig. 3). As shown previously (13), the translation of
pre-pro-P(N)TH RNA was inhibited by SRP. The addition of
salt-washed microsomal membranes that had been stripped

RM - - -- + + +
K-RM - + ++ - -

S p S p

pPNTH _

pC2P L ,

pc2PI

FIG. 4. SRP-dependent insertion of fusion proteins into micro-
somal membranes. RNAs of pPNTH, pc2P, and pc2Pl were trans-
lated in a wheat germ cell-free system in the presence of either
complete (RM) or SRP-depleted (K-RM) chicken oviduct micro-
somal membranes. After translation was completed, the reactions
containing membranes were adjusted to pH 11.5, and microsomal
membranes were pelleted by centrifugation. An aliquot of the
reaction mixture without membranes, the unfractionated reaction
mixture with membranes, and the supernatant (s) and pellet (p)
containing microsomal membranes were analyzed on NaDodSO4/
acrylamide gels. Samples in the supernatant and pellet lanes contain
an amount of reaction mixture equivalent to twice that analyzed for
the unfractionated samples. Arrows indicate the processed forms of
pre-pro-P(N)TH and pc2P1 formed in the presence of membranes.
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of SRP resulted in the release of the translational arrest and
the processing of pre-pro-P(N)TH to pro-P(N)TH. The
translation of pc2P RNA was inhibited by the addition of
SRP to about the same extent as that of pre-pro-P(N)TH.
When salt-washed microsomal membranes were also added,
the inhibition was partially reversed. However, in contrast
to the results with pre-pro-P(N)TH, no processed product
was seen after addition of membranes, as was expected from
the results described above. These results indicate that even
though the NH2-terminal region of P450IIC2 does not medi-
ate translocation of the hybrid protein through the mem-
brane, it does interact with SRP and may function as a
membrane-insertion signal.

Integral Association of the Fusion Proteins with the Mem-
brane. To assay for insertion into the membrane, the extrac-
tion of the proteins by alkaline solutions (pH 11.5) was
analyzed. Under these conditions, only integral membrane
proteins remain associated with the membranes and are not
extracted (21). As a control for the nonspecific binding of the
proteins to membranes, RNA was translated in the presence
of salt-washed membranes without SRP added. These salt-
washed membranes are inactive for translocation of proteins
across membranes. A fraction of the pre-pro-P(N)TH was
not extracted with alkaline treatment (Fig. 4), presumably
because of nonspecific binding because a similar amount
binds to the salt-washed membranes. All translocated and
processed pro-P(N)TH was extracted by the alkaline treat-
ment. A small amount of the pc2P translational product
remained associated with the salt-washed membranes, sim-
ilar to that of pPNTH. In contrast, if complete microsomal
membranes (RM) were added to the translation reactions,
about half of the translational product of pc2P RNA was
resistant to extraction from the membranes at pH 11.5.

Incomplete binding of pc2P to the membrane is consistent
with the relative inefficiency under these conditions of
translocation and cleavage of pre-pro-P(N)TH (Fig. 4 Top).
These results suggest that the P450IIC2 NH2-terminal region
is acting as a membrane-insertion signal and, further, that it
serves as an insertion-stop signal and anchors the protein to
the membrane. In the presence of total membranes mutant
pc2P1 produces a processed protein that is entirely extracted
by high pH into the supernatant, whereas the unprocessed
protein remains bound to the membrane and is recovered in
the pellet (Fig. 4). Thus, translocation of an entire mutated
fusion protein (see also Fig. 2) is not followed by its release
into the endoplasmic reticulum lumen if the NH2-terminal
sequence is not cleaved off. We conclude that introduction
of positive charges at the NH2 terminus of P-450 signal
sequence eliminated its stop-transfer function without
changing its role as a membrane anchor.

DISCUSSION
Strong conservation of highly hydrophobic NH2-terminal
segments in microsomal forms of cytochromes P-450 sug-
gests that these regions may play an important role in the
assembly of these proteins in the endoplasmic reticulum
membrane. Our results show that, if fused to a secretory
protein (parathyroid hormone) devoid of its own signal
sequence, the NH2-terminal 25 amino acids of P4501IC2
mediate SRP-dependent translational arrest and initiate
translocation of hybrid protein through the membrane.
These results indicate that the P450 NH2-terminal sequence
mediates the SRP-dependent insertion of P-450 into the
membrane. However, translocation is apparently halted
immediately after the hydrophobic region enters the mem-

A B

FIG. 5. Model of the orientation of the insertion of the NH2-terminal sequences of proteins encoded by pc2P and pc2Pl RNAs. A schematic
diagram of a ribosome bound to hypothetical proteins in the membrane of the endoplasmic reticulum is shown. In A the NH2-terminal region
of pc2P with a negative charge near the NH2 terminus is shown inserting into the membrane head-inward. We propose that in this orientation
the NH2-terminal region functions as a stop-transfer signal, preventing further translocation across the membrane and anchoring the protein to
the membrane. In B the NH2-terminal region of pc2Pl with two positive charges is shown forming a loop structure in the membrane. The altered
orientation from that shown in A may mediate the translocation of the protein through the membrane and permit cleavage of the NH2 terminus
as indicated by the arrow.
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brane because the hybrid protein was sensitive to proteolytic
digestion. Therefore, this sequence must function not only
as an SRP-dependent signal peptide, but also as a stop-
transfer sequence. Similar dual roles have been demon-
strated for hydrophobic membrane-spanning regions of class
II membrane proteins (18, 19, 22-24). The NH2 termini of
these proteins are on the cytoplasmic side of the membrane,
and models in which the hydrophobic region loops through
the membrane have been proposed to explain the final
membrane conformation (25). The absence of a signal pep-
tidase cleavage site (18, 24) or the length of the polypeptide
preceding the hydrophobic core of the signal peptide (19, 22)
have been proposed to explain the lack of cleavage of these
sequences.

IX contrast to the signal peptides of most secretory pro-
teins, the P450IIC2 NH2-terminal hydrophobic segment is
preceded by only one negatively charged amino acid. When
the net charge was changed to a + 2 by mutagenesis, the
hybrid protein was translocated across the membrane and
partial cleavage of the NH2 terminus occurred. This indi-
cates that the lack of cleavage of the original hybrid protein
with the negative charge is not due to the absence of a
cleavage site. Possibly the orientation in the membrane of
the hydrophobic region is dependent on the nature of the
charges at the NH2-terminal end. As shown in the simple
model in Fig. 5A, the negatively charged NH2 terminus
might insert head-inward into the membrane and then halt
translocation so that the potential cleavage site remains on
the cytoplasmic side of the membrane and is sequestered
from the signal peptidase. This model is supported by recent
studies using site-specific antibodies that showed that the
cytochrome P-450 region immediately following the NH2-
terminal hydrophobic region (amino acids 24-38) is exposed
to the antibodies on the cytoplasmic side of the membrane
(26). In contrast, if positive charges are present at the NH2
terminus, this region may interact with negative charges in
the membrane phospholipids, or a hypothetical receptor
protein, so that the hydrophobic region loops through the
membrane and exposes the cleavage site to the signal
peptidase (Fig. 5B). This loop structure would also be
required to mediate the translocation of the remainder of the
protein through the membrane, regardless of whether or not
cleavage occurs.
Although our data point to the importance of positively

charged NH2 termini in signal sequence function, this fea-
ture is not absolutely required for translocation, as some
proteins with acidic or neutral NH2 termini are also secreted
(16, 27, 28, E.S.-S. and B.K., unpublished results). Most
probably, the nature of the sequence following the charged
NH2 terminus also plays an important part in the final
disposition of the protein.
The molecular basis for the function of stop-transfer

sequences is not known. Davis and Model (29) have pro-
posed that stop-transfer activity is dependent only on overall
hydrophobicity because many hydrophobic sequences of
16-17 imino acids function as membrane anchors. On the
other hand, a sequence in IgM that is normally a stop-
transfer signal can also mediate SRP-dependent transloca-
tion (30). Experiments on bacterial lipoprotein have sug-
gested that the orientation of the signal peptide may deter-
mine'whether a sequence is a stop-transfer signal or a
translocation signal (31). When the signal peptide of lipopro-
tein was internalized in a protein containing a normal NH2-
terminal signal peptide, the internalized peptide, which
presumably could not loop through the membrane, acted as
a stop-transfer signal. As shown in this report, introduction
oftwo positive charges at the NH2 terminus of a stretch of 16

hydrophobic amino acids in P4501IC2 changed this region
from a stop-transfer to a translocation signal, possibly by
altering the orientation of the NH2 terminus in the mem-
brane. These results suggest that the stop-transfer function is
not a simple function of hydrophobic interaction with the
membrane lipids but may involve interactions with mem-
brane proteins.
Note Added in Proof. After submission of this manuscript, Sakaguchi
et al. (32) also showed that the NH2-terminal segment of another
cytochrome P-450 functions as a combination insertion, stop-
transfer signal.
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