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ABSTRACT Two cDNA clones encoding the predominant
form of the asialoglycoprotein receptor from rat liver (the ma-
jor rat hepatic lectin; RHL-1) were identified by screening a
rat liver cDNA library with a mixed oligonucleotide probe 35
nucleotides long. One clone was a nearly full-length copy of the
mRNA for RHL-1, while the other was shortened at both ends.
The sequences of these clones demonstrate that this transmem-
brane receptor is not synthesized with an NH2-terminal signal
sequence. The only proteolytic processing occurring in the bio-
synthesis of RHL-1 is the removal of the NH2-terminal initia-
tor methionine residue. Insertion of RHL-1 into the membrane
is postulated to occur by the recognition of the internal trans-
membrane region as a signal sequence.

posite orientation, they appear to be members of a different
class of membrane proteins. Other proteins in this class in-
clude the invariant 'y chain of the class II histocompatibility
antigens (7) and the influenza virus neuraminidase (8).
Therefore, insertion of this group of proteins into the mem-
brane must proceed by a different pathway.
To study the biosynthesis of this latter class of membrane

proteins we have obtained a nearly full-length cDNA copy of
the mRNA for RHL-1. The structure of this cDNA indicates
that the mRNA does not encode a hydrophobic NH2-termi-
nal extension of RHL-1 and that the only proteolytic pro-
cessing occurring in the biosynthesis of this protein is the
removal of the initiator methionine residue.

The hepatic lectins are receptors that mediate the endocyto-
sis of glycoproteins. The rat liver receptors recognize termi-
nal galactose, which is exposed after removal of sialic acid
from the complex carbohydrate group of plasma glycopro-
teins. The chicken receptor binds glycoproteins only after
both the sialic acid and galactose are removed to expose N-
acetylglucosamine (1). Preparations of the rat hepatic lectin
contain two different receptor polypeptide species; primary
structure analysis reveals that the two species are 50% iden-
tical in the COOH-terminal 100 amino acid residues (2). The
relative abundance of these species of receptor, designated
RHL-1 and RHL-2/3, is approximately 4:1. The chicken he-
patic lectin shows strong sequence homology with the rat
receptors near the COOH terminus.

Several lines of evidence indicate that both the chicken
hepatic lectin and the predominant species of rat hepatic lec-
tin (RHL-1) are transmembrane proteins oriented with their
NH2 termini in the cytoplasm and their COOH termini out-
side the cell. Each protein can be divided into three domains:
an NH2-terminal hydrophilic sequence of 20-40 residues, a
hydrophobic sequence of 20-25 residues, and a large
COOH-terminal hydrophilic sequence. Since the NH2-termi-
nal domain of the chicken hepatic lectin contains a site of
phosphorylation, it has been suggested that this part of the
polypeptide is accessible to cytoplasmic kinases (3). Both
the chicken and rat hepatic lectins are glycosylated on resi-
dues in their COOH-terminal domains, which indicates that
this region is on the extracellular surface of the plasma mem-
brane (2, 4). Vectorial labeling studies provide direct evi-
dence that in whole cells the COOH termini of the hepatic
lectins are exposed to the medium, while the NH2 termini
are exposed to the cytoplasm (33).
Many secretory proteins as well as some transmembrane

proteins have been shown to be synthesized with an NH2-
terminal signal sequence that is removed cotranslationally
(5). Transmembrane proteins synthesized by this mechanism
invariably are arranged with their NH2 termini on the outside
of the cell (6). Since the glycoprotein receptors have the op-

MATERIALS AND METHODS
Materials. (dT)1218 was purchased from Collaborative Re-

search (Waltham, MA). Radioactively labeled nucleotides
and most restriction enzymes were obtained from Amer-
sham. Dde I was purchased from New England Biolabs.
Guanidine thiocyanate was a product of Fluka, while
oligo(dT)-cellulose, globin mRNA, and phage T4 polynucle-
otide kinase were obtained from Bethesda Research Labora-
tories. RNAsin (placental ribonuclease inhibitor) was pur-
chased from Promega Biotec (Madison, WI). S1 endo-
nuclease was from Boehringer Mannheim. Terminal
transferase was purchased from P-L Biochemicals and re-
verse transcriptase was from Life Sciences (St. Petersburg,
FL).

Synthesis of Oligonucleotide Probe. The oligonucleotide
used as a probe for RHL-1 cDNA and mRNA was synthe-
sized on a solid support by the phosphoramidite method, us-
*ing an Applied Biosystems 380A DNA synthesizer (9). It was
end-labeled by using [y39P]ATP and T4 polynucleotide ki-
nase (10) and characterized by sequence analysis (see be-
low).

Preparation of mRNA. Extraction of total RNA from rat
livers (frozen in liquid nitrogen immediately after sacrifice of
the animal) with guanidine thiocyanate was followed by a
single acid/ethanol precipitation and centrifugation through
CsCl (11). Poly(A)+ RNA was purified by two cycles of oli-
go(dT)-cellulose chromatography (10). The yield of poly(A)+
RNA was approximately 1% of total RNA; typically, 50 jig
of poly(A)+ RNA was obtained from 1 g of liver.

Blot Hybridization of Poly(A)+ RNA. RNA denatured with
glyoxal was separated by electrophoresis on a 1% agarose
gel (10). The RNA was transferred to nitrocellulose by capil-
lary blotting in 20x NaCI/Cit (lx NaCI/Cit = 0.15 M
NaCl/15 mM sodium citrate, pH 7.0), baked at 80°C for 2 hr,
and boiled in 50 mM Tris HCI, pH 8.0, for 10 min. The filter
was incubated at 58°C for 2 hr in a solution containing 20%
(vol/vol) deionized formamide, 0.75 M NaCl, 50 mM
Na2HPO4, 0.5 mM EDTA, 5x Denhardt's solution (see p.
327 of ref. 10), denatured salmon sperm DNA at 150 jig/ml,
and 0.1% NaDodSO4. The filter-bound RNA was hybridized
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in the same solution with 4 x 104 cpm/ml of end-labeled oli-
gonucleotide (4 x 106 cpm total) for 48 hr at 58TC. The filter
was washed in two changes of 5x NaCl/Cit at 580C for 30
min and exposed to Kodak XAR-5 x-ray film with a DuPont
Lightning Plus intensifying screen for 7 days at -70'C.

Construction and Screening of Recombinant Plasmids.
Double-stranded cDNA was prepared by the method of
Wickens et al. (12) with the following modifications. For the
first strand synthesis, the concentration of each of the four
nucleoside triphosphates was 1 mM; RNAsin was included
at 400 units/ml. After first strand synthesis, RNA was hy-
drolyzed in 20 ,ul of 300 mM NaOH and 1 mM EDTA for 1 hr
at 42TC. The resulting solution was neutralized with 1 M
Tris-HCl, pH 7.5, and passed through a 150-Al column of
Sephadex G-100 equilibrated with second strand synthesis
buffer. Second strand synthesis conditions were exactly as
for the first strand except that KCI was omitted from the
buffer. S1 endonuclease digestion of double-stranded cDNA
was performed in a buffer containing 300 mM NaCI, 30 mM
sodium acetate at pH 4.5, 3 mM ZnSO4, and 30 units of S1
nuclease per 50 ,ul for 1 hr at 37°C. cDNA at each step in the
synthesis was assessed by alkaline agarose gel electrophore-
sis (10). The S1 endonuclease-digested double-stranded
cDNA was tailed with oligo(dC) by using terminal transfer-
ase (13) and was annealed with plasmid pUC 8 that had been
digested with Pst I and tailed with oligo(dG) (14). Transfor-
mation of Escherichia coli strain HB101 was by the CaC12
shock procedure (ref. 10, p. 250). To achieve higher transfor-
mation efficiency, transformants were plated directly onto
agar containing ampicillin (35 ,ug/ml). After colonies were
grown up, they were transferred to nitrocellulose by placing
a dry, sterile filter on top of the agar. When the filter was
completely wet it was lifted and placed inverted on a fresh
agar plate. If the filter is initially dry, this procedure pro-
vides complete and efficient transfer of colonies from agar to
nitrocellulose. After replication and preparation for hybrid-
ization (ref. 10, pp. 314-316), filters were washed for 2 hr at
58°C in a solution containing 50 mM Tris HCI at pH 8.0, 1
mM EDTA, 1 M NaCl, and 0.1% NaDodSO4 to reduce back-
ground. Colonies bound to nitrocellulose were screened by
the method of Grunstein and Hogness (15), using end-labeled
oligonucleotide as probe. Prehybridization, hybridization,
and washing procedures were the same as for the RNA blot
hybridization analysis except that E. coli DNA was included
in the prehybridization and hybridization buffers at 50
,ug/ml.
Sequence Analysis. Plasmid DNA was isolated by the alkali

lysis procedure followed by a single CsCl density centrifuga-
tion, ribonuclease treatment, and centrifugation through 1 M
NaCl (ref. 10, pp. 90-95). After restriction endonuclease di-
gestion (ref. 10, p. 104), DNA was prepared for sequence
analysis either by labeling at the 5' end with [y-32P]ATP and
polynucleotide kinase or by labeling at the 3' end with di-
deoxy-[a-32P]ATP and terminal transferase, following the in-
structions provided by the manufacturer. Labeled fragments
were sequenced by the chemical cleavage method of Maxam
and Gilbert (16).

RESULTS AND DISCUSSION
Design and Synthesis of Oligonucleotide Probe. Although it

has been reported that RHL-1 may make up as much as 0.1%
of the total protein in rat liver (17), the value may actually be
as low as 1/10th of this (unpublished observations). These
results indicate that the mRNA for RHL-1 is likely to be a
very low abundance species, constituting as little as 0.01% of
the total messenger pool. The cloning of such low-abun-
dance mRNA has been greatly simplified by the use of syn-
thetic oligonucleotide probes (18). Since the complete amino
acid sequence of RHL-1 has been determined, it is possible

SEQUENCE OF RHL-1:

POSSIBLE CODING SEQUENCES:

SYNTHETIC PROBE:

cDNA SEQUENCE:

195 200 205
Thr-Ser-Trp-Glu-Glu-Gln-Arg-Phe-Val-Gln-Gln-His-Met-Gly-Pro-Leu

5'-UGG GAA GAA CAA AGX UUU GUX CAA CAA CAU AUG GG-3'G G G C C G G C

3'-ACC CTT CTT GTT TCT AAG CAC GTT GTT GTA TAC CC-5'C C C CU

5'-TGG GAG GAG CAG AGA TTC GTC CAG CM CAC ATG GG-3'
635 669

FIG. 1. Design of oligoncleotide probe. The top line indicates the
amino acid sequence of a portion of RHL-1 (2). The mRNA se-
quences that could code for this segment are given on the second
line (X refers to any of the four nucleosides). The third line gives the
synthetic oligonucleotide used as a probe, while the bottom line is
the actual sequence of the cDNA (sense strand) derived from se-
quence analysis of clones 1 and 22. Mismatches between the cDNA
sequence and the synthetic probe are indicated with asterisks.

to predict a portion of the mRNA sequence and to design a
very specific probe that will hybridize to the RHL mRNA.
The strategy for the design of a suitable oligonucleotide

probe is summarized in Fig. 1. It was decided to make a
probe in excess of 30 nucleotides long so that hybridization
and washing could be carried out under moderately stringent
conditions. In spite of the degeneracy of the genetic code, it
is possible to select a stretch of 12 amino acid residues in the
known sequence of RHL-1 for which the mRNA can be pre-
dicted with few ambiguities. The amino acids from positions
193 to 204, with the exceptions of Arg-197 and Val-199, can
be encoded by only one or two codons each (see Fig. 1).
Even so, synthesis of all sequences that could encode this
portion of RHL-1 would result in a mixture of 4096 different
probes. While the mixture of probes actually synthesized
contained all possible coding sequences in the terminal por-
tions of the probe, ambiguity in the central region was elimi-
nated in order to reduce the complexity of the probe mix-
ture. Selection of bases in the central region was based on
codon usage frequency (19) and the G-T base-pairing rule,
since G T base pairs lend some stability to double-stranded
DNA (20). This resulted in a mixture of 32 different 35mers,
all with a common (and, as it turns out, partially incorrect)
central sequence. The protein sequence between residues
193 and 204 of RHL-1 is not highly homologous to RHL-2/3;
therefore this probe mixture is specific for RHL-1.
RNA Blot. When rat liver mRNA is separated by electro-

phoresis through agarose, transferred to nitrocellulose, and
probed with the synthetic oligonucleotide described above, a
single band is detected (see Fig. 2). The RNA species detect-
ed is approximately 1375 bases long; an mRNA of this length

1 2

28S-

18S-

FIG. 2. Blot analysis ofRNA from rat liver. Rat liver RNA was
separated by electrophoresis through agarose and transferred to ni-
trocellulose. The filter was hybridized with the end-labeled oligonu-
cleotide probe. Lane 1, 50 ,ug of poly(A)- RNA; lane 2, 30 ,ug of
poly(A)+ RNA. The mobilities of 18S and 28S rRNAs are indicated
to the left.
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FIG. 3. Restriction map and sequencing strategy for clones 1 and 22. RHL-1 is aligned above the two clones for orientation. At the bottom,
bases are numbered from the 5' end of clone 22. Restriction enzymes are designated as follows: A, Alu I; D, Dde I; E, EcoRI; F, Hinfl; H, Hae
III; M, Mbo II; N, HindIII; and P, Pst I. Digested DNA was labeled at its 5' termini (I) or 3' termini (In) and subjected to secondary restriction
digestion to separate the labeled ends. Fragments in the top three lines were derived from clone 22, while those in the lower three lines derived
from clone 1.

could encode a protein the size of RHL-1 (852 bases) plus 3'
and 5' untranslated regions as well as a poly(A) tail (21). In-
clusion of formamide in the hybridization solution and use of
elevated temperatures for hybridization and washing results
in a low level of nonspecific binding of the radioactive probe
to the nitrocellulose filter and to unrelated RNA sequences.
From these results it was concluded that the oligonucleotide
can be employed under these hybridization conditions to
identify colonies containing cloned copies of the RHL-1
mRNA.

Construction and Screening of cDNA Library. A cDNA li-
brary was constructed, using (dT)12 18 to prime reverse tran-
scription of total rat liver mRNA. Conditions for cDNA syn-
thesis were optimized by testing on globin mRNA. When an-
nealed with linearized pUC 8 vector, 0.2 tkg of the double-
stranded cDNA gave 17,000 transformants, of which 2
hybridized to the oligonucleotide probe. These 2, designated
clones 1 and 22, were reproducibly positive upon rescreen-
ing, although clone 1 consistently gave a weaker signal than
did clone 22.

Sequence Analysis. The strategy employed to sequence the
inserts in clones 1 and 22 is summarized in Fig. 3. The results
show that both clones are copies of the message for RHL-1
(see Fig. 4). The cDNA insert in clone 22 contains 1169 bases
preceding a stretch of 17 A residues at the 3' end. Eukaryotic
mRNAs typically have poly(A) tails with a length of 200
bases (21). If the poly(A) tail of clone 22 were extended to
200 bases, the total length of the original mRNA would have
been 1369 bases, which is close to the length of 1375 bases
measured by blot hybridization analysis. These data suggest
that clone 22 contains a nearly full-length copy of the RHL-1
mRNA, although the full extent of the 5' untranslated region
remains to be established.
The sequence A-G-U-A-A-A is found 21 bases upstream

from the beginning of the poly(A) tail. This sequence closely
matches the consensus sequence A-A-U-A-A-A, which is
found approximately 20 bases upstream from the site of
poly(A) addition in many eukaryotic mRNAs (22). There-
fore, the sequence A-G-U-A-A-A in the RHL-1 mRNA may
be a signal for polyadenylylation.
The insert in clone 1 is only 828 bases long, and it lacks 328

bases at the 5' end and 30 bases at the 3' end compared to
clone 22. Since the entire region hybridizing to the oligonu-
cleotide probe is encoded by each clone, the differential af-
finity of the probe for the two clones is not readily explained.
It might reflect a different copy number for the insert-bear-
ing plasmids in the two clones.
Comparison of cDNA and Protein Sequences. Examination

of the base sequence at the 5' end of clone 22 reveals that the
coding sequence for RHL-1 immediately follows the first

AUG codon. This indicates that a single methionine residue
directly precedes the threonine residue found at the NH2 ter-
minus of mature RHL-1 (2). Removal of the initiator methio-
nine is common in cytoplasmic proteins (23), a fact that is
consistent with evidence that the NH2 terminus of this re-
ceptor is located in the cytoplasm. The presence of a stop
codon in frame with the coding sequence 54 bases upstream
from this AUG codon eliminates the possibility that transla-
tion initiation could occur at another AUG codon upstream
from the cloned portion of the mRNA.
The sequence of bases around the first AUG codon in the

RHL-1 mRNA closely resembles the consensus sequence
found near other eukaryotic translation initiation sites: spe-
cifically, there are purines at positions -3 and +4 as well as
pyrimidines at positions -5, -4, -2, and -1 (24). The RHL-
1 mRNA contains adenosines at -3 and +4, which are opti-
mal for promoting translation (25).
When the amino acid sequence of RHL-1 obtained by Ed-

man degradation is compared with that deduced from the
DNA sequence, only four differences are found (see Fig. 4).
All of these discrepancies are in the region directly following
the hydrophobic sequence; since this region was sequenced
by extended Edman degradation of large peptides, misidenti-
fication of residues in this region is not surprising. As a re-
sult of these corrections, the hydrophobic sequence is re-
vealed to be 21 residues long rather than 27 as originally pro-
posed (2). The presence of an arginine residue at the COOH
terminus of the hydrophobic sequence means that the trans-
membrane segment of RHL-1 is bounded at both ends by
arginine residues; in this respect, RHL-1 resembles the
chicken hepatic lectin (4) and many other membrane-span-
ning proteins (26).
When the DNA sequences of clones 1 and 22 are com-

pared, a discrepancy is observed. While clone 22 contains an
adenosine residue at position 685, clone 1 contains a guano-
sine residue at the corresponding position. Since the pres-
ence of an adenosine residue at this position would change
the codon for Trp-209 to a termination codon, it was con-
cluded that the adenosine residue found in clone 22 was an
error in reverse transcription (27) and that the guanosine res-
idue found in clone 1 corresponds to the original mRNA se-
quence.

Analysis of purified RHL-1 shows that the COOH-termi-
nal residue is Asn-283 (2). In the RHL-1 mRNA, the se-
quence encoding this residue is followed immediately by a
termination codon (see Fig. 4). Therefore, the COOH termi-
nus of the initial translation product is identical to that of the
mature protein.

Implications for Receptor Biosynthesis. The "signal hy-
pothesis" was developed to explain the discharge of secre-
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58
T TAG CCT GGG CTC TTC GTG GTG CTG AGG GAC CTT CAG TCC TGC CCC AGT GCT ATC ATG

Met-

148
ACA MG GAT TAT CM GAT TTC CAG CAC TTG GAC MT GAG MC GAC CAC CAT CM CTC CAG AGA GGG CCA CCT CCC GCT CCA AGG CTC TTG
Thr-Lys-Asp-Tyr-Gl n-Asp-Phe-Gl n-H is-Leu-Asp-Asn-Gl u-Asn-Asp-Hi s-H is-Gl n-Leu-Gln-Arg-Gly-Pro-Pro-Pro-Al a-Pro-Arg-Leu-Leu-

238
CAG CGA CTC TGC TCT GGA TTC CGT CTC TTC CTG CTT TCC CTG GGC CTC AGC ATC CTG CTG CTG GTG GTT GTC TGT GTG ATC ACA TCC CGA
Gln-Arg-Leu-Cys-Ser-Gly-Phe-Arg-Leu-Phe-Leu-Leu-Ser-Leu-Gly-Leu-Ser-I le-Leu-Leu-Leu-Val-Val-Val-Cys-Val-I le-Thr-Ser-Arg-

----------------------------------------------------------------Ser---------------- Gln

328
MT TCC CM CTC CGG GM GAT CTG CGG GTT CTA AGG CAG AAT TTC AGC AAC TTT ACC GTG AGC ACT GAG GAC CM GTC MG GCC CTG ACC
Asn-Ser -G ln-Leu-Arg-G lu-Asp-Leu-Arg-Va l-Leu-Arg-G ln-Asn-Phe-Ser-Asn-Phe-Thr-Va l-Ser-Thr-G lu-Asp-G ln-Va l-Lys-A la-Leu-Thr-
Val Val

r- Clone 1 418
ACC CAG GGA GAG AGA GTG GGA AGA MG ATG MG TTA GTC GAG TCA CAG CTG GM AM CAT CAG GAG GAT CTG AGG GM GAC CAC TCT AGA
Thr-G ln-G ly-G lu-Arg-Va l-G ly-Arg-Lys-Met-Lys-Leu-Val -Gl u-Ser-Gl n-Leu-G lu-Lys-H is-Gl n-G lu-Asp-Leu-Arg-G lu-Asp-H is-Ser-Arg-

508
TTG CTA CTG CAT GTA MG CAG TTA GTG TCT GAC GTG CGA AGC TTG AGC TGC CAG ATG GCC GCA CTT CGG GGC AAT GGC TCT GM AGG ATC
Leu-Leu-Leu-His-Val-Lys-Gln-Leu-Val-Ser-Asp-Val-Arg-Ser-Leu-Ser-Cys-Gln-Met-Ala-Ala-Leu-Arg-Gly-Asn-Gly-Ser-Glu-Arg-I le-

598
TGC TGC CCC ATC AAC TGG GTG GAG TAT GM GGC AGC TGC TAC TGG TTC TCC AGC TCT GTG MG CCT TGG ACG GM GCT GAC AAG TAC TGC
Cys-Cys-Pro-I le-Asn-Trp-Val-Glu-Tyr-Glu-Gly-Ser-Cys-Tyr-Trp-Phe-Ser-Ser-Ser-Val-Lys-Pro-Trp-Thr-Glu-Ala-Asp-Lys-Tyr-Cys-

* 688
CAG CTG GAG MC GCC CAC CTG GTG GTG GTG ACT TCC TGG GAG GAG CAG AGA TTC GTC CAG CM CAC ATG GGC CCC TTA MT ACT TGG ATT
Gl n-Leu-G lu-Asn-A la-H is-Leu-Va l-Va l-Val -Thr-Ser-Trp-Gl u-G lu-G ln-Arg-Phe-Va l-G ln-G ln-H is-Met-G ly-Pro-Leu-Asn-Thr-Trp- I le-

778
GGC CTA ACT GAC CAG MC GGA CCC TGG AAA TGG GTG GAT GGG ACA GAC TAT GAG ACA GGC TTC AAG AAC TGG AGA CCA GGG CAG CCA GAT
Gly-Leu-Thr-Asp-G ln-Asn-G ly-Pro-Trp-Lys-Trp-Va l-Asp-G ly-Thr-Asp-Tyr-G lu-Thr-Gly-Phe-Lys-Asn-Trp-Arg-Pro-G ly-G ln-Pro-Asp-

868
GAC TGG TAC GGA CAT GGG CTT GGA GGG GGT GAA GAC TGT GCC CAt TTC AGG ACC GAT GGC CAC TGG AAT GAT GAC GTC TGC AGG AGG CCC
Asp-Trp-Tyr-G ly-H is-G ly-Leu-G ly-G ly-G ly-Gl u-Asp-Cys-Al a-H is-Phe-Thr-Thr-Asp-Gly-H is-Trp-Asn-Asp-Asp-Va l-Cys-Arg-Arg-Pro-

958
TAC CGC TGG GTC TGT GAG ACA GAG TTG GGC AAG GCC AAT TAG GAG CCT CCA TTC CCC TGA TTT ATT TCC TGA GTG CCT TGA GCT GTG AGG
Tyr-Arg-Trp-Val-Cys-Glu-Thr-Glu-Leu-Gly-Lys-Ala-Asn * * ***

1048
CTT AGA GTT GGG AGG TCC TAC TCA AGG GTC TCC CCA TCT TTG GGA ACT TTC ATC TAG GAT TTT MG GGG CTG GTA MG MT GGT GTT TGA

1138
GGA ATG TGG TAT GAT GCC TGG TGG TGG TGG TGG TGG TGG TTA TTG GM CCC ATG ACA CTT TGT GCA GTG TGC AGC TTA CTA CTG CCA ACT

Clone 1 --4 1186
TGT TTT TGA \ TMIAIG MG GM GAT MA CM MA MA MA MA MA

*** ***

FIG. 4. Nucleotide sequence of RHL-1 cDNA as derived from clones 1 and 22. Amino acids encoded in the open reading frame are shown
below the DNA sequence. Termination codons are marked by *** and the putative signal for poly(A) addition is enclosed in a box. Differences
between the amino acid sequence of RHL-1 deduced from the cDNA sequence and the amino acid sequence determined by Edman degradation
are indicated by underlining; the original assignments from the protein sequence analysis are shown below the DNA-derived assignments. The
membrane-spanning sequence of RHL-1 is indicated by a broken line. The single * at base 685 marks the discrepancy between clones 1 and 22.
Clone 22 contains an A at this point, which would change the tryptophan codon to a termination codon.

tory proteins into the lumen of the endoplasmic reticulum
(5). An NH2-terminal signal sequence on a nascent polypep-
tide results in movement of the ribosome complex to the en-
doplasmic reticulum membrane. As translation continues,
the nascent peptide is directed through the membrane. In the
lumen of the endoplasmic reticulum the signal sequence is
cleaved from the remainder of the protein by a signal pepti-
dase. Translation and transfer through the membrane contin-
ue until the entire protein is in the lumen.
The signal hypothesis has been extended to explain the

insertion of proteins into the endoplasmic reticulum mem-
brane (6). As in the case of secretory proteins, an NH2-ter-
minal signal sequence directs the initial insertion of the pro-
tein into the membrane, but transfer through the membrane
is believed to be halted when a hydrophobic, membrane-
spanning sequence is encountered; the protein remains em-

bedded in the membrane with its NH2 terminus in the lumen
and its COOH terminus in the cytosol. In fact, several mem-
brane-spanning proteins that have this transmembrane orien-
tation are actually synthesized with transient NH2-terminal
signal sequences (28, 29).

Insertion of RHL-1 into the membrane cannot be ex-
plained by this extension of the signal hypothesis for two
reasons: first, the results reported here demonstrate that
there is no NH2-terminal signal sequence preceding the cod-
ing region for RHL-1, and second, the final orientation of
RHL-1 in the plasma membrane is the opposite of that which
would result from this insertion mechanism. Thus we must
propose an alternative model for the insertion of this recep-
tor into the membrane. Although the insertion process must
be different from what is described above, it is still possible
that a signal mechanism is involved. The hydrophobicity

Biochemistry: Holland et aL
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profile of the transmembrane region of RHL-1 is very similar
to that of known signal sequences (30). Therefore, the signal
machinery [including the signal recognition particle (31)]
could recognize the internal hydrophobic region of the na-
scent polypeptide as a signal sequerice and promote insertion
of this region as a hairpin into the membrane. Translation
and transfer across the endoplasmic reticulum membrane
would proceed as in the case of a secretory protein, except
that the NH2-terminal portion of the protein would remain in
the cytoplasm and signal peptidase would not cleave the pep-
tide as it emerges into the lumen of the endoplasmic reticu-
lum. The COOH terminus would eventually traverse the
membrane, leaving the NH2 terminus still in the cytoplasm
and the hydrophobic region embedded in the lipid bilayer.
Thus the transmembrane segment would serve as an internal
signal sequence during the biosynthesis of RHL-1.
Such a mechanism would explain the biosynthesis of sev-

eral membrane proteins in addition to the hepatic lectins.
Since the invariant y chain of the class II histocompatibility
antigens (8), the influenza virus neuraminidase (7), and
membrane glycoprotein PE2 of Sindbis virus (32) all have the
same transmembrane orientation as RHL-1 and none have
NH2-terminal signal sequences, it is proposed that all of
these proteins are inserted into membranes by a similar
mechanism. Consistent with this proposal, recent studies in-
dicate that the internal, membrane-spanning sequences of in-
fluenza virus neuraminidase and Sindbis virus glycoprotein
PE2 can, in fact, act as signal sequences (7, 32).
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