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To determine the minimum requirement in the 76-residue leader sequence of pro-tumor
necrosis factor (TNF) for membrane translocation across the endoplasmic reticulum (ER)
and for the maturation of pro-TNF, we constructed pro-TNF mutants in which a part of the
transmembrane domain of pro-TNF was directly linked to the N-terminus of the mature
domain, and evaluated their translocational behavior across the ER-membrane and their
secretion from the transfected cells. The in vitro translation/translocation assay involving
a canine pancreatic microsomal membrane system including a mutant, 4—75-47, —32-1,
revealed that the N-terminal half of the transmembrane domain of pro-TNF consisting of 14
residues functioned as a cleavable signal sequence; it generated a cleaved form of TNF
having a molecular mass similar to that of mature TNF. Analysis of the cleavage site by
site-directed mutagenesis indicated that the site was inside the leader sequence of this
mutant. When the mutant, 4—75-47, —32-1, was expressed in COS-1 cells, efficient
secretion of a biologically active soluble TNF was observed. Further deletion of the
hydrophobic domain from this mutant inhibited the translocation, indicating that some
extent of hydrophobicity is indispensable for the membrane translocation of the mature
domain of TNF. Thus, the N-terminal half of the transmembrane domain of pro-TNF could
function as a cleavable signal sequence when linked to the mature domain of TNF, and
secretion of a biologically active secretory form of TNF could be achieved with this
14-residue hydrophobic segment. In intact pro-TNF, however, this 14-residue sequence
could not function as a cleavable signal sequence during intracellular processing, indicat-
ing that the remainder of the 76-residue leader sequence of pro-TNF inhibits the signal
peptide cleavage and thus enables the leader sequence to function as a type Il signal-anchor
sequence that generates a transmembrane form of TNF,

Key words: membrane translocation, processing, secretion, signal sequence, tumor ne-
crosis factor.

Tumor necrosis factor (TNF) is an extremely pleiotropic
proinflammatory cytokine with a wide range of biological
effects (1). It is initially synthesized and expressed as a
functional transmembrane prohormone, linked to a mem-
brane via a leader sequence. Synthesis of TNF begins with
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an unusually long 76 amino acid propeptide sequence. This
leader sequence does not serve as a typical N-terminal
signal sequence during processing and intracellular target-
ing (2). Rather, the leader sequence functions as a signal-
anchor sequence, and synthesis and insertion into the ER
membrane occur cotranslationally. Then, probably via
Golgi-mediated transfer, TNF appears on the plasma
membrane as a trimeric, type II transmembrane protein
(3). This transmembrane form of TNF was found to be
biologically active and can transduce signals to adjacent
cells through cell-cell contact (4). Recent results suggest
that it is superior to mature TNF in activating the human
p80 TNF receptor for a number of cellular functions (5). In
fact, it was recently reported that apoptosis of CD8*T cells
during human immunodeficiency virus (HIV) infection is
mediated by interaction between the transmembrane form
of TNF on macrophages and a p80 TNF receptor on CD8*T
cells (6). Finally, pro-TNF cleavage occurs on the outer
surface of the plasma membrane, probably by a metallo-
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proteinase (7, 8) and/or another enzyme, to release
mature, soluble TNF. Thus, the pathophysiological effects
of TNF seem to be mediated by both juxtacrine interaction
of the transmembrane form of TNF and autocrine-para-
crine interaction of the mature, secreted molecule.

The 76-residue leader sequence entails an extracellular
linking domain from residues —20 to —1, a hydrophobic
transmembrane domain from residues —46 to — 21, as well
as a cytoplasmic domain from residues —76 to —A47.
However, the role of these domains in the processing of
pro-TNF is poorly understood.

To evaluate the role of the leader sequence of pro-TNF in
the intracellular processing of pro-TNF, we previously
analyzed the behavior, both in a microsomal translocational
system and by transfection analysis, of a series of pro-TNF
mutants with deletions in the linking, transmembrane, and
cytoplasmic domains (9, 10). We established that the
entire linking domain, and most of the cytoplasmic domain,
could be deleted without the membrane translocation,
sorting, or maturation of pro-TNF being affected. Part of
the transmembrane domain, in contrast, was found to be
esgsential for the pro-TNF processing. In this case, the
hydrophobicity required for this domain was found to be
comparable to that of a typical N-terminal signal sequence.
Thus, the proper membrane translocation, type II topology
formation, and maturation of human pro-TNF seemed to be
accomplished with as few as 14 of the 26 residues of the
transmembrane domain.

In the present study, in order to determine the minimum
requirement in the 76-residue leader sequence of pro-TNF
for the cellular processing and maturation of pro-TNF, we
have constructed pro-TNF mutants in which a part of the
transmembrane domain of pro-TNF is directly linked to the
N-terminus of the mature domain, and evaluated their
translocational behavior across the ER-membrane and
their secretion from the transfected cells.

MATERIALS AND METHODS

Materials—Restriction endonucleases, DNA-modifying
enzymes, RNase inhibitor, and Taq DNA polymerase were
purchased from Takara Shuzo Kyoto. The mCAP RNA
capping kit and proteinase K were from Stratagene. RNase
was purchased from Boehringer-Mannheim, Germany. The
canine pancreatic microsomal membrane and rabbit reticu-
locyte lysate were from Promega. [*H]Leucine, [**S]-
methionine and Amplify were from Amersham (UK). The
Dye Terminator Cycle Sequencing kit was from Applied
Biosystems. Anti-human TNF polyclonal antibodies were
purchased from R&D Systems. Protein G Sepharose was
from Pharmacia Biotech. Other reagents purchased from
Wako Pure Chemical, Tokyo, Daiichi Pure Chemicals,
Tokyo, and Seikagaku Kogyo, Tokyo, were of analytical or
DNA grade.

Plasmid Construction—Plasmid pBluescript II SK(+)
lacking A pal and HindIIl sites was constructed as previous-
ly described (10). This plasmid was designated as pB.

Plasmid pBpro-TNF, which contains the full-length
human pro-TNF cDNA, plasmid pBdpro-TNF, which
contains the cDNA coding for the mature domain of TNF,
and plasmids pB4— 32-1 and pB/4—20-1 were constructed
as described (10, 11). Plasmid pB4—75-47, —32-1 was
constructed by means of PCR. For this procedure, pB4—
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32-1 served as a template and two oligonucleotides (A-1,
5-GCGCGGATCCATGTTGTTCCTCAGCCTCTTC-3,
A2, 5-GCCGGGATCCTAGGGCGAATTGGGTACC-3)
as primers. After digestion with BamHI and Pstl, the am-
plified product was subcloned into pB at the BamHI and
Pstl sites.

Plasmids pBA4—75-47, —32-1-V1M and pBA4—75-47,
—32-1-S5M were constructed by means of PCR. In this
case, pPB4—75-47, —32-1 served as a template and two
mutagenic primers (B-1, 5'-GCGCGGCGCCATGAGATC-
ATCTTCTCGA-3’; B-2, 5-GCGCGGCGCCGTCAGATC-
ATCTATGCGAACCCCGAGTGAC-3’, respectively) and
A-2 as primers.

Plasmids pB4—75-47, —36, —35, —32-1, pB4—"75-
47, —38-35, —32-1, and pB4—75-47, —40-35, —32-1
were constructed from plasmids pB4—36, —35, —32-1,
pB4—38-35, —32-1, and pB4—40-35, —32-1, respec-
tively, by means of PCR. Plasmids pB4— 36, —35, —32-1,
pB4—38-35, —32-1, and pBA4—40-35, —32-1 were
constructed as previously described (10). For these proce-
dures, plasmids pB4-—-36, —35, —32-1, pB4—38-35,
—32-1, and pPB4—40-35, —32-1 served as templates, and
two oligonucleotides (A-1, A-2) as primers. The amplified
products were subcloned into pB at the BamHI and Pstl
sites as described above.

The DNA sequences of these recombinant cDNAs were
confirmed by the dideoxy-nucleotide chain termination
method (12).

In Vitro Transcription and Translation—Methods essen-
tially identical to those described previously were em-
ployed (10). T3 polymerase was used to obtain transcripts
of these cDNAs subcloned into pB. They were purified by
phenol-chloroform extraction and ethanol precipitation
before use in the translation reaction.

A canine pancreatic microsomal membrane system in-
cluding a rabbit reticulocyte lysate deficient in a selected
amino acid (Promega) was used to characterize the endo-
plasmic processing of these transcripts. As previously
reported (2, 9), a metabolically-labeled ([*H] Leu) parental
pro-TNF translate could be detected with or without
microsomes. In the former case, it was transported across
the microsomal membrane, with the mature domain in the
lumen. In this orientation, the amino-terminal cytoplasmic
domain was lost upon proteinase K treatment. The remain-
der was degraded if the membrane was permeabilized with
Triton X-100. In the present study, the proper transloca-
tion of a mutant pro-TNF across the microsomal membrane
was established if a proteinase K-resistant protein band
could be detected in the absence of a detergent; a dimini-
shed signal was interpreted as indicating reduced transloca-
tion or translocation with the reversed orientation.

Transfection of COS-1 Cells—The simian virus 40-
transformed African Green monkey kidney cell line,
COS-1, was maintained in Dulbecco modified Eagle’s
medium (GIBCO BRL) supplemented with 10% fetal calf
serum (GIBCO BRL). Cells (2% 10°%) were plated on 35-
mm-diameter dishes 1 day before transfection. pcDNA3 (2
u1g; Invitrogen, San Diego, CA) containing either wild-type
or mutant pro-TNF ¢cDNA was used to transfect each plate
of COS-1 cells along with 4 x1 of LipofectAmine (2 mg/ml;
GIBCO BRL) in 1 ml of serum-free medium. After incuba-
tion for 5 h at 37°C, the cells were refed with serum-con-
taining medium and then incubated again for an appropri-
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ate period. The supernatants were frozen, and the cells
were washed three times with Dulbecco’s phosphate-
buffered saline (DPBS) and collected with cell scrapers, and
then lysed with 200 x1 of RIPA buffer (50 mM Tris-HCl
(pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease inhibitors) on ice for 20
min. The cell lysates were centrifuged for 15 min at 15,000
rpm at 4°C in a microcentrifuge (HITACHI-CF15D2), and
the resulting supernatants were analyzed by SDS-PAGE
and fluorography.

Western Blotting—Total cell lysates from each group of
transfected cells were resolved by 12.5% SDS-PAGE and
then transferred to an Immobilon-P transfer membrane.
After blocking with nonfat milk, the membrane was probed
with anti-hTNF antibodies as described (9). Immunor-
eactive proteins were specifically detected by incubation
with horseradish peroxidase-conjugated protein A (Bio-
Rad). The membrane was developed with ECL Western
blotting reagent (Amersham) and exposed as needed to
X-ray film. Quantitative analysis of immunoreactive pro-
teins on the membrane was carried out using a storage
phosphor imaging screen and a GS-250 Molecular Imager
(Bio-Rad).

Immunoprecipitation—[*H] -labeled samples were im-
munoprecipitated with anti-hTNF polyclonal antibodies
(R&D Systems) as described (10).

SDS-PAGE and Fluorography—Samples were denatur-
ed by boiling for 3 min in SDS-sample buffer and then
analyzed by SDS-PAGE on a 12.5% gel according to
Laemmli (13). Thereafter, the gel was fixed and soaked in
Amplify™ (Amersham) for 30 min. The gel was dried
under vacuum and then exposed to XAR-5 X-ray film
(Kodak) for an appropriate period.

TNF Cytotoxicity Assay—The mouse L.929 fibrosarcoma
cell line, sensitized with actinomycin D, was used to assay
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TNF secreted into transfected cell supernatants as previ-
ously described (10).

Priming and Stimulation of Neutrophils—Human peri-
pheral neutrophils were isolated from venous blood of
healthy humans by Ficoll-Hypaque density gradient cen-
trifugation using Mono-Poly Resolving medium as de-
scribed (14). FMLP (1.25 % 10~® M) was used for receptor-
mediated activation of neutrophils. To prime neutrophils,
10° cells/ml were preincubated with TNF for 10 min at
37°C.

Determination of 0,* Generation—Q,* generation was
assayed as the reduction of Cyt.c as previously described
using a dual beam spectrophotometer (Shimadzu UV-3000)
equipped with a water-jacketed cell holder and a magnetic
stirrer (14). Briefly, the reaction mixture contained, in a
final volume of 2 ml KRP, 1 mM CaCl,, 20 @M Cyt.c, 10
mM glucose, and 0.2-1x10° cells/ml. The reaction was
started by adding a stimulant at 37°C and then the change
in absorbance at 550-540 nm (Asso_s:0) Was monitored. O,*
generation was calculated from the superoxide-dependent
reduction of Cyt.c, using an extinction coefficient of 21.0
mM~!.

RESULTS

The N-Terminal Half of the Transmembrane Domain of
pro-TNF Can Function as a Cleavable Signal Sequence—
To determine whether or not the N-terminal half of the
transmembrane domain alone can direct the translocation
of the mature domain of pro-TNF, we generated a mutant
in which the entire cytoplasmic region of the 4—32-1
mutant was deleted. Figure 1 compares the translation/
translocation patterns of the wild-type pro-TNF (Pro-TNF)
with those of the 4—32-1 and 4—75-47, —32-1 mutants.
The translocational behavior of the 4—32-1 mutant was
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Fig. 1. In vitro translocation of the parental
pro-TNF, 4—32-1 mutant and 4—75-47, —32-
1 mutant across the microsomal membrane.
The structures of the leader sequences of these
mutants are schematically shown. The deleted
regions are shown as dashed lines and the trans-
membrane domain is shown as a solid bar. Posi-
tively charged (vertical lines above boxes) and
negatively charged (vertical lines below boxes)
residues are also shown. The [*H]Leu-labeled
proteins, detected by fluorography after SDS-
polyacrylamide gel electrophoresis, among the in
vitro translation products of mutant pro-TNF
mRNAs in the presence (+) or absence (—) of
| microsomes are shown. The effects of proteinase K
} digestion of the microsome-dependent translates
are also shown.
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indistinguishable from that of the wild-type pro-TNF, as
previously observed (10), indicating that this mutant was
localized on the ER-membrane with the correct type II
orientation. In contrast, the translation/translocation pat-
tern of the 4—75-47, —32-1 mutant was different from
those of the wild-type pro-TNF and the 4— 32-1 mutant. In
the presence of microsomes, a protein band corresponding
to a slightly reduced molecular weight was observed, and
the material in this band was not degraded by treatment
with proteinase K. Therefore, deletion of the cytoplasmic
region (residues —75 to —47) from the 4—32-1 mutant
unexpectedly caused the remaining 14-residue hydropho-
bic region (residues —46 to —33) to function as a typical
cleavable signal sequence.

As shown in Fig. 2, when microsomes were added after
completion of the translation reaction, the proteinase K-
resistant band was undetectable in the translocation assay
with either the wild-type pro-TNF or the 4—75-47, —32-
1 mutant. These results indicated that the membrane
translocation of these proteins across the ER-membrane
was achieved only cotranslationally, as is the case with a
typical cleavable signal sequence or signal-anchor se-
quence.

In order to determine whether or not the cleavage site
was localized inside of the leader sequence or in the mature
domain of this mutant, we constructed two additional
mutants (4—756-47, —32-1 V1IM- and 4—75-47, —32-1
S5M-TNF) in which Val located at the N-terminus (+1
site) or Ser at the +5 site of the mature domain of the
A—"75-47, —32-1 mutant was replaced with Met, and
evaluated their translocational behavior. In this experi-
ment, we utilized the fact that the mature domain of TNF
does not contain a Met residue. If the Met residue at the + 1

3 il ] 1l ’
Pro-TNF [ __T1_|
A-75-47,
T [ — !
Post- Co-
Microsomes — + 4+ - 4+ +
Proteinae K — — + - - +
316 — -
Pro-TNF 215 — - -. -
144 — _
ne— -
A-7547, _
321
LA
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Fig. 2. Cotranslational translocation of the 4—75-47, —32-1
mutant across the endoplasmic reticulum membrane. The
mRNAs coding for pro-TNF and the 4—75-47, —32-1 mutant were
translated at 30°C for 90 min with a rabbit reticulocyte lysate in the
absence of microsomal membrane and then translation was terminat-
ed with cycloheximide (final concentration, 100 xg/ml). Microsomes
were then added to the reaction mixture, followed by further incuba-
tion at 30°C for 30 min. The membrane translocation was then
analyzed as described under “MATERIALS AND METHODS.” The
symbols for the schematic structures are as described in the legend to
Fig. 1. Post-., posttranslational, Co-, cotranslational.
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site is not removed upon signal peptide cleavage indicates
that the cleavage site is localized inside of the leader
sequence of the 4—75-47, —32-1 mutant.

As shown in Fig. 3, the apparent molecular sizes of the in
vitro translation products (—Microsomes) and cleaved
products (+Microsomes) of 4-75-47, —32-1-, 4—75-
47, —32-1 VIM- and 4—75-47, —32-1 S5M-TNF were
similar to each other, indicating that the substitution of the
amino acid in these two mutants did not affect the process-
ing by microsomes. The molecular sizes of these three
mutants translated in the presence of microsomal mem-
branes (lanes 5, 6, and 7) were approximately the same as
that of the dpro-TNF mutant, which lacks the entire leader
sequence of pro-TNF, translated in the absence of mi-
crosomal membranes (lane 1), indicating that the cleavage
site was located at, or at least close to, the C-terminus of the
14-residue-leader sequence of this mutant.

Figure 4 compares the translation/translocation pattern
of the 4—75-47, —32-1 mutant with that of the 4—75-
47, —32-1V1M- and 4-75-47, —32-1 S5M-TNF mu-
tants. The translocational behavior of the 4—75-47, —32-
1 VIM- and 4—75-47, —32-1 S5M-TNF, analyzed by
(*H]leucine labeling was indistinguishable from that of the
4-—175-47, —32-1-TNF, indicating that the replacement of
Val 1 or Ser 5 with Met did not affect the translocational
behavior of this mutant. When the incorporation of [*°S]-
methionine into these two substitution mutants was ana-
lyzed by the same assay, the pattern of the labeled proteins
was exactly the same as that obtained on [*H]}leucine
labeling, and [**S]methionine labeling was detected for the
processed form of TNF even after treatment with protein-

) mature TNF
A-75-47,
1 "5 éll """ - v s
g, A-T5-4, D...... | .
© -32-1-VIM M M s

3. A-7541, I N . iy W

-32-1-S5M | v M|
L. B35 H
4. APro-TNF M v s
Microsomes - +
I 1T L}
4 1 2 3 1 2 3
310 — -
170 —| aam T A |-
144 — p—
kDa

Fig. 3. Molecular size determination of the microsomal pro-
cessing product of the 4—75-47, —32-1, 4—-75-47, —32-1-VIM
and 4—76-47, —32-1-S5M mutanst. The structures of these
mutants are schematically shown. The positions of the methionine
residues (M) are shown. The molecular sizes of the in vitro translation
product and the microsomal processing product of the 4—75-47,
~32-1, 4—-75-47, —32-1-VIM and 4-75-47, —32-1-85M mu-
tants are compared with that of the in vifro translation product of
Apro-TNF.
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Fig. 4. Analysis of the cleavage site of the 4—75-47, —32-1
mutant by metabolic labeling of the microsomal processing
products of the 4—75-47, —32-1, 4—75-47, —32-1-VIM and
4—75-47, —32-1-S5M mutants. The (*H]Leu- or {**S]Met labeled
proteins, detected by fluorography after SDS-polyacrylamide gel
electrophoresis, among the irn vitro translation products of mutant
pro-TNF mRNAs in the presence (+) or absence (—) of microsomes
are shown. The effects of proteinase K digestion of the microsome-
dependent translates are also shown.
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Fig. 5. Secretion of the secretory form of TNF from COS-1 cells
transfected with cDNA coding for the 4—75-47, —32-1 mutant.
The ¢cDNAs encoding pro-TNF and the 4—75-47, —32-1 mutant
were transfected into COS-1 cells, and then their expression in total
cell lysates and their secretion into cell culture supernatants were
evaluated by Western blotting analysis (A). T, total cell lysates; S,
cell culture supernatants. The amounts of protein present in total cell
lysates and in cell culture supernatants of transfected cells 48 h after
transfection were determined by Western blotting analysis (B). T,
total cell lysates; S, cell culture supernatants.
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ase-K. These results strongly indicated that the signal
cleavage site was located at, or at least upstream of, the
—1/+1 site.

Secretion of a Biologically Active Secretory Form of
TNF from COS-1 Cells Transfected with cDNA Coding for
the A— 75-47, — 32-1 Mutant—To determine whether or
not the N-terminal 14-residues (—46 to —33) of the
transmembrane domain of pro-TNF can function as a
cleavable signal sequence in intact cells, cDNAs encoding
pro-TNF and 4—75-47, —32-1 mutant were transfected
into COS-1 cells, and then their expression and the secre-
tion of TNF were evaluated by Western blotting analysis.

In control COS-1 cells, no protein was detected in total
cell lysates or in culture supernatants as shown in Fig. 5A,
lanes 2 and 3. When pro-TNF ¢cDNA was transfected into
COS-1 cells, a remarkable amount of 26 kDa pro-TNF and
a trace amount of a processed form of TNF (17 kDa) were
detected in the total cell lysates, as shown in lane 4. In the
cell supernatants, only a 17 kDa mature TNF was detected
(lane 5). In contrast, total cell lysates and cell supernatants
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<
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Z
Q 0 AT YT | 21 o2l
Z 0.1 1.0 10
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Fig. 6. Dose-response curves for the cytotoxic activity and
neutrophil-priming activity of a cell culture supernatant der-
ived from COS-1 cells transfected with the 4-75-7, —32-1
mutant cDNA. A cell culture supernatant of transfected cells was
subjected to cytotoxicity assay using actinomycin D-treated L-929
cells. The absorbance of the incorporated neutral red dye was
measured at 540 nm and was plotted (A). The neutrophil-priming
activity of a cell culture supernatant of transfected cells was measured
as described under “MATERIALS AND METHODS.” To prime
neutrophils, 10° cells/ml were preincubated with various concentra-
tions of TNF secreted into the culture supernatant. The dose-response
curves for the stimulus-dependent O,* generation are expressed as
the means of three separate experiments and presented as percent-
ages of the control (B). A, rthTNF; <, 4—75-47, —32-1 mutant.
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derived from COS-1 cells transfected with cDNA coding for
the 4—75-47, —32-1 mutant were found to contain only
the 17 kDa form of TNF (lanes 6 and 7). The fact that the
18.5 kDa unprocessed form of the A4—75-47, —32-1
mutant was not detected in the total cell lysates suggested
that this mutant was cotranslationally processed to gener-
ate 17 kDa TNF on the ER-membrane. The amount of
protein present in the total cell lysates (T) or in the cell
supernatants (S) 48 h after transfection was determined by
quantitative analysis of immunoreactive proteins using a
storage phosphor imaging screen (Bio-Rad), and the results
are summarized in Fig. 5B. When compared with pro-TNF-
producing cells, 4—75-47, —32-1 mutant-producing cells
yielded approximately 6-fold more secretory TNF per 48 h
(Fig. 5B). These results clearly indicated that the N-ter-
minal 14-residues of the transmembrane domain of pro-
TNF functioned as a cleavable signal sequence in COS-1
cells and efficiently generated the 17 kDa mature form of
TNF.

In order to determine the biological activity of the TNF
molecule secreted from COS-1 cells transfected with cDNA
coding for the 4—75-47, — 32-1 mutant, cytotoxic activity
toward L929 cells and priming activity toward human
peripheral neutrophils of the secreted TNF were evaluated.
As shown in Fig. 6, A and B, the dose response curves for
these two biological activities of native TNF and the TNF
molecule found in the supernatants of 4—75-47, —32-1
mutant-producing cells were comparable.

Thus, secretion of biologically active TNF could be
achieved with as few as 14 of the 26 residues of the native
transmembrane domain of the 76-residue pro-TNF leader
sequence.

Minimum Requirement in the 76-Residue Leader Se-
quence of pro-TNF for Membrane Translocation across the
Endoplasmic Reticulum and Maturation of pro-TNF—To
determine the minimum requirement for the hydropho-
bicity of the N-terminal half of the transmembrane domain
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Fig. 8. Western blotting analysis of total cell lysates and cell
culture supernatants derived from COS-1 cells transfected with
cDNAs coding for the 4—75-47, —32-1, 4-75-47, —36, —35,
—32-1, 4-75-47, —38-35, —32-1, and 4—75-47, —40-35, —32-
1 mutants. The cDNAs encoding the 4—75-47, —32-1, 4—175-47,
—-36, —35, —32-1, 4—-75-47, —38-35, —32-1, and 4—75-417,
—40-35, —32-1 mutants were transfected into COS-1 cells, and then
their expression in the total cell lysates and their secretion into the
cell culture supernatants were evaluated by Western blotting analy-
sis.

for membrane translocation of the A4—75-47, —32-1
mutant, we constructed a series of deletion mutants with
increasing deletions in the —46 to — 33 region. The struc-
ture and the sum of hydropathy of the leader sequence of
these mutants are shown in Fig. 7. Figure 7 compares the
translation/translocation patterns of the 4 —75-47, —32-1
mutant with those of the 4—75-47, —36, —35, —32-1,
4—15-47, —38-35, —32-1, and 4-75-47, —40-35,
— 32-1 mutants. Efficient translocation and effective signal
cleavage was observed with the 4—75-47, —32-1 and 4—
75-47, —36, —35, —32-1 mutants, as judged from the
existence of an intense proteinase K-resistant band. In
contrast, this proteinase K-resistant band was undetecta-
ble in the translocation assay with the 4—75-47, —38-
35, —32-1, and 4—75-47, —40-35, —32-1 mutants,
indicating their inability to be translocated across the
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ER-membrane. In accordance with these results, only the
A4—75-47, —32-1 and 4-75-47, —36, —35, —32-1
mutants, which showed efficient translocation across the
ER-membrane, could produce the secreted TNF when
transfected into the COS-1 cells, as shown in Fig. 8. These
results clearly demonstrated that some extent of hydro-
phobicity within this region is indispensable for the ER-
translocation and maturation of pro-TNF.

DISCUSSION

In this study, in order to determine the minimum require-
ment, in the 76-residue leader sequence of pro-TNF for the
membrane translocation across the endoplasmic reticulum
(ER) and for the maturation of pro-TNF, we constructed
pro-TNF mutants in which a part of the transmembrane
domain of pro-TNF was directly linked to the N-terminus
of the mature domain, and then evaluated their trans-
locational behavior across the ER-membrane and their
secretion from the transfected cells.

As few as 14 of the 26 residues of the native transmem-
brane domain in the 76-residue pro-TNF leader sequence
were found to function as a cleavable signal sequence in
both in vitro and in vivo expression systems, and efficient
secretion of biologically active soluble TNF could be
achieved with this 14 residue-hydrophobic region.

Signal sequences, whether of prokaryotic or eukaryotic
origin, share common structural features in the absence of
an apparent amino acid consensus sequence (15, 16). The
N-terminal end of a signal sequence (N-region) is char-
acterized by its hydrophilicity due to the presence of basic
residues. This region is followed by a hydrophobic core
(H-region) of some 7-15 amino acids that most often is
predicted to exist as an a-helix. The carboxyl terminus
(C-region) is generally more polar than the H-region and
contains the site for signal peptide cleavage after mem-
brane translocation has been successfully initiated. To
facilitate translocation across the ER membrane, it is
believed that a signal sequence, and in particular its H-
region, interacts with a number of soluble and membrane-
bound components of the cellular export machinery (17,
18). Extensive mutational analyses in both prokaryotic and
eukaryotic H-regions have shown that the H-region is the
dominant structure in determining the signal sequence
function and that the H-region must exhibit a minimal
degree of hydrophobicity to facilitate efficient protein
translocation (19, 20). Concerning the N-region, muta-
tional analyses have shown that removing these basic amino
acid residues has relatively little effect on translocation
efficiency. Recent studies indicated that there are at least
two steps in the recognition of signal peptides: recognition
by signal recognition particle (SRP) in the cytosol and
subsequent recognition by the translocational machinery in
the ER membrane (21, 22). A recent study also revealed
that the total hydrophobicity of the H-region is a determi-
nant for recognition by both SRP and the membrane-em-
bedded translocation machinery (23). The present finding
that a part of the intact transmembrane domain functions
as a signal sequence without having any charged residues at
the N-terminus is totally consistent with the above men-
tioned observations. Since it was indicated that signal/
signal-anchor sequences with short hydrophobic segments
were treated differently by the translocation machinery
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compared to long ones (24-26), the present observation
may not simply imply that the 14-residue segment is
directly involved in the translocation mechanism of pro-
TNF. However, this result still clearly indicated that the
N-terminal half of the transmembrane region of pro-TNF
by itself can be a sufficient determinant for the membrane
translocation of the following portion of the polypeptide
without having any positive charge at the N-terminus.

The carboxyl terminal end of the general signal se-
quence is usually hydrophilic and contains the site for signal
peptide cleavage, whereas the leader sequence present in
the 4—75-47, —32-1 mutant is a part of the hydrophobic
transmembrane segment having no such hydrophilic resi-
dues. It is unclear why the signal peptide cleavage occurred
in the 4—"75-47, —32-1 mutant. Analysis of the cleavage
site by site-directed mutagenesis indicated the signal
cleavage site was located at, or at least upstream of, the
—1/+1 site. The amino acid sequence of the C-terminus of
the leader sequence is Ala—3-Gly2-Ala™' and the Ala-X-Ala
sequence i frequently found upstream of the cleavage site
in many secretory proteins. A recent report on the crystal
structure of the active site of a bacterial signal peptidase
clearly explained the requirement for small residues such
as alanine at positions —1 and —3, upstream of the
cleavage site (27). Therefore, it is reasonable to speculate
that the cleavage occurs at the C-terminus of this motif. To
determine the exact cleavage site, we are currently deter-
mining the N-terminal sequence of the secreted TNF.

The present experimental results clearly demonstrated
that the leader sequence of pro-TNF contains a cryptic
signal peptide within its transmembrane domain. In intact
pro-TNF, however, this sequence could not function as a
cleavable signal sequence during intracellular processing.
These results indicate that the remainder of the 76-residue
leader sequence inhibits the signal peptide cleavage and
enables the leader sequence to function as a type Il signal-
anchor sequence that generates a transmembrane form of
TNF. As the signal peptide cleavage was not observed with
a mutant 4— 32-1 which contained the cytoplasmic domain
of the leader sequence in addition to the N-terminal half of
the transmembrane domain, the inhibition of the signal
peptide cleavage seems to be mediated by the cytoplasmic
domain of the leader sequence. Since selective activation of
the p80 TNF receptor by the transmembrane form of TNF
through juxtacrine interactions plays an important role in
many immunological responses (4-6), retention of TNF on
the cellular plasma membrane must be a critical step in
these responses. Therefore, inhibition of the signal peptide
cleavage might be one of the physiological roles of the
relatively long (30 residues) cytoplasmic domain of the
leader sequence of pro-TNF.

The active form of mature TNF has been determined to
be a compact, bell-shaped trimer (28-30). Recently, it was
revealed that pro-TNF, like the secreted mature TNF, has
a trimer structure which is assembled intracellularly on the
ER-membrane before transport to the cell surface (3).
Therefore, it was speculated that the membrane localiza-
tion mediated by the cotranslational integration into the
ER-membrane might facilitate the trimerization of pro-
TNF. In fact, the hemagglutinin (HA) of influenza virus, a
single membrane-spanning protein with the same “jelly
roll” structure as TNF, forms a trimer on the ER-mem-
brane within a few minutes of its synthesis before the
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protein leaves the ER (31, 32). The trimer is stabilized
through interactions between the exoplasmic domain of the
constituent polypeptides as well as through interactions
between the three cytoplasmic and membrane-spanning
domains. However, the present results revealed that the
biologically active (probably trimeric) TNF could be secret-
ed without membrane localization on the ER-membrane.
These results clearly indicated that the membrane localiza-
tion mediated by the 76-residue leader sequence of pro-
TNF is not a prerequisite for the formation of the biologi-
cally active trimeric form of TNF.
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