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Human pro-tumor necrosis factor (pro-TNF) is a type II transmembrane protein with a highly conserved
76-residue leader sequence. We have analyzed the behavior, both in a microsomal translocational system and
by transfection, of a series of mutants with deletions from the cytoplasmic, transmembrane, and linking
domains. Cytoplasmic deletions included the Arg doublet at —49 and —48 and/or the Lys doublet at —58 and
—57; additional mutants included deletion of residues —73 to —55 and —73 to —55, —49, and —48. The
transmembrane and linking domain mutants included deletions in the —42 to —35 region, combined with the
deletion of residues —32 to —1. Two hybrid mutants combined the cytoplasmic deletions with the deletion of
residues —32 to —1. All of the cytoplasmic deletion mutants were properly translocated, as were the trans-
membrane deletion mutants with deletions up to residues —36, —35, —32 to —1, although the last one exhibited
reduced efficiency; further incremental deletions, including deletions of residues —38 to —35 and —32 to —1,
completely blocked translocation. Both hybrid mutants were effectively translocated; furthermore, transfection
analysis revealed competent expression and maturation of both the cytoplasmic and hybrid mutants. Thus,
proper expression and maturation of human pro-TNF can be accomplished with as few as ~12 of the 26
residues of the native transmembrane domain and with a net negative charge in the cytoplasmic domain

flanking the transmembrane region.

Tumor necrosis factor (TNF) is an extremely pleiotropic
proinflammatory cytokine. It is initially synthesized and ex-
pressed as a functional transmembrane prohormone with a
type II orientation (12, 16). The pathophysiological effects of
TNF may be mediated by juxtacrine interactions of the pro-
hormone and/or autocrine-paracrine interactions of the ma-
ture, secreted molecule. The pro-TNF leader sequence does
not serve as a classical signal sequence during processing and
intracellular targeting. Indeed, the role of this leader sequence
is poorly understood.

In human pro-TNF, the 76-residue leader sequence entails a
linking domain from Gly-20 to Ala-1, a hydrophobic trans-
membrane domain from Leu-46 to Ile-21, as well as a cyto-
plasmic domain from Met-76 to Cys-47. We have previously
shown that the entire linking domain and the periexoplasmic
half of the transmembrane domain could be deleted and that,
under these circumstances, membrane targeting and orienta-
tion and maturation mechanisms were still intact (3). However,
deletion of residues —55 to —34 resulted in blocked translo-
cation and secretory mechanisms. This result was rationalized
on the basis of inadequate hydrophobicity of the remaining
transmembrane domain (16, 26). However, since the latter
mutant also lacked the Arg-49-Arg-48 doublet, a role for cy-
toplasmic positive charge in effective translocation of human
pro-TNF might also exist.

In eukaryotic cells, the orientation of transmembrane pro-
teins is determined by topogenic sequences (3, 22, 27, 32).
Frequently, an internal uncleaved signal sequence-membrane
anchor sequence directs the cotranslational transmembrane
insertion and initiates this via binding to the endoplasmic re-
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ticulum membrane (reviewed in reference 21). The topogenic
sequences include a hydrophobic domain of ~19 to 22 residues
(1, 5, 6, 25, 28), which spans the membrane, and the flanking
regions, ~15 residues in length, on either side of the trans-
membrane domain (8). For naturally occurring transmem-
brane proteins surveyed with a cytoplasmic amino terminus
and exoplasmic carboxy terminus (N, C,,, orientation; type
II, as for human pro-TNF), ~90% have a net positive cyto-
plasmic charge in the 15-residue transmembrane-flanking re-
gion of the nontranslocated amino terminus (8). The least
frequently observed transmembrane protein is the type III
protein, which also has an uncleaved signal sequence and is in
the N, C., orientation, typified by the cytochrome P-450
proteins (17, 23).

Two hypotheses have been proposed to explain this orien-
tation of type II and III proteins. The “charge difference” rule
(8) states that when the net differences in the sums of positive
and negative charges in the flanking regions are determined,
the cytoplasmic side is the more positive. The “positive inside”
rule (30, 31) states that the determinants are the positive
charges alone and that the cytoplasmic side will have the
greater number. In human pro-TNF, a net charge of +4, as
well as four positive residues, exist in the 15-residue cytoplas-
mic flanking region, whereas two positive charges and a net
charge of —1 exist in the 15-residue exoplasmic flanking re-
gion, consistent with both rules (26).

However, a systematic mutational analysis of two other type
Il proteins, the asialoglycoprotein receptor H1 and the
paramyxovirus HN polypeptide, have failed to support either
the charge difference or the positive inside rule. Beltzer and
coworkers evaluated the influence of charged residues in the
signal-anchor sequence of the asialoglycoprotein receptor H1
(2). They determined that both the cytoplasmic charged resi-
dues and the amino-terminal domain influenced orientation;
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FIG. 1. Structures of parental and mutant pro-TNFs. (Top) Pro-hormone sequence of parental pro-TNF shown in one-letter code, with positively charged (vertical
lines above sequence) and negatively charged (vertical lines below sequence) residues indicated. Stippled area indicates hydrophobic transmembrane domain from
Leu-46 to Ile-21. A linking domain of 20 residues connects the transmembrane and mature domains. The net charges of the 15-residue sequences flanking the
transmembrane domain are shown. Apal and Narl sites used for mutant construction are indicated by arrows. (Bottom) Schematic structures of parental (wt-TNF) and
mutant pro-TNFs, with deleted regions shown as dashed lines and the transmembrane domain shown as a solid bar. I, mutants to roughly localize the region
indispensable for translocation of pro-TNF; II, mutants to define the role of cytoplasmic charged residues; III, mutants to define the essential hydropathy of the

transmembrane domain; IV, hybrid mutants.

when reversed-charge gradient mutants were constructed, only
when the amino-terminal domain was also truncated did effi-
cient reversal of membrane orientation occur in COS-7 cells.
Furthermore, Parks and Lamb (18) have shown that the addi-
tion of positive charges to the C_,, region flanking the trans-
membrane domain of the paramyxovirus HN polypeptide did
not significantly affect topology.

Other studies have provided insight into the mechanism of
signal sequence-dependent translocation of proteins across
membranes. Hikita and Mizushima (9, 10) and Sasaki et al.
(24) have developed and characterized model bacterial pre-
secretory proteins to evaluate the role of amino-terminal pos-
itive charge and hydrophobicity in their signal sequences. They

observed that the functions of these two determinants might be
coexpressed, as in mammalian systems (23). Positive charges
were strongly required when the length of the hydrophobic
domain was minimal, whereas they were dispensable when this
domain was optimal. In their studies, the hydrophobic domain
was composed of poly(Leu) or poly(AlaLeu) sequences. Trans-
location rates were optimal with sequences 8 to 10 residues in
length, far shorter than the 19 to 22 residues usually found in
natural presecretory proteins; however, as few as 6 highly hy-
drophobic residues in a eukaryotic protein have been reported
(20) and as few as 7 to 10 Leu residues have been reported for
a natural signal peptide (23). Whether such coordinated influ-
ences exist for native signal-anchor sequences remains to be
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TABLE 1. Charge distribution of transmembrane domain flanking
regions of pro-TNF deletion mutants

MoL. CELL. BIOL.

TABLE 2. Hydropathy of transmembrane domains of pro-TNF
deletion mutants

N-terminal C-terminal

No. of

Mstoém Deleted region flanking  flanking N-C* Mz;tfnt Deleted region hy?il:g;);)tfhy amiqo acid h;:i\ll'f)l;agtiy
charge charge residues

I-1  None (Wt-TNF)” +4 -1 +5 I-1  None (wt-TNF)* 571 26 22
-2 -73to0 —55 +2 -1 +3 I-2 —73to =55 571 26 22
I3 —54to0 —34 -1 -1 0 I3 —54to —34 25.0 13 1.92
-4 -32to —1 +4 +2 +2 I-4 —-32to -1 38.1 15 2.54
II-1  —49,—-48 0 -1 +1 II-1 —49,—48 57.1 26 22
1I-2  —58,-57 0 -1 +1 II-2 —58,-57 571 26 2.2
II-3  —58,—57,—49,—48 -2 -1 -1 II-3 —58,-57,—49,—48 571 26 22
1I-4 —73 to —55,—49,—48 0 -1 +1 1I-4 —73 to —55,—49,—48 571 26 22
II-1 —36,—-35,—-32to —1 +4 +2 +2 III-1 —36,—35,-32-—1 32.1 13 2.47
III-2 —38 to —35,—-32to —1 +4 +2 +2 III-2 —38 to —35,-32to —1 23.8 11 2.16
III-3 —40 to —35,—-32to —1 +4 +2 +2 III-3 —40 to —35,—-32to —1 21.8 9 2.42
III-4 —42to —35,-32to —1 +4 +2 +2 III-4 —42 to —35,-32to —1 15.2 7 2.17
III-5 —42to =35 +4 -1 +5 III-5 —42 to —35 34.2 18 1.9
IV-1 =73 to —55,—-32to —1 +2 +2 0 IV-1 =73 to —55,-32 to —1 38.1 15 2.54
IV-2 =73 to —55,—49,—48,-32 to —1 0 +2 -2 IV-2 =73 to —55,—-49,—48,-32to -1 38.1 15 2.54

“ N and C, charges of the N-terminal and C-terminal flanking regions, respec-
tively.
> wt-TNF, pro-TNF.

established; human pro-TNF presents an opportunity to exam-
ine this question.

In our previous study of transmembrane deletion mutants of
human pro-TNF, we also deleted proximal aspects of either
flanking region (26). Because of the incomplete and, in some
cases, apparently conflicting results from studies of either
model proteins, native proteins, or their mutants with respect
to the relative roles of the transmembrane domain and its
flanking regions, we have herein evaluated the effects of cyto-

I-1 wt-TNF

325 — —— -
12 A-73--55 O r_"—:::f T - |~
=

-3 A-54--34

1-4 A-32--1

“ wt-TNF, pro-TNF.

plasmic, transmembrane, and linking domain deletions on
translocational behavior and transfection of human pro-TNF.

MATERIALS AND METHODS

The domain structure, the charge distributions of the domains flanking the
transmembrane domains, and the net hydropathy (13) of the transmembrane
domains of the pro-TNFs encoded by the parental and mutant TNF plasmids are
shown in Fig. 1 and Tables 1 and 2, respectively.

Plasmid construction. Since unique Apal and Narl sites are located in the
cytoplasmic and transmembrane domains of the pro-TNF cDNA, respectively,
we utilized PCR to construct several sets of deletion mutants. A pBluescript
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FIG. 2. In vitro translocation of parental pro-TNF (wt-TNF) and deletion mutants (group I mutants). [**S]Cys-labeled proteins, detected by fluorography after
SDS-polyacrylamide gel electrophoresis, from in vitro translation of pro-TNF mRNAs in the presence (+) or in the absence (—) of microsomes are shown. The effects
of proteinase K digestion of the microsome-dependent translates are shown. Molecular mass markers (in kilodaltons) are indicated. The symbols in the schematic

structures are as described in the legend to Fig. 1.
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FIG. 3. Invitro translocation of parental pro-TNF (wt-TNF) and cytoplasmic charge deletion mutants (group II mutants). The conditions used are described in the
legend to Fig. 2. The symbols in the schematic structures are as described in the legend to Fig. 1.

SK(+) vector lacking Apal and HindIII sites [pB(-AH)] was first constructed by
digesting pBluescript SK(+) (Stratagene) with Apal and HindIIl, blunt-ending
with mung bean nuclease, and ligating with T4 ligase. A 1.1-kb PstI fragment of
c¢DNA encoding full-length human pro-TNF or a 1.0-kb PstI fragment of TNF
OL-1 cDNA (26) was subcloned into the PstI site of pB(-AH). In these proce-
dures, pro-TNF cDNA or TNF OL-1 ¢cDNA (only for mutant A—32-—1 [12])
subcloned into pB(-AH) served as a template for PCR in which the primer
bearing the mutated sequence was incorporated into the amplified product. The
presence of the same restriction site in the mutagenic primer and in the template
DNA permitted direct replacement of a wild-type DNA segment with the mu-
tated segment. The double and triple deletion mutants I1-3, 1I-4, III-1, III-2,
III-3, III-4, IV-1, and IV-2 were constructed by replacement of the mutated
region of one mutant with the corresponding region of the other mutant.

DNA sequencing was used to confirm the structures of all the mutants.

In vitro transcription and translation. Methods essentially identical to those
described previously were employed (26). T3 polymerase was used to obtain
transcripts of these cDNAs subcloned into pB(-AH). These were purified by
phenol-chloroform extraction and ethanol precipitation before use in the trans-
lation reaction.

A canine pancreatic microsomal system using rabbit reticulocyte lysate Kits
deficient in a selected amino acid (Promega) was used to characterize endoplas-
mic processing of these transcripts. As previously reported (12, 26), a metabol-
ically labeled (with [**S]Cys) parental pro-TNF translate could be detected with
or without microsomes. In the former case, it was transported across the micro-
somal membrane, with the mature domain in the lumen. In this orientation, the
amino-terminal cytoplasmic domain was lost upon proteinase K treatment. The
remainder was degraded if the membrane was also permeabilized with Triton
X-100. In the present study, proper translocation 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 detergent; a diminished signal was inter-
preted as indicating reduced translocation or translocation with mixed orienta-
tion.

Transfection of COS-7 cells. The simian virus 40-transformed African green
monkey cell line, COS-7, was maintained in Dulbecco modified Eagle medium-

F12 (GIBCO BRL, Gaithersburg, Md.) supplemented with 10% fetal calf serum
(GIBCO BRL). Cells (2 X 10°) were plated into 100-mm-diameter dishes 1 day
before transfection. pcDNAI (8 pg; Invitrogen, San Diego, Calif.) containing
either wild-type or mutant TNF cDNA was used to transfect each plate of COS-7
cells along with 24 ul of LipofectAmine (2 mg/ml; GIBCO BRL) in 4 ml of
serum-free medium. After incubation for 5 h at 37°C, the cells were refed with
serum-containing medium and incubated for another 24 h. The supernatants
were frozen, and the cells were collected with cell scrapers, lysed with radioim-
munoprecipitation assay buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
protease inhibitors), and stored at —70°C. The 24-h time point was selected on
the basis of preliminary experiments which indicated a high flux of pro-TNF
synthesis and that maturation was underway (data not shown).

Western blotting (immunoblotting). Seventy-five micrograms of total protein
of cell lysates from each group of transfected cells was resolved on an SDS-
12.5% polyacrylamide gel and then transferred to an Immobilon-P Transfer
membrane (Millipore, Bedford, Mass.). The membrane was pretreated for 1 h
with 4% nonfat milk in Dulbecco’s phosphate-buffered saline (DPBS) containing
0.1% Tween 20, blotted with 0.5 wg of purified goat anti-recombinant human
TNF immunoglobulin G (R & D Systems, Minneapolis, Minn.) per ml overnight
at 4°C, washed three times with DPBS containing 0.1% Tween 20, and then
blotted with secondary antibody (purified rabbit horseradish peroxidase-coupled
immunoglobulin G raised against goat immunoglobulin G, 1.5 wg/ml, 1:2,000
dilution; Zymed, South San Francisco, Calif.). The membrane was developed
with ECL Western blotting reagent (Amersham, Arlington Heights, Ill.) and
exposed as needed to X-ray film. Discrimination between nonspecific and TNF-
specific bands was achieved by incubation of the first antibody in the absence or
in the presence of 8 ug of free recombinant human TNF (Genentech, South San
Francisco, Calif.) per ml.

TNF cytotoxicity assay. The mouse 1.929 fibrosarcoma cell line, sensitized with
actinomycin D, was used to assay for TNF secreted into transfected cell super-
natants collected 24 h after transfection, as previously described (26).
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FIG. 4. Invitro translocation of transmembrane and linking domain deletion mutants (group III mutants). The conditions used are described in the legend to Fig.
2. The symbols in the schematic structures are as described in the legend to Fig. 1.

RESULTS with our previous results (26), retention of the pericytoplasmic

The results shown in Fig. 2 compare the translation-trans- ~ half of the transmembrane domain (residues —46 to —33),
location pattern of the parental pro-TNF with those of the even with deletion of the entire linking domain (residues —20
A—73-—55, A—54-—34, and A—32-—1 mutants. Consistent to —1), resulted in proper targeting and orientation of the
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FIG. 5. In vitro translocation of parental pro-TNF (wt-TNF) and hybrid mutants (group IV mutants). The conditions used are described in the legend to Fig. 2.
The symbols in the schematic structures are as described in the legend to Fig. 1.
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FIG. 6. Western analysis of cell lysates and bioassay of cell supernatants
derived from COS-7 cells transfected with mutant pro-TNF ¢cDNAs. (A) Cyto-
plasmic deletion mutants; (B) hybrid deletion mutants.

pro-TNF mutant A—32-—1. Elimination of this half of the
transmembrane domain along with 8 flanking residues (mutant
A—54-—34) blocked proper translocation. Deletion of a simi-
lar length of the cytoplasmic domain had no effect (mutant
A—73-=55).

Cytoplasmic charged residues were incrementally deleted
from the parental pro-TNF, beginning with the Arg-49—-Arg-48
doublet, because of its proximity to the transmembrane do-
main and the reported greater influence of Arg residues com-
pared with Lys residues in determining orientation (31). Nei-
ther elimination of this doublet, elimination of the Lys-58—
Lys-57 doublet, nor elimination of both doublets influenced
translocation (Fig. 3). As noted above, the mutant A—73-—55
was properly targeted and oriented, and elimination of all of
the charged residues and ~70% of the cytoplasmic domain
(mutant A—73-—55,—49,—48) still allowed proper transloca-
tion.

The role of the pericytoplasmic half of the transmembrane
domain was further evaluated by an additional deletion in this
region. Whereas, as noted before, the translocational behavior
of the A—32-—1 mutant was essentially indistinguishable from
that of the parental pro-TNF, the mutant A—36,—35,-32-—1
exhibited diminished translocation, at least in the proper ori-
entation, as determined by the reduced intensity of the pro-
teinase K-resistant band (Fig. 4). The corresponding bands
were undetectable in the translocation assays with the A—38-
—35,-32-—1; A—40-—35,-32-—1; and A—42-35,-32-—-1
mutants. However, the A—42-—35 mutant was properly trans-
located, indicating that structural determinants critical to
translocation were not located in this region.

To evaluate possible coordinate roles of the cytoplasmic
charges and the pericytoplasmic half of the transmembrane
domain in translocation, the behavior of the mutants A—73-
—55,-32-—1 and A—73-—55,—49,—48,—32-—1 was evaluated.
As shown in Fig. 5, both of these mutants exhibited proper
targeting and orientation in the endoplasmic reticulum mem-
brane. Therefore, residues —46 to —33 of the transmembrane
domain still constituted an adequate determinant for translo-
cation despite elimination of all cytoplasmic charge, thereby
nullifying or even inverting the charge gradient (Table 1),
elimination of the entire linking domain (residues —20 to —1),
and elimination of ~70% of the cytoplasmic domain.

HUMAN PRO-TNF LEADER SEQUENCE 6403

The cytoplasmic domain deletion mutants were also ana-
lyzed by transfection in COS-7 cells. Figure 6A shows both the
results of a Western blotting analysis of the lysates of COS-7
cells transfected with the series of mutants as well as a bioassay
for secreted TNF found in the cell supernatants 24 h after
transfection. The Western analysis and the bioassay data indi-
cated that, compared with the case for the wild type, compe-
tent expression and maturation occurred for all of these cyto-
plasmic domain deletion mutants, including mutant II-3, which
has a negative charge gradient, and mutant II-4, which retained
only ~30% of the cytoplasmic domain.

The two hybrid deletion mutants were also subjected to
transfection analysis. Figure 6B shows the Western blot of the
transfected cell lysates, which reveals that these mutants were
competently expressed in COS-7 cells compared with the pa-
rental pro-TNF. Similarly, sorting and proteolytic events re-
sulting in the secretion of mature TNF were largely unaffected
by these extensive deletions in the cytoplasmic, transmem-
brane, and linking domains, since the bioassays revealed min-
imal differences in the levels of cell-lytic activity in the super-
natants compared with those for the parental prohormone
(Fig. 6B).

DISCUSSION

The orientation of naturally occurring transmembrane pro-
teins in the plasma membrane has been empirically observed
to be an orientation with a positively charged cytoplasmic do-
main, with rare exceptions (8); this has led to the formulation
of the so-called charge difference and positive inside rules (8,
30, 31). Because of the high level of interspecies sequence
homology of the pro-TNF leader sequence (4), we directly
assessed the role of flanking charge distribution in the orien-
tation of the transmembrane domain.

We found that the positively charged residues in the flanking
cytoplasmic domain 15 residues upstream from the transmem-
brane domain of pro-TNF were not critical to proper mem-
brane translocation. This was apparent with the successfully
translocated mutant A—58,—57,—49,—48 (II-3 [Fig. 3]) which
has a net negative charge gradient from cytoplasm to exoplasm
(Table 1). Furthermore, inversion of this charge gradient in-
fluenced neither sorting to the plasma membrane nor the sub-
sequent proteolytic processing in intact cells; the supernatant
levels of mature TNF detected for this mutant (II-3) as well as
for the others in this series were comparable to those of the
parental pro-TNF (Fig. 6). These results also obviate a pref-
erential effect of charge proximity to the transmembrane do-
main, such as the Lys residues at positions —58 and —57
(mutant II-2) compared with the Arg residues at positions —49
and —48 (mutant II-1), on influencing the orientation and
processing in these systems. This is in direct contrast to the
effects of the cytoplasmic Arg residues on the orientation of
another type II transmembrane protein, paramyxovirus HN
protein (19). In the latter system, the Arg residues were sys-
tematically converted to Gln or Glu residues. These investiga-
tors determined that substitution of any of the Arg residues,
and in particular the one closest to the signal-anchor domain,
caused inversion of orientation to that of type III; replacement
with Glu had a greater effect on inversion than did replace-
ment with Gln.

In fact, translocation and ultimately maturation of human
pro-TNF proceeded in the absence of any cytoplasmic charged
residues and without ~70% of the cytoplasmic domain (Fig. 3
and 6; mutant A—73-—55,—49,—48 [1I-4]). Thus, for pro-TNF,
electrostatic interaction between membrane components on
the cytoplasmic surface of the endoplasmic reticulum mem-
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brane and N-terminal positive charges is not an obligatory
prelude to translocation of the C-terminal portion, including
the linking domain and the entire mature domain, as has been
proposed for other systems (reviewed in reference 21).

This mutant (II-4) has a 19-residue deletion near its amino
terminus; it also lacks charged residues. Although our ap-
proach and that of Beltzer and coworkers in their studies of the
asialoglycoprotein receptor H1 (2) are not identical, we did not
observe a coordinate influence of the amino terminus and the
charge gradient on orientation. Moreover, a subsequent pro-
teolytic event(s), which was not operant in the receptor model,
was unperturbed here. It remains possible that inversion of
orientation would occur if we truncated even more of the
amino terminus and introduced positively charged residues to
the exoplasmic flank of the transmembrane domain. However,
even the present results focus future attention on the as-yet-
unknown bases for both the existence of the amino-terminal
positive charges and the structural conservation among species
of the cytoplasmic domain of the pro-TNF leader sequence (4).

Translocation of human pro-TNF does require a minimum
hydrophobic character for the transmembrane domain, which
is nominally expressed in mutant A—36,—35,—32-—1; this mu-
tant translocates somewhat less efficiently than the A—32-—1
mutant, which in turn translocates as efficiently as the native
pro-TNF (Fig. 4). Its total hydropathy of 32.1 (III-1 [Table 2])
is similar to that of the hydrophobic domains of model signal
sequences of the OmpF-LPP mutants which demonstrate op-
timal translocation rates (8, 9, 21). The length of the trans-
membrane domain of mutant III-1 (~12 residues of original
sequence) is slightly longer than that determined to be optimal
(8 to 10) in the presecretory models from the laboratory of
Mizushima and coworkers (9, 10, 24) or in the cytochrome
P-450-type signal-anchor sequences (23); perhaps this is attrib-
utable to the highly hydrophobic nature of the poly(Leu) or
poly(AlaLeu) oligomers. However, it is substantially shorter
than the ~19 or greater residues typically found for naturally
occurring transmembrane proteins (1, 5, 6, 25, 28), which may
reflect either the high average hydropathic value per residue
(2.47 [Table 2]) or a favorable conformation(s) of this region
which serves to maximize interaction energy with the lipid
bilayer. On the other hand, there was no evidence for a critical
transmembrane determinant required for translocation. This is
perhaps not surprising, since there exists little homology
among peptide sequences which can function in targeting and
translocation of membrane proteins (29).

Perhaps most surprisingly, deletion of all cytoplasmic
charged residues apparently did not affect the translocation
and cellular processing of pro-TNF with a minimal functional
transmembrane domain (Fig. 5 and 6; mutant A-73-
—55,—49,—48,—32-—1 [IV-2]), suggesting a lack of coordinate
influences of cytoplasmic charge and transmembrane hydro-
phobicity in regulating these mechanisms. The positive super-
natant bioassay results with this mutant established that mat-
uration did occur to yield a bioactive TNF, although precise
definition of the scissile bond would require sequencing, as
with the other mutants. In fact, this mutant has an inverted
charge gradient (Table 1), and its net hydropathy of 38.1 (Ta-
ble 2) is only marginally greater than the value of 34.2 for the
A—42-—35 mutant (III-5 [Table 2]), which exhibits completely
effective translocation. Our results do not rule out the possi-
bility that other constructs could demonstrate such coordinate
influences. However, our present findings are striking, not only
because they are contrary to the observations obtained with the
presecretory models from the laboratory of Mizushima and
coworkers (9, 10, 24) as well as those obtained with the amino-
terminal domain-transmembrane domain chimeric models of
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Sakaguchi and coworkers (23), but also because they indicate
that most of the leader sequence of pro-TNF (53 of 76 resi-
dues) is dispensable for its proper translocation and matura-
tion.

Since our studies did not reveal an anticipated role for much
of the pro-TNF leader sequence in the mechanisms leading to
the secretion of mature TNF, one may speculate about other
possible functions for this highly conserved (4) region. Kolias
and coworkers (11) have demonstrated normal development in
transgenic mice expressing the entire human TNF gene, as well
as 0.6 to 0.8 kb of the 5'- and 3'-flanking sequences. TNF
mRNA was detected in tissues, although secreted TNF was not
detected in plasma. It would be of interest to determine if the
deletions from the leader sequence characterized in our stud-
ies affect possible juxtracrine mechanisms expressed by pro-
TNF during ontogeny.

Our approach has focused entirely on the construction of
deletion mutants rather than substitution mutants. We be-
lieved that this would be the most direct way to ascertain the
roles of the domains of the native leader sequence of pro-TNF.
Future studies using amino acid substitutions could be directed
to ascertain the roles of particular residues within the mini-
mized domains we have herein defined. As noted above, our
evidence obtained from experiments with the hybrid mutants is
that ~70% of the entire leader sequence could be deleted
without affecting mechanisms leading to maturation; only a
role for a minimum transmembrane domain in translocation
could be established. In light of several recent reports indicat-
ing a role for a ubiquitous metalloproteinase in the maturation
of pro-TNF via the necessary and sufficient cleavage of the
Ala(—1)-Val(+1) bond (7, 14, 15), it is of interest that our
deletion mutants were apparently properly processed. For
steric reasons alone, it is difficult to envision that a protease
could cleave at the Ala(—33)-Val(+1) bond, as in the hybrid
mutants, given its proximity to the plasma membrane. Indeed,
in other studies, deletion of the linking domain has been shown
to block maturation (25a). It remains to be established exactly
where cleavage occurs with the hybrid mutants, as well as
whether the same metalloproteinase is operant.
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