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ABSTRACT. The structure of human transmembrane pro-T&NRas studied both in intact cell systems

and in anin vitro translation system. In intact cell systems (LPS-induced THP-1 and TNF cDNA-
transfected COS-7), a trimer of pro-TNF was detected after chemical cross-linking based on its molecular
weight in Western blotting analysis. The trimer was shown to be a TNF-specific protein and could be
partially cleaved to 26-kDa pro-TNF monomers by cleaving the cross-linkers. The trimeric structure was
assembled intracellularly, because it could be detected in both #igo microsomal translation system

and in THP-1 cells coincident with the appearance of pro-TNF in the cell lysate, prior to secretion of
mature TNF. To further analyze the relationship between the trimeric structure and the biological activity
of pro-TNF, we characterized several noncleavable pro-TNF deletion mutants. We observed a correlation
between expression of TNF cytotoxicity in a juxtacrine fashion and detection of trimer. Thus, human
pro-TNF-, like the secreted mature TNE- has trimeric structure which is assembled intracellularly
before transport to the cell surface and is apparently required for mediating its biologic activity.

Tumor necrosis factor (TNF)-is primarily produced by  participate in trimer interactions, and is not critical for its
activated monocytes/ macrophages. There are two forms ofbiological activity (Creasey et al., 1987).

TNF-0, a 26-kDa pro-TNF and a 17-kDa mature TNF. Pro-  The results from studies of substitutive mutations of mature

TNF, the precursor of mature TNF, is a type Il transmem- tNE gyggested that each TNF trimer has three receptor

brane protein with its N-terminus inside the cytoplasm and e raction sites located in the intersubunit grooves near the
C-terminus outside the cell. Pro-TNF is first displayed on poco of the trimer and that the integrity of the trimeric

the plasma membrane and_ then proteolytically cleaved structure is essential for TNF activity (Van Ostade et al.,
betwe_en alanine<1) and valine £1) in j[he extracellular 1991; Zhang et al., 1992). The most direct evidence came
domain to release the mature TNF (Kriegler et al., 1988). from Banner and co-workers, who studied the crystal
Several recent studies have suggested that the Cleavaggtructure of the complex betwéen human TRIRnd the
protease(s) belongs to the metalioprotease family (Mohler extracellular domain of the p55 TNF receptor (Banner et al.

etal., 1994; Gearmg.et al., 1994; McGeehan et al., 1994). 1993). They showed that, indeed, each mature TNF trimer
However, other studies have suggested that the cleavage ! : )

: . - could interact with three receptor molecules at the interface
enzyme(s) belongs to the serine protease family (Scuderi

1989; Kim et al., 1993; Robecha-Gallea et al., 1995). ‘between subgnit_s. They proposed that regeptor aggregation
The active form of mature TNE- has been determined  YPO" TNF binding may be. Fhe.mecharlnsm for receptor
to be a compact, bell-shaped trimer. Studies from analytical actlvatlon and subseq.uent |n|t|at|9n of signal transdugtlon
ultracentrifugation (Wingfield et al., 1987), gel filtration in th_e targe_t cells. This proposal is supported by previous
chromatography, and cross-linking (Smith & Baglioni, 1987) studms, which showe(_j tha_\t TNF rec_ep_tors cro_ss-lmked by
first showed that mature TNE-was present as a trimer in  anti-TNF receptor antibodies can mimic TNF-induced re-
solution. More detailed structural information from X-ray SPOnses, while Fab fragments cannot (Englemann et al.,
crystallographic studies of mature TNEand TNF# have 1990)_. All these studies have clegrly demonstrated tha.t the
revealed that both types of native proteins exist as very trln_1er|c structure of mature TNF is very important for its
similar, compact, bell-shaped homotrimers, with a height of action.
5.5 nm and a maximum breadth of 5.0 nm (Hakoshima & Little is known about the three-dimensional structure of
Tomito, 1988; Jones et al., 1989; Eck & Sprang, 1989; Eck pro-TNF and its structurefunction relationship. Pro-TNF
et al., 1992). TNFa and TNF# can compete for the same is not a silent precursor molecule for mature TNF, as it also
TNF receptors. Each subunit contains essentiaflysand- can induce TNF responses in target cells. Previous studies
wich formed by two antiparallgd-pleated sheets. This main- have reported that paraformaldehyde-fixed mouse and human
chain folding corresponds to the “jelly roll” motif observed monocytes/macrophages, rendered incapable of TNF secre-
in several viral coated proteins such as VP1, VP2, and VP3tion, were able to kill TNF-sensitive target cells by cell-to-
of rhinovirus, and hemagglutinin (HA), the important surface cell contact (Decker et al., 1987; Espevik & Nissen-Meyer,
protein of the influenza virus (Jones & Stuart, 1990). The 1987). In addition, a noncleavable mutant of human pro-
C-terminus of each subunit is embedded in the base of theTNF expressed in NIH3T3 cells could kill TNF-sensitive
trimer, and the N-terminus, which has fiesheet structure, | 929 cells in a plaque assay (Perez et al., 1990). These
is relatively free from the base of the trimer, does not results clearly demonstrated that the transmembrane form
of pro-TNF is biologically active, but how it interacts with
* Author to whom correspondence and reprint requests should be its receptor is unclear. From the studies with mature TNF,
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molecule’s biologic activities. We hypothesized that pro- to 1ug of 17-kDa TNF was analyzed by 12.5% SPISAGE
TNF is also a trimer that interacts with TNF receptors much and visualized by silver stain.
like mature TNF does and that this interaction is essential Cross-Linking of pro-TNF on Intact CellsTwo types of

to its function. pro-TNF-producing cells, LPS-induced THP-1 cells and TNF
cDNA-transfected COS-7 cells, were suspended in-12D
MATERIALS AND METHODS uL of cold DPBS and cross-linked by EGS and/or BSO-

. . . COES. After testing the cross-linkers over a dose range from
Stimulation of THP-1 Cells.The human monocytic cell 5y, 15 mg/mL, we found that a final concentration of total

line THP-1, obtained from ATCC (Rockville, MD), was cross-linker of 10 m : -
o . . - g/mL was optimal for detection of pro-
maintained in RPMI 1640 (GIBCO BRL, Gaithersburg, MD) - TNE gimer and trimer. While lower concentrations gave

with 2 x 10 M 2-mercaptoethanol (Sigma, St. Louis) and |gg¢ cross-linked trimer, higher concentrations gave more
10.% (vv) fetal bovine serum (FBS; _GIBCO BRL). LPS nonspecific, higher molecular weight cross-linked products.
(Sigma) stock was made at 2 mg/mL in DPBS and stored at te eaction mixtures were incubated af@ with slow

_.20 C in small aliquots. The THP-1 cells were stimulated rotation for 2 h with Labquake shaker (Labindustries,
with LPS (Zﬂg/m_L)-_contamlng Cu_lture medium at SGE_ Berkeley, CA). The cells were then lysed in RIPA buffer
for _1.5—2 h or as |n_d|cated otherwise, collected by centrifu- (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
gation, washed with cold Dulbecco’s phosphate-buffered sodium deoxycholate, 0.1% SDS, and several protease

saline (DPBS), and then used immediately or stored inhibitors). We analyzed 75g of total cellular protein from

°C. One milliliter of the supernatant of each group was gach group on 12.5% SBSPAGE and visualized the TNF
analyzed for secreted mature TNF both by Western blotting proteins by ECL Western blotting reagent (Amersham,

following immunoprecipitation and by the L929 cytotoxicity Arlington Heights, IL) with 0.5:g/mL of primary goat anti-

assay. human TNF antibody (R&D Systems, Minneapolis, MN) and
Transfection of COS-7 CellsCOS-7, an SV40-trans- 3 1:2000 dilution of rabbit anti-goat secondary antibody (1.5
formed African green monkey kidney cell line, obtained from mg/mL, Zymed, South San Francisco, CA) with 4% nonfat
ATCC, was maintained in DMEM/F12 medium (G|BCO milk dissolved in 0.1% Tween 20 in DPBS.
BRL) which was supplemented with 10% (v/v) FBS. The  Cross-Linking of pro-TNF from in Vitro TranslationThe
COS-7 cells were trypsinized and plated into 100-mm dishes psy fragment of TNF cDNA subcloned into pcDNAI
1 day before the transfection so that they would reach about(invitrogen, San Diego, CA), termed pcDNAI.TNF, was used
50-70% confluence on the day of transfection. The transient a5 the template. After linearization witHindlll, an Sp6
transfections were conducted with LipofectAmine reagent po|ymerase was used to obtain the TNF transcriptsy which
(GIBCO BRL) following the instructions of the vendor. were then purified by repeated extraction with phenol/
Briefly, for each 100-mm dish, &g of plasmid DNA  chloroform/isoamyl alcohol (25:24:1, Sigma). The canine
containing a 1.1 kst fragment of TNF cDNA (Utsumi et pancreatic microsomal system with rabbit reticulocyte lysate
al., 1993) in one of two different vectors, pcDNAI or pMT2  kits deficient in cysteine (Promega, Madison, WI) aff$]-
(pcDNALTNF or pMTpTNF, respectively), was incubated cysteine (Amersham) were used to produce a metabolically
with 24 uL of LipofectAmine reagent (2 mg/mL) in 80 labeled pro-TNF protein in a total volume of 5. After
of serum-free medium for 15 min at room temperature. The incubation at 37C for 1 h, this reaction mixture was cross-
mixture was then added to the COS-7 cells with 3.2 mL of linked direcﬂy by EGS and BSOCOES under conditions
serum-free medium. Following incubation at 37 for 5 h, similar to those used for intact cells. Following cross-linking,
the plate contents were either split onto two plates or directly 10 uL of anti-TNF antibody (1 mg/mL, R&D Systems) and
added to 4 mL of medium with 20% FBS. After incubation 40 ul of protein G Sepharose (Pharmacia Biotech, Piscat-
for another 24 h, the cells were washed once with DPBS, away, NJ) were used for immunoprecipitaﬂon in 5ﬂ00f
collected using a Cell Scraper (Costar, Cambridge, MA), and RIPA. The samples were analyzed by 12.5% SIPRGE,
pelleted by centrifugation. and the gels were fixed in 25% 2-propanol and 10% acetic
Cross-Linking of 17-kDa Recombinant TNMature TNF acid, amplified in Amplify (Amersham), and exposed to
(a generous gift of Dr. Gen-Ichiro Soma, Takano Hospital, X-ray film.
Kumamoto, Japan) was diluted in DPBS to 200 ng/mL, and  Electroelution of Cross-Linked pro-TNF TrimeCross-
20 uL aliquots were treated with homobifunctional cross- linked products from LPS-induced THP-1 cells and pMTpT-
linkers. These included several primary amine-reactive NF-transfected COS-7 cells were separated on 10%-SDS
N-hydroxysuccinimidyl (NHS) esters with different spans PAGE. The bands of putative trimeric pro-TNFs were
between functional groups: ethylene glycol bis(succinim- excised based on molecular weight (confirmed by Western
idylsuccinate) (EGS, 1.61 nm), sulfo-EGS (1.61 nm), bis- blotting with the rest of the gel). The electroelution was
[2-(succinimidooxycarbonyloxy)ethyl]sulfone (BSOCOES, carried outin 1 mL of 75 mM NEHCO; 0.1% SDS, 1 mM
1.3 nm), sulfo-BSOCOES (1.3 nm), 3@ithiobis(sulfosuc- EDTA, and 1% p-mercaptoethanol in Molecularporous
cinimidylpropionate) (DTSSP, 1.2 nm), disuccinimidyl tar- membrane tubing with a molecular weight cutoff of 6600
tarate (DST, 0.64 nm), and one primary amine-reactive 8000 Da (Spectrum Medical Industries, Los Angeles, CA)
imidoester, dimethylsuberimidate hydrochloride (DMS, 1.1 at 100 mA overnight. The eluted product was concentrated
nm). All cross-linkers were purchased from Pierce Chemical by lyophilization, dissolved in water, and prepared for
(Rockford, IL). They were dissolved in dimethyl sulfoxide cleavage.
(DMSO) at 100 mg/mL immediately before use. The final  The initial concentration of N|JHCO; evaluted in elec-
concentrations for cross-linking reactions were 10 mg/mL. troelution buffer was 150 mM. However, we observed
The reactions were carried out at either room temperatureextensive spontaneous cleavage of the cross-linked pro-TNF
or 4°C for 2 h, and an aliquot from each group corresponding trimer under this condition. After testing various concentra-
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tions of NH;HCQO;, we elected the 75 mM level since it gave

the least spontaneous cleavage of the cross-linked pro-TNF

without significant effect on the efficiency of electroelution.

Tang et al.
ER— SR y
TR — SR
ER refers to the cpm from each TNF cDNA transfected

% cytotoxicity = 100

~ Cleavage of Cross-Linked TNFThe samples of cross-  group, SR refers to the cpm from the vector-alone transfected
linked mature TNF and pro-TNF obtained from cross-linking  group which is similar to those from non-transfected group,

of intact cells were cleaved using 1 M hydroxylamine, pH and TR refers to the cpm of total labeled cells added to each
8.5, for 4 h at 37°C. In pro-TNF samples, PMSF and ||

aprotinin were added to prevent protein degradation. The
electroeluted pro-TNF trimers were also cleaved under the RESULTS
same conditions. The cleaved products were analyzed either The Trimer of Human Recombinant Mature TNF-a Can

by Western blotting for pro-TNF or silver staining for mature
TNF following SDS-PAGE.
Site-Directed MutagenesisBoth oligonucleotide primers

Be Cross-Linked by either EGS or BSOCOER) choose
the most efficient chemical cross-linker(s) of the pro-TNF
trimer, we first used a panel of homobifunctional, primary

for mutagenesis were synthesized by the M. D. Anderson amine-reactive cross-linkers to cross-link human recombinant
Cancer Center Macromolecular Synthesis Facility. The mature TNF. The products were then analyzed by SDS

sequences weré-5CG AGA AGA TGA TCT GAC GAT
CAC TCC AAA GTG CAG for mutantA —20- —1, and
5'-AGG GCT GAT TAG AGA GAG GAT CAC TCC AAA
GTG CAG for mutantA —20-—11. One microgram of each

PAGE and silver staining. The results (Figure 1A,B) showed
that only EGS (1.6 nm) and BSOCOES (1.3 nm) could
efficiently cross-link the mature TNF trimer; their sulfo-forms
and the shorter cross-linkers (6:6.2 nm) could not. The

primer was phosphorylated by T4 polynucleotide kinase efficiency of cross-linking was similar at either room

(USB, Cleveland, OH) in a 20L total volume for 1 h at 37
°C. The enzyme was then inactivated by a 85 heat
treatment for 10 min. Thést fragment of TNF cDNA
subcloned into puc19M (Clontech, Palo Alto, CA) was used
as the template, and Trans olijtwld/Ncd (Clontech) was

temperature (Figure 1A) or 4C (Figure 1B). Thus, the
subsequent cross-linking reactions were done with EGS and/
or BSOCOES at 4#C to minimize any possible protein
degradation.

To confirm that the higher molecular weight products

used as the selective primer. Both mutants were constructeddetected as dimers (34 kDa) and trimers (51 kDa) of mature
with the Transformer site-directed mutagenesis kit (Clontech) TNF were indeed due to cross-linking of a native homotrimer

following the manufacturer’s instructions. Briefly, Oub

of 17-kDa subunits, a specific cleavage reagent, hydroxyl-

each of template, selective primer, and mutagenesis primeramine, was used to regenerate the lower molecular weight

were mixed with annealing buffer in a 200 total volume
per reaction. The DNA double helix was denatured by
boiling at 100°C for 3 min and annealed by immediately
chilling in ice water for 5 min. The synthesis of the mutant
DNA strand was carried out by addition of T4 DNA
polymerase and T4 DNA ligase to the annealing mixture.
After incubation at 37C for 2 h, the reaction was stopped
by incubation at 70C for 5 min. Twenty units of restriction
enzymeNdd (20 unitsiL, New England BioLabs, Beverly,
MA) was added for primary selection, and then this mixture
was used to transform competent BMH 71418t S cells.
The miniprep DNA from it was cut wittNdd again and

monomer. After cross-linking with the combination of EGS
and BSOCOES, the mature TNF trimer and dimer could be
partially cleaved to dimer and monomer by treatment with
1 M hydroxylamine for 224 h at 37°C (Figure 1C).
Therefore, the cross-linked 34-kDa and 51-kDa proteins
detected in our system were indeed the mature TNF dimer
and trimer, respectively. Note that increasing incubation time
for the cleavage reaction did not significantly affect the
efficiency of cleavage.

Pro-TNF of Intact Cells Exists as a Trimeric Structure.
Chemical cross-linking of proteins is an inefficient reaction.
Even when concentrated solutions of homogeneous popula-

transformed into competent XL-1 cells. The sequence of tions of oligomeric molecules are used as substrates, the

each mutant was confirmed by DNA sequencing with the
primer 3-CACGCCATTGGCCAGGAGGGC (spanning the
codons for residues 351) at the M. D. Anderson Cancer
Center DNA Core Sequencing Facility. The mutated DNA
was cloned back into pcDNAI (Invitrogen) for expression
and analysis in COS-7 cells.

5ICr Release Assayl929 cells (ATCC) in log-phase

cross-linking reaction does not procede to completion (Figure
1A,B; Davies & Start, 1970). Gething et al. (1986) also

demonstrated that although hemagglutinin (HA) is a trimer,
the majority of HA was detected as monomers and dimers
based on the analysis of cross-linked cell extracts of HA
cDNA transfected cells. So, to minimize artificial cross-

linking between TNF molecules themselves or between TNF

growth were trypsinized and counted, and the desired numberand other membrane molecules due to high concentration

of cells was labeled with 10@Ci of [5!Cr]NaCrO, (ICN
Radiochemicals, Irvine, CA) in normal saline solution in 200
ulL total volume for 1 h. After being washed with warm
medium and incubated withtCr-free medium for another
hour, 2.5x 10* labeled L929 cells were added to each well
of a 96-well plate that contained either 2:6 10* TNF
cDNA-transfected COS-7 cells or a 1:1 dilution of the

of pro-TNF protein in either cell extracts or membrane
preparations, here we used a more physiological condition,
intact cell systems producing pro-TNF, to exam whether pro-
TNF exists as a trimer.

We conducted cross-linking experiments on intact TNF
cDNA-transfected COS-7 cells and LPS-induced THP-1
cells. The expression levels of pro-TNF stayed fairly

supernatant harvested from each transfected group 24 h afteconstant in COS-7 cells 2472 h after transfection, while

transfection. Following incubation for 24 h, a fraction of

the level of secreted mature TNF continued to rise for up to

the total volume was collected and counted in a gamma 72 h (data not shown). Maximal production of pro-TNF
counter. Each group was assayed in triplicate, and eachoccurred between 1 and 1.5 h after LPS induction in THP-1

experiment was repeated-3 times. The percent cytotox-
icity was calculated by

cells, and secretion of mature TNF peaked at 4 h (data not
shown).
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than as distinct bands, they may result from nonspecific

)
0(,0@ interactions between TNF molecules themselves, or, more
(‘o“ 0" fvc’ & Q’So‘{’ 06\'5’ likely, TNF and other membrane proteins. So these ag-
A. Crosslinking at RT BE 1060 o gregates are unlikely to play any significant role under
M 80.0 kd physiological conditions.
Trimer = M 4951d In cross-linked groups from both cell systems (lane 5 of
Dimer - = — 8 325k Figure 2A,B), we also observed two minor bands, one just
below the 51-kDa band at 43 kDa (perhaps due to cross-
(V71171111 S ——— linking between 17-kDa mature TNF monomer and 26-pro-
TNF monomer) and the other just above the 26 kDa band at
34-kDa (perhaps due to cross-linking between two 17-kDa
B. Crosslinki . mature TNF monomers). All bands detected in the cross-
. osslinking at 4°C “ -106.0 kd . ‘e
W -80.0 kd linked groups were TNF-specific because they were not
Trimer > B 495 kd present in the vector only COS-7 transfectants (Figure2 A,
Dimer - = 325k lane 5) or in unstimulated THP-1 cells (Figure 2B, lane 5),
' and they could be competed by 2 ug/mL of free TNF in the
MONOMmer - "= - e o e e e 185K Western analysis (data not shown). Thus, in both the human
TNF cDNA transfected COS-7 cells and LPS-induced human
monocytic cell line, THP-1, the 26-kDa pro-TNF apparently
C. Crosslinking and 1 2 3 4 5 6 7 8 o existed as a trimer.
cleavage 2 500k To verify that these higher molecular weight, TNF-specific
Trimer = -- B 495 kd cross-linked products were indeed cross-linked dimers or
Dimer —— e e -32.5 kd trimers of pro-TNF, we conducted the cross-linking proce-
= -27.5 kd . . .
dures on intact cells as described earlier, followed by
Monomer — SEE mam eas st ain amTF 185K cleavage experiments on either total cell lysates or on the

putative cross-linked trimer previously purified by electro-

_ I . elution; the results are shown in Figure 3. Pro-TNF in three
Ficure 1: Cross-linking of mature TNIe- (A,B). Four micrograms . . .
of recombinant maturg TNF was cross(-link)ed using thegindicated cell systems, including LPS-induced THP-1 cells, pcD-
cross-linker at room temperature (A) of@ (B) for 2 h, and lug NAILTNF-transfected COS-7 cells, and pMTpTNF-trans-
of TNF from each group was analyzed on 12.5% SIPAGE and fected COS-7 cells, could be cross-linked and detected as
visualized by silver staining. Cleavage of cross-linked mature TNF trimers, and these cross-linked products in total cell lysates
(C). Four micrograms of mature TNF was cross-linked by the ¢q 4 pe cleaved to lower molecular weight monomers and

combination of EGS and BSOCOES in a20total volume for 2 . - X
h at 4°C, and cleaved by 1 M hydroxylamine, pH 8.5, for 24 dimers by hydroxylamine (Figure 3A), to about the same

h at 37°C. One microgram of TNF from each group was analyzed €xtent as mature TNF (Figure 1). Similar results were
as above. Lanes-18 are un-cross-linked (1), cross-linked (2), obtained from purified pro-TNF trimer from both LPS-
cleaved at 2h (3), 4 h (4), 6 h (5), 7 h (6), 24 h (7), and molecular jhduced THP-1 cells and pMTpTNF-transfected COS-7 cells
markers (8), respectively. (Figure 3B); that is, the pro-TNF dimer and monomer could
The results of cross-linking pro-TNF in intact pcD- be generated by cleavage of the purified, cross-linked pro-
NAITNF transfected COS-7 cells and LPS-induced THP-1 TNF trimer. These results strongly suggested that pro-TNF
cells cell systems are shown in Figure 2, panels A and B, exists as a homotrimer.
respectively. While vector-only transfectants expressed no The intact cell systems we used here have the advantage
detectable TNF protein (lane 2), pro-TNF cDNA transfectants that they are closely related to the physiological situation.
expressed TNF-specfic bands at 26- and 24-kDa, corre-However, we should note that this is a mixed system with
sponding to full-length and truncated pro-TNFs, respectively the presence of both 17-kDa mature TNF and 26-kDa pro-
(lane 4). The treatment with the combination of EGS and TNF. Since both pro-TNF and mature TNF can be cross-
BSOCOES of intact cells was able to cross-link pro-TNF linked, there are some overlapping TNF proteins in the cross-
and produced dimer (52 kDa) and trimer (78 kDa) bands linked groups (17, 34, and 51 kDa of mature TNF vs 26,
based on their calculated molecular weights (lane 5). Similar 52, and 78 kDa of pro-TNF). For example, there may be
results were also observed with LPS-induced THP-1 cells some mature TNF trimer contributing to the 52-kDa pro-
(Figure 2B). After LPS induction, THP-1 cells produced TNF dimer band. This is in agreement with our observation
mainly the 17- and 26-kDa bands, corresponding to the in Figure 3A. That is, the 17-kDa mature TNF monomer
mature TNF monomer and pro-TNF monomer, respectively band decreased in the cross-linked groups compared to the
(lane 4), while noninduced THP-1 cells produced no detect- non-cross-linked groups; in the cleaved groups, while the
able TNF bands (lane 2). Cross-linking with EGS and intensity of the pro-TNF trimer and dimer bands decreased,
BSOCOES again yielded pro-TNF dimer and trimer bands. both pro-TNF and mature TNF monomer bands increased.
The slightly higher molecular weight of the pro-TNF Nevertheless, any overlap of 51- and 52-kDa bands did not
monomer observed in cross-linked groups may be due toaffect visualization of the 78-kDa pro-TNF trimer band.
the attachment of several cross-linkers to the molecule. TheirFurthermore, the generation of pro-TNF dimer and monomer
molecular weight (the cross-linked groups of Figure 3A) from purified cross-linked pro-TNF trimer (Figure 3B)
decreased slightly after cleavage (the cleaved groups ofstrongly suggests that pro-TNF exists as a homotrimeric
Figure 3A), in agreement with this suggestion. The source structure, as does the mature TNF.
of the high molecular weight aggregates in the cross-linked Note that some cleavage occurred during the elution
groups is less clear. Since they appeared as a smear rathgrocess itself. This is apparently due to the presence af NH
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1 2 3 4 5
A. pcDNALTNF
transfected ' < trimer 1. 3ng TNF
cos-7 cells & - dimer 2. untransfected
3. untransfected + EGS/B
; 4, transfected
= <+ monomer 5, transfected + EGS/B
- - 17 kd
B. LPS-induced
THP-1 cells = ""g - trimer 1. 3ng TNF
= E < dimer 2. unstimulated
xy 3. unstimulated + EGS/B
&= - onomer 4. LPS stimulated
S. LPS stimulated + EGS/B
= - - 17 kd

FiIGURE 2: Cross-linking of pro-TNF on intact cells. {8.0) x 10° TNF cDNA-transfected COS-7 cells or LPS-induced THP-1 cells were
resuspended in 16200 uL of cold DPBS, and freshly prepared cross-linkers were added to the cells at a final concentration 10 mg/mL.
After incubation at 4°C for 2 h, the cells were lysed, and 74 of total protein was analyzed by Western blotting. A major 26 kDa

pro-TNF monomer band is found in lane 4. The arrows indicate the locations of major trimer, dimer, and monomer bands of pro-TNF; also,

faint 34-kDa and 43-kDa bands are found in lane 5. EGS/B indicates the combination treatment of EGS and BSOCOES.

> > 123 4 56 7 8 9101112
F&E .4 LA .
S5 eddr  s&f .- ' | P
5 L S &4 - ® - i
§55¢ N4 VIO = - dimer
&9 PP A oo, - Ld - A -
. — - - —_—— - monomer
A E : . = trimer -
‘-__‘ e = aw -+ dimer
! - = S @ -- monomer 5. RIPA (1% NP-40)
- '-— - 1. untransfected
b = - 2. untransfected + EGs/B - DPBS
- _— 3. transfected 7. DPBS + Tween 20
4. transfected + EGS/B 8. gggg + octyl-glucoside
LPS-induced pcDNALTNF pMTPTNF 9. +Brij 76
THP-1 cells transfected transfected 10. DPBS + Dlgltomn
cos-7 cells cos-7 cells 11. DPBS + Triton X-100
12. DPBS + NP-40
IS > Crosslinked by EGS/BSOCOES
;f g Ficure4: Cross-linking of pro-TNF from pcDNAI. TNF-transfected
&g faé" COS-7 cells in the presence of detergents. The cells were treated
a o with indicated detergents on ice for 30 min and then subjected to
B. . the cross-linking reaction. The cell lysates were analyzed by
u: BT S Western blotting.
-m — ~ monomer 80 mM octyl-glucoside, 0.1% digitonin, and 0.1% Triton
X-100. The mature TNF trimer had similar properties (data
PS induced PMTpTNF not shown). . _
THPT cella transfected Trimer Formation of pro-TNF Occurs Rapidly after Its
cos-7 cells

_ Synthesis.To test whether trimer formation occurred intra-
FicUre 3: Cleavage of cross-linked pro-TNF. The cells were cross- cellularly, we used an endoplasmic reticulum (ER) equivalent
linked and lysed as described in Figure 2. (A) Seventy-five o) frae system, thin sitro translation system with rabbit

micrograms of total cell lysate from cross-linked groups was cleaved ~ . . d .
by 1 M hydroxylamine, pH 8.5, at 37C for 3 h. (B) The reticulocyte lysate, and canine pancreatic microsomal mem-

electroeluted pro-TNF trimer was cleaved under the same conditionsbrane. In this system, we could detect a weak signal of TNF
described for panel A. The samples were then analyzed by Westerntrimer and dimer in cross-linked groups, and, with increasing

blotting. amounts of crosslinkers, the cross-linked product signals
HCGO; in the electroelution buffer, since we observed that a increased slightly (data not shown).
greater extent of spontaneous cleavage correlated with higher To confirm this observation, we reexamined the LPS-
concentrations of NJHCOs. A 34-kDa TNF-specific pro-  induced human THP-1 cell system. Here, we took advantage
tein was consistently observed in COS-7 cells transfected of the facts that (1) the transcription and translation of TNF
with pMTpTNF. This protein may be derived from the is usually silent in THP-1 cells and can be turned on only
longer transcripts we observed with this transfectant (dataafter appropriate stimulation, and (2)-2 h is generally
not shown). needed to transport the newly synthesized proteins from the
The pro-TNF trimer was fairly stable and could retain its ER to the plasma membrane. Therefore, if we could detect
trimeric structure in the presence of many nonionic detergentsthe pro-TNF trimer as early as pro-TNF protein and before
(Figure 4), which included 0.1% NP-40, 0.1% Tween 20, the detection of mature TNF activity in the supernatant, it
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FiIGUrRe 5: Cross-linking of LPS-induced THP-1 cells at different
times after induction. THP-1 cells were stimulated byg2mL LPS,

and the cells were collected at the indicated times. The cells were
lysed in RIPA buffer directly (A) or following cross-linking (B). WT  20--1  -20--11

Seventy-five micrograms of total protein from each group was pgre 6: (A) Expression of pro-TNF in transfected COS-7 cells.
analyzed by Western blotting. The supernatant from each group () Immunoprecipitation of the supernatants of transfected COS-7
was analyzed by immunoprecipitation followed by Western blotting  cejis. (C) Trimer formation of pro-TNF. (DFCr release assay of
(C) and by the TNF cytotoxicity assay (D). The prominent bands r3nsfected COS-7 cells and its supernatants.

in panel C correspond to heavy and light chains of the primary

antibody. and light chains, respectively, of the primary goat IgG used

] ] ) ] in the immunoprecipitation. So pro-TNF trimer formation
would.prowde strong evidence that trimer formation took gccurs rapidly after its synthesis and prior to its reaching
place in the ER. _ _ the plasma membrane. Thus, these results strongly suggested

We performed the following experiments to study the 4 trimer formation of pro-TNF occurs in the ER.

kinetic relationship between pro-TNF protein expression, its  The Trimeric Structure of pro-TNF Is Required for Its
trimer formation, and the appearance of mature TNF in the Bjological Actiity. Previous studies have suggested that the
supernatant. LPS-induced THP-1 cells were collected at|inking domain of pro-TNF, residues20 to —1, may be
different times (from 30 min to 4 h) after induction and jnvolved in the processing of pro-TNF to ultimately release
analyzed as follows: the cells from each group either were the mature TNF into its surroundings (Perez et al., 1990;
lysed directly (Figure 5A) or were lysed after cross-linking Muller et al., 1986). Small deletions around the native
and analyzed by Western blotting (Figure 5B). The super- cleavage site-¢1/+1), such as\ —3- —1, A+1- +5 andA
natants were analyzed by Western blotting following im- —3- +5 could not block the release of the mature TNF,
munoprecipitation (Figure 5C) and by TNF cytotoxicity assay suggesting that a larger deletion may be needed to generate
on L929 cells (Figure 5D). Pro-TNF started to appear as a noncleavable mutant. To study the relationship between
early as 30 min after LPS induction, reached peak levels by the structure and function of pro-TNF, two deletion mutants
1-1.5 h, and disappeared by 4 h (Figure 5A). Most were constructed. These included mutant—20- —1,
importantly, cross-linked pro-TNF trimer appeared in a very |acking the entire linking sequence between the transmem-
similar time frame (Figure 58) At the 30 min time point, brane domain and mature domain, and mutert20-—11,
all of the ~52 kDa dimer band is indeed attributable to |acking 0n|y the half of the ||nk|ng sequence proxima| to

dimeric pro-TNF rather than trimeric mature TNF, since no  the transmembrane domain, preserving the structure around
mature TNF is detectable. At later time points at which the native cleavage site.

mature TNF is evident, the latter may contribute as a cross- The results are shown in Figure 6. Mutan0- —1
linked trimer to the “dimer” pro-TNF band. As we expected, expressed pro-TNF protein of expected size and comparable
the appearance of pro-TNF protein and its trimer was first amount to that of wild-type TNF after transfection into
detected about 30 min earlier than was mature TNF (Figure COS-7 cells (Figure 6A). The neutral red TNF cytotoxicity
5C,D), suggesting that mature TNF may actually be a trimer assay showed that no detectable mature TNF activity was
before its release from pro-TNF. The prominent bands at released into the supernatant from the mutant transfectants
~50 and~25 kDa in Figure 5C correspond to the heavy while wild-type transfectants expressed TNF activity at

(%) Gytotonicity
g 3
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~20 000 units/mL (data not shown). The sensitivity of this
assay will allow detection of activity at as low as 15 unit/
mL; thus, the mature TNF activity of the mutant —20-

—1 is less than 0.1% of the wild type. Furthermore, the
17-kDa mature TNF protein was not detected in the
supernatant from mutant-transfected COS-7 cells by Western
blotting following immunoprecipitation, whereas the wild-
type TNF transfectant released high levels of 17-kDa TNF
(Figure 6B). These results suggested that mutant20-

—1 may be noncleavable due to the blockage of the cleavage
processing rather than the release of an inactive mature TNF.
The mutant pro-TNF protein could be cross-linked by EGS
and BSOCOES in a trimeric structure on intact cells, as could
wild-type pro-TNF (Figure 6C).

Since mutantA —20- —1 was apparently noncleavable
and could be assembled into a trimeric structure, we further
investigated the relationship between pro-TNF trimer forma-
tion and the cytotoxic activity mediated by trimeric pro-TNF
using a®'Cr release co-culture experiment. The results are

Ettactor call

shown in Figure 6D. As expected, the supernatant from the ans
mutantA —20- —1 transfectant displayed minimal effects W
on the L929 cells 2% + 1% cytotoxicity); however, the = 2

transfectant itself could induce substantial levels of co-culture
cytotoxicity (~30% cytotoxicity). These results indicated

that although this mutant pro-TNF could not release signifi-
cant detectable mature TNF, it could fold properly on the DISCUSSION
plasma membrane, interact as a trimer with TNF receptors
on the target cell, and mediate its biologic activity through

a juxtacrine interaction. These results suggest that the linking
sequence of pro-TNF is not essential for proper pro-TNF

Ficure 7: Schematic model for the interaction between pro-TNF
trimer and TNF receptors.

Great understanding of the structure of mature TNF has
been achieved following the cloning of its cDNA (Jones et
al.,, 1992). Crystallography of the complex of ThFand
. . b the extracellular domain of the p55 TNF receptor showed
{r?]Ig:)nr?én?isr?(tehrszl)r/c’)tzgl?/titca;?ggggs Ft)rzgf?jlzzzéslrj;;:ulrse #\l?:/ that TNF is a bell-shaped trimer that can interact with three

] "TNF receptor molecules (Banner et al., 1993). Here, for the

MutantA —20- —11 also expressed substantial levels of first time, we have shown that the transmembrane form of
pro-TNF protein in transfected COS-7 cells (Figure 6A). pro-TNF, which ultimately displays the mature TNF domain
However, this protein was apparently noncleavable since it on the outside of the plasma membrane, is also a trimer and
generated neither detectable mature TNF protein (Figure 6B)that this trimeric structure is required for its biological
nor supernatant cytotoxicity against L929 cells (Figure 6D; activity.
supernatant), Also, this transfectant expressed no direct Structure-Function Model. On the basis of the results
cytotoxicity against L929 cells (Figure 6D; co-culture), of the present studies and many previous ones (Van Ostade
suggesting that this mutant had an inappropriate three-et al., 1991; Zhang et al., 1992; Banner et al., 1993), we
dimensional structure which rendered it biologically inactive. propose a model (Figure 7) to interpret the interaction
The fact that we could not detect any anti-TNF reactive petween the pro-TNF trimer on the effector cells and the
protein, either pro-TNF monomer or pro-TNF trimer, after receptors on the target cells. In this model, the mature TNF
treatment of transfected COS-7 cells with cross-linkers and domains of pro-TNF are arranged as a compact bell-shaped
extraction with RIPA buffer (Figure 6C), suggested this trimer, very similarly to their arrangement in the mature TNF
mutant pro-TNF may be associated with some relatively crystal (Jones et al., 1989; Eck & Sprang, 1989). In this
insoluble cellular structure. Indeed, there are two lines of structure, the N-terminal -68 residues were found to be
evidence supporting this suggestion. First, the extraction flexible, since their coordinates in the crystal structure could
efficiency of mutantA —20-—11 pro-TNF with RIPA buffer ~ not be assigned. Near the base of this trimer, the mobile
containing 0.1% SDS was inferior to that of the wild-type, N-terminus from each subunit is linked to the 20-residue
even in the absence of cross-linkers; that is, a large portionlinking sequence, which is in turn connected to the trans-
of it was still left in the pellet, which only could be membrane domain and ultimately the intracellular domain

solubilized with a sample buffer containing 3.3% SDS (data
not shown). Secondly, following cross-linking, the mutant
pro-TNF monomer could only be partially solublized in
RIPA buffer containing 1% SDS (data not shown). There-
fore, we propose that mutant —20- —11 behaves anoma-
lously compared to the other linking domain deletion mutants
and is incapable of forming a trimeric structure which is
important for its activity. However, we cannot rule out the
possibility that the pro-TNF trimer is expressed at very low
levels, below detection.

of pro-TNF. Thus, when effector cells are juxtaposed to the
target cells, pro-TNF on the effector cells can interact with
TNF receptors on the target cells and thereby induce their
TNF responses via receptor aggregation. At this point of
the interaction, the base of the trimer is proximal to the
effector cells, the linking domain is connected to the effector
plasma membrane, and the top of the trimer is proximal to
the target cells. The extracellular domains of TNF receptors
on target cells may interact with the pro-TNF trimer much
as mature TNF does.
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Our cross-linking data have strongly suggested that pro- its biological activity. X-ray crystallography has shown that
TNF exists as a trimeric structure. Although we observed most amino acids in mature TNF are involved in the
less trimer than dimer of pro-TNF following cross-linking, formation of the compact TNF trimer, except for the first
the detection of the dimeric species alone strongly supports10 residues, which are proximal to the linking domain. We
the concept of the oligomerization of pro-TNF. The propose that the region including the entire linking domain
distribution among the trimer, dimer, and monomer of pro- and the first 10 residues of the mature domain may mainly
TNF, we believe, reflects a balance between inefficient cross- serve to connect the mature domain to the cell surface. As
linking and disruption of oligomeric structure in the dena- such, this region would give the mature domain reasonable
turing SDS-PAGE system. Our kinetic data strongly flexibility to interact with TNF receptors on adjacent cells.
suggest that the trimer of pro-TNF is formed intracellularly. The high number of proline residues in this region is
This is similar to observations on the hemagglutinin (HA) consistent with this suggestion. It is unlikely that this region
of influenza virus, which shares the same “jelly roll” structure could significantly affect the assembly process of pro-TNF,
with TNF-a (Jones & Stuart, 1990) and forms a trimer within  since deletion mutantd —20- —1 andA +1- +12 (Perez
a few minutes of its synthesis in the ER (Gething et al., et al., 1990) still retain biological activity which requires
1986). The folding and assembly of HA monomers into a the intact trimeric structure.
trimeric structure takes about-20 min and is completed Chemical Cross-Linking.Although there are limitations
before the protein leaves the ER, based on the pulbase of chemical cross-linking due to its low efficiency, it is the
experiments and analysis of the resistance to endoglycosidasbest approach available at present to study the oligomeriza-
H of monomeric and trimeric HA molecules (Gething et al., tion of transmembrane proteins. Although we observed that
1986). dimers in particular are the major species in cross-linked

Deletion Mutants. The studies with our pro-TNF deletion  groups of pro-TNF producing cells, we believe that the trimer
mutants have shown a strong correlation between trimeris the major species of pro-TNF existing in intact cells. Data
formation and biological activity, suggesting the trimeric from X-ray crystallography have clearly shown that TNF
structure of pro-TNF is very important for its biological monomeric subunits in the mature trimer are extremely
activity. The noncleavable mutamy —20- —1, was able tightly associated with each other, with hydrophobic residues
to form a trimeric structure and was also able to mediate clustering in the core and charged residues decorating the
cytotoxicity in a juxtacrine fashion. In contrast, the non- surface (Jones & Stuart, 1990). This tight interaction
cleavable mutantA —20- —11, behaved anomalously; between the facades of the subunits would be compromised
although it was expressed at a high level (Figure 6A), we and the binding interaction would be lost in a dimeric model.
could detect neither its trimeric structure nor cytotoxic Since we propose that assembly of the mature domains of
capacity in the co-culture assay. pro-TNF is essential for pro-TNF oligomerization, the

The lower cytotoxicity expressed by mutaht—20- —1 trimeric structure also seems the most energetically favorable
compared to the wild-type in the co-culture assay may be configuration. The fact that we could detect the trimeric
attributable to the following. First, there was no mature TNF structure of pro-TNF shortly after its synthesis also suggests
to mediate paracrine cytotoxicity with the mutant pro-TNF that the trimer may be the most stable structure for pro-TNF.
transfectant because it was noncleavable, whereas cytotox- The driving force for trimer formation is unclear. Based
icity expressed by the wild-type would include both juxta- on gel filtration data, both native and recombinant mature
crine and paracrine pathways. Secondly, the 20-residueTNF readily form a trimer in the absence of the pro-TNF
deletion of the linking domain that normally extends between leader sequence, suggesting that the leader sequence may
the plasma membrane and the base of trimeric structure maynot be required for trimer formation, at least for mature TNF
have decreased the flexibility of the pro-TNF molecule and (Smith & Baglioni, 1987). However, Kriegler et al. (1988)
thereby its ability to bind, cross-link, and activate its showed that pro-TNF frorm vitro translation in the absence
receptors. of a microsomal membrane did not display cytotoxicity. In

The lack of pro-TNF activity in the co-culture assay and contrast, in the presence of microsomes, pro-TNF became
the absence of any TNF-specific protein after treatment with cytotoxic only after the mature TNF domain was exposed
chemical cross-linking reagents suggested that mutant by sonication, suggesting that proper anchoring of the leader
—20- —11 existed in an anomalous three-dimensional sequence in the ER may be required for proper folding and
structure, which was biologically inactive and strongly assembly of pro-TNF trimer, which is required for mediating
associated with certain detergent-insoluble cellular membraneits biological activity. This is supported by the studies of
components. The lack of cytotoxic activity in coculture of Tanabe et al. (1991), who showed that recombinant pro-TNF
this mutant pro-TNF could be due to its inverted orientation purified from Escherichia colifollowing dialysis in PBS
in the plasma membrane, but we think this is unlikely in lacked biological activity. These studies suggested that
light of our other studies (Utsumi et al., 1993, 1995) which although the leader sequence is not important in the trim-
indicate that even larger deletions in this part of the leader erization of mature TNF, it may be involved in facilitating
sequence did not affect targeting and orientation. Why the trimer formation of pro-TNF: it may properly anchor pro-
larger deletion in mutan\ —20- —1 would still allow TNF in the ER membrane so that the pro-TNF monomer
formation of a biologically active pro-TNF trimer, but the could be folded properly and the pro-TNF trimer could be
smaller deletion in mutamt —20-—11 would not, is unclear.  assembled from it under physiological conditions.

The most important region affecting TNF trimer assembly  There are six potential NHS ester-reactive lysyl residues
appeared to be located in the mature domain. Site-directedin mature TNF, at positions 11, 66, 90, 98, 112, and 128.
mutagenesis studies (Van Ostade et al., 1991; Zhang et al.Five (all except residue 98) are reactive with the NHS ester
1992) have shown that substitution of certain residues in theof caprylic acid based on the results from HPLC/mass
mature domain can abolish the TNF trimer formation and spectrophotometric analysis of TNF after tryptic digestion
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