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Another important characteristic of the TNFR superfamily is that
many of these proteins exist as preassembled oligomers on the cell sur-
face [for example, Fas (Apo-1/CD95), TNFR1, and TNFR2] (32, 33).
This ligand-independent assembly of TNFR oligomers is mediated by the
preligand assembly domain (PLAD), which resides within the N-terminal
CRD (CRD1) of the TNFRs and is not directly involved in binding to ligand
(33). PLAD-mediated, ligand-independent assembly has also been re-
ported for TRAIL receptors and viral homologs of TNFR (34, 35). Ligand-
independent assembly of receptors was reported for other cytokine members,
such as the interleukin-17 receptor (36), which indicates that this phenom-
enon is important for various immune responses. Indeed, the PLAD of
TNFRs is critical for TNF-mediated responses (33), and soluble PLAD
can effectively prevent TNFR signaling and potently inhibit inflammatory
arthritis (37). These results suggest that PLAD-mediated receptor assem-
bly is essential for TNFR signaling. However, in the crystal structures of
other TNF-TNFR superfamily complexes, such as TNFR1, DR5, and
0X40, individual PLADs are disassociated (23, 26-29). This apparent
contradiction regarding PLAD-mediated receptor assembly must be re-
solved to understand the molecular basis for TNFR-mediated signal initi-
ation. We reasoned that the behavior of the TNF-TNFR complex on the
surface of live cells needed to be investigated to understand the molecular
basis of the ligand-receptor interactions.

Here, we determined the first crystal structure of the TNF-TNFR2 com-
plex. With these data, we analyzed the structural basis for how TNF can
bind to two divergent receptors (TNFR1 and TNFR2) of the same super-
family. This finding contributes to an understanding of the differences
between TNFR1 and TNFR2, which may be useful for rationalizing selec-
tivity data and for generating hypotheses to design future TNFR-selective
drugs (11, 21). Finally, we discuss the signal initiation mechanism of the
TNFR superfamily by analyzing the behavior of the preassembled TNFR2
and TNF-TNFR2 complexes on the surface of a live cell. This is the first
report to describe the structural details of a TNF-TNFR2 complex in a crys-
tal and in cells. These findings contribute to our knowledge of members of
the TNF superfamily and may provide a new focus for investigation of the
signaling machinery of cell surface receptors.

Table 1. Refinement statistics of the TNF-TNFR2 crystal. Ramachandran
statistics indicate the fraction of residues in the favored, allowed, and
outlier region, respectively, of the Ramachandran diagram as defined
by the RAMPAGE program (65).

Refinement statistics

Resolution (A) 49.96-3.00
Reflections used 43,981
Reryst (%)* 21.3
Riee (%) 28.1
Completeness (%) 99.5
Atoms
Protein 13,922
Water 11
Co** . 6
RMSD in bonds (A) 0.004
RMSD in angles (°) 0.759
Ramachandran plot
Favored region (%) 92.9
Allowed region (%) 6.5
Outlier region (%) 0.6

*Roryst = 2l Fopsl — IFeaicll/Z1Fopsl, Wwhere Fops and Fegi are the observed and
calculated structure factors, respectively. TRiee is calculated as for Rgys;, but
for the test set that consists of reflections not used in refinement.

www.SCIENCESIGNALING.org

RESULTS

Determination of the structure of the

TNF-TNFR2 complex

In a previous report, we obtained a crystal of the TNF-TNFR2 complex
belonging to the space group P2,2,2,, as well as preliminary x-ray diffrac-
tion data to 2.95 A (38). Here, we solved the structure of the TNF-TNFR2
complex by molecular replacement with the crystal structure of another
TNF mutant that we described previously [Protein Data Bank (PDB) code
2¢7a] (39). Diffraction data sets at 3.0 A were used in refinements, and
the final R-factor was 21.3% (with a free R-factor of 28.1%) (Table 1).
Although we used mutTNF Lys (—) (a lysine-deficient mutant of human
TNF that is fully active) (40) as the TNF molecule in the TNF-TNFR2
complex (38), it was confirmed that mutTNF Lys (—) in the TNF-TNFR2
complex retained almost the same structure as that of wild-type TNF [root
mean square deviations (RMSDs) of 0.94 A for 420 Co atoms].

We found that the asymmetric unit in the crystal contained two copies
of the TNF-TNFR2 complex, which formed an interlocking dimer (two
trimers of TNF and six monomers of TNFR2) (Fig. 1, A and B). In this
interlocking dimer, CRD2-CRD4 interactions were mainly observed be-
tween opposite TNFR2 molecules (Fig. 1, C and D). We observed a po-
tential intermolecular hydrogen bond between Asp®' in CRD2 and the
amido NH group near Thr'>' in CRD4 (Fig. 1, E and F), but each TNFR2
mainly interacted through van der Waals contacts. The buried surface area
of this interface was relatively extensive (~4300 A for every two copies of
the complex), in contrast to ~2500 A? in the high-affinity TNF-TNFR2 bind-
ing interface. However, according to analytical gel-filtration experiments,
the purified TNF-TNFR2 complex in aqueous solution is 110 kD (38),
which suggests that the TNF-TNFR2 complex contains one trimer of
TNF (51 kD) and three monomers of TNFR2 (19 kD each) in aqueous so-
lution. Moreover, the position of the C terminus of TNFR2 suggested that
this interlocking dimer would be difficult to form on the cell surface (Fig.
1C). Therefore, we suggested that the formation of such interlocking dimers
was a result of crystal packing.

Nonetheless, previous studies showed that mutation of Met!™* of
TNFR2 to Arg, which is referred to as the “M196R polymorphism,” is
associated with the presence of soluble TNFR2 in the serum (4/) and au-
toimmune diseases, such as systemic lupus erythematosus (42, 43). The
crystal packing of TNFR2 showed that Met'™ was located near Arg’’ of
other TNFR2 molecules (Fig. 1, E and F), which suggests that the mutant
Arg'™ residue influences the interaction between the CRD2 of one TNFR2
molecule and the CRD4 of another TNFR2 molecule in the crystal. Al-
though previous gel-filtration analysis suggested that this interlocking di-
mer was formed by crystal packing, the report on the mutation of Met'”*
in TNFR2 suggests that the interlocking dimer might form only under the
specific condition in which TNFR2 is soluble.

TNFR2 structure

The structures of the extracellular domains of members of the TNFR su-
perfamily are composed of CRDs that typically contain six cysteine resi-
dues that form three disulfide bonds (23). TNFR1 and TNFR2 contain
four CRDs, termed CRD1 through CRD4 (Fig. 2A). CRD1 (also known
as PLAD) is essential for forming the TNFR self-complex on the cell sur-
face (33). CRD2 and CRD3 are known as TNF-binding domains (23),
whereas the function of CRD4 remains unclear.

Through comparison of the structures of TNFR2 and TNFR1, together
with alignment of their corresponding sequences, we found that CRD1
and CRD2 were topologically and structurally similar in both receptors
(Fig. 2B). These CRDs contained the modules A1 and B2, which are typ-
ically observed in conventional members of the TNFR superfamily (44),
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such as the structurally determined TNFR1 (23), DR5 (26-28), and OX40
(29) proteins. The A1 module contains a single disulfide bond, whereas
the B2 module contains two disulfides, in a consensus sequence pattern.
Of note, and different from the CRD3 of TNFR1, the CRD3 of TNFR2
contained the A2 module that is observed in a certain type of TNFR su-
perfamily members, such as the CD30, CD40, and 4-1BB proteins (44).
Because these TNFR superfamily members have not been structurally
identified yet, our structure of the TNF-TNFR2 complex is the first
to show the structure of the A2 module. The A2 module in TNFR2 con-
tained two disulfides that were linked in a 1-4, 2-3 topology (Fig. 2C). The
2-3 disulfide (between Cys'® and Cys''?) contributed to deflect a B-turn
motif that was near the ligand-binding region (Fig. 2D), similar to the
structure predicted from the A2 module in a viral protein homologous
to TNFR2 (45). As a result of this disulfide bond, a gap between CRD2
and CRD3 in TNFR2 was buried in the structure (region 1 in Fig. 2, D and
E). The location of Arg’” in the CRD2 of TNFRI1, which is thought to be
essential for binding to TNF (23), was compensated by Arg'" of the
TNFR2 CRD3 in the TNF-TNFR2 structure. This structural difference
between TNFR1 and TNFR2 was thought to depend on the diversity of
their modules.

We observed another structural difference between TNFR1 and TNFR2
in region 2 (Fig. 2, D and E). A loop structure in TNFR1, which is re-
ported to constitute the ligand-binding region (23), consisted of five resi-
dues in TNFR1 (Arg”’ to Gly®') but only three residues in TNFR2 (Ser””
to Asp®") (Fig. 2B). The shorter loop structure of TNFR2 was further from
the molecular surface of TNF ligand compared with that of TNFR1 as
described below.

The TNF-TNFR2 complex

We found that TNF formed a central homotrimer around which three
TNFR2 molecules were bound, similar to the known structures of other
TNF superfamily members, including LT-a-TNFR1 (23), TRAIL-DRS
(26-28), and OX40L-0X40 (29) (Fig. 3, A and B). The structure of the
TNF-TNFR2 complex revealed that the TNFR1-binding region of TNF
overlapped with its TNFR2-binding region, as previously predicted (46).
One TNFR2 molecule interacted with two TNF molecules, as is the case
for the LT-o-TNFR1 complex. The core of the interface between TNFR2
and TNF was separated into two regions, termed regions 3 and 4 (Fig. 3, B
to D). Region 3 consisted of the A1 module of CRD2, whereas region 4,
which was near regions 1 and 2, consisted of the B2 module of CRD2 and
the A2 module of CRD3. Comparison of the electrostatic surface potentials
of TNFR1 and TNFR2 showed that they were different despite sharing
the same binding partner (Fig. 3, C and D). In the interface of TNFR2
region 3, acidic amino acid residues (Asp>, Glu®’, and Glu™) were clus-
tered, forming a more negatively charged surface than that of TNFRI.
Moreover, in region 4 of TNFR2, the molecular surface was different from
that of TNFR1, possibly as a result of diversity in the modules present (Fig.
2B). This structural feature contributed to the exposure of basic amino acids
(Arg”’, Lys'®, and Arg'?) at the binding interface, which generated a pos-
itively charged surface on TNFR2.

Although a cobalt ion (Co*") from the crystallization reagent was ob-
served at all six interfaces in the asymmetric unit (Fig. 4A), Arg®' of TNF
appeared to interact with the negatively charged region 3 on the surface of
TNFR2 (Fig. 4B). By contrast, our model of the TNF-TNFR1 complex,
constructed from the structure of the LT-o—-TNFR1 complex, indicated that
the interaction between Arg®' and the TNFR1 might be weak, because of
the neutral charge of region 3 (Fig. 4C). Indeed, a previously reported
R31D mutant of TNF displays a marked loss of affinity for TNFR2 while
retaining affinity for TNFR1 (47). Therefore, these results suggest that this
electrostatic interaction between Arg®' of TNF and TNFR is more impor-
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tant for the TNF-TNFR2 complex than for that of TNF and TNFR1. We
found that Arg*? of TNF was located in a position that enabled a po-
tential hydrogen bond to be formed with Ser”> of TNFR2 and that it
seemed to interact with Ser’? of TNFRI in the same way. Therefore, we
suggest that Arg®> of TNF contributes equally to the binding of TNF
to TNFR1 and TNFR2.

Detail of region 4 showed that Arg''"®> and Arg”’ of TNFR2 formed
close contacts to Asp143, GIn'®, and Glu® of TNF, potentially through
the formation of hydrogen bonds. Thus, Arg''® and Arg”” of TNFR2 were
important residues for binding to TNF (Fig. 4, E and F). This result is also
supported from previous analysis of point mutations of TNF (46, 48, 49).
Meanwhile, Arg”” of TNFR1 appeared to interact with Asp'** and GIn'*’
of TNF (Fig. 4F). We suggest that Arg''> of TNFR2 and Arg’’ of TNFR1
might have similar roles in binding to TNF (Fig. 4, E and F). This dif-
ference regarding arginine residues between TNFR1 and TNFR2 was also
indicated earlier (Fig. 2, D and E). The origin of this difference in inter-

Fig. 1. TNF-TNFR2 complex in the asymmetric unit. Two TNF-TNFR2
complexes are observed in the asymmetric unit (consisting of two TNF
trimers and six TNFR2 monomers). TNFR2 molecules from different
complexes interact with each other in the crystal. TNF molecules are
shown in green and orange; TNFR2 molecules are shown in blue and
red. (A and B) Side view (A) and top view (B) of the complexes. (C and
D) Side view (C) and top view (D) of the TNFR2-TNFR2 interaction in the
crystal. N, N terminus; C, C terminus. (E and F) Details of the TNFR2-
TNFR2 interfaces. Close contacts that are suggestive of potential hydrogen
bonds are shown as yellow dashed lines.
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action was a result of the unique A2 module and the dynamic structural
diversity close to regions 1, 2, and 4.

Usefulness of the molecular pocket formulation for the
design of TNFR1-selective inhibitors

Differences in the composition of the respective modules together with
the diversity in the length of the main chain near the binding interface
constitute the basic structural elements that distinguish TNFR1 from
TNFR2. These structural considerations could form the basis of the design
of receptor-specific drugs. Previous mutational analysis showed that
region 1 of TNFR1 and TNFR2 (Fig. 2, D and E) is essential for the inter-
action with the loop of TNF (amino acid residues 143 to 149) (46, 48, 49).

A B

In this ligand-binding area of TNFR2, the turn motif of CRD3 (Ser'”’ to
Cys''?) fit to its CRD2 in the presence of the disulfide bond between
Cys'® and Cys''? (Figs. 2D and 5A). By contrast, there was a space be-
tween the turn motif of the CRD3 of TNFRI1 and the B strand of its
CRD2, which resulted in the formation of a molecular pocket specifically
on the surface of TNFR1 (Fig. 5SB). These observations suggest that this
region of TNFR1 constitutes a promising target for the structure-based
development of TNFR1-selective drugs.

Another point of interest was observed in region 2. A number of
amino acid residues contained in the loop structure of region 2 differ be-
tween TNFR1 and TNFR2 (Fig. 2B). In the shorter loop of TNFR2 (resi-
dues Ser’® to Asp®"), there was a space between TNF and the receptor

Al B2

CRD1 (TNFR1) VEPQGKYIHPQNNSI-[--BTK-EHKGTYLYND--EPGPGODTDER 53
CRD1 (TNFR2)

TERLRE YYD-QTAQM-{- —ISK-HSPGQHAKVF--ITKTS-DTVED 54

CRD2 (TNFR1) ESESGSFTASENHLRHULSHSK-FRKEMGQVEISSETVDRDTV-E 96
CRD2 (TNFR2)

S?EDSTYTQLWNWVPECLSCGSRESSD——QVETQA?TREQNRI—C 96
| L | |
T

Al B2

CRD3 (TNFR1) GERKNQYRHYWS-ENLFQEFNESLELNGTVHLSE-QEKQNTVE 136

CRD3 (TNFR2) TERPGWYEALSKQEGIRLEAPLRKERPGFGVARPGTETSDVVEK 140
[ | 11 L ]
A2 B1
Al Q
r 4 L1 ]
CRD4 (TNFR1) TEHAGFFLRENEEVSESNEKKSLEETKLELPQIENVKG 175
CRD4 (TNFR2) PLI:APGT FSNTTSSTDI t:IR PHQILIINVVAIPGNASMDAV{% 178
TNFR1 Al B1
(PDB ID: 1ext)
C D

114 98

A1 module (TNFR1)

104 112
115 98

A2 module (TNFR2)

Fig. 2. Basic structure and folding of TNFR2 and TNFR1. (A) Structure of
the extracellular domain of TNFR2 in blue (PDB ID 3alg) and TNFR1 in red
(PDB ID 1ext). Disulfide linkages are shown as green spheres. For a com-
parison of the basic structures, we superimposed a crystal structure of un-
bound TNFR1 (CRD1 to CRD3 of PDB ID 1ext) (55) onto the structure of
TNFR2 (CRD1 to CRD3) with the SUPERPOSE program (67) in CCP4i. (B)
Alignment of the amino acid sequences of TNFR1 and TNFR2. A1, A2, B1,
B2, and C2 are the names of the module structures. Cysteine residues are
highlighted in green. Differences between the structures of TNFR1 and
TNFR2 (regions 1 and 2) are highlighted in orange. The amino acid se-
qguence alignment was performed with the ClustalW program (68). Abbre-
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viations for the amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (C) The A1 and A3 modules.
There are different modules in the CRD3 regions of TNFR1 and TNFR2. (D)
Ligand-binding interface of TNFR2. (E) Receptor binding interface of
TNFR1. To compare the binding interfaces, we superimposed a crystal
structure of TNFR1 complexed with LT-o. (CRD1 to CRD3 of PDB ID 1tnr)
onto the structure of TNFR2 (CRD1 to CRDS3) with the SUPERPOSE
program. The side chain of Glu'® is missing in the structure of TNFR1
(PDB ID fttnr). Structural differences between TNFR1 and TNFR2 (regions
1 and 2) are also highlighted by orange dashed circles.
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(PDB ID: 1tnr)

Fig. 3. Electrostatic surface potentials on the binding interfaces of TNFR2
and TNFR1. (A and B) Top view (A) and side view (B) of TNF-TNFR2
complexes (PDB ID 3alq). The TNF trimer is in green and the TNFR2 mono-
mer is in blue. The binding regions (regions 3 and 4) are highlighted by
orange, dashed circles. (C) Electrostatic surface potential of TNFR2. (D)

(Fig. 5C). By contrast, the longer loop structure of TNFR1 (residues
Arg”” to Gly®') was predicted to bind to TNF across a wide surface area
by van der Waals contacts (Fig. 5D). This interaction is also observed in
the structure of the LT-o-TNFR1 complex (23). These observations sug-
gest that the loop motif in TNFR1 could be a focal point for creating new
drugs that specifically inhibit the interaction between TNF and TNFR1.

A TNF-TNFR2 complex on the cell surface

Previous studies have confirmed that some members of the TNFR super-
family form a self-complex through their CRD1 (PLAD) regions at the
cell surface, which also suggests that stimulation by ligand of these assem-
blies is necessary for efficient signaling (32, 33). In the crystal structure of
the TNF-TNFR2 complex, however, the CRDI regions were separated
from each other by >30 A, which is too far to enable an interaction to
occur. This phenomenon is also observed in other TNF-TNFR complexes
(23, 26-29). These apparently contradictory observations suggest that the
binding of the TNF ligand induces a dynamic behavior in the TNFR self-
complex that may trigger signal initiation.

To understand the state of TNFR2 at the cell surface, we transfected
human embryonic kidney (HEK) 293T cells with plasmids encoding he-
magglutinin (HA)-tagged wild-type TNFR2 (HA-wtTNFR2), TNFR2
lacking its PLAD (HA-TNFR2APLAD), or TNFR2 lacking its intracel-
lular domain (HA-TNFR2ACD). To identify self-complexes formed through
PLAD-mediated interactions, we used the thiol-cleavable, membrane-
impermeant, chemical cross-linker 3,3’-dithiobis(sulfosuccinimidyl propi-
onate) (DTSSP), as described in a previous report (33). We performed
Western blotting analysis of purified membrane fractions with antibody

www.SCIENCESIGNALING.org

Electrostatic surface potential of TNFR1 (PDB ID 1tnr). Each electrostatic
surface potential was calculated with the GRASP program (69). Electro-
static charges (red indicates a negative charge, blue indicates a positive
charge) are shown between +8kgT, where kg is the Boltzmann constant
and T is the absolute temperature.

against HA to detect cross-linked, HA-tagged TNFR2 molecules. We ob-
served a band corresponding to monomeric TNFR2 with a molecular
mass of 65 kD (Fig. 6A, lanes 1 to 4). We also detected self-complexes
of TNFR2 in the absence of TNF with molecular sizes about two or three
times greater (130 or 195 kD) (Fig. 6A, lane 1), consistent with previous
reports (33). Furthermore, analysis with high-molecular mass markers
and a low-density polyacrylamide gel enabled us to identify a band of
TNFR2 with a molecular mass of >1000 kD in samples treated with
TNF (Fig. 6A, lane 2). These complexes were reduced to monomeric pro-
teins by cleaving the cross-linker with dithiothreitol (DTT) (Fig. 6A, lanes
3 and 4). A similar experiment with cells transfected with plasmid en-
coding HA-TNFR2APLAD revealed that the formation of TNFR2 self-
complexes in the presence and absence of TNF was inhibited by the
deletion of PLAD (Fig. 6A, lanes 5 and 6). In addition, treatment with
TNF did not induce a shift in the band corresponding to HA-TNFR2APLAD
(Fig. 6A, lane 6), suggesting that most of the TNF did not bind to TNFR2
without PLAD at the cell surface. A previous report showed that deletion
of the PLAD from TNFR1 markedly decreases the amount of TNF that
binds to cell surface TNFR1 (33). Thus, our result suggests that the bind-
ing of TNF to TNFR?2 is also disrupted by the deletion of the PLAD from
TNFR2. In experiments with cells transfected with plasmid encoding
HA-TNFR2ACD, we showed that this mutant TNFR could still form self-
complexes (Fig. 6A, lane 9); however, the band corresponding to HA-
TNFR2ACD did not shift upon treatment with TNF (Fig. 6A, lane 10).
These results suggest that self-complexes of TNFR2 are formed through
its PLAD on the surface of cells and that the stimulation of TNF was im-
portant for the formation of high-molecular mass aggregates of TNFR2.
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TNFR2-TNF TNFR1-TNF model

2Fobs -Fcalc map

Fig. 4. Difference in the mode of binding of TNF to TNFR1 and TNFR2. De-
tails of the ligand-receptor binding interfaces of TNF-TNFR are shown.
(A and D) 2Fys — Feac map of the TNF-TNFR2 complex contoured at 1.0 o.
(B and E) The TNF-TNFR2 complex. The predicted interaction between
R31 of TNF and the acidic surface of TNFR2 (consisting of D54, E57,
and E70) is shown as a green arrow. (C and F) The TNF-TNFR1 model
complex. To construct the TNF-TNFR1 model complex, we superimposed
the LT-a portion of the LT-a~TNFR1 complex (PDB ID 1tnr) (23) onto the
TNF portion of the TNF-TNFR2 structure. TNF is in green; TNFR1 is in red;
TNFR2 is in blue; the 2Fys — Feae Map is represented by the pink mesh.
Close contacts that are suggestive of potential hydrogen bonds are rep-
resented by yellow dashed lines.

We also analyzed the same samples by Western blotting with an an-
tibody against TNF (Fig. 6B). We observed high-molecular mass, TNF-
specific bands of >150 kD in samples containing HA-wtTNFR2 and
TNF (Fig. 6B, lane 14), but saw only monomeric TNF (17-kD band) un-
der reducing conditions (Fig. 6B, lane 16). This result suggests that TNF
molecules were contained in the aggregates of TNFR2 that we observed
earlier (Fig. 6A, lane 2). In similar experiments with cells containing HA-
TNFR2APLAD, we did not observe TNF-specific bands in any group
(Fig. 6B, lanes 17 to 20), indicating that TNF bound rarely to TNFR2APLAD,
as was predicted from our earlier results (Fig. 6A). These findings suggest
that TNF bound to the PLAD-dependent self-complex of TNFR2 and that
the PLAD was a key domain in forming a TNF-TNFR2 aggregate on the
cell surface. We could not observe TNF within the self-complex of HA-
TNFR2ACD (Fig. 6, A and B), indicating that the intracellular domain of
TNFR2 also played an important role in forming the TNF-TNFR2 ag-
gregate on the cell surface.

DISCUSSION

Here, we described the first crystal structure of the TNF-TNFR2 complex
at a resolution of 3.0 A. TNF formed a central homotrimer around which
were bound three TNFR2 molecules. This overall arrangement was similar

www.SCIENCESIGNALING.org

Region 2

TNFR2-TNF

TNFR1-TNF model

Fig. 5. TNF-TNFR complexes contain a molecular pocket. Difference in the
basic structures of TNFR1 and TNFR2. (A and C) The TNF-TNFR2 com-
plex. (B and D) The TNF-TNFR1 model complex, which was constructed
as described in Fig. 4. TNF is in green; TNFR1 is in red; TNFR2 is in blue.
The B strands of CRD2 and CRD3 are indicated by white text. The side
chain of GIu'® is missing in the structure of TNFR1 (PDB ID 1tnr). We ob-
served that a distinct molecular pocket was formed in (B) and (C), which is
highlighted by an orange dashed circle.

A B
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TNF -4+ —-+-4+-4+-+-+ TNF — - — -t -+ -+
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Fig. 6. Formation of TNF-TNFR2 aggregates on the cell surface. (A and
B) TNF-TNFR2 complexes in the plasma membrane of transfected HEK
293T cells were detected by Western blotting analysis with antibodies
against (A) the HA epitope and (B) TNF. This result was confirmed by
three independent experiments for each group. Predicted molecular
masses of related molecules are as follows: HA-wtTNFR2 monomer,
65 kD; HA-wtTNFR2 dimer, 130 kD; HA-wtTNFR2 trimer, 195 kD; TNF mono-
mer, 17 kD; TNF trimer, 51 kD; HA-TNFR2APLAD monomer, 60 kD; HA-
TNFR2ACD monomer, 25 kD.
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Fig. 7. Structural feasibility of a two-dimensional network model for the
initiation of signals through TNFR2. (A and B) Top views of (A) the dimer
model and (B) the trimer model of a two-dimensional network of TNFR2.
TNFR2 molecules can interact with each other through PLAD-PLAD in-
teractions (deep blue) at the cell surface. TNF trimers can bind around
the self-complex of TNFR2. The binding of TNF to TNFR2 may link it to

to those of other members of the TNF superfamily, including LT-o—TNFR1
(23), TRAIL-DRS (26-28), and OX40L-OX40 (29) (Fig. 3). However, our
determination of the crystal structure of TNFR2 revealed subtle differences
with that of TNFR1. The basic structure of TNFR2 differed from that of
TNFR1 mainly as a result of variation in the configuration of the folding
module. These structural differences altered the mode of ligand recogni-
tion of each receptor (Figs. 4 and 5). The results contribute to our under-
standing of how TNF is able to discriminate between the common binding
areas of these two different receptors. In addition, we have already created
many mutant TNFs that exhibit different receptor selectivities (39, 46, 50, 51).
The structures of these mutants and TNF-TNFR complexes are poten-
tially useful to analyze “consensus” information that is essential for the
TNF-TNEFR interaction (52). Such information will be useful in the future
for enhancing accuracy in the rational design of new drugs, such as TNFR-
selective inhibitors.

We also revealed the formation of an aggregate of TNFR2 on the cell
surface (Fig. 6). These aggregates contained both TNF and TNFR2, which
indicated that an aggregate of TNF-TNFR2 complexes (>1000 kD) was
present on the cell surface. This result was observed in cells transfected to
express TNFR2 at the surface and needs to be confirmed by another ex-
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other TNFR2 self-complexes through alternative binding sites, which
could result in the formation of a two-dimensional TNF-TNFR2 network.
TNF-TNFR2 networks in the dimer and trimer models would maintain six-
and threefold symmetry, respectively. These arrangements of TNF-
TNFR2 complexes appear to be structurally realistic in both models.
The extracellular domain of TNFR2 is in blue and TNF is in green.

perimental method in primary cells in the future. However, the importance
of such TNF-TNFR2 aggregates in the initiation of TNFR signaling can
also be predicted from a previous report on TNF heterotrimers that con-
tained inactive, mutant TNF molecules that acted as dominant-negative
TNF because of their lack of trivalent binding potency (53).

The HA-TNFR2ACD mutant formed a self-complex, but not an aggre-
gate of TNF and TNFR2. Because the structure of the intracellular domain
of TNFR?2 is still unknown, we are unable to discuss the implications of
these findings in detail. Nonetheless, we can speculate that the arrangement
of the intracellular domain of TNFR2 might be important for the formation
of aggregates of TNF and TNFR2 on the cell surface. Our deletion ex-
periment with HA-TNFR2APLAD indicated that the TNFR2 self-complex
forms through PLAD-PLAD interactions, resulting in generation of the TNF-
TNFR2 aggregate; however, despite the possibility of the formation of the
TNF-TNFR2 complex through PLAD-mediated interactions, we observed
that the PLADs of each TNFR2 were dissociated in the crystal structure
(Fig. 3). To resolve this apparent contradiction in TNF-mediated signal ini-
tiation, we used a structure-based hypothesis based on information concern-
ing our observation of TNF-TNFR2 aggregates of >1000 kD and the crystal
structure of TNFR2.
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