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Tumour necrosis factor (TNF) is an important cytokine that induces an inflammatory
response predominantly through the TNF receptor-1 (TNFR1). A crucial strategy for
the treatment of many autoimmune diseases, therefore, is to block the binding of
TNF to TNFR1. We previously identified a TNFRI1-selective antagonistic mutant
TNF (RlantTNF) from a phage library containing six randomized amino acid resi-
dues at the receptor-binding site (amino acids 84-89). Two RlantTNF's, RlantTNF-T2
(A84S, V85T, S86T, Y87H, Q88N and T89Q) and R1antTNF-T8 (A84T, V85P, S86A, Y871,
Q88N and T89R), were successfully isolated from this library. Here, we analysed
R1antTNF-T8 using surface plasmon resonance spectroscopy and X-ray crystallogra-
phy to determine the mechanism underlying the antagonistic activity of RlantTNF.
The kinetic association/dissociation parameters of RlantTNF-T8 were higher than
those of wild-type TNF, indicating more rapid bond dissociation. X-ray crystallo-
graphic analysis suggested that the binding mode of the T89R mutation changed
from a hydrophobic to an electrostatic interaction, which may be responsible for
the antagonistic behaviour of RlantTNF. Knowledge of these structure-function rela-
tionships will facilitate the design of novel TNF inhibitors based on the cytokine
structure.

Key words: antagonistic activity, mutant, structure-function relationship, tumour

necrosis factor (TNF), X-ray crystallography.

Tumour necrosis factor (TNF) is an important immunity-
modulating cytokine that is required for human body’s
defence against infectious diseases and carcinogenesis
(I1). Excess TNF, however, causes various autoimmune
diseases, such as rheumatoid arthritis, Crohn’s disease
and ulcerative colitis. Anti-TNF antibodies and soluble
TNF receptors (TNFR), which interfere with the activity
of TNF, are currently used to treat various inflammatory
diseases (2-4). Unfortunately, however, because these
therapies also inhibit the TNF-host defence function of
the patients, they can cause serious side effects, such as
bacterial and viral infection, lymphoma development and
lupus inflammatory disease (5-7). TNF-blockade in
patients with multiple sclerosis can aggravate their
symptoms (8). TNF exerts its biologic functions by bind-
ing to two receptor subtypes, p55 TNFR (TNFR1) and
p75 TNFR (TNFR2) (9). Many autoimmune diseases
related to TNF are triggered by the activation of
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TNFR1, therefore selective TNFR1 blockade may be a
useful therapeutic strategy (10). Towards this aim, we
previously isolated a TNFR1-selective antagonistic TNF
mutant (R1antTNF) using a phage display system (11).

In our previous report, we constructed a phage library
that displays structural variants of the human TNF in
which random amino acids were exchanged for the six
residues (amino acids 84-89) predicted to be in the
TNF receptor-binding site based on the crystal structure
of the lymphotoxin-o (LT-o)-TNFR1 complex (12). To iso-
late a TNFR1-selective mutant TNF antagonist, the
phage library, comprising 1x 107 independent clones,
was subjected to two rounds of affinity panning against
the human TNFR1 (hTNFR1). Although many of the iso-
lated phage clones induced strong cytotoxicity, some
phage clones had almost no cytotoxicity but still had a
significant affinity for TNFR1. These non-toxic antago-
nist candidates (10 clones) were assessed further. The
bioactivities and antagonistic activities of recombinant
candidates expressed in Escherichia coli were measured
using the highly TNF-sensitive tumorigenic murine fibro-
blast cells, L-M cells. Clones T2, T6, T7 and T8 did
not activate TNFR1, even when tested at high
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Fig. 1. Sequence alignment of RlantTNFs and wtTNF.
R1antTNF-T8 and R1antTNF-T2 were created using a phage dis-
play system based on a previously reported Lys-deficient TNF
mutant (mutTNF Lys(-); K11M, K65S, K90P, K98R, K112N

concentrations, whereas clones T2, T7 and T8 efficiently
inhibited wild-type (wt) TNF-induced -cytotoxicity.
Furthermore, clones T2 and T8 did not bind to TNFR2,
suggesting that they were TNFR1-selective antagonists
with no bioactivity or affinity for TNFR2. Clones T2
and T8 were renamed R1antTNF-T2 and R1antTNF-T8,
respectively, and their sequences are shown in Fig. 1.

As wtTNF converts to an antagonistic TNF by
mutation of only six residues, an analysis of the struc-
ture—function relationship of RlantTNF will provide
important information for the design of artificial TNF
inhibitors. Our previous X-ray crystallography and
kinetic analysis of the mechanism of antagonism by
R1antTNF-T2 suggest that RlantTNF-T2 has higher
association/dissociation parameters for TNFR1 binding,
despite its similar overall structure to wtTNF (11).
Based on this finding, we hypothesized that the rapid
dissociation of R1antTNF-T2 did not allow for the initia-
tion of an adequate TNFR1 signal.

Here, we show the crystal structure and kinetic prop-
erties of another antagonistic TNF, R1lantTNF-T8, to
support this hypothesis. An understanding of the struc-
ture and function of these RlantTNFs, combined with
bioinformatics techniques may potentially lead to the
design of a functional protein, peptide or peptide mimic
that will accelerate the development of novel therapeutic
strategies against disease-related proteins, such as TNF.

MATERIALS AND METHODS

Expression and Purification of TNFs—The protocol
for the expression and purification of recombinant pro-
tein used was the same as that described previously
(13, 14). Briefly, TNFs were produced in the E. coli
BL21 (DE3) strain. The inclusion body of each TNF
mutant was washed in Triton X-100 and solubilized in
6M guanidine-HCI, 0.1 M Tris—HCI, pH 8.0 and 2mM
EDTA. Solubilized protein at 10mg/ml was reduced
with 10 mg/ml dithioerythritol for 4h at room tempera-
ture and refolded by 100-fold dilution in a refolding
buffer [100mM Tris—HCI, 2mM EDTA, 0.5M arginine
and oxidized glutathione (551 mg/l)]. After dialysis
with 20mM Tris—HCI, pH 7.4, containing 100 mM urea,
active trimeric proteins were purified by ion exchange

and K128P) (14). mutTNF Lys(—) retained full bioactivity and
affinity to TNFR. R1lantTNFs were mutated in residues 84-89
(underlined), the receptor binding loop. The secondary structure
is shown below the TNF sequence (B-sheet; arrow, loop; line).

chromatography using Q-Sepharose FF (GE Healthcare
Ltd). Size-exclusion chromatography was performed
using a Superose 12 column (GE Healthcare Ltd).
Endotoxin levels of purified TNF mutants were less
than 300 pg/mg.

Kinetic Analysis Using Surface Plasmon Resonance
(SPR)—The binding kinetics of TNFs was analysed
using the BIAcore 3000 SPR system (GE Healthcare
Ltd). Human TNFR1-F¢ (hTNFR1) and mouse
TNFR1-Fc (mTNFR1; ALEXIS Corporation, Switzerland)
were immobilized on a CM5 sensor chip, resulting in an
increase of 3000—5000 resonance units. During the asso-
ciation phase, TNF mutants or wtTNF diluted in the
running buffer (HBS-EP) at 78.4nM, 26.1nM or 8.7nM
were individually passed over the immobilized TNFR at
a flow rate of 20 ul/min. During the dissociation phase,
the HBS-EP buffer was applied to the sensor chip at a
flow rate of 20ul/min. The data were analysed with
BIAEVALUATION 3.0 software (GE Healthcare Ltd)
using a 1:1 binding model.

Crystallization—Purified R1antTNF-T8 was concen-
trated to 10mg/ml in 20mM Tris—-HCl pH 7.4. Initial
screening using a Hampton Crystal Screen 1-2 and
Crystal Screen Lite kit (Hampton Research Corporation,
Aliso Viejo, CA) was performed using the vapour-
diffusion method with hanging drops at 293 K. Drops
consisting of 1 ul protein solution (10 mg/ml) and 1 pl res-
ervoir solution were equilibrated against 250 ul reservoir
solution in a 24-well VDX™ Plate (Hampton Research
Corp.) Micro crystals were obtained with reservoir solu-
tion containing 18% PEGgggy, 0.2M calcium acetate
hydrate and 0.1 M sodium cacodylate pH 6.5. Reservoir
solutions of PEG length and concentration were opti-
mized. The final condition was determined with 1pl
of 10mg/ml protein solution and 1pl of reservoir solu-
tion containing 15% PEGi509, 0.2M calcium acetate
hydrate and 0.1 M sodium cacodylate pH 6.5. Typical
dimensions of the crystals used for data collection were
0.6 x 0.3 x 0.3 (mm®).

Data Collection and Refinement—X-ray diffraction
experiments were performed at BL41XU of the large syn-
chrotron radiation facility, SPring-8, in Harima, Japan.
A cryoprotectant solution consisting of 15% PEG15o,
0.2M calcium acetate hydrate, 20% glycerol and 0.1 M
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Table 1. Crystallographic parameters and refinement
statistics of the R1-6 crystal.

Data collectign
Resolution (A)

55.7-2.80 (2.90-2.80)
Cell constants (A)* 49.57,111.33,75.38
Space group P2,2,2,
Measured reflections 36,333
Unique reflections 10,337 (930)

Completeness (%) 92.9 (85.6)
Ruerge (%) 0.244 (0.530)
/o (/) 36.4 (3.16)
Refinement statistics
Resolutions (A) 50.0-2.80
Reflections used 9762
Reryst (%)° 0.269
Riree (%) 0.309
Completeness (%) 90.4
Atoms
Protein; water 3312; 7
RMSD from ideal
Bond lengths (A); bond angles (°) 0.0124; 1.90
B-factor r.m.s. deviation (A2)
Main-chain bonds; side-chain 2.18; 2.58
Main-chain angles; side-chain 4.01; 4.43
Ramachandran plot statistics
Most favoured regions (%) 75.8
Additionally allowed regions (%) 21.4
Generously allowed regions (%) 2.8
Disallowed regions (%) 0.0

Values in parentheses are those for the outer shell. “Cell constants are
a, b and c. mecrgc. Y|[-<I>|/X<I>, where I is intensity of the
observations. “Reryst. Z||Fol|—|Fe||/Z|F,|, where F, and F. are the
observed and calculated structure factors, respectively. dRﬁee is calcu-
lated as for Ry, but for the test set comprising reflections not used
in refinement.

sodium cacodylate pH 6.5 was added to each crystalliza-
tion drop. The crystals were then mounted in nylon loops
(Hampton Research Corp.) and flash-cooled in a nitrogen
stream at 95 K. Diffraction data were collected in 1.0°
oscillation steps and the crystal diffracted X-rays to a
2.8 A resolution. The data set was processed and scaled
using the program HKL2000 (15). The crystals belonged
to space group P2;2,2;, with unit-cell parameters
a=49.6, b=111.3 and ¢=75.4A. Molecular replacement
was performed by the Molrep Program in ccp4i (16)
using a crystal structure of the wtTNF (1TNF) (17) as
a search model. Cycles of manual rebuilding using the O
program (I18) and refinement using the CNS program
(19) led to a refined structure. Final model validation
was performed using the Procheck Program in ccp4i.
Results of the model validation using the Procheck pro-
gram were as follows: 75.8% residues in the most
favoured regions; 21.4% residues in the additional
allowed regions; 2.8% residues in the generously allowed
regions and 0.0% residues in the disallowed regions. The
data collection and refinement statistics are shown in
Table 1. The model complexes of TNF-TNFR1 and
R1antTNF-T8-TNFR1 were constructed based on the
crystal structure of the LT-o—TNFR1 complex (I12)
using the superimposing program in ccp4i.
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Table 2. Kinetic parameters of wtTNF and RlantTNF-T8:
affinity to human TNFRI (upper panel) and affinity to
mouse TNFRI (lower panel).

wtTNF R1antTNF-T8
Human TNFR1-Fc¢

Fon® (x 10*M 1871 4.46 85.30
Eott® (x 107°S71) 8.17 81.90
Kp® (x107°M) 1.76 0.96
Mouse TNFR1-Fe

K,.* (x10°m~'S™h 1.30 5.61
Foit® (x 1076871 1.06 273.67
KpS(x 10711 M) 0.08 0.48

3Association rate constant. PDissociation rate constant. “Equilibrium
dissociation constant (kop/kon). Each value was calculated by
BIAcore 3000 and BIA evaluation 3.0 software.

RESULTS

Kinetic Analysis of RlantTNF-T8 Using SPR—The
kinetic properties of RlantTNF-T8 were compared to
those of hTNFR1 and mTNFR1 using the BIAcore 3000
SPR system (Table 2). The dissociation constant (Kp) of
R1antTNF-T8 binding to hTNFR1 was similar to that of
the wtTNF, although R1lantTNF-T8 had no bioactivity
through activation of TNFR1, as described previously
(11). The dissociation Kkinetic constants (k) of
R1antTNF-T8 for the human and mouse TNFR1 Fc
(hTNFR1: 81.9x 10 *s™', mTNFR1: 273.7x10 *s™h
were clearly higher than those of wtTNF (hTNFRI1:
8.17x 107*s™!, mTNFR1: 1.06 x 10~*s™1). Interestingly,
they were also higher than those of RlantTNF-T2
(hTNFR1: 28.7 x 10~*s™1, mTNFR1: 96.6 x 10~*s™!) pre-
viously described (11). The association kinetic constants
(ko) of R1antTNF for hTNFR1 and mTNFR1 were also
higher than those of wtTNF.

R1antTNF-T8 Structure—The overall structures of the
R1antTNF-T8 (PDB code: 2ZPX) and wtTNF (PDB code:
1TNF) trimers were similar and superimposed with a
root mean square deviation (rmsd) of 1.08 A for 420 Co
atoms (Fig. 2a). The structure of each monomer of
R1antTNF-T8 was similar (rmsd 0.43-0.59 for 140 Co
atoms), as is the case for the wtTNF trimer (17). This
structural property is similar to that of RlantTNF-T2
(Fig. 2b). In addition, the overall structures of
R1antTNF-T8 and R1antTNF-T2 are similar with an
rmsd of 0.89A for 420 Co atoms, suggesting that the
common structure of the two RlantTNFs may be an
important feature for their antagonistic TNF activity.

It is believed that TNF signalling is initiated by the
formation of a complex with three TNFR on the cell sur-
face. However, R1lantTNFs cannot trigger TNF signal-
retaining binding affinity to TNFR1 (Table 2) (11). This
finding supports the idea that the shared structural/
kinetic  properties  between  RlantTNF-T8 and
R1antTNF-T2 underlie their TNF antagonistic activity.

DISCUSSION

Kinetic analysis and X-ray crystallography studies of
R1antTNF-T8, a TNFR1-selective antagonistic TNF
mutant, were performed to determine the mechanism of
its antagonistic activity. We previously reported that
RlantTNFs have unique properties in that it does not
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Fig. 2. Overall structure of wtTNF, RlantTNF-T8 and
R1antTNF-T2. (a) Merged image of previously reported
wtTNF structure (grey, 1TNF) and refined R1antTNF-T8 struc-
ture (green, 2ZPX). (b) Merged image of wtTNF structure (grey,
1TNF) and RlantTNF-T2 (blue, 2E7A). The flexible loop con-
taining residues 102-110 shown at the bottom of the figure
was disordered in the RlantTNF structures. Superimposition
of the structures of the wtTNF and RlantTNF was performed
using the ccp4i program.

activate TNFR1 despite binding to TNFR1 (11). This
property allows the mutant TNF to selectively inhibit
the TNFR1 signal, which may lead to the design of an
effective anti-inflammatory therapy with fewer side

Y. Mukai et al.

effects (20). The elucidation of this mechanism will pro-
vide useful information for creating novel artificial
mutant proteins and inhibitors.

Kinetic analysis of R1antTNF-T8 by SPR indicated
that the association and dissociation kinetics are consid-
erably higher than those of wtTNF, indicating that
wtTNF and R1antTNF-T8 have different binding pat-
terns. Similar result was also obtained in the case
of RlantTNF-T2 (11), which suggest that the two
R1antTNFs interact with TNFR1 by rapid, repetitive
binding and dissociation, and have a binding mode dif-
ferent from that of wtTNF. In addition, the overall struc-
ture of R1antTNF-T8 is similar to that of wtTNF and
R1antTNF-T2. The structure suggests that RlantTNFs
are able to form the TNF-TNFR1 complex for signal ini-
tiation without inducing a signal (Fig. 3a) and indicates
that RlantTNFs have a different binding mode to
TNFR1, an idea supported by their rapid kinetic proper-
ties. Because biologically active wtTNF and mutTNF
Lys(—) do not show these rapid kinetics, this may be
the specific underlying mechanism of the antagonistic
activity of RlantTNFs.

To further evaluate the binding pattern, TNF-TNFR1
docking simulation was performed by superimposition.
From the model complex of wtTNF-TNFR1, Tyr87 of
wtTNF, an essential residue for TNFR1 binding (21),
was buried in a molecular hydrophobic ‘pocket’ of
TNFR1 in which the receptor residues Leu67 and
Leu71 are located (Fig. 3b). Tyr87 in R1antTNF-T8 and
R1antTNF-T2 was used to replace other amino acids
(Ile87 and His87, respectively; Fig. 3c and d). The struc-
tural simulation revealed that Arg89 of RlantTNF-T8
and His87 of R1antTNF-T2 interacted with the relatively
negatively charged Ser63 and Asn65 on the TNFR1 sur-
face, which may account for the difference in the associ-
ation mode compared to wtTNF (Fig. 3c and d). The
change from a hydrophobic interaction (Y87) to an elec-
trostatic interaction (Y87H and Y87I/T89R) could cause
the unstable, rapid TNFR1 binding pattern that is
common to both RlantTNFs.

Furthermore, it is also interesting that the position of
a key mutational residue is different in each RlantTNF
(Arg89 of R1antTNF-T8 and His87 of R1antTNF-T2). It
is thought that we successfully isolated these different
RlantTNFs because we used the combinatorial phage
library of six randomized amino acids (residues 84—89).
From this result, we can also reconfirm that phage dis-
play is a powerful tool for isolating mutant proteins that
are difficult to design using traditional point mutation
methods (11, 14, 22).

The fact that the rapid binding pattern of these TNF
mutants influenced their signal transduction function
will be useful for designing artificial drugs and develop-
ing more precise tools for basic research. This report also
suggested that the fusion of bioinformatics and kinetic/
structural analyses would enhance the development of
various therapeutic molecules.

FUNDING

Research for Promoting Technological Seeds (No. 11-067)
from the Japan Science and Technology Agency (J.S.T.);

J. Biochem.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Structure and Kinetic Analysis of Antagonistic TNF

(a) (b)

171

(d)

Fig. 3. Predicted binding model of RlantTNF and TNFRI1.
(a) Model complex of R1antTNF-T8 (2ZPX; green cartoon) and
TNFR1 (red cartoon) on the cell surface. This complex was
built with the Superpose application of the ccp4i program using
the LT-o—~TNFR1 complex (1TNR). Receptor-binding interfaces
corresponding to Fig. 3b—e are indicated by the black square.
Mutated residues (amino acids at positions 84-89) are shown as
red spheres. (b—d) Receptor-binding interfaces of (b) wtTNF-
TNFR1 (grey-red), (¢) R1lantTNF-T8-TNFR1 (green-red) and
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