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Abstract—Orthopoxviral genomes bear genes for a series of homologous secreted proteins binding tumor
necrosis factor (TNF). Orthopoxvirus species have different sets of these proteins. Variola virus has only one
protein of this series, CrmB. Although CrmB protein sequences are similar to each other, their physicochem-
ical and biological properties show certain species-specific features. We constructed 3D models of complexes
formed by TNF-binding domains of variola and cowpox viruses with murine and human TNFs. We also con-
structed corresponding models with a mutant human TNE In this mutant TNF, the arginine residue at posi-
tion 31 involved in receptor binding was replaced by glutamine, characteristic of murine TNE Analysis of the
models showed that the least stable complex should be that formed by cowpox virus CrmB with human TNF,
and the Arg31/Gln substitution should significantly stabilize the interaction between cowpox CrmB and
mutant human TNE Experimental comparison of the abilities of recombinant variola and cowpox CrmB
proteins to inhibit the cytotoxic action of TNFs confirmed the predictions.
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Proteins belonging to the families of TNF ligands
and receptors are key regulators of cell development,
proliferation, viability, and differentiation. They also
orchestrate innate and antigen-specific responses of
the immune system [1, 2]. At present, over 40 mem-
bers of the TNF receptor family are known [2]. Most
of them are transmembrane proteins of type I, whose
extracellular fragments interact with ligands of the
TNF family and intracellular domains support signal
transduction by interacting with appropriate adaptor
proteins [1, 2]. Although the amino acid sequences of
proteins belonging to TNF receptors show low degrees
of similarity (20—34%) [3], their TNF-binding domains
have similar 3D structures. A characteristic feature of
these proteins is the presence of one to six cysteine-rich
domains (CRDs), pseudo repeats of approximately 40 aa
in length. Typically, a TNF receptor protein (TNFR) has
three or four such domains. Examples are TNFR I and
TNFR II. The CRD boundaries are determined by
intramolecular disulfide bridges between conservative
cysteine residues [2]. The complexes of TNFRs and their
ligands are heterohexamers, where three receptor mole-

Abbreviations: CPXV, cowpox virus; CRD, cysteine-rich domain;
Crm, cytokine response modifier; h, human, LT, lymphotoxin; mh,
mutant human; mu, murine; TNE tumor necrosis factor; TNFR 1
and TNFR 11, cellular TNF receptors of types I and I1; VACYV, vac-
cinia virus; VARY, variola virus; OD, optical density.

cules are bound to the homotrimeric ligand molecule.
Each receptor molecule is adjacent to two ligand mole-
cules, being located in a groove between them, but does
not interact with other receptor molecules in the com-
plex. The amino acids involved in ligand binding belong
mainly to loop 50, located in CRD2, and to loop 90,
located in CRD3[1, 4].

Homologs of cellular TNF receptors encoded by
orthopoxviruses have been described. They are soluble
TNF-binding proteins: CrmB, CrmC, CrmD, and
CrmE. Large quantities of these proteins are secreted
by infected cells [5—8]. Different orthopoxviruses have
different sets of TNF-binding proteins [9]. Cowpox
virus (CPXV) has the greatest number of such pro-
teins. Variola virus (VARYV), of the same family, has
only CrmB. It has been shown that poxviral TNF-
binding proteins are important virulence factors,
because viruses lacking the corresponding genes are
attenuated to a marked extent [10, 11].

Elevated TNF expression is one of the factors
determining the development of severe chronic
inflammatory and/or autoimmune diseases in
humans: rheumatoid arthritis, Crohn’s disease, psori-
asis, psoriatic arthropathy, etc. Anti-TNF therapy is
successfully used to treat these diseases [12—15]. Study
of the molecular bases of the interaction between
orthopoxviral TNF-binding proteins and their cellular
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ligands is essential for understanding their biologic
action. It can provide grounds for the development of
new anti-TNF pharmaceuticals on the basis of these
viral proteins. The main source of knowledge of recep-
tor—ligand interactions is the 3D structure of their com-
plexes. As the structures of CrmB proteins and their com-
plexes with TNFs are unknown, we can approach to the
solution of the problem by constructing models of such
structures on the basis of structures of other TNF recep-
tor proteins and their complexes with ligands obtained by
X-ray structural analysis [16—18].

Here, we present our predictions of the efficiency
of binding of murine (mu) and human (h) TNFs and
some mutant human TNF forms (mhTNFs) to
VARV-CrmB and CPXV-CrmB proteins on the basis
of models of quaternary structures of the correspond-
ing receptor—ligand complexes. The results of experi-
mental verification of these predictions by in vitro
comparison of the inhibiting action of these TNF-
binding proteins on the cytotoxic effects of various
TNPFs are also presented.

EXPERIMENTAL

Materials. Plates (96-well) were purchased from
Orange Scientific (United States); Grace’s medium, anti-
biotics, and L-glutamine were from Gibco/BRL; and fetal
calf serum was from BIOLOT (St. Petersburg, Russia).
DMEM medium was manufactured by Vector (Koltsovo,
Russia). Recombinant hTNF (6 x 107 U/mg) was kindly
provided by Yu.N. Kozlova (Institute of Chemical Biology
and Fundamental Medicine, Novosibirsk, Russia). Murine
TNF (3 x 107 U/mg) [19] and muteins mhTNF(R31Q)
(2 x 107 U/mg) [20] and mhTNF(E127Q) (7 x 10° U/mg)
were isolated from the corresponding producer strains as
described in [21]. Recombinant plasmid DNA encoding
the mhTNF(E127Q) mutein was kindly provided by
L.N. Shingareva (Shemyakin and Ovchinnikov Institute of
Bioorganic Chemistry, Moscow, Russia). VARV-CrmB
and CPXV-CrmB proteins had been obtained in our previ-
ous studies [19].

Cells. Experiments were performed with 1.929
murine fibroblast line stored in the cell culture collec-
tion at Vector. The cells were grown in DMEM with
2mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin at 5% CO, and 37°C.

In vitro assay of the biologic activity of CrmB pro-
teins. The activity of CrmB proteins was determined
from their ability to inhibit the cytotoxic action of
TNF on L929 murine fibroblast cells as described in
[19]. The results are expressed as percentage of surviv-
ing cells in comparison with control samples without
cytokines. Each measurement was done in triplicate,
and the mean survival rate was calculated as:

(OD1NE + cim — ODnp)/(ODs— ODpyp) % 100%.

Optical density was measured with a Microplate
Reader ELx808 (BIO-TEK Instruments, Inc., United
States) at the wavelength 550 nm.
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Modeling of the structure of TNF receptor domains
of VARV-CrmB and CPXV-CrmB proteins and their
complexes with muTNF, hTNF, and mhTNF. The
modeling with Modeller software was based on the
structure of the CrmE TNF-binding protein of vac-
cinia virus (VACV) (PDB ID:2UWI) [22]. The models
of ligand—receptor complexes of VARV CrmB and
CPXV CrmB with hTNE mhTNE and muTNF were
obtained by superposition of the receptor and ligand
structures onto the structure of the complex formed by
human TNFR I (p55) with the lymphotoxin homotri-
mer (LT) (PDB ID: ITNR). The structures of hTNF
(PDB ID: ITNF) or muTNF (PDB ID: 2TNF) were
taken as ligands. The mhTNF structures possessing
amino acid substitutions were obtained with NOC
software [23] by means of introduction of correspond-
ing mutations to the /TNF sequence followed by local
energy minimization. The energy minimization of the
models was performed with NOC with an AMBER
2003 force field [24] or with FoldX software [25].

Analysis of models of ligand—receptor complexes.
The adequacy of the models was assessed with
ProCheck software [26]. The difference between the
relative accessibilities of amino acid residues in soluble
VARV- and CPXV-CrmB proteins and in the same
proteins associated with various ligands, as well as the
areas of contact with ligands were determined with
NOC. The complementarity of the surfaces of mole-
cules involved in the interaction was determined with
SC program [27] integrated into the CCP4 package
[28]. Data on the contacting amino acid residues of
the receptor and ligand molecules were obtained with
Biopython software [29]. Amino acids were consid-
ered contacting if the distance between the members
of any pair of heavy atoms was no more than 4.2 A.
Additional contacting residues were determined as
those whose Cgz atoms were no more than 8 A apart.
The stability of the complexes was assessed by using
the amino acid contact potential matrix BETM990101
[30]. Additional prediction of the stability of ligand—
receptor complexes was obtained with FoldX. All pro-
grams for automated analysis and data processing were
written in Python (http://python.org).

RESULTS AND DISCUSSION

The construction of our models was based on the
structure of the VACV-CrmE TNF-binding protein,
which is the closest homolog of the CrmB proteins
studied in our work [18]. The similarity between the
amino acid sequences of the TNF receptor domains of
the CrmE and orthopoxviral CrmB proteins is approx-
imately 50%. The accession code of CrmE in PDB is
2UWI. Like mammalian TNF receptors, the TNF-
binding domain of orthopoxviral CrmB proteins con-
sists of tandemly arranged CRDs, each containing two
structural units with one or two disulfide bridges. The
units are conventionally named A and B with regard to
topology. With regard to the number of disulfide
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VARV-CrmB 32 CKDT-EY---KRHNLCCLSCPPGTYASRLC-DSKT--NTQCTP
CPXV-CrmB 32 CKDN-EY---NRHNLCCLSCPPGTYASRLC-DSKTNTNTQCTP
VACV-CrmE 22 CEQGVSY-YNSQELKCCKLCKPGTYSDHRC-DKYS--DTICGH

hTNFRII 40 CPLR-EY-YDQTAQMCCSKCSPGQHAKVFC-TKTS--DTVEDS
hTNFRI 44 CPQG-KYIHPONNSICCTKCHKGTYLYNDCPGPGQ--DTDCRE
1 ) /
CRD?2
Al B2
70 * 90 *

VARV-CrmB 68 CGSGTFTSRNNHLPACLSCNGRCNSN--QVETRSCNTTHNRICE
CPXV-CrmB 70 €CGSGTFTSRNNHLPACLSCNGRCDSN--QVETRSCNTTHNRICE
VACV-CrmE 61 CPSDTFTSIYNRSPWCHSCREPCGTN--RVEVTPCTPTTNRICH
hTNFRII 78 CEDSTN TQLWNWVPECLSCGYRESSD--QVETQACTREQNRICT

hTNFRI 84 CESGSETASENHLRHCLSCSK-CRKEMGQVEISSCTVDRDTVEG
— \ J J
CRD 3
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130 150

VARV-CrmB 110 CSPGYNCLLKGSSG-CRACVSQTKCGIGYGVS—-GHTSVGDVIC
CPXV-CrmB 112 CAPGY[YCLLKGSSG-CKACVSQTKCGIGYGVS-GHTSTGDVVE
VACV-CrmE 103 CDSNS[YCLLKASDGNCVTCAPKTKCGRGYGKK-GEDEMGNTIC

hTNFRII 120 CRPGWYCALSKQEG-CRLCAPLRKCRPGFGVARPGTETSDVVC
hTNFRI 127 CRKNQYRHYWSENL--FQCFNCSLCLNGTVHLSCQEKQ-NTVC
g N J j Nl J

Fig. 1. Alignment of the TNF receptor domains of the VARV-CrmB and CPXV-CrmE proteins with human TNFR I and TNFR
1T and the 3D structure of the TNF receptor domain of VARV-CrmB. (a) Alignment of the sequences of cysteine-rich domains
(CRD1-3). Units Al and B1 form the CRD1 and CRD2 units of the proteins under consideration. The cysteine-rich domains of
human CrmB, CrmE, and TNFR II are built of A2 and B2. In TNFR I, CRD3 contain Al and B2. Boxes indicate binding sites:
loops 50 and 90. Conservative cysteine residues are shown in boldface with gray filling. Brackets indicate disulfide bridges.
(b) Band model of the 3D structure of the TNF receptor domain in VARV-CrmB (CRD1-3). Elements of the secondary structure
are shown. The image was constructed with PyMOL [42]. Data reported in [18] are invoked.

bridges within the unit, they are named Al, A2 and
B1, B2 [4, 18]. Alignment of the amino acid sequences
of CRD1-CRD3 of the proteins VARV-CrmB,
CPXV-CrmB, VACV-CrmE, and human TNFRs of
types I and II shows that the CRD3 of the CrmB pro-
tein, as well as in CrmE and TNFR 11, consists of Al1—
B2 units (Fig. 1a), unlike TNFR I, whose receptor
domain includes A1—B2 (CRD1), A1-B2 (CRD2),
and A2—B1 (CRD3). Thus, CrmE, like CrmB, is
closer to TNFR II than to TNFR I, and it is the best
prototype for the model of TNF-receptor domains of
CrmB proteins.

We applied the Modeller program [22], commonly
used for modeling 3D structures of proteins on the
basis of their similarity, to the construction of models
of TNF receptor domains of the CrmB proteins from
VARV (Fig. 1b) and CPXV. Check of these models
with ProCheck software confirmed their satisfactory
adequacy [26]. The models of VARV-CrmB and
CPXV-CrmB differ little. The root mean square devi-
ation (RMSD) between the centers of their Cg atoms
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is approximately 0.98 A. The mean RMSD value in the
comparison of coordinates of all heavy atoms is 1.6 A.

It appears that CrmB associated with TNF has a
structure typical of complexes of TNF receptor pro-
teins with their ligands: the homotrimeric upturned
bell-shaped ligand (TNF) molecule interacts with
three receptor (CrmB) molecules located in grooves
between ligand subunits. Each CrmB molecule is
linked to two TNF subunits but does not interact with
other CrmB molecules. The models of ligand—recep-
tor complexes were obtained by superposition of the
structures of CrmB (VARYV or CPXV) and the TNF
homotrimer (WTNF or muTNF) onto the structure of
the complex of TNFR I with the LT homotrimer
(PDB ID: ITNR). The structures of hTNF (PDB ID:
ITNF) or muTNF (PDB ID: 2TNF) were taken as
ligands. The following models were obtained: VARV-
CrmB + hTNE VARV-CrmB + muTNF, CPXV-
CrmB + hTNE and CPXV-CrmB + muTNE The
model of the 3D structure of VARV-CrmB + hTNF is
shown in Fig. 2 as an example.
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Fig. 2. The heterohexameric complex formed by the hTNF homotrimer bound to three VARV-CrmB molecules. Only TNF
receptor domains are shown. The TNF homotrimer, shown in gray, has the shape of an upturned bell. Oblong CrmB molecules
(dark-gray) are located in grooves between TN F subunits. Each receptor molecule is adjacent to two TNF molecules but does not
interact with other receptor molecules. The band models shown in the figure illustrate secondary structure elements of TNF and
TNF receptor domains of CrmB. The image was constructed with PyMOL [42].

To predict the stability of the ligand—receptor com-
plexes CrmB + TNE, we extracted information on
contacting amino acid residues of the receptor chain
(single CrmB molecule) and the homotrimeric ligand
from the models constructed with BioPDB [31].
Amino acid residues were considered contacting if the
distance between members of at least one heavy atom
pair did not exceed 4.2 A [32]. We also determined
contacting amino acids from the distance between
their Cg atoms. For glycine residues, coordinates of
their C,atoms were considered. In this method, resi-
dues were considered contacting if their Cg atoms were

no more than 8 A apart [33]. The binding of the CrmB
monomer to hTNF and muTNF homotrimers was
assessed from the additive amino acid contact poten-
tial matrix BETM990101 [30]. The potentials were
expressed in RT units, where R is the gas constant and
T is thermodynamic temperature [30]. The potentials
in stable complexes are negative: the lower is the
potential value and the more stable is the complex.
The prediction results are shown in Table 1. When
contacting amino acids are determined as those in
which members of at least one heavy atom pair are no
more than 4.2 A apart, the predicted contact potential

Table 1. Stability of the complexes of VARV-CrmB and CPXV-CrmB with muTNF, hTNF, and mhTNF(R31Q) predicted

with the amino acid contact potential matrix BETM990101 [30]

Calculation of contact potentials

CPXV-CrmB VARV-CrmB
Threshold hTNF mhTNF(R31Q)| muTNF hTNF mhTNF(R31Q)| muTNF
distance, A
4.2 —0.38 —0.50 ~2.05 —0.99 —1.14 —-1.99
CPXV-CrmB VARV-CrmB
Threshold hWTNF  |mhTNER31Q)| muTNF WTNF  |mhTNF(R31Q)| muTNF
distance, A u u
8.0 —0.86 ~1.01 —1.40 —1.27 ~1.16 ~3.65

Note: Values of the contact potentials of CrmB monomers with TNF homotrimers are expressed in RT units. Contact potentials were calcu-
lated by two methods: A—the contact between members of a pair of amino acids is defined as the threshold distance within 4.2 A for
at least one pair of heavy atoms; B—the distance between corresponding CB atoms is no more than 8 A.

MOLECULAR BIOLOGY Vol. 44 No.6 2010
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Fig. 3. Alignment of the hTNF and muTNF sequences. Colored letters indicate amino acid residues located no farther than 5 A
from residues of the CrmB receptor protein. White letters on black indicate residues located no farther than 5 A from both VARV-
CrmB and CPXV-CrmB, letters on gray indicate residues at distances no more than 5 A from VARV-CrmB, and boxed letters
indicate those from CPXV-CrmB. Symbols beneath the aligned sequences indicate: (*) identical amino acids, (:) conservative
amino acid substitutions, and (.) semiconservative substitutions (BLOSUM62). The numbering corresponds to that accepted in

the corresponding PDB entries: /TNF and 2TNF.

between the CPXV-CrmB monomer with the hTNF
homotrimer is —0.38 and that with the muTNF
homotrimer is —2.05. The values of the contact poten-
tial of VARV-CrmB with the hTNF and muTNF
homotrimers are —0.99 and —1.99, respectively. It fol-
lows from Table 1 that the interaction of CPXV-CrmB
with muTNF is significantly more stable than with
hTNF nearly in the whole range of threshold dis-
tances. The VARV-CrmB complex with muTNF is
also predicted to be more stable than with hTNE If we
assume that contacting amino acids are those whose
Cg atoms are no more than 8 A apart, the contact
potential of CPXV-CrmB with h'TNF is —0.86 and
that with muTNF is —1.4. The contact potentials of
VARV-CrmB with hTNF and muTNF are —1.27 and
—3.65, respectively (Table 1).

Additional predictions of the interaction energies
of CPXV-CrmB with hTNF and muTNF were done
with FoldX [25]. They also showed that the complex of
CPXV-CrmB with the murine TNF homotrimer
should be more stable than with the human homotri-
mer: —5.64 and —2.69 kcal/mol, respectively.

Analysis of the models of the ligand—receptor com-
plexes and amino acid sequences of hTNF and
muTNF revealed amino acids apparently involved in
the binding of these cytokines to CrmB proteins (Fig. 3).
Here are the differences between amino acids involved
in binding to both VARV-CrmB and CPXV-CrmB:
P20 in hTNF corresponds to H in muTNE R31 cor-
responds to Q, H73 corresponds to Y, and 1106 corre-
sponds to V. We analyzed putative effects of the substi-
tutions in the human TNF to the stability of the inter-
action of mutant human TNFs with VARV-CrmB and
CPXV-CrmB. We also considered other substitutions
adjacent to CrmB binding sites and, probably, also
affecting the binding to CrmB proteins: A22V, G24E,
N30S, 197V, S71D, T72D, T89E, R138L, and L143D.
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Models of complexes formed by VARV-CrmB and
CPXV-CrmB with mutant human TNFs possessing
the listed amino acid substitutions were obtained by
introduction of mutations into hTNF in correspond-
ing ligand—receptor complexes simulated with FoldX.
Then predictions of complex stability were done with
FoldX. According to these predictions, the substitu-
tions T89E, R31Q, H73Y, and G24E in hTNF are
most favorable for binding to CPXV-CrmB, and P20H
loosens this binding. Other mutations are predicted to
insignificantly affect the stability of CPXV-CrmB com-
plexes with corresponding mutant hTNFs (Table 2). The
substitutions L143D, R31Q, and H73Y in hTNF are
most favorable for interaction with VARV-CrmB,
whereas P20H and 197V loosen the complexes (Table 2).
For the mutant human TNF possessing the substitu-
tion R31Q, we also analyzed the stability of complexes
with VARV-CrmB and CPXV-CrmB with the amino
acid contact potential matrix BETM990101 as
described above. The predicted contact potentials of
CPXV-CrmB with the mhTNF(R31Q) homotrimer
and h'TNF are —0.5 and —0.38, respectively, provided
that the distance between members of at least one pair
of heavy atoms of contacting residues is no more than
4.2 A (Table 1). The corresponding contact potentials
predicted with the proviso that the distance between
C; atoms of residues regarded as contacting is no more
than 8 A are —1.01 and —0.86 (Table 1). The energies
of interaction of CPXV-CrmB with the homotrimers
mhTNF(R31Q) and hTNF predicted with FoldX are
—3.69 and —2.69 kcal/mol, respectively (Table 2). The
results of both approaches indicate that the R31Q
mutation in human TNF should stabilize the complex
with CPXV-CrmB. We also constructed models of
complexes of VARV-CrmB and CPXV-CrmB with the
mutant human TNF(E127Q) species. Analysis of
these models with FoldX showed that this substitution
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Table 2. Predicted energies of the interaction of VARV-
CrmB and CPXV-CrmB monomers with the h"TNF homotri-
mer and with mutant hTNF species

Mutant human E, kcal/mol
TNF CPXV-Crmb | VARV-CrmB
wr —2.69 —1.67
R31Q ~3.69 —4.67
P20H ~1.36 0.54
A22V —2.89 ~1.75
G24E —3.41 203
N30S —2.73 ~1.95
S71D —2.57 _155
T72D —2.63 _161
H73Y ~3.71 293
T89E —3.89 205
197V ~3.13 —0.85
E1270 —1.99 137
R138L —2.70 —-1.79
L143D 9.9 sos

Note: Interaction energies were assessed with FoldX software [25].
Amino acid substitutions in the hTNF sequence are shown in
column 1, WTindicating the wild-type hTNF sequence. Exper-
imentally investigated TNF species are shown in boldface.

should reduce the interaction of mhTNF(E127Q)
with CPXV-CrmB and, to a lesser extent, that with
VARV-CrmB (Table 2).

The predicted contact potentials of CrmB with var-
ious TNFs, as well as interaction energies calculated
with FoldX, are not accurate quantitative parameters
of ligand—receptor affinity. They provide merely com-
parative characterization of models constructed and
indicate whether particular amino acid substitutions
in TNF are favorable or unfavorable for binding to
CrmB.

As data from the literature confirm that single
amino acid substitutions at positions 31—33 of TNF
are significant for interaction with its receptor proteins
[34—37], we tested the ability of VARV-CrmB and
CPXV-CrmB to inhibit the cytotoxic action of
mhTNF(R31Q) in experiments. We also performed
experiments with mhTNF(E127Q).

Inhibition of the cytotoxic effect of hTNE
muTNE and mhTNF(R31Q) by CPXV-CrmB and
VARV-CrmB was quantitatively assayed in 1929
murine fibroblasts. It was found that VARV-CrmB
equally efficiently inhibited the cytotoxic effects of
muTNE hTNE mhTNF(R31Q) and
mhTNF(E127Q) (Fig. 4). CPXV-CrmB inhibited the
activity of muTNF and mhTNF(R31Q) almost
equally efficiently, but showed much lower inhibiting
activity against h"TNF and virtually no activity against
mhTNF(E127Q) (Fig. 4b). Thus, the experiment

confirmed the prediction of the stabilizing effect of the
R31Q substitution in hTNF on the complex with
CPXV-CrmB and the negative effect of E127Q on the
stability of the complex with CPXV-CrmB. Although
we predicted that the VARV-CrmB + muTNF com-
plex should be more stable than VARV-CrmB +
hTNF (in agreement with the reported data that the
K, values of these complexes were 20 x 10712 M and
22.3 x 10~ M, respectively [38]), our experiments
showed no difference in the biologic activity of VARV-
CrmB against muTNE hTNE or mhTNF(R31Q).
The comparison of the biologic activities of CPXV-
CrmB and VARV-CrmB against h\TNE muTNE and
mhTNF indirectly reflects the stabilities of the corre-
sponding ligand—receptor complexes but cannot be a
quantitative index of the affinity of the receptor pro-
teins towards the ligands.

Studies of TNFR I and CrmE have shown that the
modeling of complexes of TNF receptor proteins with
their ligands is hampered by the significant mobility of
CRD?2 with respect to CRD3 in TNF receptor pro-
teins [17, 18]. Moreover, the ligands have slight struc-
tural differences between the soluble and receptor-
bound states [39]. The hypothesis of structural
changes in the receptors and/or ligands is supported by
analysis of complementarity of molecular surfaces
between TNF-binding proteins and their homotrim-
eric ligands reported in [18]. The values of comple-
mentarity of Sc surfaces of the TNFR I complex with
Ilymphotoxin and of the complex of death receptor 5
(DRY5) with its ligand (TRAIL-TNF-like apoptosis-
inducing ligand) are 0.64 and 0.62, respectively. For
the model of the CrmE + hTNF complex constructed
in the same study, this value is —0.45. Therefore, Gra-
ham et al. [18] conclude that the 3D structure of the
CrmE + TNF complex could not be adequately pre-
dicted by modeling based on similarity.

Apparently, the complementarity between the
receptor and ligand surfaces cannot be a reliable crite-
rion for assessment of model adequacy in this case. We
suggested a greater complementarity of TNRF I sur-
faces to the ligands than in the case of TNRF II. It is
known that TNFR I (p55) is more affine to TNF than
TNFR II (p75): the K; values of p55 and p75 com-
plexes with human TNF are 1.9 x10~'' M and 4.2 x
1071 M, respectively. As opposed to TNFR II, TNFR 1
forms stable complexes with soluble TNF [40]. We
simulated complexes of various TNFs with CPXV-
CrmB and VARV-CrmB where the structure of p55
(ITNR) was used as a prototype for TNF-binding
proteins. The complementarity values for the mole-
cule surfaces of CPXV-CrmB;yg and VARV-
CrmB;ng With regard to muTNF and hTNF were
0.526, 0.615 and 0.472, 0.478, respectively. The con-
tact areas for these models were 1122, 1045 and 993,
960 A2, respectively. The predicted values of the con-
tact potential of the CPXV-CrmB g monomer with
the muTNF and hTNF homotrimers in the case of a
contact of at least one pair of heavy atoms at a distance
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Fig. 4. In vitro inhibition of the cytotoxic action of TNF by CrmB proteins. (a) inhibition of mhTNF(R31Q) in L929 cells by viral
TNF-binding proteins. X-Axis: TNF concentrations in plate wells. /—L929 + mhTNF(R31Q) + VARV-CrmB; 2—1.929 +
mhTNF(R31Q) + CPXV-CrmB; 3—1929 + mhTNF(R31Q). (b) the concentration of VARV-CrmB providing 50% protection
from a sixfold 50% cytotoxic hTNF dose in 1929 cells is taken to be 100%. Other values are calculated as ([VARV-

CrmB]SO%/[CrmB]SO%) x 100%.

within 4.2 A were —0.12 and —1.49, respectively. Cor-
responding values for complexes of VARV-CrmB, g
with mu- and hTNF were 1.49 and —0.43. Thus, the
CPXV-CrmB complex with hTNF should be much
more stable than with muTNE and the complex
VARV-CrmB + muTNF should be unstable. With
determination of amino acids as contacting if the dis-
tance between their Cg atoms is no more than (<8 A),
all complexes were predicted to be unstable. The con-
tact potential values of CPXV-CrmB with muTNF
and hTNF and of VARV-CrmB with muTNF and
hTNF were 2.25, 2.29 and 1.47, 2.69, respectively.
This prediction disagrees with the experimental bio-
logic activities of VARV-CrmB and CPXV-CrmB
against muTNF and h'TNF (Fig. 4).

In models of complexes with CPXV-CrmB and
VARV-CrmB with CrmE (2UWI) as a prototype, the
complementarity values for the receptor molecule sur-
faces with regard to muTNF and hTNF were 0.441,
0.465 and 0.431, 0.542. The corresponding contact

MOLECULAR BIOLOGY Vol. 44
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areas were 901, 849 and 950, 933 A2 It is expected
from the predicted contact potentials that the complex
of CPXV-CrmB with muTNF should be more stable
than with hTNF (Table 1). This conclusion is con-
firmed by prediction of the interaction energies
between CrmB proteins and their ligands with FoldX
(Table 2). It is also in agreement with the results of in
vitro experiments on inhibition of the cytotoxic action
of mu- and hTNF by CrmB proteins (Fig. 4).

Thus, the CPXV-CrmB models constructed on the
basis of the structure of hTNERI show greater com-
plementarity of the contact surface with ligands than
corresponding models constructed from CrmE as a
prototype. However, the stability of ligand—receptor
complexes constructed on the basis of p55 disagrees
with experimental results. In contrast, predictions for
models based on CrmE agree with the biologic prop-
erties of VARV-CrmB and CPXV-CrmB experimen-
tally investigated here and in other studies [38, 41].
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CONCLUSIONS

It is reasonable to suggest that the smaller comple-
mentarity of the surface to the ligand is a characteristic
feature of type II TNF receptors. The CrmE protein
(2UWI) is presently the only item of this sort in the
spatial structure bank (PDB). Probably, the earlier
conclusion that the complexes of TNF receptor pro-
teins with TNF cannot be applied to structure model-
ing was peremptory. It was made on the basis of the sig-
nificant mobility of the structures of TNF receptor
proteins and low complementarity of the surfaces of
ligand—receptor complexes. This problem can be
decisively solved by experimental analysis of the 3D
structures of complexes between type II TNF recep-
tors and their ligands.

The in vitro biologic activities of VARV-CrmB and
CPXV-CrmB with regard to murine and human TNFs
and to two mutant human TNFs agree with the infer-
ences from 3D models of the corresponding ligand—
receptor complexes. In our opinion, the models can be
useful for understanding the molecular machinery
supporting the interaction between orthopoxviral
TNF receptor proteins and their ligands, design of
mutant VARV-CrmB species more efficiently binding
human TNE and development of new pharmaceuti-
cals for anti-TNF therapy on the basis of viral TNF-
binding proteins.
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