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Abstract: Inhibition of the activity of the tumor necrosis factor (TNF) has become the main strategy for treating inflam-
matory diseases. The orthopoxvirus TNF-binding proteins can bind and efficiently neutralize TNF. To analyze the mecha-
nisms of the interaction between human (hTNF) or mouse (mTNF) TNF and the cowpox virus N-terminal binding domain 
(TNFBD-CPXV), also the variola virus N-terminal binding domain (TNFBD-VARV) and to define the amino acids most 
importantly involved in the formation of complexes, computer models, derived from the X-ray structure of a homologous 
hTNF/TNFRII complex, were used together with experiments. The hTNF/TNFBD-CPXV, hTNF/TNFBD-VARV, 
mTNF/TNFBD-CPXV, and mTNF/TNFBD-VARV complexes were used in the molecular dynamics (MD) simulations 
and MM/GBSA free energy calculations. The complexes were ordered as hTNF/TNFBD-CPXV, hTNF/TNFBD-VARV, 
mTNF/TNFBD-CPXV and mTNF/TNFBD-VARV according to increase in the binding affinity. The calculations were in 
agreement with surface plasmon resonance (SPR) measurements of the binding constants. Key residues involved in com-
plex formation were identified. 

Keywords: Anti-cytokine drugs, cowpox virus (CPXV), free energy, MM/GBSA, MM/PBSA, molecular dynamics (MD) 
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INTRODUCTION 

 Pro-inflammatory cytokines such as tumor necrosis fac-
tor (TNF), interleukins (IL-1, IL-3, IL-6, IL-8), interferons 
play the major role in the development of inflammation. 
TNF has received particular attention because its hyperpro-
duction causes the development of chronic inflammations, 
including those of autoimmune nature. With this in mind, 
TNF is regarded as the principal target for novel biomedical 
technologies aimed at therapy of chronic pathologies such as 
rheumatoid arthritis, Crohn`s disease, among others. Differ-
ent TNF inhibitors based on gene engineered products, 
which block the activity of this cytokine, are used in anti-
cytokine therapy strategies. At present, a number of TNF-
antagonists are available. Of these, Infliximab/Remicaid, 
Etanercept/Enbrall, and Adalimumab/Humira are applied for 
treating inflammatory diseases [1-4]. Infliximab is a chi-
meric monoclonal antibody against TNF containing the hu-
man constant and the mouse variable regions. It interacts 
with free and membrane-associated TNF with high affinity 
[1, 2]. Etanercept is a recombinant chimeric protein com-
posed of two cystein-rich extracellular sub-domains of the 
human TNF receptor type II (hTNFRII) connected with an 
IgG1 Fc-fragment [3]. Adalimumab is a fully human mono-
clonal antibody against TNF [4]. 
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 The currently known inhibitors of TNF were efficient in 
the course of controlled studies of treatment of rheumatoid 
arthritis [5, 6]. Nevertheless, about 30-40% of the patients 
proved to be refractory (yielding poorly) in a real clinical 
setting; in less than a half complete or partial remission 
could be achieved whereas a third was compelled by secon-
dary treatment inefficiency or adverse events 2-3 years after 
the treatment to give it up. The application of drugs acting as 
TNF inhibitors is restricted in a number of cases by tubercu-
losis [7], latent infections [8, 9]. The causes and underlying 
mechanisms of such complicating factors remain unclear. 
Obviously, there is a need for designing improved drugs of a 
new type that would be safer and block TNF activity more 
efficiently. 

 Another approach is now under consideration, the use of 
recombinant viral proteins that would block TNF activity. As 
known, certain viruses have acquired specific means during 
evolution for protecting themselves from the human immune 
system. In so doing, these viruses rely on the expression of 
proteins that can efficiently interfere with the organism’s 
protective response by blocking the activity of certain im-
mune regulators. Examples are the orthopoxviruses that 
block TNF activity [10, 11]. Novel biomedical technologies 
for protecting humans rely on the use of these viral proteins. 
Such approaches are based on anti-cytokine action, and they 
are more advantageous in some characteristics compared to 
earlier developed drugs blocking the pathogenic role of TNF 
[12]. 
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 Modification of TNF-binding orthopoxviral proteins 
(TNFBPs) by site-directed mutagenesis is of importance 
because it increases TNFBPs binding efficiency and neutral-
izes TNF activity. Modeling of protein complexes structures 
and analysis of their interaction patterns would be then deci-
sive. Computer molecular dynamics (MD) simulation is the 
most efficient approach for accomplishing this task. 

 Computer-based and theoretical methods have received 
growing recognition in analysis of the physical mechanisms 
of protein-protein complex formation. They extended the 
experimental data by providing new information about the 
nature of intermolecular interactions [13-25]. Recently, 
methods allowing estimation of free energy of the formation 
of molecular complexes are the first on the agenda. One is 
MM/GBSA, the Molecular Mechanics - Generalized Born 
Surface Area method [13-17, 26-29]. The MM/GBSA, to-
gether with MD simulation, gave valuable information about 
the structural and energetic interaction features by identify-
ing the key amino acids involved in complex formation, ex-
ploring the contribution of particular mutations to the stabil-
ity of a complex, thereby allowing delving deeper into the 
origin of chemotherapeutics [14-16]. Increased knowledge of 
the amino acids contributing to the stabilizing energy of the 
complexes (hot spots) would advance the development of 
potential drugs addressed to inhibition of the formation of 
protein-protein complexes through interaction with the hot 
spots. 

 We have performed a computer analysis of amino acid 
sequences of the viral TNF-binding CrmB proteins (TNF-
BPs). These viruses included the variola virus (VARV), 
monkeypox virus (MPXV), and cowpox virus (CPXV), all 
pathogenic for humans, showing high homology and rela-
tively small species-specific amino acid differences [30-32]. 
Individual recombinant proteins VARV-CrmB, MPXV-
CrmB, and CPXV-CrmB have been synthesized in a bacu-
lovirus expression system in insect cells and isolated [33]. It 
has been shown that the CrmB proteins of VARV, MPXV, 
and CPXV differed in the efficiencies of inhibition of the 
cytotoxic effects of human (h), mouse (m) or rabbit TNFs for 
L929 mouse fibroblast cell line [33]. With this in mind, the 
aim of this work is computer MD simulation and compara-
tive analysis of the mechanisms of molecular interaction of 
the hTNF or mTNF complexed with the N-terminal TNF-
binding domains (TNFBD) of the CrmB proteins from 
CPXV and VARV. 

 The MD simulations of hTNF and mTNF homologous 
complexes with N-terminal TNFBDs of CrmB proteins al-
lowed us to apply the MM/GBSA method in estimation of 
the formation free energy for these complexes. The results of 
the experimental analyses of the affinity for the formation of 
the complexes correlated well with the predicted estimates. 
Using additionally a MM-GBSA free energy decomposition 
protocol, we analyzed the contribution of individual amino 
acid residues to the stability of the complexes. It was found 
that the GLU138, TYR79, SER78, ALA25 amino acid resi-
dues in the hTNF and mTNF, also the LEU52, LEU56, 
LEU88, LEU89, ARG48 and ARG61 amino acids in the 
TNFBD-CPXV and TNFBD-VARV sequences are crucial in 
the stabilization of all the complexes. We predict that substi-
tution of ASN63 by ASP63 results in a more efficient bind-

ing of the TNFBD-VARV to the human and mouse TNF 
compared with TNFBD-CPXV.  

 As a result, a better understanding of the molecular 
mechanisms of interaction of TNF-BPs of VARV or CPXV 
and TNF was gained. The results may be taken advantage of 
in designing site-specific mutagenesis experiments with the 
aim of increasing the affinity of interactions between TNF 
and the orthopoxviral TNF-BP and also of developing new 
potential therapeutic drugs. 

MATERIAL AND METHODS 

Homology Modeling 

 The 3D models of the protein structures were based on 
the X-ray structure of the TNFRII and mutant hTNF com-
plex (pdbid:3ALQ). The 3D structures were generated using 
MODLLER 9v12 software. Sequence alignments were done 
using ClustalO (www.ebic.ac.uk/Tools/msa/clustalO). For 
each protein 50 models were generated. The models with 
lowest DOPE score were then subjected to energy minimiza-
tion in vacuo using Amber12 with 15 steps of the conjugate 
gradient algorithm with distance-dependent dielectric con-
stant  = 4r. Verification of the 3D structure of the models 
was performed using PROCHEK [37, 38]. The constructed 
models were used for molecular dynamics simulations. 

Molecular Dynamics (MD) Simulations and Binding Free 
Energy Calculations 

 The AMBER03 [39] force field as implemented in the 
AMBER12 [40] software package was used in the MD 
simulations. The complexes were solvated in a cube of 
TIP3P water with edges not smaller than 12 Å and cutoff of 
12 Å for non-bonded interactions. The MD simulations were 
done with periodic boundary conditions. The particle mesh 
Ewald method [41, 42] was used for handling further 
electrostatic interactions. Time step was of 2 fs. The 
trajectory was written to file every 0.1 ps. 

 Each solvated complex was subjected to energy minimi-
zation using the conjugate algorithm [40]. Applying har-
monic restraints with force constants of 2 kcal/(mol A˚2) to 
all solute atoms, the canonic ensemble (NVT)-MD was gen-
erated for 50 ps during which the system was heated from 0 
K to 300 K. The isothermal-isobaric (NPT)-MD was used 
during the next 50 ps of the MD simulation to adjust solvent 
density, following 1 ns equilibration without harmonic re-
straints. Next 15 ns (NPT)-MD simulation was carried out 
with gradually reducing distance restraints between CA at-
oms of CYS88 and SER116. It was done in order to stabilize 
structure of CRD3 B2 domain of TNF-BDs of CrmB. After-
wards 15 ns of unrestrained (NPT)-MD simulation was car-
ried out before final 60 ns of production simulation (NPT)-
MD. Bond lengths including those that involved hydrogen 
atoms were constrained using the SHAKE algorithm [43]. 

 For the MM/GBSA method and per-residue free energy 
decomposition, snapshots were taken at 5 ps intervals from 
the corresponding final 60 ns of the MD trajectory. Explicit 
water molecules were removed from the snapshots. Energy 
was calculated using very large cutoff (999 Å). Binding free 
energy ( Gbind) was calculated as  
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Gbind = Egas + Gsolv - T Sconf                                        (1), 

where Egas is the interaction energy of molecules in the gas 
phase given as 

Egas = Eel + Evdw                                                           (2),  

where Eel and Evdw represent electronic and van der Waals 
interactions, respectively. Solvation free energy ( Gsolv) was 
expressed as the sum of electrostatic solvation free energy 
( GGB) and nonpolar contribution to solvation free energy 
( GNP) was derived from the solvent accessible surface area 
(SASA) as GNP = S + . S is the solvent-accessible mo-
lecular surface area calculated using a probe radius of 0.14 
nm. GGB and GNP were calculated in a continuous solvent 
using the MM/GBSA model as implemented in the AM-
BER12 MM_PBSA.py software package. In calculation of 
the total free energy, the contribution of conformational en-
tropy T Sconf was disregarded because of high computational 
cost and low prediction accuracy. Moreover, we expect that 
it would not significantly affect relative free energy values, 
because of high similarity between investigated proteins 
[44]. Per-residue free energy decomposition was carried out 
using the protocol implemented in MM_PBSA.py [45]. 

 Intermolecular contacts (hydrogen bonds and non-bonded 
contacts) were analyzed with DIMPLOT, which is part of the 
LIGPLOT software [46]. 

SPR-Analysis of Protein-Protein Interactions 

 A quantitative estimation of the efficiency of protein-
protein interactions was obtained by using the Pro-
teOn_XPR36 Protein Interaction Array System (Bio-Rad 

Laboratories, Inc.). The method is based on surface plasmon 
resonance. All experiments were carried out at 25 ° , flow 
rate was 30 l/min. Recombinant proteins CrmB-VARV and 
CrmB-CPXV were covalently immobilized on chip GLM. 
GLM was activated for 2 min with a mixture of 1-(3-
diethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(0.13 M) and N-hydroxysulfosuccinimide (0.03 M). Then, 
the viral proteins were immobilized at concentration of 50 

g/ml in 10 mM sodium acetate (pH 4.5) on chip surface, 
thereafter the surface was deactivated with 1M ethanolamine 
hydrochloride for 3 min, the captured immobilization level 
was 1000 RU. PBS phosphate buffered saline with 0.005% 
Tween 20 was used as running buffer. hTNF and mTNF (In-
vitrogen, USA) at 5 different concentrations ranging from 
6.25 nM to 100 nM (at a flow rate of 30 l/min) were used 
as analyte. After each measurement, the surface was regen-
erated with 10 mM glycine hydrochloride (pH 2.5). The 
binding interactions were fitted to a 1:1 Langmuir binding 
model. Measurements were done at the Orekhovich Institute 
of Biomedical Chemistry of the Russian Academy of Medi-
cal Sciences, Moscow. 

 Binding free energy of the two proteins was estimated 
using the formula G = RT*ln(Kd), where R is the ideal gas 
constant of 1.985 cal/K·mol, T is the absolute temperature 
298 K, and Kd is the equilibrium affinity constant. 

RESULTS AND DISCUSSION 

Homology Modeling 

 The MODELLER 9v12 was applied to predict the 3D 
structures of the TNFBD-VARV, TNFBD-CPXV, hTNF and 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Pair wise alignment of hTNF and mTNF (A) and multiple alignment of TNFBD-VARV, TNFBD-CPXV, and hTNFRII (B) se-
quences. CRD1, CRD2 and CRD3 - Cysteine Rich Domains. Conserved amino acid residues are colored according to BLOSUM 62 matrix. 
Boxes indicate residues in the binding interface with TNF. Brackets indicate disulfide bridges. Position numbers of amino acid residues are 
indicated before and after each sequence. JalView was used for alignment visualization (Clamp et al., 2004). (The color version of the figure 
is available in the electronic copy of the article).
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mTNF proteins [34-36]. To predict the 3D structure of the 
hTNF and mTNF, the mutant hTNF complex (PDB Id 
3ALQ) was used as a template.  

 The amino acid sequences of hTNF and mTNF are 78% 
identical. The numbering of the amino acid sequences of 
mTNF and hTNF was based on the sequence of hTNF (Fig. 
1A). The positions of hTNF SER85 (UNIPROT ID P01375) 
and mTNF SER88 (UNIPROT ID P06804) were taken as 1. 
The numbering of the amino acid sequences of TNFBD-
VARV, TNFBD-CPXV was based on the sequence of 
TNFBD-CPXV (Fig. 1B). 

 To predict the 3D structure of the TNFBD-VARV and 
TNFBD-CPXV proteins, the structures of the human 
TNFBD of the hTNFRII (pdbId: 3ALQ) in complex with the 
mutant hTNF were taken as a template. Alignments of the 
amino acid sequences of TNFBD-VARV and TNFBD-
CPXV with hTNFRII are given in (Fig. 1B). TNFBD of the 
hTNFRII showed over 40% identity to each of the examined 
viral TNFBDs, and it contained also a similar number of 

CRD domains and disulfide bonds participating in complex 
formation [47]. The TNFBD-CPXV and TNFBD-VARV 
sequences differ from each other by 6 amino acid residues 
and a deletion of 2 residues. For homology modeling we 
considered only TNF-binding domains of the CrmB-CPXV 
and CrmB-VARV proteins [33]. 

 The hTNF/TNFBD-CPXV, hTNF/TNFBD-VARV, 
mTNF/TNFBD-CPXV, mTNF/TNFBD-VARV complexes 
were assembled by structural alignment of the models of the 
predicted 3D structures of hTNF, mTNF, TNFBD-CPXV, 
and TNFBD-VARV with the experimental 3D structure of 
the mutant hTNF/TNFBD-hTNFRII complex (PDB Id: 
3ALQ).  

 More than 90% of all the amino acids were located at 
allowed regions of the Ramachandran plot and the common 
G-factor for each theoretical structure was close to the ex-
perimental structure (PDB Id:3ALQ). The predicted 3D 
structure of the mTNF/TNFBD-CPXV complex is shown in 
(Fig. 2A, B). 

 

 

 

 

 

 

 

Figure 2. Predicted 3D structure of the mTNF homotrimer complex with one molecule of TNFBD-CPXV, side view (A), top view (B). The 
square brackets highlight the CRD domains of TNFBD-CPXV. The letters correspond to the different subunits of the complex (R, the 
TNFBD-CPXV; A, B, C, the mTNF subunits). Solid ribbon representation of the structures was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Results of MD simulation of hTNF/TNFBD-CPXV, hTNF/TNFBD-VARV, mTNF/TNFBD-CPXV and mTNF/TNFBD-VARV 
complexes. A) RMSD of the backbone atoms, B) superimposed average structures obtained during the last 60 ns of MD simulation. 
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Binding Free Energy 

 In the MM/GBSA calculations, stability of a system dur-
ing simulation time is of great importance. To test the stabil-
ity of the simulation, the root mean square deviation 
(RMSD) of C  protein atoms over time was calculated. The 
RMSD was calculated relative to the starting complex struc-
ture in the production phase. 

 Figure 3A shows that hTNF/TNFBD-CPXV, hTNF/ 
TNFBD-VARV, mTNF/TNFBD-CPXV and mTNF/ 
TNFBD-VARV simulated complexes were stable during the 
last 60 ns of MD simulation used for MM/GBSA free energy 
calculations. Deviation of the total energy, temperature and 
volume during the whole course of MD simulations was ex-
amined and shown to be stable (data not shown). As it can be 
seen from superimposed average structures (Fig. 3B), all 
complexes adapted similar conformations.  

 Table 1 lists the contributions to binding free energy 
( Gbind) for the hTNF/TNFBD-CPXV, hTNF/TNFBD-
VARV, mTNF/TNFBD-CPXV, mTNF/TNFBD-VARV 
complexes obtained by the MM/GBSA method. The compo-
nents represent electrostatic and van der Waals interaction of 
proteins in the gas phase ( Egas= Evdw+ Eel), solvation free 
energy ( Gsolv) including polar ( GGB) and nonpolar ( GNP) 
contributions.  

 The calculated total binding free energies ( Gbind) was in 
a good agreement with the experimental estimates ( Gexp). 
Square of the Pearson`s correlation coefficient was equal 
R2=0.98 (Fig. 4). It should be noted that the estimates calcu-
lated for the binding free energy did not reflect the absolute 
value of free energies of complex formation. This was be-
cause the contribution of conformational and translational 
entropy to the formation energy of the complexes was dis-
counted, being computationally costly and giving very inac-
curate predictions.  

 Since structures of the analyzed complexes showed a 
high similarity, it is expected that this assumption would not 
affect relative free energy values. Estimation of absolute free 
energies for which this term could be significant lies beyond 
this study. 

 As the data in Table 1 show, binding affinity for the in-
teraction between TNFBD-VARV and TNF is greater than 
that for TNFBD-CPXV, when hTNF and mTNF are consid-
ered separately. Concomitantly, it was found that mTNF 
could with greater affinity bind to the two viral TNF-binding 
proteins compared to hTNF. 

 A stabilizing effect of electrostatic interaction of the 
subunits was observed for all the complexes. An energetic 
desolvation penalty arose in solvent during complex forma-
tion. It resulted from loss of interaction of solvent and the 
contacting surface of the complex subunits. The balance be-
tween solvation energy and the energy of subunit interaction 
in the gas phase determined the stability of the formed com-
plexes. 

 As can be seen from MM-GBSA free energy terms (Ta-
ble 1) the destabilizing contribution of polar solvent interac-
tions exceeded the stabilizing contribution of the gas phase 
electrostatic interactions among the TNFBDs and TNF in the 
considered complexes. In turn, nonpolar Van-der-Waals in-
teractions provided the main contribution to the stability of 
the complexes (Table 1). 

 The higher affinity of interactions of TNF (human and 
mouse) with TNFBD-VARV in comparison to TNFBD-
CPXV can be explained by different contribution of Van-
der-Waals interactions in TNF/TNFBD-VARV and TNF/ 
TNFBD-CPXV complexes. One can see from Table 1, abso-
lute gas phase electrostatic energy term grows up with the 
increase in total free energy of complexes formation, which 
indicates increase in a number of polar interactions with in-
crease in binding affinity. 

SPR-Analysis: Efficiency of the VARV-CrmB and 
CPXV-CrmB Recombinant Proteins Interaction with 
hTNF and mTNF 

 Production of recombinant virus proteins VARV-CrmB 
and CPXV-CrmB in Sf-21 insect cell culture and their puri-
fication were performed as described [48]. According to 
Alejo et al. [49], the CrmB protein is composed of two 
 

Table 1. Contribution of Components to the Total Free Energy of Complex Formation. 

 hTNF/TNFBD-CPXV hTNF/TNFBD- VARV mTNF/TNFBD-CPXV mTNF/TNFBD- VARV 

Evdw -105.2773 -109.58 -103.68 -122.18 

Eel -268.9 -668.7225 -1375.7 -1737.95 

Egas -374.21 -778.3 -1479.38 -1860.13 

GGB 339.19 739.95 1431.76 1803.53 

GNP -18.75 -19.89 -17.39 -16.97 

Gsolv 320.44 720.06 1414.37 1786.56 

Gel 70.29 71.22 56.06 65.58 

Gbind -53.7776 -58.24 -65.01 -73.56 

Gexp -11.58 -11.89 -12.53 -13.04 

All values are given in kcal mol-1. Components: Evdv, van der Waals interaction energy; Eel, electrostatic interaction energy; Egas, energy of complex formation in the gas phase; 
GGB, polar interaction energy with solvent; GNP, nonpolar interaction energy with solvent; Gsolv, solvation free energy; Gel, electrostatic interaction free energy; Gbind, total free 

energy of complex formation; Gexp, total free energy of complex formation, experimental. 
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Figure 4. Correlation between the free energy of complex forma-
tion Gtotal calculated using the MM/GBSA method and free energy 
( Gexp) estimated experimentally by measurement of binding affin-
ity; solid line shows linear approximation. Error bars shows stan-
dards deviations of calculated free energies.  

 

domains of which the N-terminal provides binding to TNF 
and the C-terminal the interaction with a set of chemokines. 
We have observed earlier that removal of the C-terminal 

chemokine-binding domain from the VARV-CrmB protein 
had no effect on its efficiency to inhibit TNF-induced cyto-
toxicity (in preparation). 

 The binding affinity of the recombinant viral receptors 
VARV-CrmB and CPXV-CrmB for the corresponding 
ligands was analyzed by SPR. The results showed that the 
Kd for the viral receptors differed depending on the species. 
Thus, Kd for the VARV-CrmB/hTNF complex was 2.48  
10-9; Kd VARV-CrmB/mTNF =3.62 10-10; Kd CPXV-CrmB/hTNF =4.10  
10-9; Kd CPXV-CrmB/mTNF = 8.52 10-10. We have predicted earlier 
that the VARV-CrmB/mTNF is more stable than the VARV-
CrmB/hTNF complex [44]. The SPR estimates of KD for the 
VARV-CrmB/mTNF and VARV-CrmB/hTNF complexes 
were 1.14 10-4 and 7.59 10-4, respectively, thereby support-
ing the accuracy of the prediction. The SPR estimates of KD 
for the CPXV-CrmB/mTNF and CPXV-CrmB/hTNF were 
2.08 10-4 and 1.00 10-3, respectively. 

Key Amino Acids Involved in the Formation of the Com-
plexes  

 Per-residue free energy decomposition was done to spec-
ify the contribution of amino acid residues at the binding 
interface to the free energy of the complexes formation (Fig. 
5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Contribution of individual amino acid residues to free energy of complex formation calculated by MM/GBSA free energy decom-
position protocol for TNFBD-CPXV (A1) and hTNF (A2) from TNFBD-CPXV/hTNF complex, TNFBD-VARV (B1) and hTNF (B2) from 
TNFBD-VARV/hTNF complex, TNFBD-CPXV (C1) and mTNF (C2) from TNFBD-CPXV/mTNF complex, TNFBD-VARV (D1) and 
mTNF (D2) from TNFBD-VARV/mTNF complex. Surface colored in gray. Gray scale is assigned according to absolute free energy value 
contribution from light (no contribution) to dark (high contribution).  
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 Up to 7 amino acid residues in hTNF and mTNF and up 
to 10 in the TNFBD-VARV and TNFBD-CPXV proteins 
making the greatest contribution to stabilization/destabili-
zation of the complexes are distinguishable (| G|>2 
kcal/mol). Among them LEU52, LEU56, LEU88, LEU89, 
ARG48 and ARG61 in hTNF and mTNF, and ARG61, 
ARG48 in TNFBD-CPXV and TNFBD-VARV are key resi-
dues in stabilization of all the complexes according to the 
prediction. As can be seen, hydrophobic and polar amino 
acids have comparable contribution to total free energy. It 
should be noted that the above amino acid residues, the 
greatest contributors to energy formation of the complexes, 
are conserved in the TNF and TNF-binding protein families. 
This is further evidence of their functional significance. Fig-
ure 5 shows that there are few polar amino acid residues 
which make a destabilizing contribution to interaction energy 
owing to high desolvation penalty (e.g. LYS57 in hTNF and 
mTNF, LYS97 in TNFBD-CPXV). However, their contribu-
tion is partly compensated by the contribution of the amino 
acids they interact with.  

 As was shown above TNFBD-CPXV and TNFBD-
VARV have higher affinity to mouse TNF compared to hu-
man TNF. It can be explained by different contribution of 
amino acid residues to total free energy of complex forma-
tion in CRD1 region of TNFBD (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Protein-protein interaction interface in the region of the 
residues ASP63 of TNFBD-CPXV and ASN63 of TNFBD-VARV 
in the complexes hTNF/TNFBD-CPXV (A), hTNF/TNFBD-VARV 
(B), mTNF/TNFBD-CPXV (C) and hTNF/TNFBD-VARV (D). 
Amino acid residues involved in interaction are presented by stick 
model.  

 
 As seen (Table S1), amino acid substitutions in the 
TNFBD-CPXV and TNFBD-VARV sequences do not con-
tribute largely to the formation energy of the complex; they 
can, however, favor the creation of an environment appropri-

ate for efficient interaction of the hot spot amino acids. Thus, 
ASN5/R->ASN5/R, ASN8/R->LYS8/R, ALA83/R->SER83/ 
R do not contribute directly to the stabilization of the com-
plexes for the reason that they are not located at the region 
contacting with TNF, like the deletions of the ASN34/R and 
THR35/R amino acids are. The most difference between 
complexes of TNFBD-VARV and TNFBD-CPXV can be 
observed in the region around ARG61, LYS57 and LEU90 
amino acid residues. It could be explained by amino acid 
substitution of ASP63->ASN63 leading to local conforma-
tional changes favorable for protein-protein interactions  
(Fig. 6). 

 In the case of complexes with hTNF (Fig. 6A, B) the 
substitution ASP63->ASN63 in TNFBD-VARV leads to 
formation of hydrogen bonds to phenolic OH-group of 
TYR107 (subunit A of hTNF) and loss of interaction with 
GLN59 (subunit A of hTNF). It also promotes interaction of 
GLN59 (subunit A of hTNF) with SER64 (TNFBD-VARV) 
leading to stabilization of the complex formation. In the case 
of complexes with mTNF (Fig. 6C, D) substitution ASP63-
>ASN63 in TNFBD-VARV leads to complex structural rear-
rangements including perturbation of salt bridges.  

CONCLUSION 

 Computer MD simulations together with laboratory ex-
periments were used to analyze the mechanisms of interac-
tion of the hTNF, mTNF and TNFBD-CPXV or TNFBD-
VARV complexes, also to identify the most important amino 
acids involved in their formation. The structural models of 
the complexes were predicted using as a template the X-ray 
structure of the hTNF/TNFBD-TNFRII complex homolo-
gous with the four complexes. MD simulations were per-
formed for models of the hTNF/TNFBD-CPXV, hTNF/ 
TNFBD-VARV, mTNF/TNFBD-CPXV, and mTNF/ 
TNFBD-VARV complexes. The MM/GBSA method was 
applied in free energy calculations. With this method, it was 
found that free energy of complex formation in which the 
mTNF was involved prevailed over that involving the hTNF. 
This was associated with a higher absolute free energy of the 
mTNF/TNFBD-VARV than that of the mTNF/TNFBD-
CPXV complex, also with higher absolute free energy of the 
hTNF/TNFBD-VARV compared with the hTNF/TNFBD-
CPXV. 

 Using the SPR, the efficiencies of the interaction of the 
recombinant TNF-BP-VARV and TNF-BP-CPXV with the 
hTNF or the mTNF were estimated. It was found that the 
experimental data for binding affinity were in agreement 
with predicted by MM/GBSA method.  

 The contributions of individual energy terms to free en-
ergy of complex formation calculated by the MM/GBSA 
method showed that polar interactions contributed signifi-
cantly to the specificity of the interaction between TNF and 
the orthopoxvirus TNFBD. In all considered complexes, 
favorable free energy of complex formation was determined 
by nonpolar interactions. 

 The MM/GBSA free energy decomposition protocol en-
abled us to reveal the key amino acid residues involved in 
the stabilization of the protein complexes, also to explain the 
observed difference in their formation free energy. It was 
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found that the amino acids GLU138, TYR79, SER78, 
ALA25 amino acids in the hTNF and the mTNF sequences, 
also the LEU52, LEU56, LEU88, LEU89, ARG48 and 
ARG61 in the TNFBD-CPXV and TNFBD-VARV sequen-
ces are key residues in stabilization of all the complexes. 

 Based on analysis of MD trajectory, it may be concluded 
that substitution of ASN63 by ASP63 results in a more effi-
cient binding of the TNFBD-VARV to the hTNF and the 
mTNF compared with TNFBD-CPXV.  

 The current work gave a deeper insight into the molecu-
lar mechanisms of the interaction of the TNF-binding protein 
of VARV and CPXV with TNF. In the future, we intend to 
plan site directed mutagenesis experiments to improve bind-
ing affinity of TNF and TNFBD using obtained computer 
models. The creation of anti-TNF agents based on the or-
thopoxviral TNF-binding protein is the ultimate goal. 

CONFLICT OF INTEREST 

 The authors confirm that this article content has no con-
flict of interest. 

ACKNOWLEDGEMENTS 

 Work of NVI, TVT and SNS were supported by Russian 
Foundation for Basic Research (grant no. 12-04-00110 ). 
Work of OSV and VAI was supported in part by the FP7 EU 
grant SysPatho 260429, and "Molecular and Cell Biology" 
program 6.6 of the presidium RAS. 

SUPPLEMENTARY MATERIAL  

 Supplementary material is available on the publishers 
Web site along with the published article. 

REFERENCES 

[1] Hsia, E.C.; Ruley, K.M.; Rahman, M.U. Infliximab (Remicade®): 
from bench to clinical practice. A paradigm shift in rheumatology 
practice. APLAR J. Rheumatol., 2006, 9, 107-118. 

[2] Harriman, G.; Harper, L.K.; Schaible T.F. Summary of clinical 
trials in rheumatoid arthritis using infliximab, an anti-TNFalpha 
treatment. Ann. Rheum. Dis., 1999, 58(Suppl 1), I61-4. 

[3] Mohler, K.M.; Torrance, D.S.; Smith, C.A.; Goodwin, R.G.; Strem-
ler, K.E.; Fung, V.P.; Madani, H.; Widmer, M.B. Soluble tumor 
necrosis factor (TNF) receptors are effective therapeutic agents in 
lethal endotoxemia and function simultaneously as both TNF carri-
ers and TNF antagonists. J. Immunol., 1993, 151(3), 1548-61. 

[4] Weinblatt, M.E.; Keystone, E.C.; Furst, D.E.; Moreland, L.W.; 
Weisman, M.H.; Birbara, C.A.; Teoh, L.A.; Fischkoff, S.A.; Char-
tash, E.K. Adalimumab, a fully human anti-tumor necrosis factor 
alpha monoclonal antibody, for the treatment of rheumatoid arthri-
tis in patients taking concomitant methotrexate: the ARMADA 
trial. Arthritis Rheum., 2003, 48(1), 35-45. 

[5] Gartlehner, G.; Hansen, R.A.; Jonas, B.L.; Thieda, P.; Lohr, K.N. 
The comparative efficacy and safety of biologics for the treatment 
of rheumatoid arthritis: a systematic review and metaanalysis. J. 
Rheumatol., 2006, 33(12), 2398-408. 

[6] Kirou, K.; Mavragani, C.P. TNF antagonists in the management of 
early rheumatoid arthritis: An overview. Int. J. Adv. Rheumatol., 
2006, 4, 49-56. 

[7] Gómez-Reino, J.J.; Carmona, L.; Angel Descalzo, M.; Biobadaser 
Group. Risk of tuberculosis in patients treated with tumor necrosis 
factor antagonists due to incomplete prevention of reactivation of 
latent infection. Arthritis Rheum., 2007, 57(5), 756-61. 

[8] Calabrese, L.H.; Zein, N.; Vassilopoulos, D. Safety of antitumour 
necrosis factor (anti-TNF) therapy in patients with chronic viral in-

fections: hepatitis C, hepatitis B, and HIV infection. Ann. Rheum. 

Dis., 2004, 63(Suppl 2), ii18-ii24. 
[9] Maini, R.N.; Taylor, P.C. Anti-cytokine therapy for rheumatoid 

arthritis. Annu. Rev. Med., 2000, 51, 207-29. 
[10] Shchelkunov, S.N.; Blinov, V.M.; Sandakhchiev, L.S. Genes of 

variola and vaccinia viruses necessary to overcome the host protec-
tive mechanisms. FEBS Lett., 1993, 319(1-2), 80-3. 

[11] Shchelkunov, S.N. Orthopoxvirus genes that mediate disease viru-
lence and host tropism. Adv. Virol., 2012, 2012, 524743. 

[12] Orlovskaya, I.A.; Tsyrendorzhiev, D.D.; Toporkova, L.B.; Kurilin, 
V.V.; Lopatnikova, J.A.; Viazovay, E.A.; Gileva, I.P.; 
Shchelkunov, S.N.; Sennikov, S.V. Biological effects of variola vi-
rus recombinant protein binding to the tumor necrosis factor. Med-

itsinskaya Immunologia, 2012, 14(1-2), 33-42. [in Russian] 
[13] Massova, I; Kollman, P.A. Computational alanine scanning to 

probe protein–protein interactions: a novel approach to evaluate 
binding free energies. J. Am. Chem. Soc., 1999, 121, 8133-8143. 

[14] Zoete, V.; Michielin, O. Comparison between computational 
alanine scanning and per-residue binding free energy decomposi-
tion for protein–protein association using MM/GBSA: application 
to the TCR-p-MHC complex. Proteins, 2007, 67, 1026-1047. 

[15] Zoete, V.; Meuwly, M.; Karplus, M. Study of the insulin dimeriza-
tion: binding free energy calculations and per-residue free energy 
decomposition. Proteins, 2005, 61, 79-93. 

[16] Gohlke, H.; Kiel, C.; Case, D.A. Insights into protein–protein bind-
ing by binding free energy calculation and free energy decomposi-
tion for the Ras–Raf and Ras–RalGDS complexes. J. Mol. Biol., 
2003, 330, 891-913. 

[17] Wang, W.; Kollman, P.A. Free energy calculations on dimer stabil-
ity of the HIV protease using molecular dynamics and a continuum 
solvent model. J. Mol. Biol., 2000, 303, 567-582. 

[18] Pintus, S.S.; Ivanisenko, N.V.; Demenkov, P.S.; Ivanisenko, T.V.; 
Ramachandran, S.; Kolchanov, N.A.; Ivanisenko, V.A. The substi-
tutions G245C and G245D in the Zn(2+)-binding pocket of the p53 
protein result in differences of conformational flexibility of the 
DNA-binding domain. J. Biomol. Struct. Dyn., 2013, 31(1), 78-86. 

[19] Gahoi, S.; Mandal, R.S.; Ivanisenko, N.; Shrivastava, P.; Jain, S.; 
Singh, A.K.; Raghunandanan, M.V.; Kanchan, S.; Taneja, B.; 
Mandal, C.; Ivanisenko, V.A.; Kumar, A.; Kumar, R. Open Source 
Drug Discovery Consortium; Ramachandran, S. Computational 
screening for new inhibitors of M. tuberculosis mycolyltransferases 
antigen 85 group of proteins as potential drug targets. J. Biomol. 
Struct. Dyn., 2013, 31(1), 30-43. 

[20] Andre, J.; Back, M.; Xie, J; Rigolet, P. A New Binding Site Involv-
ing the C-terminal Domain to Design Specific Inhibitors of PepX. 
Protein Pept. Lett., 2013, 20(9), 45-53. 

[21] Chellapandi, P. Computational Studies on Enzyme-Substrate Com-
plexes of Methanogenesis for Revealing their Substrate Binding 
Affinities to Direct the Reverse Reactions. Protein Pept. Lett., 
2013, 20(3), 265-78. 

[22] Kurisaki, I.; Watanabe, H.; Tanaka, S. Spontaneous adjustment 
mechanism in an RNA-binding protein: cooperation between ener-
getic stabilization and target search enhancement. Protein Pept. 

Lett., 2010, 17(12), 1547-52. 
[23] Lv, H.M.; Guo, X.L.; Gu, R.X.; Wie, D.Q. Free energy calculations 

and binding analysis of two potential anti- influenza drugs with Po-
lymerase basic protein-2 (PB2). Protein Pept. Lett., 2011, 18(10), 
1002-9. 

[24] Batool, S.; Nawaz, M.S.; Greig, N.H.; Rehan, M.; Kamal, M.A. 
Molecular interaction study of N1-p-fluorobenzyl-cymserine with 
TNF- , p38 kinase and JNK kinase. Antiinflamm Antiallergy 

Agents Med. Chem., 2013, 12(2), 129-35. 
[25] González-Mendióroz, M.; Alvarez-Vázquez, A.B.; Rubio-

Martinez, J. Structural analysis of the inhibition of APRIL by TACI 
and BCMA through molecular dynamics simulations. J. Mol. 

Graph. Model., 2013, 39, 13-22. 
[26] Chong, L.T.; Duan, Y.; Wang, L.; Massova, I.; Kollman, P.A. 

Molecular dynamics and free-energy calculations applied to affin-
ity maturation in antibody 48G7. Proc. Natl. Acad. Sci. USA, 1999, 
96, 14330-14335. 

[27] Tsui, V.; Case, D.A. Theory and applications of the generalized 
born solvation model in macromolecular simulations. Biopolymers, 
2000, 56, 275-291. 

[28] Onufriev, A.; Bashford, D.; Case, D.A. Modification of the gener-
alized Born model suitable or macromolecules. J. Phys. Chem. B, 
2000, 104, 3712-3720. 



Interaction between TNF and TNFBD-CrmB Protein & Peptide Letters, 2014, Vol. 21, No. 12    1281 

[29] Chachra, R.; Rizzo, R.C. Origins of resistance conferred by the 
R292K neuraminidase mutation via molecular dynamics and free 
energy calculations. J. Chem. Theory Comput., 2008, 4(9), 1526-
1540. 

[30] Shchelkunov, S.N.; Uvarova, E.A.; Totmenin, A.V.; Safronov, 
P.F.; Sandakhchiev, L.S. Species-specific differences in the organi-
zation of the complement-binding protein of orthopoxviruses. Dokl. 

Biochem. Biophys., 2001, 379, 257-61. 
[31] Shchelkunov, S.N.; Totmenin, A.V.; Babkin, I.V.; Safronov, P.F.; 

Ryazankina, O.I.; Petrov, N.A.; Gutorov, V.V.; Uvarova, E.A.; 
Mikheev, M.V.; Sisler, J.R.; Esposito, J.J.; Jahrling, P.B.; Moss, B.; 
Sandakhchiev, L.S. Human monkeypox and smallpox viruses: ge-
nomic comparison. FEBS Lett., 2001, 509(1), 66-70. 

[32] Shchelkunov, S.N.; Totmenin, A.V.; Safronov, P.F.; Gutorov, 
V.V.; Ryazankina, O.I.; Petrov, N.A.; Babkin, I.V.; Uvarova, E.A.; 
Mikheev, M.V.; Sisler, J.R.; Esposito, J.J.; Jahrling, P.B.; Moss, B.; 
Sandakhchiev, L.S. Multiple genetic differences between the mon-
keypox and variola viruses. Dokl. Biochem. Biophys., 2002, 384, 
143-7. 

[33] Gileva, I.P.; Nepomnyashchikh, T.S.; Antonets, D.V.; Lebedev, 
L.R.; Kochneva, G.V.; Grazhdantseva, A.V.; Shchelkunov, S.N. 
Properties of the recombinant TNF-binding proteins from variola, 
monkeypox, and cowpox viruses are different. Biochim. Biophys. 

Acta., 2006, 1764(11), 1710-8. 
[34] Arnold, K.; Bordoli, L.; Kopp, J.; Schwede, T. The SWISS-

MODEL workspace: a web-based environment for protein structure 
homology modelling. Bioinformatics, 2006, 22(2), 195-201. 

[35] Kiefer, F.; Arnold, K.; Künzli, M.; Bordoli, L.; Schwede, T. The 
SWISS-MODEL Repository and associated resources. Nucleic Ac-

ids Res., 2009, 37, D387-92. 
[36] Peitsch, M.C. Protein modeling by E-mail. Biotechnol., 1995, 13, 

658-660. 
[37] Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. 

PROCHECK - a program to check the stereochemical quality of 
protein structures, J. App. Cryst., 1993, 26, 283-291. 

[38] Laskowski, R.A.; Rullmannn, J.A.; MacArthur, M.W.; Kaptein, R.; 
Thornton, J.M. AQUA and PROCHECK-NMR: programs for 
checking the quality of protein structures solved by NMR. J. Bio-
mol. NMR, 1996, 8, 477-486. 

[39] Duan, Y.; Wu, C.; Chowdhury, S.; Lee, M.C.; Xiong, G.; Zhang, 
W.; Yang, R.; Cieplak, P.; Luo, R.; Lee, T.; Caldwell, J.; Wang, J.; 
Kollman, P. A point-charge force eld for molecular mechanics 
simulations of proteins based on condensed-phase quantum me-
chanical calculations. J. Comput. Chem., 2003, 24(16), 1999-2012. 

[40] Case, D.A.; Darden, T.A.; Cheatham, T.E.; Simmerling, C.L.; 
Wang, J.; Duke, R.E.; Luo, R.; Walker, R.C.; Zhang, W.; Merz, 
K.M.; Roberts, B.; Hayik, S.; Roitberg, A.; Seabra, G.; Swails, J.; 
Goetz, A.W.; Kolossvai, I.; Wong, K.F.; Paesani, F.; Vanicek, J.; 
Wolf, R.M.; Liu, J.; Wu, X.; Brozell, S.R.; Steinbrecher, T.; 
Gohlke, H.; Cai, Q.; Ye, X.; Wang, J.; Hsieh, M.-J.; Cui, G.; Roe, 
D.R.; Mathews, D.H.; Seetin, M.G.; Salomon-Ferrer, R.; Sagui, C.; 
Babin, V.; Luchko, T.; Gusarov, S.; Kovalenko, A.; Kollman P.A. 
AMBER 12. University of California, San Francisco, 2012. 

[41] Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: an N 
log(N) method for Ewald sums in large systems. J. Chem. Phys., 
1993, 98, 10089-10092. 

[42] Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; 
Pedersen, L. A smooth particle mesh ewald potential. J. Chem. 
Phys., 1995, 103, 8577-8592. 

[43] Coleman, T.G.; Mesick, H.C.; Darby, R.L. Numerical integration: a 
method for improving solution stability in models of the circula-
tion. Ann. Biomed. Eng., 1977, 5(4), 322-8. 

[44] Hou, T.; Wang, J.; Li, Y.; Wang, W. Assessing the Performance of 
the MM/PBSA and MM/GBSA Methods. 1. The Accuracy of 
Binding Free Energy Calculations Based on Molecular Dynamics 
Simulations. J. Chem. Inf. Model., 2011, 51, 69-82. 

[45] Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; 
Roitberg, A.E. MMPBSA.py: An Efficient Program for End-State 
Free Energy Calculations. J. Chem. Theory Comput., 2012, 8(9), 
3314-3321. 

[46] Wallace, A.C.; Laskowski, R.A.; Thornton, J.M. LIGPLOT: A 
program to generate schematic diagrams of protein-ligand interac-
tions. Protein Eng., 1995, 8, 127-134. 

[47] Nepomniashchikh, T.S.; Antonets, D.V.; Lebedev, L.R.; Gileva, 
I.P.; Shchelkunov, S.N. Modeling spatial structures of variola and 
cowpox virus TNF-binding CrmB proteins bound to murine or hu-
man TNF. Mol. Biol. (Mosk.), 2010, 44(6), 1054-63. [in Russian] 

[48] Gileva, I.P.; Riazankin, I.A.; Nepomniashchikh, T.S.; Totmenin, 
A.V.; Maksiutov, Z.A.; Lebedev, L.R.; Afinogenova, G.N.; Pusto-
shiliva, N.M.; Shchelkunov, S.N. Expression of genes for or-
thopoxviral TNF-binding proteins and study resulted recombinant 
proteins. Mol. Biol. (Mosk.), 2005, 39(2), 245-54. [in Russian] 

[49] Alejo, A.; Ruiz-Argüello, M.B.; Ho, Y.; Smith, V.P.; Saraiva, M.; 
Alcami, A. A chemokine-binding domain in the tumor necrosis fac-
tor receptor from variola (smallpox) virus. Proc. Natl. Acad. Sci. 

USA, 2006, 103(15), 5995-6000. 

 

Received: August 23, 2013 Revised: July 21, 2014 Accepted: July 21, 2014 




