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Empirical Parameters for Estimating Protein-Protein Binding Energies:
Number of Short- and Long-Distance Atom-Atom Contacts

Yong Chao Li and Zong-Hao Zeng*

Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China

Abstract: The number of atom-atom contacts in long distance can fit to the experimental binding energies in a dataset
containing 151 experimental data with the correlation coefficient about 0.68. Based on this factor, a set of distance-
dependent empirical potentials for various types of short-distance (2.4 A-5 A) contacts was obtained by guided fitting, i.e.
a set of two parameters fitting. Incorporation of these short-distance potentials improved the correlation coefficients to

0.881.

INTRODUCTION

How to estimating the free energy change in protein-
protein binding is an important problem to understand pro-
tein’s functions. Chothia and Janin [1] found that the binding
energies are directly related to the buried surface areas in
complex forming. The importance of hydrophobic interac-
tions was emphasized [2-3], while the importance of polarity
and charge must also be considered[4]. In recent investiga-
tions, the binding energies are always decomposed into vari-
ous terms, contributed from static electronic energies, desol-
vation energy, confomational entropy [5-6], or hydrophobic,
hydrophilic surfaces and atomic pairs [7-8]. Based on our
recently collected dataset of protein-protein binding energies,
here we present an empirical method for estimating the pro-
tein-protein binding energies. First we found that the num-
bers of atom-atom contacts, TAC, in a longer distance (2.4 A
-14 A) are a good zeroth order estimation for binding ener-
gies, then we get a set of distance dependent potentials for
short-distance atom-atom pairs by guided fitting: a series of
two parameter linear fittings.

MATERIALS

All of the protein-protein (peptide) complexes and the
experimental affinities are collected by web searching and
checked by original literatures. For complexes, which are
recorded more than once in the asymmetric unit of a crystal
or in different crystals, average values of the multiple inter-
faces are used. Altogether, the dataset contains 151 binding
energies (see Supplemental Materials for details).

METHODS AND RESULTS

The total number of atom-atom contacts, TAC, is the
number of atom-atom pairs cross the interface with atom-
atom distances in range 2.4 A ~ r, or in a “shell” from r -
0.6 A ~re+ 0.4 A for a specific value of r. The results of
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linear fitting of TAC to binding energies are listed in Table 1.
It is worth noting that when r, > 9 A, the correlation coeffi-
cients of TAC with experimental binding energies, AG,
reach higher values, but when re > 14 A the correlation begin
to drop down. If we regard the atom-atom contacts with dis-
tances in the range 2.4 A ~ 14 A as long-distance contacts,
then we can say that TAC in long-distance of protein-protein
complexes play a major role in determining their binding
energies.

If we regard the fitting result of TAC as a good zeroth
order approximation to AG, then we can try to get higher
order approximations by guided fitting in the following way.

Firstly, the protein atoms are classified into 15 types (Ta-
ble 2), as in CHARMM force field [9], therefore there are
120 types of atom-atom contacts. Denote AC(r) as the num-
ber of atom-atom contacts of type n within the distance from
rtor+ 0.1 A, then the short-distance-dependent potential
SDP,(r) is obtained as the parameter b, in the linear two pa-
rameters fitting of a -TAC + b -AC,(r) with the experimental
binding energies AG (In all the fittings, the range of atom-
atom distance is fixed to 2.4 ~ 14 A for calculations of
TAC). Then, for a specific complex, the contributions to the
binding energy from long-distance contacts are supposed to
be proportional to TAC, while contributions from short-
distance atom-atom contacts (SDAC) are supposed to be
proportional to

120 reng

SDAC = Z Z SDP,(r) - ACy(r) .

n=1r=2.4

Finally, by methods of two parameters linear fitting, the
predicted binding energy can be expressed as

where o = 0.000173 kcal/mol. This expression is obtained
with the highest correlation coefficient of 0.881, when the
SDAC’s are calculated with re,q = 5.0 A (Fig. 1).
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Protein Complex PDB code Interface(s) Lengths Type# ka (M) AG & kcal/M Ref $
Chym-Omtky3 1cho E/l 238-53 P-Pi 1.47x10™" 14.8 1
Chymotrypsin-Eglin lach E/ 241-63 P-Pi 1.49x10™2 16.1 2
Metalloproteinase-inhibitor 1jiw P/l 470-105 P-Pi 4x10™2 15.5 3
Protease-CA_p2 1bai ABIC 248-6 P-Pi 2x10° 105 4
Protease-tripeptide 1a30 AB/C 201-3 P-Pi 5x10° 5.86 5
Proteinase-eglin 1cse, 2sec E/N 274-63 P-Pi 1x10™ 13.6 6
Proteinase-inhibitor 2sic E/N 275-107 P-Pi 1x10™° 12.3 7
Proteinase-inhibitor 4sgb E/l 185-51 P-Pi 4x10° 11.3 8
Proteinase-peptide 2er6 E/l 330-7 P-Pi 5.95x10° 9.85 9
SGPB-OMTKY 3sgb E/l 185-50 P-Pi 1.78x10™" 14.7 10
Thrombin-BPTI 1bth LH/P, JKIQ 285-58 P-Pi 2.4x10° 10.4 11
Thrombin-hirudin lawf* LH/ 278-9 P-Pi 2.5x107 9.00 12
Thrombin-Rhodniin 1thg* JK/S, LH/R 308-103 P-Pi 2x10™" 17.3 13
Trypsin-BPTI 2ptc, 3btk E/l 223-58 P-Pi 1.6x10™ 18.8 14
Trypsinogen-BPTI 3tgk E/l 217-56 P-Pi 1.2x10° 6.71 15
Trypsinogen-BPTI 1fy8 E/l 215-56 P-Pi 9x10° 6.88 16
Thermitase-Eglin_C 1tec E/ 279-63 P-Pi 5x10™ 14.0 17
Kallikrein_A-BPTI 2kai AB/I 232-57 P-Pi 1.5x107 124 18
Trypsinogen-PTI 3tpi ZN 223-58 P-Pi 1.8x10°® 7.8 19
Anhydrotrypsin-BPTI 1tpa E/l 223-58 P-Pi 1.1x10™" 17.8 20
THROMBIN-HIRULOG3 labi LH/I 285-19 P-Pi 1x10° 116 21
trypsin-INHIBITOR lavw A/B 223-171 P-Pi 1x10° 123 22
HIV-1 protease-MVT-101 4hvp AB/I 194-6 P-Pi 7.8x107 8.33 23
Thermolysin-VM 3tmn E/l 316-2 P-Pi 1.26x10° 8.04 24
Amylase-tendamistat 1bvn PIT 496-71 E-Ei 9x10™" 15.1 25
Angiogenin-inhibitor lady A/B, DIE 460-123 E-Ei 7.1x10" 20.7 26
Anhydrase-CAB_CA05 1g6v A/K 256-126 E-Ei 7.2x10° 9.73 27
Barnase-barstar 1brs* A/D, BIE, CIF 110-86 E-Ei 2x10™" 17.3 28
FYN-KINASE 1a0n A/B 58-14 E-Ei 3x10° 7.53 29
FYN-peptide lazg A/B 58-14 E-Ei 1.6x10° 6.54 29
Kinase-peptide 1sps A/D, BIE, C/IF 103-7 E-Ei 2x107 9.13 30
Kinase-peptide 1bbz A/B, C/D, E/F, G/H 58-10 E-Ei 1.5x10° 7.94 31
Kinase-peptide 1lcj A/B 104-11 E-Ei 6.3x10° 11.2 32
Kinase-PKI 1fmo, 2erz E/l 336-20 E-Ei 2.3x107 118 33
Lactamase-BLIP ljtg A/B, C/D 262-165 E-Ei 1.1x10™ 136 34
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Lactamase-inhibitor 1jtd A/B 273-262 E-Ei 2.72x10™ 14.4 35
Nef-Fyn lefn A/B, C/D 104-57 E-Ei 3.8x107 8.75 36
Peroxidase-Cytochrome_C 2pcc A/B, C/D 294-108 E-Ei 5x10°® 9.95 37
Ribonuclease-inhibitor 1dfj E/N 456-124 E-Ei 5.9x10™ 18.0 38
Papain-Stefin_B 1stf E/l 212-98 E-Ei 1.2x10™ 135 39
kinase-111_GLC 1gla GIF 489-161 E-Ei 1.0x10° 6.7 40
Dehydrogenase-Amicyanin 1mda LH/A JM/B 489-103 E-Ei 45x10° 7.3 41
kinase-peptide lick A/B 164-9 E-Ei 2.92x10° 7.0 42
Nef_SH3-Fyn lavz B/IC 103-57 E-Ei 2.0x10° 6.4 36
AChE-fasciculin_l1 1fss A/B 532-61 E-Ei 1.1x10™ 14.9 43
Phospholipase_sh2-peptide 2pld A/B 105-12 E-Ei 3.0x107 9.0 42
Deoxyribonuclease_I-actin latn A/D 373-258 E-Ei 2.0x10° 118 44
Penicillopepsin-lvaVVLySta lapt E/l 323-4 E-Ei 3.98x10™%° 12.8 24
Penicillopepsin-lvaVVSta lapu E/l 323-4 E-Ei 2.0x10® 10.5 24
CPA-GY 3cpa A/S 307-2 E-Ei 9.5x10° 5.48 45
Thrombin-Hirudin 4htc HL/I 291-61 E-Ei 8.0x10™ 15.4 46
5G9-TF lahw ABIC, DE/F 428-200 Ab-Ag 3.4x107 115 47
Antibody-Lysozyme 1g7j ABI/C 348-129 Ab-Ag 8.7x107 8.29 48
Antibody-Lysozyme 1g7m ABIC 352-129 Ab-Ag 4x10° 7.36 48
Antibody-Lysozyme 1g7I ABI/C 346-129 Ab-Ag 3.4x10° 7.45 48
Antibody-Lysozyme 1g7h ABIC 223-129 Ab-Ag 3x10° 752 48
Antibody-Lysozyme 1g7i ABI/C 223-129 Ab-Ag 1.75x107 9.21 48
AP50-peptide 1h6e AP 219-10 Ab-Ag 7x107 8.39 49
CAB_RNO5-Rnase 1bzq A/L, BIN, CIM, D/IK | 124-124 Ab-Ag 3.5x10® 10.2 50
D11.15-Lysozyme 1jhl LH/A 224-129 Ab-Ag 1.5x10°® 10.7 51
D1.3-Hel 1la2y ABI/C 223-129 Ab-Ag 2.2x10° 10.4 52
D1.3-Lysozyme 1fdl LHIY 432-129 Ab-Ag 3.7x107 115 53
D1.3-Lysozyme 1vfb ABIC 223-129 Ab-Ag 5x10° 113 54
D3H44-TF 1jps LH/T 426-200 Ab-Ag 1.13x10™° 136 55
D44.1-F10.6.6 1p2c ABIC, DE/F 422-129 Ab-Ag 8.3x107 13.7 56
FCRIII-IG_GAMMA_1 Liix ABIC 423-167 Ab-Ag 9x107 8.24 57
Fv(L-S91A)-HEL 1j1p LH/Y 221-129 Ab-Ag 2.75x10° 117 58
Fv(L-S93A)-HEL 1j1x LH/Y 221-129 Ab-Ag 1.35x107 121 58
Fv(L-Y50F)-HEL 1jlo LH/Y 221-129 Ab-Ag 8.9x107 11.0 58
Fv-Lysozyme lic4 LHIY 221-129 Ab-Ag 1.0x10°® 10.9 59
Hyhel_63-Lysozyme 1dqj ABI/C 424-129 Ab-Ag 2.77x10° 117 60
HyHEL-Lysozyme 3hfm LHIY 429-129 Ab-Ag 6.67x10™° 125 61
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IgG-ProteinG lige LH/A 435-58 Ab-Ag 5x10™ 14.0 62
Lysozyme-CAB_LYS3 1xfp AL 131-129 Ab-Ag 1x107 9.54 63
NC10-Neuraminidase 1nmb LH/N 388-231 Ab-Ag 5x10°® 9.95 64
tAb2-e_pep ledx HL/P, IM/Q 430-7 Ab-Ag 2.5x10°® 10.4 65
tAb2-hc_pep2 ledw HL/P 427-7 Ab-Ag 2.5x10°® 10.4 65
Jel42-HPR 2jel LH/P 435-85 Ag-Ab 2.8x107 115 66
D44.1-Lysozyme imlc AB/E CD/F 432-129 Ag-Ab 7.69x10° 9.7 67
E8-Cyt c 1wej LH/F 437-104 Ag-Ab 1.0x107 95 68
Cab_lys3-Lysozyme 1mel A/L BIM 132-127 Ag-Ab 2.0x10°® 105 69
HyHel_5-lysozyme 1yqv LH/Y 426-129 Ag-Ab 25x10™ 145 70
N10-Nuclease 1nsn LH/S 427-138 Ag-Ab 1.0x10™ 13.3 71
Adaptor-peptide 1ltce A/B 107-13 Misc 5x10° 5.86 72
BCLxI-BAK 1bxI A/B 181-16 Misc 3.4x107 8.82 73
Bungarotoxin-receptor 1kI8, 1kc4 A/B 74-19 Misc 3x10° 6.17 74
Bungarotoxin-receptor 14w, 1ljz A/B 74-25 Misc 3x10° 116 75
Calmodulin-CaMKK 1ckk A/B 148-26 Misc 1x10° 123 76
Calmodulin-peptide 1mxe AJE, BIF 144-25 Misc 1x10™ 16.4 77
CaM-peptide liwg A/B 139-18 Misc 8.8x10° 11.0 78
CATENIN-TCF4 1ljpw A/D, BIE, CIF 502-24 Misc 3.33x10° 116 79
C_CRK-peptide 1cka A/B 57-9 Misc 1.9x10°® 7.80 80
C_CRK-peptide 1ckb A/B 57-8 Misc 5.2x10° 7.20 80
CHEA-CHEY 1a00, 1ffg A/B, C/D, EIF G/H 128-70 Misc 2.0x10° 7.77 81
Csk-peptide ljeg A/B 60-18 Misc 8.0x107 8.31 82
Cue-Ubiquitin lotr A/B 76-49 Misc 1.55x10™ 5.19 83
DNAK-peptide 1dkz, 1dky A/B 215-7 Misc 2.0x107 9.13 84
EGFR-peptide 1ff1 A/B 95-6 Misc 5.6x10™ 443 85
ERBIN-peptide 1mfg A/B 95-9 Misc 5x10° 5.86 86
EVH1-peptide levh A/B 111-5 Misc 6.02x10™ 439 87
FHA-hNIFK 2aff A/B 98-37 Misc 7.7x10°® 9.70 88
GRB2L-SLP_76 1h3h A/B 60-9 Misc 2.2x107 9.08 89
GROEL-peptide 1dkd AJE, BIF, C/G, D/H 146-11 Misc 2.0x10° 7.77 90
Hormone-Receptor 1a22 A/B 192-180 Misc 3.4x10™° 12.9 91
IGE-E131 1rpq AW, CIY, BIX, D/Z 165-21 Misc 3.5x10°® 10.2 92
KAP95P-NUP1P 2bpt A/B 860-29 Misc 7.9x10° 11.0 93
MBP-ANKYRIN 1svx A/B 369-157 Misc 4.4x107 114 94
NIDOGEN-PERLECAN 1gl4 A/B 273-89 Misc 3.6x10° 10.1 95
OppA-KAK 1jet A/B 517-3 Misc 5.6x10® 9.89 96
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OppA-KCK 1b05 A/B 517-3 Misc 7.5x10°® 9.71 96
OppA-KDK 1b4z A/B 517-3 Misc 5.9x10° 7.13 96
OppA-KEK ljeu A/B 517-3 Misc 1.5x107 9.30 96
OppA-KFK 1b40 A/B 517-3 Misc 5.3x10°® 9.92 96
OppA-KGK 1b3l A/B, C/D 517-3 Misc 1.3x10°® 8.02 96
OppA-KHK 1b3f A/B 517-3 Misc 1.3x107 9.39 96
OppA-KIK 1b3g A/B 517-3 Misc 2.0x107 9.13 96
OppA-KKK 20lb A/B 517-3 Misc 2.9x10° 7.55 96
OppA-KLK 1h9j A/B 517-3 Misc 1.1x10° 8.12 96
OppA-KMK 1b32 A/B 517-3 Misc 7.9x10°® 9.68 96
OppA-KNK 1b5i A/B 517-3 Misc 9.0x10°® 9.60 96
OppA-KPK 1b46 A/B 517-3 Misc 5.2x10° 7.20 96
OppA-KQK 1b5;j A/B 517-3 Misc 3.7x10° 10.1 96
OppA-KRK 1gka A/B 517-3 Misc 1.2x10° 8.07 96
OppA-KSK 1b51 A/B 517-3 Misc 4.3x10°® 10.0 96
OppA-KTK 1b52 A/B 515-3 Misc 7.6x10°® 9.70 96
OppA-KVK 1gkb A/B 517-3 Misc 45x10° 10.0 96
OppA-KWK ljev A/B 517-3 Misc 1.3x107 9.39 96
OppA-KYK 1b58 A/B 517-3 Misc 2.6x107 8.98 96
OppA-VKPG lola A/B 517-4 Misc 9.94x10° 9.55 97
P53-53BP2 lycs A/B 193-191 Misc 3.0x10°® 10.3 98
P60_SRC-APP12 lgqwe A/B 56-12 Misc 1.2x10°® 8.07 99
P60_SRC-VSL12 1qwf A/B 56-12 Misc 45x107 8.65 99
PI3Kr-Ras.GMPPNP 1he8 A/B 749-166 Misc 1.3x10°® 8.02 100
PLCr1-SLP76 lywo AP 55-10 Misc 1.29x10° 6.67 101
PTB-peptide lagc A/C, B/D 121-10 Misc 3.2x107 8.85 102
PTB-peptide 2nmb A/B 147-6 Misc 5.3x107 8.56 103
RAP1A-RAF1 lgua A/B 167-76 Misc 4.0x10°® 10.1 104
RGS4-GI_ALPHA_1 lagr AJE, D/H 350-128 Misc 1.0x107 9.54 105
S100B-TRTK_12 Imwn AIX, BIY 91-12 Misc 2.5x107 9.13 106
Streptavidin-Fshpgnt lvwa B/M, D/P 123-6 Misc 1.25x10* 5.32 107
Streptavidin-peptide 1rsu B/P 123-8 Misc 7.24x10° 5.64 108
Streptavidin-peptide 1rst B/P 123-9 Misc 3.68x107° 6.04 108
Trypsinogen_PTI-lle_Val 2tpi Z1/S 220-2 Misc 1.49x10* 5.22 109
His binding protein-H lhsl AC, B/D 238-1 Misc 6.4x10°® 9.81 110
Cyclophilin_A-Capsid lak4 A/D, B/C 165-145 Misc 1.7x10% 6.5 111
ssl 3ssi A/B 108-108 | Homodimer 1.0x10" 17.4 112
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Hyhel-Lysozyme 1hgl LH/Y 426-129 Ab-Ag 145 113
Hemoglobin-Hemoglobin lhbs ABCD/EFGH 574-574 Misc 4.8 114
Hormone-Receptor lhwg A/C 191-184 Misc 13.0 115
Subtilisin-inhibitor 2sni E/l 275-64 P-Pi 15.8 116
Trypsinogen-Inhibitor 4tpi ZN 223-58 P-Pi 17.7 116

* The following complexes have more than two crystals,
a. lawf, 1ny2, 1ghr, 1qj1, 1qj6, 1qj7, luma and 1way,

b. 1brs, 1b27, 1bgs, 1x1u, 1x1w, and 1x1x

c. 1fmo, latp, 2cpk and 2erz

d. 1tbq, 1tbr, and 1toc

# P-Pi, protease-protease inhibitor;

E-Ei, enzyme-enzyme inhibitor;

Ab-Ag, antibody-antigen;

Misc, miscellaneous complexes.

& AG =-0.592In(k,), the stabilization energy for binding.
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Table 1. Correlation Coefficients of the Total Numbers of Atom-Atom Contacts TAC with Experimental Binding Energies AG
re(A) 3 4 5 6 7 8 9
CC1 0.231 0.519 0.608 0.627 0.642 0.650 0.659
Ccc2 0.317 0.616 0.624 0.636 0.649 0.647 0.666
re(A) 10 11 12 13 14 15 16
CC1 0.665 0.673 0.677 0.679 0.680 0.679 0.675
Ccc2 0.667 0.678 0.672 0.674 0.667 0.657 0.643
CC1: the correlation coefficients of TAC , from 2.4 ~r. , with AG
CC2: the correlation coefficients of TAC , from r. - 0.6 ~ r. + 0.4, with AG
Table 2. Atom Classification Scheme in the 15 Atom-Types Model
Atom-types Atoms Atom-types Atoms
Cc Planar C not connected to H NH2 Amine group with two H
CH1E Tetrahedron C with one H NH3 NZinLYS
CH2E Tetrahedron C with two H O Carbonyl O
CH3E Tetrahedron C with three H oC Carboxyl O
CR1E Planar C with one H OH1 hydroxyl O
N N in PRO SH1E SGinCYS
NC2 NH1 & NH2 in ARG S SD in MET
NH1 Amine group with one H Het Others

DISCUSSIONS AND CONCLUSION

The total atom-atom contacts, either in a larger range, e.g
from 2.4 Ato 14 A, or in a shell, e.g fromr, - 0.6 A ~r. +
0.4 Awithr,=10 A, 12 A, or 13 A, display moderately high
correlations to the experimental AG. This illustrates that the
numbers of contacts in different shells represent a common
quantity, which essentially reflects the extent of contacting in
a complex. As has long been known that binding energies are
related to the buried surface areas [1], we also have checked
the latter’s behavior in our dataset and found a slightly lower
correlation of 0.62 (data not shown). This is in agreement
with the above interpretation of TAC as reflecting the extent
of contacting, but TAC contains more features, e.g. the tight-
ness and complement of the interface.

As listed in Table 1, the number of atom-atom contacts in
short-distance alone does not fit to the experimental data, but
its importance is exhibited after classification of the atom-
atom contacts and trained by method of guided fitting. The

guided fitting can be looked upon as a way of getting the
expanding coefficients of the binding energies on terms of
short-distance contacts. These expanding coefficients give
the relative importance of contributions from various atom-
atom types of short-distance contacts. As there are many
types of atom-atom types, whereas still less than the number
of experimental data, we feel that much more experimental
data are needed to go deeper into the core of the problem. At
present we can confidently say that the incorporation of the
short-distance atom-atom contacts in a proper manner will
greatly improve the estimation of protein-protein binding
energies.

In conclusion, the analysis on 151 experimental protein-
protein binding energies revealed that, the single quantity,
i.e. the total number of atom-atom contacts in long-distance,
either in a larger distance range or in a distance shell of
shorter width, alone gives a moderately high correlation co-
efficient to the experimental binding energies. The contribu-
tions from short-distance contacts can be estimated by the
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Received: June 23, 2007 Revised: August 07, 2007 Accepted: August 08, 2007

Protein & Peptide Letters, 2008, Vol. 15, No. 2 231

method of guided fitting in the form of a set of distance-
dependent potentials. Incorporation of the contributions from
short distance contacts results in a correlation coefficient of
0.881, which greatly improved the fitting of atom-atom con-
tacts to the experimental binding energies.
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