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Structure, Function and Properties of 
Antibody Binding Sites 

I. Saira Mian1t, Arthur R. BradwelJl and Arthur J. Olson1:j: 

'Department of Molecular Biology 
Research 1 nstitute of Scripps Clinic 

10666 North Torrey Pines Road, La Jolla, CA 92037, U.S.A. 
2Depa.rtment of Immunology 

Medical School, Birmingham University, BI5 2TJ, U.K. 

(Received 16 May 1990; accepted 19 J~tly 1990) 

Do antibody combining sites possess general properties that enable t hem to bind different 
antigens with varying affinjties and to bind novel antigens? H ere, we address this question 
by examining t he physical and chemical characteristics most favourable for residues 
i1wolved in antigen accommodation and binding. Amphipathic amino acids could readily 
tolerate the change of environment fmm hydrophilic to hydrophobic that occurs upon 
antibody-antigen complex formation. Residues that are large and can participate in a wide 
variety of van der Waals' and elect rostatic interactions would permit binding to a range of 
antigens. Amino acids with flexible side-chains couJd generate a structurally plastic region, 
i.e. a binding site possessing t he a bility to mould itself around the antigen to improve 
complementarity of the interacting surfaces. Renee, antiibodies could bind to an array of 
novel a ntigens using a limited set of residues interspersed with more unique residues to 
which greater binding specificity can be attributed. An individua l ant ibody molecule could 
thus be cross-reactive and have the capacity to bind structurally similar Ligands. The 
accommodation of var·iations in antigenic structure by modest combinjng site flexibility 
could make an important contribution to immune defence by allowing antibody binding to 
djstinct but closely related pathogens. 

Tyr and Trp most readily fulfi l these catholic physicochemical requirements and thus 
would be expected to be common in combining sites on theoretical grounds. E xperimental 
support.. for this comes from t hree sources, (l ) the high frequency of participation by t hese 
amino acids in t he antigen binding observed in six crystallographically determined 
antibodly- ant igen complexes, (2) their freq uent occurrence in the putative binding regions 
of antibodies as determined from structural and sequence data and (3) t he poten tial for 
movement of their side-chains in known antibody binding sites and model systems. The six 
bound a ntigens comprise two small different haptens, non-overlapping regions of the same 
large pt·otein and a 19 amino acid residue peptide. Out o f a total of 85 complementarity 
determining region positions, only 37 locations {plus 3 framework) a re directly in volved in 
antigen interaction. Of t hese, light chain residue 91 is utilized by all the complexes 
examined, whilst light chain 32, light chain 96 and heavy chain 33 are employed by five out 
of the six. The binding sites in known antibody- antigen complexes as well a-s t he postulated 
combining sites in free Fab fragments show simila r characterist ics with regard to the types 
of a mino acids present. The possible role of other amino a.cids is also assessed. P otential 
implications for the combining regions of class I major histocompatibility molecules and the 
rationa l design of molecules are discussed. 

t Present address: Sinsheimer Laboratory , Biology 
Department, University of California Santa Cru7., Santa 
Cruz, CA 95064, U .S.A. 

t Aut hor to whom reprint requests should be 
addressed. 

§Abbreviations used: CDR, complementarity 
determining region; M HC, major histocompatibility 
complex; FR, framework. 
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l. Introduction 

Antibodies are powerful recognition and binding 
molecules that the immune system employs to 
eliminate foreign molecules. Antibody binding sites 
a re formed by six hypervariable loops OJ' comple­
mentarity determining regions (CDRs§). The CDRs, 
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three from each of the heavy a nd ljght chain vari­
able doma ins, a re connect ed to a relatively in var­
iant P-sheet fra mework (Aizari et al. , 1988; Davies & 
Metzger, 1983; Capra & Edmundson, 1977; Wu & 
Ka bat , 1970). E arly a na lysis of a data bank of 
complete and pa rt ial sequences of 415 light and 197 
heavy chains demonstrated that CDRs are rich in 
aromatic residues (K a bat et al. , 1977). The 
combining region represen ts only a sma ll part of the 
antibody molecule, whose overall three-dimensional 
structure is highly conserved . Alt hough, the pairing 
of light and heavy chains can genera te some ant i­
body diversity, most of it is generated by the 
somatic recombination o f variable region gene 
segments (Yancopoulos & AIL, 1986; Wysocki & 
Gefter, 1989). Such genetic mechanisms yield ant i­
bodies exhibiting extensive diversity in hyper­
varia ble loop sequences. This potentia l repertoire is 
estimated to be approximately 109 in mouse (Berek 
et al. , 1985). However, t he initial repertoire that 
confron ts an antigenic cha llenge is smaller t han the 
potentia l repertoire, since it is restricted to the 
ant ibody specificit ies expressed on existing 
immunocompetent B cells at a point in t ime 
(Holmberg et al., 1986). This available repertoire 
can y ield an apparently unlimited repertoire of 
antigen binding specificities and affinities. 

Although a single ant ibody has a unique three­
dimensiona l stn teture, bio physical a nd biochemical 
evidence indicates that it is mult ispecific or cross­
reactive (Richa rds et al. , 1975). This capacity to 
combine both wit h its inducing antigen and with 
ant igens of similar or dispa rate structm:e augments 
t he genetically determined ant igen-binding capabili­
t ies of ant ibodies. The extent of molecula r comple­
mentarity between determinants on the ant igen 
molecule and a mino acid residues in the combining 
site determines t he degree of antibody specificity. 
Increased cross-react ivity, therefore, is at the 
expense of specificity and affini ty. 

An improved understanding of both a nt ibody 
c;ross- reactivity and biJ1ding can be obtained by a 
study of ant ibody- ant igen interactions at the 
atomic level. The role of residues in the defini t ion of 
combining site structuJ'e and inte r·action with 
ant igen can be assessed as a function of the chemical 
and structural p ropert ies o f individual a mino acids. 
First, we exa mine those characterisLics that appear 
to be of gener·a l importance in ant ibody- antigen 
interactions. This is followed by a detailed study of 
t he binding sites in six ant ibody- antigen complexes 
and four free Fab fragmen ts of known three-dimen­
sional structure, and the much la rger data base of 
ant ibody sequences. Padlan ( 1990) has performed a 
similar, t hough not ident ical, ana lysis of ant ibody 
combining sites in genera l, and three ant i-lysozyme 
an t ibody- ant igen complexes in pa rt icular. On t he 
basis of their propensity to occur in the combining 
sites and their greater exposure relative to t hose in 
the framework regions, he has suggested that these 
amino acids determine specificity. Our results and 
their interp retation lead us to conclude that Tyr 
resid ues may play more genera lly irnport,ant roles in 

bind ing and non-specific antibody-antigen 
interactions. 

2. Physical and Chemical Properties 
of Amino Acids 

Since ant ibody binding sites are formed by six 
hypervariable loops supported on a highly 
conserved P-sheet framework, t here is likely to be a 
bias towards amino acids t hat are genera lly fo und in 
non-helical regions of proteins. Figure 1 shows t he 
norma lized fTequencies of occurrence of amin o acids 
in a-helix, P-sheet a nd reverse turns in 66 globula r 
proteins comprising 31 djfferent conformations 
(Levitt, 1978). In these structures, the occu rrence of 
Pro, Gly, Ty r, Ser, Thr, Asn, Val, Arg, lie and Trp 
in a-helices is less frequent t han random. Leu, His, 
Trp, Thr , Ty r, Phe, Ile and Val have a greater than 
random pr·obability of occurring in P-sheet s; the 
same .is t rue for Thr, Tyr, Asn, Ser, Asp, Gly and 
P ro in reverse turns. Ar·g appears to be equally 
tolerated in all the seconda ry st ructures elements 
consider·ed . J n general structural terms, Ty r a nd 
Thr seem to be the most useful non-helix form ing 
residues, since they could be posit ioned in either t he 
strand or turn regions of the hy pervariable loops. 

The free energy of interaction between an ant i­
body a nd its a nt igen is a function of both enthalpy 
and ent ropy. Non-bonded forces between t he inter­
acting molecules include hydrophobic. hydrogen 
bond, ' ' an der Waals ' and electrostatic interactions 
(for a review, see Fersht, 1985). I n general terms, 
a nt ibody combining site residues need to be as 
multifaceted as possible to accommodate t he varied 
stereochemical and elect ronic features of t he 
ant igen . Hence, a mino acids with non-pola r (for 
exa mple Leu, Tie and Val) and charged (for example 
Asp, Glu , Lys a nd Arg) side-chains would be of more 
limited usefulness than, fo r example, His, which is 
known to be capable of cross-linking sequentially 
distant but spat ially close regions of proteins (Ba ker 
& H ubbard , 1984; J.S.M. & A.J .O., unpu blished 
results). Similarly , the amides Asn and Gin would be 
generally more preferable t ha n Asp and Glu , since 
the former pair are both hydrogen bond donors a nd 
acceptors whereas t heir charged counterparts are 
only acceptors. 

If a posit ive cha rge is required in the antibody 
combining site, Arg would be more suitable than 
Lys because of its greater fu notional versatility; for 
example, Arg can form a larger number of hydrogen 
bonds t han Lys. As a consequence of its planar 
nature and n-electron system, the terminal gua nidi­
nium g rou p of Arg often exhibits pseudo-aromatic 
behaviour by participating in most of the inter­
act ions previously catalogued for true 
a romatic- a romatic interactions (l .S.M. & A.J .0. , 
unpublished results). These interactions occur at t he 
intersubunit interfaces of a number of oligomeric 
proteins , including viml coat proteins and a 
membmne protein; the photosynt hetic reaction 
cent re of Rhodopseudonwnas viridi8. The ab i)jty to 
fo rm hydrogen bonds, hydr·ophobic interactio ns and 
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attractive e lectrostatic inter·actions between pos i­
t ive ly cha rged gro ups a nd a romatic rings permits 
Ty r a nd Trp to in teract wit h structura lly diverse 
antigens. Anot.he r functiona l advantage in locating 
Tyr and Trp in antibody combining sites is that, 
unlike a mino acids having shor ter side-cha ins, s uc h 
a.s Asn a nd Se r, t hey lack t he capacity to interact 
easily wit h othe r groups on t he antibody surface but 
a re ideally sui t,ed to interact with a nother molecule . 

The accommodation of charged a reas on t he 
a nt igen need not necessita t.e a n antibody combining 
site possessing a mino acids o f complementa•·y 
cha rge. Ana lysis of Arg , Lys, Glu a nd Asp s ide­
cha ins buried at the intermolecula r interfaces of 
oligomeric systems ind icates t ha t orien ted dipoles 
a re usua lly prefe rred over countercha rges in stabi­
lizing t hese buried residues (I.S .M. & A.J.O., unpub­
lished results). Thus , t he peptide backbone and 
polar side-cha ins of hypervaria ble loop residues 
co uld be deployed to st a bilize both negatively a nd 
posit ively cha rged regions. l n some i11stances, this 
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F igure 1. Scatter diagrams showing the norma lized 
frequencies of occurrence of amino acids m a-helix, 
fJ-sheet and reverse tums in 66 globular· proteins 
comprising 31 differ-ent conformations (Levitt, 1978). 
(a) Probabili ty of forming a -helix versus p .. sheet. 
(b) Probability of forming a-helix versus reverse turn. 
(c) Probability of forming P-sheet versus reverse turn. 'rhe 
values represent t he ratio of the fraction of res idues of 
each amino acid t hat occm·red in t he secondary str·ucture 
element to this fraction for all residues. To elimi•nate a 
bias towards structures that were determined more than 
once, the values were each weighted by a fac'tor of 
!/ (number of related proteins wit h same conformation). 
l'<orma lized frequencies of I indicate random occurrence, 
whils t > I indicate more frequent occurrence than 
random. The act ua l point is marked by the bottom left of 
the I let ter amino acid code: A, Ala; R, Arg; N", Asn: 
D. Asp ; C, Cys; Q, Gin; E, Olu; 0, Gly; H, His; I , £1e: 
L. Leu; K , Lys; M, Met; F. Phe; S. Ser; T , Thr; \V, Trp; 
Y. Tyr; and V. Va l. 

may be as effective as e mploy men t of fo,·ma lly 
cha rged a mino acids: in cases of cha rge- c ha rge 
interaction, t he steric effects of neighbow·ing reg ions 
may preven t t he format ion of geome trically optima l 
ion-pa irs s uch t hat t he poten t ia lly availa ble e ne rgy 
is not fully realized. 

The non-cova lent association between a nt.ibody 
and antigen requires t he re moval of water from 
surfaces buried by t he interacting mole:cules. 
Antibody regions involved in t his process should be 
capa ble of tolera ting both t he pola r a nd non -po la r 
en vironment.s t hat exist before complex fo rmation 
a nd upon a n t igen binding, respectively. Individua l 
residues exposed on t he surface of t he free ant,ibody 
can become completely or pa r tially buried in t he 
complex. In addition to residue a mphipa thicity, 
residue s ize might be a factor. There is a good 
corre la tion between t he surface area of amino acids 
and their free energies o f tra nsfe r from water to an 
o rga nic phase (Chothia , 1974, 1975; Cellles & 
Kla pper , 1978). A value o f I A2 ( I A= O·l nm) of 
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