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The three-dimensienal structure of antibodies

Markus Marquart and Johann Deisenholer
Max-Planck Institut Itir Biochemie, Abteilung Strukeurforschung 1. D-8033 Mactinsried, I.R.G.

Antibody moleculcs are glycoprotcins which occur in
vertebrate species. They recognize and bind an cnor-
mous varicty of lorcign substanccs (antigens) and sub-
scquently trigger further dcfensc mechanisms at the
molecular or ccllular level. Specific recognition
requires surface structures complemcntary te the
antigen and hence a huge variety of antibody
molecules. [n contrast the cficclor functions need
identical intcraction sites in all antibody molecules.

The dctermination of the primary structure of
immunoglobulins'-3 and the X-ray crystallographic
studics of scveral antibody molccules and frag-
ments*57.1112-15 led to an advanced understanding of
the way in which antibodies meet thesc opposing
requirements.
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Fig. | Schematic representation of an IgGi immunoglobulin
molecule,

The arms of the Y.shaped mulecule arc (orined by the Fab paris,
the stem is made up by the Ic part. The light chains are linked 10
the heavy chains by a disulphide bridge close to the Cotcrminus
The two hcavy chains are connected via two disulphide linkages it
the hinge regiern.
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Fig. | is a schematic drawing of an antibody
molecule of class [gG1. t is composed of two identical
heavy chains and two identical light chains with mol.
wts of 50,000 and 25,000, rcspectively. Both types of
polypeplide chain are folded into domains: the four
domains of the heavy chain are VH, CH 1, CI12, and
CH3; the light chain consists of the two domains VL.
and CL. All domains cxcept CH2 are arranged in
pairs which arc hcld togcther by non-covalent forces.
Inter-chain disulfide bridges provide further stability.

Among antibody molccules of a given class and
species, the V-domains differ considerably in amino
acid scquence, whereas the C-domiains have identical
sequences. The V-domains are composed of about 110
amino acid residues at the N-terminal end of heavy
and light chains. The VI-VL pair together forms the
antigen binding site; dilferent antibody specif cities
are the result of dillercnt amino acid sequences of the
V-domains. The sequence variability in V-domains is
most pronounced in a few hypervariablc rcgions. ®n
the other hand the framcwork residucs are well con-
served. The constant domains CI12 and CH3 arc
involved in cffector functions such as complement
activation and binding to rceeptors on cerrain cell
types. ‘i'here is significant homology between the
amino acid scquences of all C-domains, and of the
framcwork residucs of V-domains,

Proteolytic clcavage at the hinge region yiclds stable
and lunctional fragments: thc antigen-binding lrag-
ment Fab, and the Fc fragment (Fc was the first anti-
body fragment obtained in crystalline form)®.
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LRRANGEMENT DF SERANDS N (MMUKOGLOBULIN DOMAINS
X N-TERMINUS UP. ® C-TERMINUS LP

Fig. 2 Schematic drawing of the strand tepology in a V-
domain viewed parallcl to the strands.

(%) and (@) indicate N- and C-terminal ends of the strands point-
ing towards the obscrver.
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Besides IgG1, several other classes (IgM, IgA, gD,
IgE) and subclasses ol immunoglobulins have been
identified; the dilferences between these are located in
the constant region of the heavy chain. The two types
ol light chain (kappa, lambda) can combine with
heavy chains of any class.

Domain foiding

‘The general folding pattern in all immunoglobulin
domains is very similar. It is shown schematically in
Fig. 2 for a V-domain. The folding is characterized
by two pleated sheets connected by an internal di-
sulphide bridge linking strands B and C. The two
sheets cover a large number of hydrophobic amino
acid side chains.

Despite that gross similarity there exist substantial
differences when one compares V- and C-domains:
C-domains lack strand X, strand ID is very short (2-3
amino acids)} and connected to strand F. In addition
the length of the loop regions in G-domains is different
from V-domains, thus changing the overall shape con-
siderably.

VH and VL, on the other hand, show only minor
differences when comparcd with cach other (cxcept in
the hypervariable regions) as do CL, CH1 and CH3.

CH2 represents yet a third type of domain,
ditfercntiated [rom the other C-domains mainly by the
branched carbohydrate chain linked to it. It will be
discussed inmorcdetail below.

Domain-domain interaction

"T'wo kinds ol domain interactions occur in immuno-
globulins: latcral (or trans) inlcractions and longi-
tudinal (or cis) interactions.

In lateral interactions immunoglobulin domains
other than CH2 strongly associate 1o [orm modules
VIL-VH, CL-CH{, CH3-CH3. In V modules VH
may be replaced by VL 1o form light chain V dimers
as secn in the Bence-Jones protein fragments Rei or
Au’-°. In Bence-Jones proteins, which are light chain
dimers, one of the light chains simulates the Fab parts
of the heavy chain, as described for Mcg'

V modules associate in a different way than C

modules do. In V modules HIGCIJ faces (see Fig. 2) of

the domains get into contact, in C modules the ABFLE
faces are involved.

A considerable loss of accessible surlacc area'! is
connected with contact formation of the immuno-
globulin domains. It amounts to 1760 A2, 1923 A% and
2180 A? for VL-VH, CL-CH1 modules of IgG Kol'>!*
and the CII3—CH3 module of an human Fe¢
fragment'*'* respectively. in VL-VH association both
[ramework residues and amino acids from hyper-
variable scgments are involved. A comparison of V-
domain amino acid sequences of different animal
specics shows that the contacting [ramework residues
are highly conserved. Also the constant domain
residues participating in latcral conlact arc either
invariant or replaced by homologous residues in
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different immunoglobulin chains. This low degree of
scquence variability for the residues important for
lateral contact formation provides an cxplanatien for
the fact that differcnt [.-chains can associate with
different H-chains to give intactimmunoglobulins.

In addition to the extensive Van der Waals contacts,
there cxist a [ew trans hydrogen bonds, in which
mainly polar sidc chain groups are involved There are
two salt linkages in Kol CL-CH1! contact: Glu 125
light chain — Lys 214 heavy chain, Glu 126 light chain
— Lys 148 heavy chain, which have their analgon in
CH3 - CH3 pairing: Glu356 - Lys 439, Glu 357 - Lys
37e.

CH2 is an exception, as it forms a single unit
without lateral domain interactions (see Fig. 3)*.
Instead it interacts with bound carbohydrate, which is
attached to Asn 297. The CH2 residues that are
involved in carbohydrate contact are, with a lew
exceptions, structurally in the samc positions as the
residues that lorm the CH3-CH3 contact (facc ABFE
in Fig. 2). This demonstrates that the carbohydratc
in CH2 provides a substitute for the G-C con-
tact and presumably helps to stabilize the CH2-
domain. The branched carbohydratc forms a few
hydrogen bonds with the CH2-domain, but the dom-
inant interactions are hydrophobic in nature. The
carbohydrate covers a hydrophobic patch of the
protein made up of Phe 241, 243, Val 262, 264, Tyr
296, Thr 260, Arg 301, which would otherwise be
exposed to the solvent. "The loss of accessible surface
area of one CH2 domain is 522 A2, which is only about
hall as much covered surface area as seen in
CH3-CH3 contact (1080 A?). This observation could
cxplain the apparent ‘softness’ of those parts of the
CH2-domain, as seen in the crystal structure’*!s,
which are most remotc {rom the CH3-CH2 interface.

The functional relcvance ol carbohydrate in anti-
bodies is unclcar. 1t might be involved in intraccllular
movemecnts of the glycoproteins and in secrejion!® 8. Iy
may well be that the origin of the altered functional
properties ol carbohydrate-frcc antibody variants is
structural destabilization.

In contrast to the extensive lateral interactions,
nonbonded longitudinal interactions along the heavy
chain or light chain arc much weaker or do not exist at
all. Howcver, thcy are interesting because con-
lormational changes in antibodics affcct those intcr-
actions.

Fig. 3, which represents the e pavt ol an [g( 1
molecule shows the CH2-CH3 intcraction. With a
loss in accessible surface arca ol 778 A? (his contact
has roughly one third of the sizc of CH3—-CH3 contact.
The residues that participatc in CI12-CI13 contact
arc highly conserved in all Ig classes, suggesting thal
this contact is likely 10 be found in IgG and [gA and as
CH3-CH4 contact in IgE and IgM.

* Most readers will need a sterco viewer {commcrcially available)
to see in three dimensions the structures shown in the paired
diagrams on pagcs 162, 163 and 166.
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Fig. 5 Amino acid cemparison of residues 98-119 (Eu num-
bering) of M603, New, Kol and Eu heavy chains. The
underlined residues were teft out in Fig,. 6c¢.

Enel of VH
98
M603: Cys Ala Arg
New : Cys Ala Arg
Kol : Cys Ala Arg

Eu Cys Ala Gly
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¥ig. 3 Stereo drawing of a space
Alling medel of human [e-frag-
arent.

The molecule is built from two
identical polypeptide chaing {chain [,
chain 2), and identical carbohydratc
greups, Both halves arc related by
approximate diads.

Fig. 4 IgG1 molecuie Kol.
The Fab paits and the hinge segment are
well ordered in the Kel crystals, the Fe part
is disordered and not visible.

PLEASE NOTE

We regret that foc technical reasens it
has not been possible to reproduce Figs
3, 4, 6, 7 and 8 with the colour voding
that allews dif‘erent parts of the molec-
ules to be distinguished.

The full-colour  diagrams,  with
cxplanatory lcgends, can be fsund in
the personal monthly edition of fmmuu-
ology Today dared June 1982.

D segment
Gly Ser Thr — — — — =
Ala  Gly Cys lle S L =
His Gly Phe Cys Ser Ser Ala_Ser Cys Phe
lle Tyr Ser — — == e — 2T L
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¥ig. 6 Antigen binding region of
1gG1 Kol.

(a) ‘The extended third hyper-
variable leap of the heavy chain
folds into the putative antigen
binding pocket.

(b) C a backbone and sidechains
of Kol antigen binding pocket.
(c) Artificial deledon of nine
residues in the third hyper-
variable segmem of Kol, which
makes it of cqual length with 1gGL
Bu?*, reveals a deep curved cleft.

J segment
110 119

— Try Tyr Phe Asp Val Try Gly Ala Gly The Thr Val Thr Val Ser Ser
— — Asp Val Ty Gly GIn Gly Ser Leu Val Thr Val Ser Ser
Gly Pro — — — Asp Tyr Try Gly GIn Gly Thr Pro Val Thr Val Ser Ser
— — Pro Glu Gle Tyr Asn Gly Gly teu Val Thr Val Ser Ser
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"T'he CH2-CH 3 orientation is found 10 be somewhat
variable and influenced by external forces. [n the Fe
fragment crystals the two chemically identical chains
are in a diffcrent cnvironment. As a consequencc
the CH2-CH3 orientation varies by about 6°. In
Fe-Protein A complex crystals this arrangement
dillers slightly from that of Fccrystals!s.

More drastic changes are observed in VH-CUi | and
VL-CL longitudinal contacts, when chcmically
differem Fab fragmcnts are compared. These
diflerences in longitudinal arrangement are most con-
veniently describcd by an elbow angle, which is
enclosed by the pseudo diads relating VL to VH and
CIHI1 to CL respcectively. The clbow angle may vary
from morc than 170° to 135° when we compare Kol
Fab with McPc Fabiz.13.19:20,

In two cases the elbow angles of the same molecule
in two different crystal lattices were compared and
found to differ by 8° and 17° respectively’®?'. In Fab
New, with an clbow anglc of approximately 137°,
there exist a few longitudinal contacts between VL
and CL and VI1 and CH122:23) whereas there are no
non-bonded longitudinal contacts in tntact Kol and
Fab Kol (see Fig. 4), which are characterized by an
open elbow angle. We interpret these observations to
mean that in Fab Kol the V-C arrangement is flexible
in solution. In the crysial the molecule is stablized by
packing interactions; these will be discussed Irom a
different point of view later.

The antigen-bindingarca

Comparison ol amino acid sequences ol variable
parts has demonstrated the hypcrvariability of some
segments. Thesc were considered to be involved in
antigen binding?. Indeed, crystal structure analyses
of Ig fragment-hapten complcxes show that haptens
bind in a cleft or depression formed by the hyper-
variablc segments.

The VL dimer of Rei’® may serve as an illustrative
example. ‘the symmetrically arranged hypervariable
regions form a deep slit-like pocket around the diad
relating the two VL monomers. The walls of the slit
are lined by tyresincs 49, 91, 96, Asn 34 and Gln 89;
the bottom of the pocket is formed by Tyr 36 and Gln
89. A trinitrophcnyl group binds to the Rei [ragment
and fills the binding pockel completely.

Another example of an I[gG (ragment-haptcn
complex is Fab New, which is known 10 bind among
other ligands a hydroxy derivative of vitamin K,25.
The hypesvariable segments of Ncw form a shallow
groove with approximaic dimensions of 16 x 7 A and a
depthol 6 A

McPc 603, a mousc IgA (k) Fab fragment?® binds
phosphorylcholine. "The site ol hapten binding is a
large wedge shapeq] cavity, with dimensions 15 x 20 A
and a depth of 12 A. Only five of the six hypcrvariablc
regions contribute to the formation of the cavity: L-
chain hypervariable regions one and three, and all
three H-chain hypervariable regions. The second
hypervartablc region of L-chain is screened from the
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cavily by the tirst hypervariable loop ol 1.-chain and
the third hypervariable loop of H-chain. The deeper
cavity in McPc603, as compared to Fab New, is due to
longer hypervariable loops. The first hypervariable
region ol L-chain and the third hypcrvariable region of
[l-chain is three residucs and the second hyper-
variable loop of the H-chain is two residues longer in
McP’c603 than in New.

Phosphoryicholine occupies only a small part of the
cavity and interacts via Van der Waals forces, electro-
static interactions, and hydrogen bonds with the
proicin,

[n contrast to the above examples 1gG Kol shows no
cleft or depression in the antigen-binding region. In
1gG Kol the heavy chain has a rather long third hyper-
variable loop. which contains six residues more than
M603 and eight more residues than Fab New. 'l'he
amino acid scquences of the third hypervariable
regions of M603%, Ncw?', Kol?? and Eu® are com-
pared in Fig. 5. The sequence alignment and classif -
cation in VH, D and ] segment?*?* is somewhat
arbitrary, cspecially lor the beginning of the ] segment
as a nucleotide scquencc has been determined only for
M603%. The additional residues in Kol with the
nearly palindromic amino acid sequence -Gly-Phc-
Cys-Ser-Ser-Ala-Scr-Cys-1’he-Gly fold into the puta-
tive antigen binding site and fill it completely (sec F'ig
6a,b). T'he two cystcins are disulphide bridged and
form the start and endpoints of a short antiparallel B-
sheet, comprising residues -Cys-Ser-Ser-Ala-8cr-Cys-.
if in a model building experiment nine residucs arc cut
from the third hypcrvariable region of the Kol heavy
chain, thus making it of equal lengih with 1gG1 Eu?¥,
a deep curved cleflt appears (Fig. 6c}, which easily
could accommodate haptcns. With respect to the anti-
gen binding area Ig(; Kol thus looks as il it carried its
own hapten in form of an extended third hyper-
variable loop. Another peculiarity of Ig(; Kol might be
of interes| in that context. [n the Kol crystal lattice the
hypcrvariable parts of onc molecule touch the hinge
and spatially adjacent segments ol a symmetrically
relatced molecule. This contact consists of three salt
linkages (Arg 49 light chain~COOH light chain, Asp
50 light chain—-Arg 215 heavy chain, Asp 53 heavy
chain-Lys 134 heavy chain), a fcw hydrogen bonds
and extensive Van der Waals interactions. Thus, the
lattice contact found in Kol crystals might give an
instructive model {or antibody-antigen interaction, as
anligens arc usually macromolecules which cover a
much larger part of the antibody than haptcns do.

The hinge segment

The hinge segment which covalcntly links Fab and
Fu parts, has a unique primary and spaiial structure,
Its central region consists of two paraliel disulphide-
linked poly L-prolinc helices with an amino acid
sequence -Cys-Pro-Pro-Cys-'2%, In the 1gG [ subclass
represented by the Kol molecule the psly-proline
double helix is short {Fig. 7). However, in 1gG3 the
hinge sequence is quadruplicated* and model buitd-
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