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urrently available high-resolution

crystallographic  studies of liganded and

unliganded antibody molecules have provided the

opportunity to analyze in more detail the structure

of the antibody and its interaction with antigen, as
well as the interactions between the domains of the molecule and
between the framework and the complementarity-determining
regions of the variable domains. The structural data now
available have also allowed a more detailed analysis of the
solvent accessibilities of the residues in the various domains of
the molecule. The information resulting from this analysis is
useful in the engineering of antibodies for therapeutic and other
purposes.
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INTRODUCTION

Antibody molecules constitute one of the most important
weapons in the arsenal of the immune system and are probably
the most extensively studied among the medically significant
proteins. Reviews on the structure of antibodies and their
interaction with antigen were written soon after the first
structures became available (see, for example, Poljak 1973,
1975; Poljak et al. 1976; Davies et al. 1975a,b; Huber 1976;
Huber et al. 1976; Capra and Edmundson 1977; Padlan 1977;
Amzel and Poljak 1979; Colman 1988; Alzari et al. 1988; Davies
et al. 1988, 1990; among others). An extensive analysis of the
antibody structure was done by one of us (Padlan 1994). Since
then, crystallographic studies have provided higher resolution
details of the structure of antibodies and of their interaction with
specific ligands. Here, we update that earlier analysis using the
structural data now available.

The two most important characteristics of antibodies are
exquisite specificity and high binding affinity for the antigens
against which they were produced. Those characteristics make
antibodies very useful in medicine, research, and industry.
Consequently, antibodies have been the subject of extensive
engineering. The results of the analysis that we present here will
be useful in those engineering endeavors.

Antibodies are produced by all vertebrates and come in a
variety of types. In humans, there are five antibody types: IgA
(with two subtypes: IgAl and IgA2), IgD, IgE, IgG (with four
subtypes: IgGl, 1gG2, 1gG3, and 1gG4), and IgM, which are
often found in specialized locations and all with their specific
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functions. For example, IgA is mostly found in the
gastrointestinal tract; IgD is found on the surface of the
lymphocytes which would eventually produce secreted
antibodies; IgE is an important molecule in the fight against
parasites and is the antibody type responsible for allergic
reactions; IgG is the most prevalent antibody molecule and is
primarily responsible for protection against pathogens and their
molecules; IgM is the earliest antibody type produced and can
also be found on the surface of those lymphocytes which
eventually mature to cells that secrete antibodies.

Antibodies come in a variety of sizes. The usual antibody
structure is a tetramer of polypeptide chains identical in pairs.
One chain is roughly half the size of the other and is called the
light (L) chain; the longer chain is called the heavy (H) chain.
One light chain is paired with one heavy chain. Both light and
heavy chains are built from independently folded structures
(domains) of about 110 amino acids. There are two domains in
the light chain and four, or five (in the IgE and IgM types), in the
heavy chain. The light chain comes in two types: K (kappa) and
A (lambda). A light chain of either type can associate with the
heavy chain of any type.

All antibody domains have a characteristic tertiary structure,
that consists mainly of two anti-parallel beta-pleated sheets with
loops of varying size and structure connecting the individual
strands; this domain structure has been termed the
Immunoglobulin Fold (Poljak et al. 1973). In addition to the
strong secondary structure that characterizes anti-parallel beta-
pleated sheets, the tertiary structure of antibody domains is
stabilized by a disulfide bridge connecting the two sheets. Light

and heavy chains are usually linked by disulfide bonds and the
two heavy chains are linked by one, or more, disulfide bonds.

The N-terminal domains of both light and heavy chains are
variable, i.e., they vary from antibody to antibody; those variable
domains are referred to as VL and VH, respectively. The other
domains of the light and heavy chains are constant, i.e., they are
the same for antibodies of the same type. The constant domain of
the light chain is called CL and those of the heavy chain are
called CH1, CH2, and CH3 (and CH4, in the case of IgE and
IgM). There is close association between VL and VH, between
CL and CHI1, and between the two CH3s in IgA, IgD, and IgG
(and between the two CH2s and the two CH4s in IgE and IgM).
The structure of a typical IgG molecule is shown in Figure 1.

The close association between domains results in a modular
structure for the antibody molecule (Figure 1). The VL:VH
module, usually referred to as the Fv (Eragment, variable), is
loosely connected to the CL:CH1 module so that there is some
degree of freedom in the movement of the Fv relative to
CL:CHI. The Fv and the CL:CH1 modules constitute the Fab
(Eragment, antigen binding), which has the antigen-binding
properties (specificity and affinity) of the antibody. The rest of
the constant domains of the two heavy chains (the CH2 and CH3
domains of IgA, IgD, and IgG, and the CH2, CH3, and CH4
domains of IgE and IgM) constitute the Fc (Fragment,
crystalline - so named because rabbit Fc, the first one studied,
readily formed crystals in distilled water). The "effector
functions" of antibodies (for example, recruitment of immune
cells, binding to molecules that initiate the destruction of foreign
cells, etc) reside in the Fc. The two Fabs and the Fc are
connected by a "hinge", that is often unstructured and rather

Figure 1. Ribbon diagram of an intact mouse antibody of the 1gG2a type (PDB entry 11GT) (Harris et al. 1997). Beta strands and
helices are shown as wide ribbons, while segments that lack secondary structure are shown as thin strands. The light chains are
shown in orange and green, the heavy chains in purple and blue. The 'arms' of the molecule represent the Fabs; the 'stem' repres-
ents the Fc. Note that the two Fabs are linked to the Fc by extended strands (the hinge region), the flexibility of which allows es-
sentially unrestricted movement of the Fabs relative to the Fc in this antibody type. The carbohydrates that are normally found
between the two chains in the Fc are shown in grey stick representation. This and the other ribbon diagrams (below) were drawn
using the modeling software, DeepView v4.0 (Guex and Peitsch 1997), implemented at http://www.expasy.org/spdbv/.

Figure 2. Ribbon diagram of a human Fab (extracted from PDB entry 2VXT). The light chain is shown in purple, the heavy chain in
orange. The VL and the VH are at the top of the figure, the CL and CH1 are at the bottom. The CDRs of the light chain are shown
in blue; those of the heavy chain are shown in green. The side chains of the CDR residues are shown in stick representation. Note
the close association of the VL and VH domains, and of the CL and CH1 domains.

Figure 3. Ribbon diagram of a human Fab complexed to a protein antigen (PDB entry 2VXT). The color scheme for the Fab is the
same as in Figure 2; the antigen is shown in lilac. The side chains of the antibody and ligand residues in contact with one another

are rendered in stick representation.

Figure 4. Ribbon diagram of a human IgG1 Fc (PDB entry 2DTQ). One chain is shown in blue, the other in purple. The two CH2
domains are at the top; the two CH3 domains are at the bottom. Note the close association of the two CH3 domains. The carbo-
hydrate moieties typically attached to the CH2 domains and located between them in the three-dimensional structure are shown in
orange stick representation. The only contact between the two CH2 domains is through these carbohydrates.

Figure 5. Ribbon diagram of a human IgE Fc (PDB entry 2WQR). One chain is shown in blue, the other in purple. The CH2 do-
mains are at the top; the CH3 and CH4 domains are at the bottom. Note the close association of the two CH2 and the two CH4
domains. The carbohydrate moieties attached to the CH3 domains and located between them in the three-dimensional structure

are shown in orange stick representation.

Figure 6. Ribbon diagrams of a typical VH (left) [extracted from PDB entry 3D9A], a camelid VHH (middle) [PDB entry 2P49], and
a shark IgNAR VH (right) [PDB entry 2124] shown in approximately the same orientation.
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flexible (as in Figure 1), allowing an essentially independent
movement of the Fabs relative to the Fc.

The structure of an Fab is shown in Figure 2, where the close
association of VL and VH and of CL and CH1 is evident. An
isolated Fv has been shown to share similar, but often not
identical, antigen-binding properties as the Fab. This is probably
because the relative orientation of the VL and the VH in an
isolated Fv is not necessarily the same as that found in the Fab -
possibly a consequence of the absence in an isolated Fv of the
stabilizing effect of the CL:CHI module.

It was found early on that within both the VL and the VH
there are regions that are hypervariable (Wu and Kabat 1970).
Those regions have been named "complementarity-determining
regions", or CDRs, because they are mainly responsible for the
close structural complementarity of the antigen-binding site of
the antibody (also called the paratope) and the part of the antigen
to which it binds (the epitope). Three CDRs are found in both
light and heavy chains, with intervening non-CDR or framework
(FR) residues, and they come together at the N-terminal tip of
the Fab (see Figure 2). In all the Fab-antigen complexes studied
to date, CDR residues predominate in antigen binding, with the
occasional involvement of a few neighboring FR residues. The
structure of an Fab-antigen complex is shown in Figure 3.

X-ray structures of the Fc from several antibody types have
also become available and they have been found to be very
similar. The structure of the Fc of a human IgG1 is shown in
Figure 4. The structures (not shown) of rabbit Fc and of the two
last two domains of avian IgY are very similar to that of human
IgG1. The structure of the Fc of a human IgE is shown in Figure
5. Both structures show a close association of the two terminal
domains of the heavy chain. The next-to-last domains in the
heavy chains (the CH2 domains in IgG and the CH3 domains in
IgE) are farther apart, with carbohydrate found in the space
between them. The bent structure of an IgE, as predicted from
the results of electron-spin resonance studies (Zheng et al. 1991),
was confirmed by the crystal structure of the IgE Fc (Figure 5).

Antibody molecules similar in structure to those found in
humans are found in other vertebrates. However, unusual
antibody types are found in some species. Camelids, in addition
to the usual antibody types, have a type that has only heavy
chains, i.e., no light chains are found associated with the heavy
chains. In that antibody type, the variable domain of the heavy
chain (called VHH) is responsible for the entire antigen-binding
function of the molecule. Sharks have an unusual antibody type,
called IgNAR (Immunoglobulin New Antigen Receptor), which
also has no light chains. In shark IgNAR also, the variable
domain of the heavy chain constitutes the whole antigen-binding
region of the molecule. To compensate for the absence of a VL,
the third CDR of both the camelid VHH and the shark IgNAR
VH are unusually long and the extra length of this CDR provides
enough contact with the antigen to result in significant binding

affinity. The VH of a typical antibody, a camelid VHH, and a
shark IgNAR VH are compared in Figure 6. Their tertiary
structures are seen to be very similar, with the structural
differences being mainly in the CDRs.

Antibodies carry out essential functions of the immune
system which include: neutralization of toxic antigens, binding
to the receptors of pathogens to prevent them from entering
cells, immobilization of pathogens to facilitate their ingestion by
macrophages and other cells of the immune system, and
recruitment of the "complement system" (a cascade system of
enzymes and other molecules that is triggered by antibody-
antigen complexes and which eventually leads to cell lysis). In
view of these functions and, especially, their exquisite
specificity, antibodies are widely used in medicine for therapy
and diagnostics. Antibodies, again because of their specificity,
are also very useful in isolating, tagging with detecting agents
for purposes of visualizing, identifying, quantitating, and
purifying molecules.

Another unique utilization of antibodies is for the catalysis
of chemical reactions for which there are no known natural
enzymes. Transition-state analogs can be used to elicit an
antibody response, and catalytic antibodies could be obtained
and used in place of enzymes (Jencks 1966).

The wide use of antibodies in medicine and in the laboratory
is made possible by the ease with which large amounts of
antibody molecules of a desired specificity can be generated.
One procedure that is in wide use is the hybridoma technology
developed by Koehler and Milstein (1973), which involves the
immortalization of antibody-secreting cells obtained by usual
immunization procedures. Another technology is phage display
(Smith 1985), which allows for the generation of many different
light and heavy chain combinations (Huse et al. 1989,
McCafferty et al. 1990); the random combinations are then
screened for molecules that have the desired specificity and
affinity.

The specific interaction between antibodies and antigens
depends on their respective three-dimensional structures. The
elucidation of the three-dimensional structures of antibodies and
antigens rapidly progressed in parallel with the development of
powerful techniques used in structural biology. Most antibody
structures had been generated by x-ray crystallography and some
by Nuclear Magnetic Resonance. Several hundred antibody
crystal structures have now been elucidated and atomic
coordinates for most are available in the Protein Data Bank
(Sussman et al. 1998, Berman et al. 2002). The antibodies were
from various animal sources (mouse, rat, human, rabbit, chicken,
camelids, and shark). Most structures were of natural antibodies,
either whole or in fragment form, while others had been
modified by protein engineering.

Engineering of the antibody molecule has been encouraged
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by the many potential uses of antibodies. For human therapy,
antibodies obtained from nonhuman sources (often mice and
rats) have to be "humanized", i.e., made less immunogenic to
humans. Antibody molecules with greater potency, greater
stability, longer half-life, and improved binding properties are
desirable for medical purposes, as well as for laboratory and
industrial use. Clearly, a detailed knowledge of the structure of
antibodies makes it easier to engineer these molecules to achieve
the desired characteristics. The aim of this review is to add to
that knowledge as more highly refined antibody structures are
made available. A preliminary account of this analysis was
presented elsewhere (Narciso et al. 2011).

MATERIALS AND METHODS

Structural data

In this review, we analyzed the antibody structures that have
been determined by x-ray crystallography and whose coordinates
were available in the Protein Data Bank (PDB) as of December
31, 2010 (Table 1). We analyzed representative antibody-antigen
interactions and determined the solvent accessibilities of
individual residues in the variable domains of the light and
heavy chains, and in constant domains. In addition, we analyzed
the details of the residue contacts between the variable domain
of the L chain (VL) and the variable domain of the H chain
(VH), between the constant domain of the L chain (CL) and the
first constant domain of the H chain (CHI1), and between the
constant domains of the heavy chain. We also analyzed the
details of the contacts between the residues in the CDRs and the
framework regions of the variable domains. We have also
analyzed the structures and antigen interactions of the variable
domain of the atypical antibodies of camelids (VHH) and of
sharks (IgNAR VH).

Although several hundred antibody structures are available
in the PDB, we chose to include in our analysis only those which
had been determined to high resolution and had been subjected
to a high degree of refinement. This is to minimize the
uncertainty in the results of our analysis. For purposes of this
review, we had arbitrarily designated a structure as "high-
resolution/highly refined" if it had been determined at a
resolution of 2.00 Angstroms or higher and refined to a
crystallographic R-value of 0.200 or better.

We have included in our analysis only naturally occurring
molecules and those with native sequences, and have excluded
engineered molecules, e.g., those which had been humanized, as
well as assemblies of VL and VH domains, whether in the form
of paired isolated domains (Fv) or linked together as single
chains (scFv). There is no assurance that the antigen-binding site
of an Fv will have the same structure and binding properties as
the Fab from which the variable domains had been isolated. As
mentioned above, a change in the relative orientation of the VL
and VH in the Fv versus the Fab was demonstrated very early on
(Bhat et al. 1990).

Not infrequently, some segments or atoms are not observed
in the electron density maps from the crystallographic studies,
even those which had been done at high resolution. The
structures with missing parts in the antigen-binding region of the
molecule were excluded from our analysis.

Four Fc structures met our criterion for designation as "high-
resolution/highly refined" (Table 1). We have included those in
our analysis.

Some structures that had been determined at high resolution
have shown that water molecules are involved in the interaction
between antibody and antigen (e.g., Bhat et al. 1994, Cohen et
al. 2005). In the absence of an actual structure determination, the
number of water molecules and the nature of their involvement
can only be guessed. Obviously, water molecules contribute to
the complementarity of the paratope and the epitope. However,
no generalizations can be made with the currently available data,
so we have decided to forego a discussion of the role of water
molecules until more high-resolution structures become
available.

Some of the CDRs are mainly loop structures that are
exposed to solvent, so that they may be inherently flexible and
could be deformed upon binding to ligand - an example of
"induced fit" (Koshland et al. 1966). Several examples of
"induced fit" in antibody-ligand interactions have been
documented (see, for example, Rini et al. 1992, Stanfield et al.
1993). A number of the structures that we have analyzed were
unliganded, so that the results for those structures may be
different from those which we would have obtained if the
structures were liganded.

We wish to remind the reader that our analysis was done on
structures that had been determined by x-ray crystallography - a
technique that subjects the molecules to non-physiological
conditions and damaging radiation. Nonetheless, it is generally
accepted that a crystallographically determined structure
probably represents one of the more stable conformations of a
protein molecule.

Calculations

Surface areas were calculated using the method of Connolly
(1983). Fractional solvent accessibilities and interatomic
contacts were computed as described earlier (Padlan 1994).
Here, two atoms are considered to be in contact if they are
within 4.0 Angstroms of each other. A more accurate estimate of
interatomic contacts would take into account the error in atomic
positions. Error estimates are provided in some, but not all, of
the PDB entries and they vary widely. In view of the different
resolution and degree of refinement of the structures being
analyzed here, only an average value would be appropriate. We
chose simply to use a fixed distance of 4.0 Angstroms, which is
not unreasonable.
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Table 1. High-resolution antibody and antibody-complex structures analyzed in this review (in
the PDB as of 12-31-2010)

PDB R-
ANTIBODY FRAGMENT CODE RESOLUTION VALUE LIGAND REFERENCE
17B Fab 2NXY 2.00 0.183 HIV-1 gp120 and CD4 Zhou et al. (2007)
17B Fab INY2 2.00 0.195 HIV-1 gp120 and CD4 Zhou et al. (2007)
7G10 Fab 3D83 1.90 0172 terleukm-23 subunit Beyer et al. (2008)
5E1 Fab IMXW 183 0.181 sonic hedgehog protein Maun et al. (2010)
2F5 Fab 1TIG 2.00 0.198 peptide Ofek et al. (2004)
3074 Fab(X) 3MLY 170 0.182 peptide Jiang et al. (2010)
268-D Fab(i) 3GO1 1.89 0.192 peptide Jiang et al. (2010)
ABT-325 Fab 2VXV 149 0.135 Argiriadi et al. (2009)
OPG2 Fab 10PG 2.00 0.160 Kodandapani et al. (1993)
BHAL0 Fab 3HCO 1.90 0.182 Jordan et al. (2009)
125-2H Fab 2VXT 1.49 0.164 mterleukm-18 Arginadi et al. (2009)
82D6A3 Fab 2ADF 1.90 0.192  von Willebrand factor A3-domain Staelens et al. (2006)
HyHEL-5 Fab 1YQV 1.70 0.195 lysozyme (hen egg-white) Cohen et al. (2005)
E8 Fab 1WEJ 1.80 0.200 horse cytechrome ¢ Mylvaganam et al. (1998)
HyHel-10 Fab 3D9A 1.20 0.191 lysozyme (hen egg-white) Acchione et al. (2009)
4C3 Fab 3L1Z 1.80 0.178 cockroach Bla g 2 allergen Lietal (2011)
MIN423 Fab V17 1.63 0.160 peptide Seveik et al. (2007)
58.2 Fab 1F58 2.00 0.196  peptide Stanfield et al. (1999)
12411 Fab 3IFN 1.50 0.188 peptide Basi et al. (2010)
6A7 Fab 3LEY 1.99 0.180  peptide Ofek et al. (2010)
101F Fab 3041 193 0.179 peptide McLellan et al. (2010)
P20.1 Fab (X) 27PK 1.80 0173 peptide Nogi et al. (2008)
F22-4 Fab 3IGGW 1.70 0.198 carbohydrate-mimetic peptide Theillet et al. (2009)
CS-35 Fab 3HNS 2.00 0.172  hexasacchande Murase et al. (2009)
F224 Fab 3C6s 1.80 0.192  pentasacchande Vulliez-Le Normand et al (2008)
€835 Fab 3HNT 1.80 0.199  tetrasacchande Murase et al. (2009)
€835 Fab 3HNV 2.00 0.177 tetrasaccharide Murase et al. (2009)
EDI10 Fab 20K0 1.89 0.178 dinucleotide Sanguineti et al. (2007)
EP2-19G2 Fab 3CFB 1.60 0.187 hapten Debler et al. (2008)
28B4 Fab IKEL 1.90 0.199  hapten Hsieh-Wilson et al. (1996)
MS2G2 Fab 1QYG 1.81 0.178 benzoylecgonine Pozharski et al. (2005)
MS82G2 Fab 1RIU 2.00 0.184  norbenzoylecgonine Pozharski et al. (to be published)
7A1 Fab 2ATV 1.50 0.184 cocaine Zhu et al. (2006)
4C6 Fab INCW 130 0158  benzoic acid Zhu et al. (2003)
13G5 Fab 1A3L 195 0.188 ferrocenyl inhibitor Heine et al. (1998)
D23 Fab 1YEF 200 0199 substrate analog Gigant et al. (1997)
D23 Fab 1YEG 2.00 0199  reaction product Gigant et al. (1997)
7A1 Fab 2ATU 1.50 0.184 Zhu et al. (2006)
ACC4 Fab 2W60 1.50 0.171 Uysal et al. (2009)
342 Fab 1SBS 2.00 0.180 Fotinou et al. (1998)
17/9 Fab 1HIL 2.00 0.195 Rini et al. (1992)
19D9D6 Fab 1NLB 1.60 0.181 Menez et al. (2003)
F10.6.6 Fab 2Q76 2.00 0.196 Aciemo et al. (2007)
J539 Fab 2FBJ 195 0.194 Bhat et al. (to be published)
MN423 Fab 3L10 2.00 0.162 Skrabana et al. (2010)
Fabl5 Fab 3NA9 170 0.169 Luo et al. (2010)
NC-1 Fab 30Z9 1.60 0.192 Stanfield et al. (to be published)
(unnamed) Fab 3175 195 0.181 Riboldi-Tunnichffe and Isaacs (to be
HL6 VHH 10P9 1.86 0.197 lysozyme (human) Dumoulin et al. (2003)
cAb-Lys3 VHH 1I7TP 1.90 0184  lysozyme (turkey) Decanniere et al. (2001)
CAB-RNO5 VHH 2P49 1.38 0.157  ribonuclease A (cartle) Koide et al. (2007)
CAB-RNO5 VHH 2P4A 1.90 0.186  ribonuclease A (cartle) Koide et al. (2007)
CABAMD? VHH 1IKXQ 1.60 0.197  pancreatic ¢-amylase (pig) Desmyter et al. (2002)
D7 VHH 2XA3 1.50 0.1670 Hinz et al (2010)
B10 VHH 3LN9 1.80 0.199 Haupt et al. (2011)
=]
IgNAR VH 1T6V 1.70 0.195 lysozyme (hen egg-white) Stanfield et al. (2004)
IgNAR VH 15Q2 145 0.197 lysozyme (hen egg-white) Stanfield et al. (2004)
PBLAS IgNAR VH ans5 1.80 0.187 lysozyme (hen egg-white) Stanfield et al. (2007)
PBLAS IgNAR VH 2124 135 0.174 Stanfield et al. (2007)
I
IgG1 Fe 2DTQ 2.00 0.195 Matsumiya et al. (2007)
IgE Fc 2WQR 1.90 0.1949 Holdom et al. (2011)

IsG Fe 2VUO 195 0.1676 Girardi etal (2009)

IgY C3-C4 2W39 1.75 0.171 Taylor et al. (2009)

Unless otherwise specified, the light chain in the Fab entries is of the kappa (k) type.
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RESULTS

The solvent accessibilities and the identity of the residues
involved in the VL:VH contacts in the Fab structures which had
been determined at high resolution are presented in Table 2.

The residues involved in the ligand contacts in the antibody-
ligand complexes are listed in Table 3.

The contacts between framework and CDR residues in three
antibodies are compiled in Tables 4a,b,c. For this analysis, we
chose the Fab structures which had been determined at the
highest resolution. Details of the contacts between the VL and
VH domains in those three Fab structures are presented in Tables
4d,e,f.

The solvent accessibilities and ligand contacts of the
residues in a camelid VHH domain are presented in Table 5a.
The solvent accessibilities and ligand contacts of the residues in
shark IgNAR VH domains are presented in Table 5b. The
contacts between the framework and CDR residues in a camelid
VHH domain are enumerated in Table S5c. Those contacts
between the framework and CDR and hypervariable (H) residues
in a shark IgNAR VH domain are listed in Table 5d. Here also,
the structures chosen for analysis where those which had been
determined at the highest resolution.

The solvent accessibilities of the residues in the CL:CHI
modules of an Fab with a kappa light chain and an Fab with a
lambda light chain are compiled in Table 6a; details of the
contacts are presented in Tables 6b and 6c, respectively.

The solvent accessibilites of the residues in the Fc of human
IgG1, rabbit IgG, and avian IgY, and the residues involved in the
contact between the two chains in those molecules are presented
in Table 7a. The solvent accessibilities and residue contacts in
the human IgE Fc are enumerated separately in Table 7b. Details
of the interaction between the two chains in the human IgG1 Fc
are presented in Table 7c.

DISCUSSION

The structural information, that we provide here and which
we consider to be relevant to the understanding of antibody
structure and antigen-binding characteristics, includes the
identity of the residues which contact ligand, the exposed and
buried residues, the residues involved in the VL:VH interaction,
and the framework residues which contact the CDRs. This
information is critical in the design of humanization and other
engineering protocols while attempting to preserve the antigen-
binding properties of the unmodified molecule. We also provide
structural information on the Fc part of the molecule since the
effector functions, e.g., receptor binding, reside in this part of the
molecule and modifications in those functions may be desired.
In order to minimize uncertainties, we have limited our analysis

to the most accurately determined structures.

The engineering procedure that is the most often done on
antibodies is humanization, which aims to reduce the immune
response when those molecules are used in medical therapy.
There are various techniques used in humanization, including the
grafting of the CDRs to a human framework (Jones et al. 1986),
grafting only the segments of the CDRs which are involved in
the interaction with antigen (abbreviated CDRs), or transfering
just the “specificity-determining residues” (SDRs) (Padlan et al.
1995), or by "veneering/resurfacing”, i.e., replacing the exposed
residues with human counterparts (Padlan 1991, Roguska et al.
1994), or with residues that are expected to be less antigenic
based on their physicochemical properties (Padlan 2008, 2010).
Humanization by grafting abbreviated CDRs, or by the transfer
of only the SDRs, will reduce the likelihood of an anti-idiotypic
immune response (i.e., directed at the variable region) against
the humanized antibody, compared to that which might be
induced by grafting the full CDRs.

A detailed knowledge of the VL:VH contact reveals the
identity of the residues which play a major role in the formation
of the quaternary structure of the antigen-binding region of an
antibody and which should be preserved to maintain its antigen-
binding properties. Knowledge of the identity of the framework
residues in contact with the CDRs is needed in deciding which
framework residues should be preserved when humanizing by
CDR-grafting or SDR-transfer (Verhoeyen et al. 1988, Queen et
al. 1989, Foote and Winter 1992). Since small differences in
binding energy lead to noticeable differences in binding affinity,
minor deviations from the original structure of the antigen-
binding site could lead to significant changes in the binding
properties of an engineered molecule. The changes could be a
decrease in binding affinity (see, for example, De Pascalis et al.
2002), or even an increase (see, for example, Brams et al. 2001).
Knowing which residues are exposed to solvent is needed when
deciding which residues to replace when humanizing by
veneering/resurfacing.

We provide similar structural information for the camelid
VHH and shark IgNAR VH. It has been shown that those
unpaired domains are quite capable of binding to antigen with
high affinity and their small size makes them attractive for use in
therapy.

To aid in the engineering of the Fc, we also provide the
solvent accessibilities of the individual residues of the Fc, as
well as details of the interaction between the two chains of the
fragment.

In some cases, two or more independently determined sets of
high-resolution structural data are available for the same
antibody (Table 1). Such duplications provide an opportunity to
get a better estimate of the uncertainties in the structure
determination and in the structural details. Further, studies of the
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Table 2. Residues in contact with the opposite domain and solvent accessibilities in VL and VH domains of

high-resolution antibody structures
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| | | | | | 1 | | | | | | | | |
= s |
* 5 F * * * &k kEk %
2NXY  DIVMTOSPATLSVSPGERATLSC RASE- SWSSDLA  WYQOKPGOAPRLLTY GASTRAT GVPARFSGSGSGAEFTLTISSLOSEDFAVYYC  QOYNNWPPRYT FGOGTRLEIK
ebEBEBecEebpbee ppSeBeB  pBpp------ eBeepBE BSBBpE PRBpBEBh beehBE BpEbBE = & EeBeBpBE=BpEpBBBeBBE  BBBpppEBpEp B e BpBBpp
* N * * * ok K kR *
2NY2  DIVMTOSPATLSVSPGERATLSC RASE------ SVSSDLA WQQKPGQ&PRLLI‘I’ GASTRAT GVPARFSGSGSGAEFTLTISSLOSEDFAVYYC  QOYNNWPPRYT  FGOGTRLEIK
ebEBEBEeEebpbee ppBeBeB  pBpp------ eBeepBB BBBSp.E ppBpBBEBb beebbE BpEbBE E E EpBeBpBeeBpEpBBBeBBE  BBEpbpEBpBp B e BpBBpp
* ~EE k * * * [T *
3085 DIVMTOSPATLSVTPGDRVSLSC  RASQ------ SISDYLH WYRUKSHESPRLLIK YASQSIS  GIPSRFSGSGSGSDFTLSINSVEPEDVGVYYC — QNGHSFP--FT  FGSGTKLEIK
eBEBEBepEeppbee ppBeBeB  pBpp------ eBeppBE  BBEBbEEppBpBEBb  phbepEbE peEBBE e e eeBeBeBEeBpecsBp =6BE BB pepp--Bp B E BeBpBp
¥k * ok ok % 4 * * ok k% an
1TIG  ALOLTOSPSSLSASVGDRITITC  RASQ GVTSALA  WYROQKPGSPPOLLIY  DASSLES  GVPSRFSGSGSGTEFTLTISTLRPEDFATYYC  QOLHFYP--HT  FGGGTRVODVR
EBeBEBesEchpBee ppBeBpE  pBpp BeepBB  BBBBeE peBeBEBb  bbeppbE bEEBBE E = EpBeBbBeeBhEpEbS=BBE  BBBpppp- -Bb B BpBbep
d ok MK R % ~k * ok kE ¥
2UXV  EIVMTOSPATLSVSPGERATLSC  RASE------ SISSNLA  WYOQOKPGOAPRLFIY  TASTRAT  DIPARFSGSGSGTEFTLTISSLOSEDFAVYYC — OOYNNWPS-IT FGGGTRLEIK
ebEBeBEeEehpbef ppBeBsB  pBep------ eB=epBR BSBpr ppBpBEBLE  ehbespef  eBeFbBF = F eeBeBbBesBpFpBBBeEBE  BBBpFbpE-Bb B e BpBBpp
¥k * ko * * kN kR K *
10PG  DELLTOSPATLSVTPGDSWSLSC RASQ- SISNNLH  WYQOKSHESPRLLIK  YASQSIS GIPSRFSGSGSGTDFTLSINSVETEDFGMYFC — QOSNSWP--LT  FGGGSKLEIK
eBEBEBEeEEppbEe ppBeBEE  pBpp------ EBEeBEB BBbBbEEppSpBBBp bBepepe beEbBe e e eeBeBeBeEBpEebb pBBB BEBpepE--Bb B  BeBbSp
s T ® * ok kE % *
3HCB  DIOMTOSPSSLSASVGDRVTITC KASQ------ NVGINVA WYQUKPGKAPKSLIS SASYRYS GVPSRFSGSGSGTDFFLTISSLDPEDFATYFC QOQYDTYP--FT FGOGTKVEIK
eBeBEBEeeEbpbee ppBeBEE  pBpp------ eB epBB  BBBBpE eeBpbBBb  pBeepbE bEEbBE E e eFBpBpBeeBpEpBbBeSBE  BBBbepp--bb B p BpBbpp
* K SkE KX = * =% x % *
3MXW DIVMTOTPKFLLVSAGDKVTITC  KASQ------ SVSNDLT  WYQOQKPGOSPKLLIY  YASNRYT  GVPDRFTGSGYGTDFTFTISTVQAEDLAVYFC — QOQDYGSP--PT  FGGGTKVEIK
eBEBEBEceeppbeE ppBeBeB  eBep------ eBeepBE BBBEBpe ppBeBEBb  phbepbbE BeebBE E e eeBeBpBeFBpEpBbBeSBE BBBEp Ep--bb B BeBbBp
* R * * ok AN %
3601 SYVLTOPPS-VSVSPGOTARITC  SAEA------ LSNOYAY  WYRORPGOAPLLIIY  KDTKRPS  GIPERFSGSTSGTTWTLTISGVOAEDEADYYC — 0QSADSSGD-YV  FGGGTEVTVLG
EBEBEBeFe-ppbeE ppBpBeB  ebeb------ BeeBeBE  BBbbpE pEBEBEBb  phbepbbf beebBe Eef eeBpBpBe BpEebBEpEBE  BBbbEe b-Bp B  BeBeBe
s EE T * AgE ANE K ¥
3MLY  OSVLTOPPS-VSAAPGOKVTISC  SGSSSN----IGNNMVS — WYQOQHPGTAPKLLIY  ENSKRPS  GIPDRFSGSRSGTSATLGIIGLOTGDEAEYYC — ATWDGSLR-TV  FGGGTKLTVLS
eepBEBeEp- E peBEBEB E eEeB----B ebpBE  BBEBeE EpBebBBb  bbe BeebBE EbE eEBeB BE BpE bBBE  BBBB bEb-Bb B  BpBBEBE
ERES E * E3 EE I ¥
1YV DIVLTOSPAIMSASPGEKVTMTC SASS------- SUNYMY  WYQOKSGTSPKRWIY DTSKLAS GVPVRFSGSGSGTSYSLTISSMETEDAATYYC  QOWGRN---PT FGGGTKLEIK
epEBEBesEEbphpE peBeB=B  EBpe------- eBEpBE  BBBbpE epBpBbBb  bbeppBE BeEbBE e E =FBeBpBE=BpEpBEG=BBE  BBp ep---Bb B  BeBbbp
* E ok Mk R % * % k% ®
3029 QIVLTOSPVIMSASLGEEITLTC SRSE: SVSYMH  WYQOKSGTSPKLLIY STSHLAS GVPSRFSGSGSGTFYSLTISSVEAEDAADYYC  HOWSGF---¥YT  FGGGTKLEIQ
ebEBEBEeEcbeBee ppbeBeB  eBee------- eBeeBb  BBbBpe ebBebBBb  pbeeppE BEEBBE E E eeBpoBeeBpepoBpBBB BBpe p---Bb B  BeBbBp
* ok * ok = ok w4 ® = % =Kk *
2FB] EIVLTOSPAITAASLGOKVTITC SAS5------- SVSS5LH  WYQOKSGTSPKPWIY EISKLAS GVPARFSGSGSGTSYSLTINTHEAEDMIWC QOWTYPL--IT FGAGTKLELK
eBEBEBeeEEbEBee ppbeBeB  eBee------- EBpBBE  BBBBpE EbBepSBb  bpepppE BeEbBE E E eFBeBpBeEBpEeBBBpSBE  BBbppEp--Bp B E BpSbbp
* I * * * % kE ® e
2076 DIELTOQSPATLSVTPGDSVSLSC RASQ------ SISNNLH  WYQQKSHESPRLLIK  YTSQSMS GIPSRFSGSGSGTDFTLSINSVETEDFGVYFC — QO0SGSWP--RT  FGGGTKLDIK
eBpBEBeeEEbpbee eEBeBeB  pBpp------ eBeebBB  BBBBpeEppBpBEBb  pbeeEbE beEbBE E E eeBeBpBEeBpepBb p6BE BBB ppB--Bb B  BeBbBp
w Ea 3 e = * L * ES ES S £ 3 *®
3LIZ QIVLTQSPSSMYASLGERVTITC KASQ------DINNYLS  WFQOKPGKSPKTLIY  RADRLVD GWPSRVSGSGSCODYSLTISSLEYEDLGIYYC LOYDELP--¥T FGGGTKLEIK
eBEBEBEeEEbpBep ppBeBEB  eBpp-- - - - -eBepbBB BBbpr epBeBbBB  bBeppbE bEEBBE e E peBpBpBeEBpbpBp pBBE  BBBbppp--bb B BeBbBp
* Ak ok ¥ * £ ¥ * o
2VXT  DIQMTQSPSSLSASLGERVSLTC  RASQ------ DIGSKLY M.QOEPBG’TFK'RL[Y ATSSLDS GVPKRFSGSRSGSDYSLTISSLESEDFVDYYC — LOYASSP--YT FGGGTKLAIK
eBeBEBEeEebpBeE ppBeBeB  Ebpp------eB EpBb  BBBBpEp EBpBBBp  EbepbbE BeebBE ebE epBpBbBeEBpEpBBbpBBE  BBbeefp--pp B  BpBbEe
® % * % AAE K = * * * * ® ®
2ADF  DIQMTOSPSSLSASLGGKVTITC  KASQ------ DINKYIA WYQHKPGKGPRLLIH  YTSTLOP  GIPSRFSGSGSCRDYSFSISNLEPEDIATYYC  LOYDNL---RT  FGGGTKLEIK
eBeBEBecEEbpefe eBeBEE  pBpp------ pBeppB8  BBBLpE e SJJBBBB bBeepbE BpEDBE E e peBeBeBeeBbepBbBSeB8S  BBBbee-- -Be 8 BeBbEp
* * Ak F CEE E * * * ok kx ®
IWE]  DIQMTQSPASLSASVGETVTITC  RASG------NIHNYLA WQWGKSPQLLVY NAKTLAD  GVPSRFSGSGSCTQYSLKINSLOPEDFGSYYC — QHFWSTP- -WT FGGGTKLEII(
pbpBEBeeEebpBee pebeBeS  pBp ------pBpepBs EBBBp_o ppBpEEEb  pbeebbe BeEDBE E E epBeBpBeeBpEpSs pBBB EBBpeeB- -Bb B EeBBep
k¥ £x x
3094  DIVLTOSPATLSVTPGNSVSLSC  RASQ SIGNNLH WQOKSHESPRLLIK YASQSIS GIPSRFSGSGSCTDFTLSINQVETEEIFGM‘{FC QOSNSWP--YT FGCGT!(LEIK
eBEBEBEeEebpbEe eebfBpB  pBpp------eB ebBb  BBBEpeeppBpBESp  pbepEbE beEbBE £ E eeBeBeBeecBpEpbp bBSS  SBppebb--bp B  BpBbbp
* % ok * * Xk kx % *
2V17 DVOITOSPSYLAASPGETITINC  RASK------ SIRKFLA  WYREKPGKTMKLLIY SGSTLOS  GTPSRFSGSGSCTOFTLTISRLEPEDFAMYYC — QOHNDYP--LT  FGAGTKLELK
eBeBEBecEpbbbpe peBeBpB  pBpp---- —feﬂppbss BEBbbLE peBpBBBb b EepbE BeEbSE E E eeBeBpBepBpEeSBBpEBE  BBBbbpe- -Bp B E BpBBpp
® * .~k K x * * E 3 ¥ ® ®
3HNS  DIQMTQTTSSLSASLGDRVTIGC RASQ------ DIG‘SYLN WYQOKPDGAVRLLIY  YTSRLHS GVPSRFSGSGSGTHFSLTISNLEQEDIGTYFC ~ HODTKPP--YT FGSGTKLEIK
ppeBEBEeEEppeee ppBeB B pBep------pB epBB  BBBbpEe EBpBBBb  pbeppbE BpEbBBE e p eeBpBpBeeBpbpBp pBBB  BBbbeEE--Bp B E BEBbBp
* ® Fa W = * = % wx ® =
JHNT  DIQMTQTTSSLSASLGDRVTIGC  RASQ------ DIGSYLN  WYQOKPDGAVRLLIY  YTSRLHS GVPSRFSGSGSGTHFSLTISNLEQEDIGTYFC ~ HOQDTKPP--YT FGSGTKLEIK
ppeBEBEeE.E;Jpeee ppBeB B pBpp------pB epBB  BBBbpFe EBpBEBb  pbeppbE BpEbBE e p eeBpBpBeeBpbpBp pBBE  BBbbeFe--Bp B E BEBbBp
* ¥ ~ ok % x® = * = X = 3 g~
SHNV DIO-‘TTQ'I'I'SSLSRSLGDRWIGC RASQ------DIGSYLN  WYQQKPDGAVRLLIY  YTSRLHS GVPSRFSGSGSCTHFSLTISNLEQEDIGTYFC HQDTKPP- -YT FGSGTKLEIK
ppeBEBEeEEppeee ppBeB B pBpp------pB epBB  BBBbpEe EBpBBBb  pbeppbE BpEDBBE e p eeBpBpBeeBpbpBp pBBB  BBbbeEe--Bp B E BEBbBp
* % ~% k ®K * * £ ¥x x *
3I75 DIQMTOSPSSLSASLGGKVTITC  QSSQ------ DINKYIG WYQHKPGKGPRLLIH YTSILRP  DIPSRFSGSGSGROYSFSISNLEPEDTATYYC  LOYDDLL--LT  FGAGTKLELK
eBeBEBeeEEbeeEE eBeBEB  eBpe---- --p&epbs BBBNJE P spasab bBeepr pbeEbBE E e peBpGpBEEEpppBbeBSB aasbbe»- -Bp B E BeBbBp
ALEE X Lo
3L10 DVQITOSPSYLAASPGETITINC  RASK------ SIRI(FLA WREKPGKTNKLLIY SGSTLQS  GTPSAFSGSGSCTDFTLTISRLEPEDFAMYYC OOHNDYP--LT FGAGTKLELK
eppBEBepEepebee pebeBel  eBpe------ eBpepB3  BBbbpE peBpBBBb  p eepbE BeEDBE E E BBBLEBE -Ep 3 E BeBBpp
K * % AXE X X * = * 3
3NA9  DIQMTOSPSSLSASVGDRVTITC  RASQ------SIGLYLA  WYQOKPGKAPKLLIY  AASSLOS  GVPSRFSGSGSCTDFTLTISSLOPEDFATYYC — QOGNTLS- -YT FG!!GTKVEIK
eBpBEBeeEebpbee ppBeBeS  pSpp------e8 epB8  BBbBpE eeBpBBEH  ebeepbE BpEbBE E & eeBe&hBeeBbEpBbeB&B BB pesE--Bp 8 p BpBbep
A Aphg * % AKE K k3 * E = =
1FS8 DIVLTOSPASLAVSLCORATISC  KASQGVDF- -DGASFMM  WYQOKPGOPPKLLIF  AASTLES GIPARFSGRGSCTDFTLNIHWEEEDAATWC QOSHEDP- -LT FGAGTKLELK
eBEBEBEeEpbeBee ppEpBef  efpp Spe--e pbpB8  BBbBpE ppBeBBES  BbeepbE beEbBe p e eeBpBbBecBpepBeBpBBS  BBbbpbb--bp B E BpBBpp
* % O * * * & kx ® *
3041 DIVLTOSPASLAVSLGORATIFC  RASQSVDY--NGISYMH  WFQOKPGOPPKLLIY  AASNPES GIPARFTGSGSCTDFTLNIHPVEEEDAATYYC — QOILEDP- -WT FGGGTKLEIK
eBEBEBeeEEpEbep ppBpBeB  eBpppBbe--e pbbBB BBBpr ppBeBBBb  bbepEbE BeEBBE e e eEBpBpBpEBpppBbBeBBE  BBBpppB--Bp B  BEBpBp
SEE F * ax o oEkE o® *
36GW  DIVMTOAAFSNPVTLGTSASISC RSSKSLLHS- DGITYLY WLOKPGOSPHLLIY HLSHLAS GWPDRFS55SGSGTDFTLRISRVEAEDVGIYYC ~ AHNVELP- -RT FGGGTKLEIK
eBEBeBEEebEebfe epbeBeS  pBeppBeee-b pbbBB  BBEBbe pbBebBBp  pbeppeE beebBEBE p EeBeBpBeeBpeeBB pBBE  BBppbpe--Bp B  beBbBp

70

Philippine Science Letters

Vol. 5 | No. 1 | 2012



Table 2. continued.
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Table 2. continued.
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| | | | | | | | (I | | | | | | |

CE * EE * * AR * e
3601 EVOLQESGPGLVKPSETLSLTCTVSGGPIN - -NAYWT ~ WIRQOPPGKGLEYLG ~ YVY-- -HTGVTNYNPSLKS RLTITII}TSRKQLSLSLKF\!‘TMDSAV\‘YCAR EWAEDGDFGNAF- - -HV WGOGTHMVAVSS
ebeBeBE p BbpEepeBEBpBeBE Ebp  --pBbBE  BBBbeE e BpBB bBb- - -be EpbbbEebeE  bBEBE BeBBEBE BbEpe bb pBB--- -bp B e beBEBpE

G ok ® wHENE ® =
3MLY  QVQLOQESGPGLVKPSETLSLTCTVSGGSIS  --GFHWS  WIRQPPGKGLEYIG  YIY---YSGSTSYNPSLKS  RVSMSVDTSRNQFSLELSSVTAADTAVYYCAR DFGE\’H\’DGRGFOCEGF- --DL WGOGTLVTVSS
epeBeBE p ebeFepeBeBpBeBE eBE  -- pbBE  BBBBeE e BpBB bBb———pp bl by Bb ppbep p BbBE B---pp B e beBeBbE

* r ~xx w ® ik ® wn
3085  EVOLOOSGPELVKPGASVKMSCKASGYTFT --SNVMH  WVKQKPGOGLEWIG ‘(INP- -YNDGTKYNEKFKG KATLTSDKSSSTAYMELSSLTSEDSAVYYCAR  NWDV- WGOGTLVTVSA
pbpBpBp bbbbeE EebpBeBpBp BESe  --pBpBE  BBBBpE p BpBS bBpB- -esp ppbbeeBp bBEB=BppeppbBpEpBeEBEEeBpBeBBEBE  pBpp- B p BpBpBbE

* ®  nexow E * x ~gx x T
2NXY  EVOLVESGAEVKKPGSSVKVSCKASGDTFI  --RYSFT  WVRQAPGQGLEWMG ~ RIIT--ILDVAHYAPHLQG  RVTITADKSTSTVYLELRNLRSDDTAVYFCAG ~ VYEGEADEGEYDMNGFL---KH WGOGTLVTVSS
PBeBEBp Ebebee peBeBeBpSE beBp  --bBBBE  BBbbEE = BpBS  BBEE- bBEBe=Bpp PEeBp BpE pBpp pbepb bB---pb B p BpBbBPE

« = mexox % * ® ogw ox wn
2NY2  EVOLVESGAEVKKPGSSVKVSCKASGDTFI  --RYSFT  WVRQAPGOQGLEWMG ~ RIIT--ILDVAHYAPHLQG  RVTITADKSTSTVYLELRNLRSDDTAVYFCAG ~ VYEGEADEGEYDMNGFL---KH WGOGTLVTVSS
eBpBEBp Ebebes peBpBpBpBe beBp  --bBBBE  BBbHEE E BpBE BBEE - - pEecppbeEEBp BBeBeBppeephBpBbBbEBpecBpBeBEE8 BpE pBpp pbppb bB---pb B p BpBBBpE

® * ~exx * * * = e xn
2UXV  EVOLVOSGTEVKKPGESLKISCKGSGYTWT --SYWIG ~ WVROMPGKGLEWMG  FIYP--GDSETRYSPTFQG  QVTISADKSFNTAFLOWSSLKASDTAMYYCAR  VGSGWYPYTF- WGOGTLVTVSS
eppBEBp EbEbpe pEBpBeBe e BEBe ebb8 BBBbpe e BbbB BBpB- - B e EbEpBB- B p BpBpBpE

* *x - * * wkk * *nn
10PG  EVOLVOSGGGLVNPGRSLKLSCAASGFTFS  --SYGMS ~ WVROTPEKRLEWVA  AISG- -GGTYIHYPDSVKG ~ RFTISRDMAKNNLYLOMSSLRSEDTALYYCTR — HPFYRYDGGNYYAM- - WGOGTSVTVSA
phbBEBe  bBee pEbpBeBEBe BEBe --ph BE  BBBBbEpppSpAEE  pBb --  EeppbbeeBp bBEB=BhbEppPBbEpBepBpEpBebeBBEBE  Bpeppep  EppBB- -----po B p bEBeBpE

® ® = * = * ® #® ~xn ® xn
3HCB  QVOLVOSGAEVKKPGSSVKVSCKASGYTFT --TYYLH  WVROAPGOQGLEWMG ~ WIYP- -GNVHAOYNEKFKG RVTITADKSTSTAYMELSSLRSEDTAVYYCAR  SWEGF WGOGTTVTVSS
ebpBEBb EbEbee peBpBpBpBe BEBe  --eppBB B&Bpr b BbBB bBbB- - & bi - B p BEBpBpE

W * ARk * xnn
3MXW  QVOLQQSGPELVRPGVSVKISCKGSGYTFI - -DEALH WKDSHF\ESLEWIG WVIRP- "!"SGI:—I'N\‘NUKFKD KATP‘ITVDISSSTAY’LELAHLTSEDSAl\‘YCAR DWERGDFF - - WGOGTLVTVSS
ebpBpBp pbbbpe EpBpSpBp E BEBp  --pbBBB  BBBBpEEppBbBB BBbS--pp bBE! Bp! BEBB Bbep pEB-- B p BeBeBbE

®ox tkE x * ¥ i o *~
1T16  RITLKESGPPLVKPTOTLTLTCSFSGFSLS — DFGVGVG  WIROPPGKALEWLA IIY' - -SDDDKRYSPSLNT RL‘I'ITKDTSKNQWLVMTRVSFVDTATYFCAH RRGPTTLFGVPTARGPVNAMDY WGOGITVTISS

ebEReBE eEebpeEpeBeBpBeSE BeBe pe b B BEBHpE eEBpBEE  BBb---beppbbbbEebeE  bBEBEBppEepbBSeBeBepBeEEBpBeBBEEE  Bb pppee EepFe epbBEBe g i bEBﬁbe

* v =

e ® E3 3 3

20K8  EVOLEESGPELVKPGASVKISCKASGYTFT  --DYYMN  WLRQKPGOGLEWIG — WVY----PGSIKYNEKFKD  KATLTADTSSSIVYMHLSSLTSDDNAVYFCTR
ebpBpBp Ebebee EpBpBpBeBe BEBe  --pbbBE  BBBbbE p BbED bBb----p bBER -BeE=BpBeBBEBE
*

=

dx ® *

*
3CFB  EVKLVESGGGLVKPGGSLKLSCTASGITFS --RYIMS  WVROIPEKRLEWVA  SIS---SGGITYYPDSVKG  RFTISRONVRNILYLOMSSLRSEDTALYYCAR

pepBEBE  pbee ebpBpBEBe BEBp  --pbpBb  BbBbbEpppbbbBE BBp---e ppBbeb. BEEBEBbeE
* x x ~ kR *
309A  DVOLOESGPSLVKPSQTLSLTCSWTGDSIT --5DYWS  WIRKFPGNRLEYMG WS =B —YSGSTY\‘NPSLKS RISITROTSKNOYYLDLNSVTTEDTATYYCAM
ebeBeBe EEpbecepeBeBpBeBE bpBe  --ebpBB  BBBbpE peBbBB BBb- - -ep bBeBeb BpBpBBBEBE
* £ ¥ ow * ®

2UXT  EIOLOOSGPELVKPGASVKVSCKASGYSFT --DYFIY  WVKQSHGKSLEWIG  DIDP- -YNG[ITS‘(II[]KFHD KATLTVDOSSTTAFMHLNSLTSEDSAVYFCAR

pbpBpBp EbEbee EpBpBpBpBp BeBp --pppBb  BBBbbE peBbBB bBbb--ep eb
®

~x x * *

2ADF  OIQLVOSGPELKKPGETVKISCKASGYTFI  --NYGMN  WVKQAPGKGLKWMG  WKNT- -NTGETTYGEEFRG RFAFSLETS\ISTA‘{LDIHNLKNEDT.RT‘I’FCAR

ebeBEBp Ebpbep peBpBeBeBe BEBe --eb BB  BBbbEE ¢ BeBB pBpB--ec eppb ecBp

* *

e e *

1¥Qy  EVOLOOSGAELMKPGASVKISCKASGYTFS --DYWIE  WVKORPGHGLEWIG  EILP- —GSGSTIIYHERFKG KATFTADTSSSTAYMOLNSLTSEDSGVYYCLH
eBBBBB

epeBeBp Ebpbee EpBpBeBeBe BeBe --pbpBB  BBBbBbE p BbEB bBpB-- p

x x * %

Anen w FRE *

1WE] EVOLOOSGAELVKPGASVELSCTASGFNTR --DTYMH  WVKQRPEKGLEWIG ~ RIDP- - ASGNTKYDPKFQD KATITADTSSNTAYLOLSSLTSEDTAVYYCAG
Iy hah

ebeBeBp Epebee EEBpEpBeBE BpBp --eBbBB  BBBbbEec BbEB BbbB- -Ee pabbbfeﬂpe
*

*

o *

3HNS  EVOLOOSGTVLARPGTSVKMSCKASGYSFT  --NYWMH  WVKORPGOGLEWIG SlYP-—GNSDTN'T'KQKFKG KAKLTAVTSASTAYMEWNSLTNEDSAVYYCTR
I e

pbeBeBp bpbbpe eebpBeBeBE BeBe  --ebpBB  BBbbbE e BbEB BBbB- -

3HNT  EVOLOOSGTVLARPGTSVKMSCKASGYSFT  --NYWMH  WVKORPGOGLEWIG S!YP-—GNSDTN‘I'KQKFKG TAKL‘I'AVTSASIA!MEWIS!.TNEDSAW\‘CTR

pbeBeBp bpbbpe eebpBeBeSE BeBe --ebpBB  BBbbbE e BbEB BEbB- -
* = x %

* *
3HNV  EVOLOOSGTVLARPGTSVKMSCKASGYSFT  --NYWMH  WVKORPGOGLEWIG SébY;--GNSDTNYKDKFKG KAKLTAVTSASTAYMEVNSLTNEDSAVYYCTR
b b heh BEEE

ebeBeBp bpbbpe eebpBeBeSE BeBe  --ebpBB  BSbBLE sABbBE BBbE- -

* * *

1A3L  EVOLEESGPELVRPGTSVKISCKASGYTFT  --NYWLG ~ WVKQRPGHGFEWIG  DIYP- -GGVYTTNNEKFRG :AILTAD'FSSSTAYMOLSSLTSEDSAWFCAR
bBbE- -

ebpBpBp Ebpbee eebpBpBpBe BeBe --ebpB  BbbbbE p EpB8
= EARAE

~¥ *

IYEF  ENQLOOSGAELLRPGTSVKLSCKTSGYIFT — --SYWIH  WVKORSGOGLEWIA  RIYP--GTGSTYYNEKFKG  KATLTADKSSSTAYMOLSTLKSEDSAVYFCTR
eBpBpBp EbbBpe epBpBeBpBe BEBe - -ebbBb BBBEPE b EpEas thB-- e bBEB! £ 8585

[
WTYGSSF- - -
poE pbB---

Anng

e 2 2 2 3
DHPYYAL-
bbEppBB-
~nx

GNYDF-
Beph-

e

N&GYYTGG- 3

epe
a * t«s“

WGFIPVREDYVM- -
b

® =nm g

1YEG  EMQLQOSGAELLRPGTSVKLSCKTSGYIFT  --SYWIH  WYKORSGOGLEWIA R!YP--CTCST‘:’YNEKFKG KATLTADKSSSTAYHOLSTLKSEDSAWFCTR

eBpBpBp EbbBPE epBpBeBeBe BeBe  --ebbBb  BBBBPE b BpBBB  bBbB-. e ebpbb
x Aex x

Heny

V&Fl PVREDYVM- -

*

2W60  QIQLVOSGPELKKPGETVKISCKASGYTFT  --DYSIH  WVKQAPGKGLKWMG ~ WINT- -ETGEPTYTDDFKG ~ RFAFSLESSASTAFLOINNLKNEDTATYFCAR
I

ebpBEBp Ebebee peBpBeSeBe BEBe  --pppSE BBbbEE & BeBB PBpB--ee
*

Any x

3NA9  EVOLVOSGAEWVKKPGESLKISCKGSGYSFT - -NYWVG WRQMPGKGLEWG FIDP- -SDSYTNYAPSFQG UWIEADKSISTAYH}NSSLKASDTMWCAR

pppBEBp Ebebpp peBpBpSp e BeBe  --ebps BBBbpE p BbBB BBhB--epEpppbeEEbp eBE
*

=

Ao *

3079 (QVOLOOSGTELMKPGSSVKISCKATGYRFS --SYWVE  WVKORPGHGLEWIG  KILP- —GIGSTS‘FNEKFKG KATWADTSSNTAWLSSLTSEDSHWYCAR

ebpBpBp ebbpeE peBpBeBpBe BpBe --pbbBBE  BBBBbLE ¢ BbBB bBbB-- E

—— * *

1HIL  EVOLVESGGDLVKPGGSLKLSCAASGFSFS --SYGMS  WVROQTPDKRLEWVA  TISN--GGGYTYYPDSVKG RFTISROMAKNTLYLQMSSLKSEDSAMYYCAR

pbpBEBe phbee ebpBeBEEE BeBe --eb BE  BBBBbEpesBpBBE  pBpe--  =ppbbEeBe BBEBeBppE
x Ao

INLE OQIOLVOSGPELKKPGETVKISCKASGYTFT  --DFSMH  WVNOAPGKGLNWMG = WVNT- 'ETGEF’T'(ADDFKG RFAFSLETSASTAYLOIMSLKNEDTATYFCAR
eppBEBp Ebpbee lefe BEBp  --pppBB  BBbLBEE e BeBB pB

Erees
ATTATEL-
£pEEBPB-
= EcEEEER
ELYQGYMDTF -
Bppb eBbBB-
Arkrk
GYYGPTWF - -
pe EBbB

* AwEans

RERYDENGF-

e
-DY
_Bp
=
-PY
-8b

-AY
-Bp

oy
-bp
M

-DY
-8p

F
WGEGTLLTVSS
B p BEBeBbe
* ®

WGOGTLVTVSS
p e bEBpBbe
S

WGOGTLVTVSA
B e peBpBpE
*
WGOGTLVTVSA
B p BeBpBAE
4

WGOGTTVTVSS
B p BeBpBpE
FVON
WGOGTTLTVSS
B p BEBeBpE
vy
WGOGTTLTVSS
B p BEBpBBe
*

WGOGTLVTVSA
B p BpBpBbE
*

WEQETLVTVSA
8 p BpBpBbE
*

WEOGTLVTVSA
8 p BpBpBbE
P

WGQGTSVTVSS
b p BEBeBbE
PO

WGOGTLVTVSS
B p BeBpBpE

g

WEOGTLVTVSS
B p BeBpBpE
Fn

WGOGTLVTVSA
B p BeBeBbE
P

WGOGTLVTVSS
B p BEBeBpE
g

WGOGTLVTVSS
B p BeBpBpE
*

WGOGTLVTVSA
B e beBeBpE
¥

WGAGTTVTVSS
B _E BEBpBpE
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Table 2. continued.

CDR-1 CDR-2 CDR-3
18 20 3@ ab 35 40 49 52abc [1] 66 76 82abc 96 94 95 186abcdefghijklon1fl 163 113
] ] | ] ] | | [ | |1 1 ] | ]
T EEaE £33 G G
2076  EVOLEQSGAELMKPGASVKISCKATGYTFT  --TYWIE  WIKORPGHSLEWIG EILP- -GSDSTYYNEKVKG ~ KVTFTADASSNTAYMOLSSLTSEDSAVYYCAR WGOGTTLTVSS
ebeBeBb EbbpeE EeBpBeBpBE BEBe  --ebpBE BE‘bbbE epBeBh beE‘-- bephpbpbeEs bbEBEBpEeppbBpBpBpeBeEpbpBeBBBRE B p BEBpBpE
P * ¥ #* R
2FBJ EVKLLESGGGLVQPGGSLKLSCAASGFDFS - - HTWMS WRDI\PGKGLEWIG EIHP- -DSGTINYTPSLKD KFITSRONAKNSLYLOMSKVRSEDTALYYCAR WGOGTLVTVSA
epeBEBE  bbpe ebpBeBEBE BpBe  --pbpBS  BBbbEE e BpBB BBpb- -ee epbbpEebee  bBEBeBpbEppbBbBpBpebpecbebeBBEBE B e bpBpBbE
« = wx * * ¥ ® L
2ZPK  ZIQLVOSGPEVOKPGETVRISCKASGYTFT --TAGMO ~ WVOKMPGKSLKWIG — WINT- -RSGVPKYAEDFKG RFAFSLETSASTAYLHINNLKNEDTATYFCAR WGOGTLVTVSA
pbpBEBp EbEbep peBpBeBpBE BEBe  --Ep BE  BEBbpE pbBpBB pBpB- -pp EppbBepBe bBEBpbpeEepbBbBpBecBpecBpBpBEEBE B p BEBbBBE
* o e * * e
3LIZ EVOLVESGGGLVOPGGSLKLSCAASGFTFS  --SFAMS  WGROTPDKRLELVA  TINS- -NGASTYYPDTVKG  RFTISRDNAKNTLFLOMSSLKSEDTAMYYCTR WGOGTLVTVSA
ebpBEBE  bbee ebpBeBEBE BEBe  --ppEBB B BBpEpepBpSBE  bBpe--e EEpbbbEcBe bBES \pBBBBE B p beBpBpE
® P o o ® ®
3175 EVKLEESGAELVRPGASVTLSCAASGYTFT --DFEIH  WVKQPPVGGLEWIG — TLDP- -ETGGTAYNONFKG RATLTADKSSSTAYMELRSLTSEDSAVYYCTR  WGHKFYYYGTSYAM- - WGOAGTSVTVSS
pheBpBp EbbBbE EpbeBpBEBe BEBp - -pbbB8 SESbbEE EpB& bBbE--pe ppbpefﬂe bBEBEBEPE, ebpBeBBEBR B beFeee BEpBS-- B p BeBpBpE
* xx ¥ e
3GGW  EVKVEESGGGLVOPGGSMKISCVVSGLTFS - -HYWMS WRQSPEKGLEWVA EIRLKS'DNVATYYAES‘VKG KFFISRDDSKSRL\"LHMNNLHTEDTGI\‘VCFL WGOGTSVTVSS
ebeBeBe  bbee pbpBpBeBE BEBe  --eppBS  BEBbbEes EbBBE  BBbp: DE| bBEB=E ‘BpEcBe eBBBBD B p beBeBpE
. * xx k x * E o e
3065 EVKVEESGGGLVOPGGSHMKISCVWSGLTFS  --NYWMS  WVROSPEKGLEWVA  EIRLKSDNYATYYAESVKG KFTIOR)DJKJRLYLQMN NLRTEDTGIYYCFL WGOGTSVTVSS
pbeBpBe  bbee pbpBpBeBE BEBe  --eppBB  BBBbbEee BbEBE  BBbpeepEpeppbeepBp bBEBeS EpBe pEEEBE B p bpBpBpE
= wx w « * e
1KEL EVKLVESGGGLGQPGGSLRLSCATSGFTFT --DYYFN  WARQPPGKALEWLG FIRNKAKGYTTEYSASVKG RFFISRDNSQGILYLQMNTLRAED‘SAT\‘VCAR WGOGTSVTVSS
ebeBEBE e pe ebpBpBEBE BEBp --ebbBS  BBBbpE pEBbBEB bBbbeEp bepbbbEpBe BBeBeSbpEp bBbBbBpEBPEPBpBpBBEEE B p bEBEBpE
- * - o * * e
10Y6  EVTLOESGGGLVOPGGSMKLSCAASGFTFS --DAWVD  WVROSPGKGLEWVA ETRNKANNHATEYTESVKG RFTISRODSKSSVYLOMNSLRAEDTGIVYCTS WGOGTLVTVSA
epEBeBE  bBpe eBpBeBEBe BEB=  --pBpBB  BBBbbE p BbBBE  BBbbeEpEpEppbbepBp BBEBeBbpepebBbBpBeEBpEPBD pEBEBE B E beBpBbE
€ ® *x x * * S #n
1RIV  EVTLOESGGGLVOPGGSHMKLSCAASGFTFS  --DAWVD  WVROSPGKGLEWVA — EIRNKANNHATKYTESVKG RFI'ISPDDSKSSVYLDMNSLRAEDTGIYYCTS VPOLGRGF - - WGOGTLVTVSA
epEBeBE  bBpe eBpBeBEBe BEBe  --pBpBS  BEBLbE e BbEBE  BBbbeEpEpEppbl ‘BpEpBp pBBEBE bpr b B-- B e bpBpBpE
> * = & * P AR
17 EVNLVESGGGLEQSGGSLSLSCAASGFTFT --DYYMS  WVROPPGKALEWLA LIRNKAKGYTTEYSASVKG RFTISRONSOSTLYLOMNALRAEDSATYYCAR  ONGAARATF----------- WGOGTLVTVSA
pbeBEBE ~ bbeE ebpBpBEBE BEBp  --pbBBB  BESbpE =EBpece  BBbBeEp bebbbbEpBe  bBEBESpbEpppBpEpBeEBpEeiebpobess BB EbbeBB----------- B e beBpBb
xx *x x x * o
3110 EVNLVESGGGLEQSGGSLSLSCAASGFTFT --DYYMS  WVROPPGKALEWLA LIRNKAKGYTTEYSASVKG RFTISRONSOSTLYLOMNALRAEDSATYYCAR WGOGTLVTVSA
ebeBEBE ~ bbeE ebEBeBEBe BeBe  --pbBBB  BBBbpE eEBbBBB  BBBbeEp bepbbbEpBe BEBeB -BpEpBpBpBEBBBEE B e bEBpBbE
. * xx ko * * e
15BS  EVNLEESGGGLVOPGGSMKLSCVASGFTFS  --NYWMN ~ WVROSPEKGLEWVA  DIRLKSNNYATLYAESVKG ~ RFTISRDDSKSSVYLOMWNLRAEDTGIYYCTR — GAYYRYDYAM--- WGOGTSVTVSS
ebeBpBe  BbeE eBpBeBEBe BEBe  --ebBBS  BEBbbEep BbEBE BBbpeeaEaEaebeepSe BBEBeBbbepebBbBpBeERpESBe pBBEBE EesppBBBB- - - B p peBpBbE
& *®  EkE E * ok TR
3LEY  DVOLQESGPGLVKPSQSLSLTCTVTGYLIT  -TDYAWN  WIRQFPGNKLEWMG ‘r'IS == -YSGFFS"('NPS‘LKS OISITROTSKNOFFLOLNSVTTEDTATYYCAF WGOGTLVTVSA
epeBpBe E bbeeEpeBEBpBeBE bEBe  -epbBBB BBBBQE eeBbBR bBB---pp E bBeBEb, BEEcbpBeBBEBD B p beBbBpE
* = x o g ® e
INCW  RVOLOOSGPGLVKPSQSLSLTCTVTGYSIT -SDFAWN  WIRQFPGNKLEWMG  YIN---YSGFTSHNPSLKS RL:ITR)TJKVQF LOLNSVTTEDTATYYCAG LLWYDGGA- - WGOGTLVTVSA
pBeBpBe E bbpeeppBEBpBeBE peBe  -epBpBb  BEBbpE ceBbBB BBE- - -pe eehpheps: bBeBEb| EcBeBpBEEE pppeb  E-- B p bpBbBbE
x xxx w ww * EAREEES e
2AJU  EVKLSESGPGLVKPSQSLSLTCTVTGYSIT -TNYANT  WIRQFPGNKLEWMG  YIR---SSVITRYNPSLKS  RISITODTSKNQFFLOLNSVTTEDTATYYCAR WGOGTSVTVSS
ebeBEBE e bbepEppBEBpBeBE bpBe  -pebEBE  BBBBDE EeBBBB bBp- - -eekEx bBeBEBD E B e beBbBbE
X oakx x4 % i * o
2AJV  EVKLSESGPGLVKPSQSLSLTCTVTGYSIT  -TNYAWT  WIRQFPGNKLEWMG  YIR---SSVITRYNPSLKS  RISITQDTSKNQFFLOQLNSVTTEDTATYYCAR WGOGTSVTVSS
ebeBEBE e bbepEppBEBpBeBe bpBe -pebEBE BSBSbE eeBbER bBp- - -peEpbpbbEpBeE  bBeBEBD -BEE B e peBbBpE
« T = = % * m
1F58 DVOQLQOSGPDLVKPSQSLSLTCTVTGYSIT -SGYSWH WIRQFPGNKLEW‘IG YIH---YSAGTNYNPSLKS  RISITRDTSKNQFFLOLNSVTTEDTATYYCAR WGOGTTVTVSS
ebpBpBE eeeBpeEppBEBpBeBE bpBe - bBEBB  BBBBBE eeBbBB bBp- - -peE ppbbEeBeE bBeBEbb: BEE B p bEBeBbE
xx ~xx * Hne
3IFN  QVTLKESGPGILKPSQTLSLTCSFSGFSLS  TSGMSWG  WIROPSGKGLEWLA HIN—”!\‘DDDKY\‘NFSLKS RLTISKDTSHNQVFLKITSVDTADTATYYCAR WGOGTTLTVSS
ebeBeBe p EbepEpeBEBpBeBe BpBe  ec BBB BSBbeE e BbBBE  BBb-- - BeEEBBPEREEh B e bEBEBbE
« Anx = = T
3041 QVTLKESGPGILOPSOTLSLTCSFSGFSLS — TSGMGVS WIRQPSGKGLEHLA HIY---WDDDKRYNPSLKS  RLTISKDTSRNQVFLKITSVDTADTATYYCAR WGOGTLVTVSA
ebEBeBE p bbpeEpeBEBpBeBe BeBe eE B BB BBBbEE e BpBBS  BBb- - - eE  bBE| BpEE: Bp pee B- B p bpBbBbE
The solvent accessibilities of the side chains are placed under the sequences and are italicized. A residue is

designated "E" (completely exposed) if the fractional accessibility of its side chain is at least 0.80;

if the accessibility is between 0.60 and 0.80; "p" (partly exposed, partly buried) if the accessibility is between 0.40 and

" (mostly exposed)

0.60; "b" (mostly buried) if the accessibility is between 0.20 and 0.40; and "B" (completely buried) if the accessibility is
between 0.00 and 0.20 (definitions are from Padlan (1990)). The accessibility of glycine is simply designated as blank,

" ". Aresidue that is in contact by its side chain is indicated by an asterisk,

win

, above it; one that is in contact by only its

main chain is indicated by a caret, "*". The numbering scheme follows that of Kabat et al. (1991), except in CDR-1 of
the heavy chain, where the insertions are placed after residue 30 instead of residue 35 - a structurally more logical
placement (Padlan et al. 1995). The molecules are simply identified by their PDB entry codes. The single-letter code is
used for the amino acids. The light and heavy chains are listed by subgroup (Kabat et al. 1991). The N-terminal, "Z", in
the PDB entry 2ZPK represents polyglutaric acid.
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Table 3. Contacts between antibody and ligand in high-resolution antibody-ligand complex structures

VL
CDR-1 CDR-2 CDR-3
16 20 27abcdef 30 35 48 49 58 56 66 76 il ] 88 89 95ab 106 167
| | | | | | ] | | | | | 11 | | |
WYQOK #=
2ZNXY  DIVMTQSPATLSVSPGERATLSC  RASE------SVSSDLA  PGOAPRLLIY GASTRAT  GVPARFSGSGSGAEFTLTISSLOSEDFAVYYC DQ‘I’NN’L:iPHYT FGOGTRLEIK
2NY2  DIVMTQSPATLSVSPGERATLSC  RASE------5VSS ELA WYQOKPGOAPRLLIY EASTRAT GVPARFSGSGSGAEFTLTISSLOSEDFAVYYC DQIE':I:PFR&T FGOGTRLEIK
3085 DIVMTOSPATLSVTPGDRVSLSC — RASQ---- -—SI%EI LH  WYROKSH ESPRLLI§ IASEEIE GIPSRFSGSGSGSDFTLSINSVEREDVGVYYC DNEES‘FP- -FT  FGSGTKLEIK
3MXW  DIVMTOTPKFLLVSAGDKVTITC  KASQ------SVSNDLT  WYOOKPGOSPKLLIY  YASNRYT  GVPDRFTGSGYGTDFTFTISTVOAEDLAVYFC DQEYGSP- -PT  FGGGTKVEIK
1TIG  ALOLTOSPSSLSASVGDRITITC  RASO---- --E}\'TEALA WYROKPGSPPOLLIY  DASSLES  GVPSRFSGSGSGTEFTLTISTLRPEDFATYYC DQLE:?E- -:T FGGGTRVDVR
3601  SYVLTQPPS-VSVSPGOTARITC  SAEA------ LS:!';AY WYRORPGOAPLLITY I{;TICRPS GIPERFSGS"I"SG'ITVTLTISGVQ&EDEABWC DSAD;SGD—:’U FGGLTKVTVLG
3MLY  OSVLTOPPS-VSAAPGOKVTISC  SGSSSN----TGHNMVS — WYOQOH PGT.&PKLLI‘:’ ENSKRPS GIPDRFSGSRSGTSATLGITGLOTGDEAEYYC  ATWDGSLR-TV  FGGGTKLTVLS
EET Y EE = EE] ®
2VXT  DIOQMTOSPSSLSASLGERVSLTC — RASQ---- -—DIGS&LY WLQOEPD GTFKRLII ATSELDi GVPKRFSGSRSGSDYSLTISSLESEDFVDYYC LDYQS‘SP- —;r:'l' FGGGTKLATK
2ADF  DIQMTQSPSSLSASLGGKVTITC ~ KASQ------DINKYIA  WYQHKPGKGPRLLIH  YTSTLOP  ~ipoprerccscrDYSFSTSNLEPEDIATYYC LQYDML---RT  FGGGTKLEIK
1YQV  DIVLTQSPAIMSASPGEKVTMTC — SASS------ -SV;:I“; WYQOKSGTSPKRNIY ;TSKLAS GVPVRFSGSGSGTSYSLTISSMETEDAATYYC DQEG;N—- —;T FGGGTKLEIK
IWE] DIOQMTQSPASLSASVGETVTITC  RASG------ :] :;:LA WYQQKOGKSPOLLVY ;AKTLM} GVPSRFSGSGSGTOYSLKINSLOPEDFGSYYC  OH AF‘:STP- -WT  FGGGTKLEIK
3D9A DIVLTOSPATLSVTPGNSVSLSC — RASQ---- -—SIG;:LH WYDOKSH ESPRLLII: :AS;SIS GIPSRFSGSGSGTOFTLSINSVETEDFGMYFC DQS‘:S‘L’:P- —.‘:'T FGGGTKLEIK
3LIZ QIVLTQSPSSMYASLGERVTITC  KASQ------ B]ﬂNELS WFOOKPGKSPKTLIY  RADRLVD  GVPSRVSGSGSGODYSLTISSLEYEDLGIYYC LQIEE&P- —;T FGGGTKLEIK
2V17  DVOQITQSPSYLAASPGETITINC  RASK-- -;--il\iKiLA WYREKPGKTNKLLIY  SGSTLQS  GTPSRFSGSGSGTDFTLTISRLEPEDFAMYYC DQEEEIP- -‘I:T FGAGTKLELK
1F58 DIVLTOSPASLAVSLGORATISC KASQGVDI: =5 Emiﬂﬂ WYQQKPGQPPKLLIF  AASTLES  GIPARFSGRGSGTDFTLNIHPVEEEDAATYYC DQ?TEDP- -I;T FGAGTKLELK
366W  DIVMTQAAFSNPVTLGTSASISC — RSSKSLLHS-DGITYLY — WYLOKPGOSPHLLIY  HLSNLAS  GVPDRFSSSGSGTDFTLRISRVEAEDVGIYYC — AHMVELP--RT  FGGGTKLEIK
3HNS DIQMTQTTSSLSASLGDRVTIGC  RASQ------ B]GS:L: WYQQKPDGMI'RLLI‘: :TSRLHS GVPSRFSGSGSGTHFSLTISNLEQEDIGTYFC HQ;IKFP- —:T FGSGTKLEIK
3065 DIVMTQAAFSNPVTLGTSASISC RSSKSLL:S‘—DGIT: LY  WYLOKPGOSPHLLIY  HLSNLAS  GVPDRFSSSGSGTDFTLRISRVEAEDVGIYYC AH:VE:P- —I;T FGGGTKLEIK
3HNT DIQMTQTTSSLSASLGDRVTIGC  RASQ------ B]GSYL; WY!}QKPDG&VRLLI: :’TSRLHS GVPSRFSGSGSGTHFSLTISNLEQEDIGTYFC HQ;TKFP- —;T FGSGTKLEIK
3HNV  DIOQMTOTTSSLSASLGDRVTIGC — RASO------DIGSY L: WYQOKPD G.\!«\I'RLLI":r :TSHLHS GVPSRFSGSGSGTHFSLTISNLEQEDIGTYFC HQ;TKPP- -¥T  FGSGTKLEIK
® o®x LT e
20K8 DILMTQTPLSLPVSLGDQASISC RSSQSIVHS-NGNTYLE WYLOKPGOSPTLLIY  KVSNRFS  GVPDRFSGSGSGTDFTLKISRVEAEDLGVYYC FﬂEﬁHEP— -LT  FGAGTKLEVK
3CFB  DIVMTQAAFSNPVTLGTSASISC RSTKSLLES - EGITILY WYLOKPGOSPOLLIY  OQMSNLAS  GVPDRFSSSGSGTDFTLRISRVEAEDVGVYYC »:AOEI‘_ELP- —;T ;GGGT)(LEIK
IKEL  DVLMTOTPLSLPVSLGDOASISC RFSUSIUHS-NGNTILE WYLOKSGOSPKLLIY  KVSNRFS  GVPDRFSGSGSGTDFTLKISRVEAEDLGVYYC FD?EWP- -RT  FGGGTKLEIK
10YG  DIVMTOQAAPSVYPVTPGESVSISC R55K$LL:|5 = NGYTILH WFLORPGOSPOLLIY  RVSNLAS  GVPDRFSGSGSGTAFTLRFSRVEAEDVGVYYC HDHLEiP- = ET FOSGTKLEIK
1RIU  DIVMTQAAPSVPVTPGESVSISC RSSKSLLI:S-NGYTILH WFLORPGOSPQLLIY  RVSNLAS  GVPDRFSGSGSGTAFTLRFSRVEAEDVGVYYC mE‘LLEEP- 'ET FGSGTKLEIK
2AV  DIVITODELSNPVTSGESVSISC  RSSRSLLYK-DCGRTYLN ~ WFLORPGOSPOLLIY  LMSTRAS  GVSDRFSGSGSGTDFTLEISRVKAEOVGVYYC EOEVEYP- -:T FOSGTKLEIK
INCW  DVVMTOSPKTISVTIGOPASISC KSSQRLLNS-NGKTFU: N!‘-LQRPGQSPKRLI\' LGTKLDS  GVPDRFTGSGSGTDFTLKISRVEAEDLGVYYC \!E?THFP- ‘\:T FGGGTKLEIK
1A3L  DIVLTOAAFSNPVTLGASASISC RSSKﬁLLgﬁ-NGIIHMI WYLOKPGOSPOLLIY  OQMSKLAS  GAPDRFSGSGSGTDFTLRISRVEAEDVGVYYC .:.OEJI.‘ELP“IT :GGGTKLEIK
1YEF  DIVMTOSPLTLSVTIGOPASISC  KSSOSLLYS-NGKTYLN  WLLORPGOSPKRLIH  LVSKLDS  GVPDRITGSGSGTDFTLKISRVEAADLGVYYC VEETHFP- -YT  FGGGTKLEIL
1YEG DIVMTOSPLTLSVTIGOPASISC  KSSQSLLYS- NGKTYL: WLLORPGOSPKRLIN  LVSKLDS  GVPDRITGSGSGTDFTLKISRVEAADLGVYYC \,J’UGATHFP- -;T ;GEGTKLEIL
3IFN  DVLMTQTPLSLPVSLGDOASISC RSSQSIVE;-&G&:TELE WYLUKPGQSPK%LII K\E'S’I'RFS GVPDRFSGSGSCTDFTLKISRVEAEDLGIYYC Fﬂ;\?;;P- -;T FGAGTKLELK
3LEY  DVVMTQTPLSLSVTLGQPASISC KS‘SQSLL[.JS'- DGKTILN WLLORPGOSPKRLIY  LVSKLAS  GVPDRFTGSGSGTDFTLKINRVEAEDLGIYYC WOEIE:;P— -WT  FGGGTKLEIK
3041 DIVLTOSPASLAVSLGORATIFC  RASQSVDY- -NEESINH WFQOKPGOPPKLLIY  AASNPES  GIPARFTGSGSGTDFTLNIHPVEEEDAATYYC QUEIEDP- —!:T FGGGTKLEIK
2ZPK _ FTWVTOESA-LTTSPGETVTLTC  RSSTGAV- - -TTSNYAN _WVOEKPDHLFTGLIV _ GTHNRVP _ GVPPRFSGSLIGDKAALTITCAQTEDEAIVFC  ALWYSHH--WV __ FGGOTKLTVLG
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Eﬁ\ble 3. continued.

COR-1 CDR-2 COR-3
10 20 30  ab 35 40 45 SZabc 60 66 70 B2abc 98 94 95 lobabcdelghijklnnlol 163 113
* EEEE * ElarF rd

2NXY  EVOLVESGAEVKKPGSSVKVSCKASGDTFI  --RYSFT  WVRQAPGOGLEWMG  RIIT--ILDVAHYAPHLOG  pyriranweroTyvLELRNLRSDDTAVYFCAG  V/EGEADEGEYDNNGFL---KH  WGOGTLVTVSS
2WY2  EVOLVESGAEVKKPGSSVKVSCKASGDTFI  --RYSFT  WVRQAPGOGLEWMG  RIIT- —I:I}:A:W.APHLQG RVTITADKSTSTVYLELRNLRSDDTAVYFCAG WEG:ABEGE:’D;MGFL- --KH  WGQGTLVTVSS
3085  EVOLOQSGPELVKPGASVKMSCKASGYTFT - —§¥;M: WVKOKPGOGLEWIG :IéP— —E:JDGT;YN EKFKG  KATLTSDKSSSTAYMELSSLTSEDSAVYYCAR ;iéiii —————————————— AY  WGOGTLVTVSA
M0 QVOLOOSGPELVRPGVSVKISCKGSGYTFI  --DEALH  WVKQSHAESLEWIG \nzp- —Y!;xGIET!;lYNQKFKD KATMTVDISSSTAYLELARLTSEDSAIYYCAR  DWERGDFF----- e -DY  WGQGTLVTVSS
ITIG  RITLKESGPPLVKPTOQTLTLTCSFSGFSLS DFGVEVG WIRQPPGKALEWLA £II = -SDDEKR\‘SPSLNT RLTITKDTSKNOVVLVMTRVSPYDTATYFCAH EEEP’ITtFEEPIARGPVNAHDV WGOGITVTISS
3601  EVOLOESGPGLVKPSETLSLTCTVSGGPIN  --NAYWT  WIROPPGKGLEYLG ~ YWY---HTGVTNYNPSLKS ~ RLTITIDTSRKOLSLSLKFVTAADSAVYYCAR  EWAEDGDFGNAF--------| HV  WGOGTMVAVSS
3MLY DVQLl]lESGPGLVKPSETLSLTCTVSGGSI; - -G;HWS WIRQPPGKGLEYIG v1¢- - -:SGSTSYNPSLKS RVSMSVDTSHNUFSLELSSVTAADTAWYCA; D;GE:;:DGRGFUCEGF -- -EL WGOGTLVTVSS

K AEE K ® * ke 4 * ~X HE
2UXT  EIOLOQSGPELVKPGASVKVSCKASGYSFT - —E‘L’FI‘( WVKOSHGKSLEWIG Elgp- -INGDTSYMQKFRD KATLTVDOSSTTAFMHLNSLTSEDSAVYFCAR e ] RF WGOGTLVTVSA
2ADF  OIOLVOSGPELKKPGETVKISCKASGYTFI  --NYGMN  WVKQAPGKGLKWMG  WKNT--NTGETTYGEEFRG  RFAFSLETSVSTAYLOINNLKNEDTATYFCAR  DNPYYAL------------- DY  WGOGTTVTVSS
1¥QV  EVOLOQSGAELMKPGASVKISCKASGYTFS - -D‘rxnz WKORPGHGLE‘;IG :]:P- —G;G;T:WHERFKG KATFTADTSSSTAYMOLNSLTSEDSGVYYCLH G;:\tnf --------------- DG WGOGTTLTVSS
IWE]  EVOLOQSGAELVKPGASVKLSCTASG FNII: - -EIEMH WVKQRPEKGLEWIG EIEP- -Q%GET):YD PKFOD  KATITADTSSNTAYLOLSSLTSEDTAVYYCAG Iétw -------------- DY  WGOGTTLTVSS
3D9A  DVOLOESGPSLVKPSQTLSLTCSVTGDSIT — --SDYWS — WIRKFPGNRLEYMG  YVS---YSGSTYYNPSLKS — RISITROTSKNOYYLDLNSVTTEDTATYYCAN — WDG-----------------| DY  WGOGTLVTVSA
3LIZ  EVOLVESGGGLVOPGGSLKLSCAASG :;FS - —SI:EMS WGRQTPOKRLELVA HESK - —:c\:sxTw PDTVKG  RAFTISRONAKNTLFLOMSSLKSEDTAMYYCTR DP:EEE‘EF ———————————— AY  WGOGTLVTVSA
2V17  EVNLVESGGGLEQSGGSLSLSCAASGFTFT ~ --DYYMS  WVRQPPGKALEWLA  LIRNKAKGYTTEYSASVKG ~ RFTISRDNSQSILYLQMNALRAEDSAIYYCAR  DNGAARATF--—------— AY  WGOGTLVTVSA
1FS8  DVOLOQSGPOLVKPSQSLSLTCTVTGYSIT -SEIEW: WIRQFPGNKLEWMG :IE --YSAGTNYNPSLKS ~ RISITRDTSKNQFFLOLNSVTTEDTATYYCAR EEAMP‘T’GND;Y‘T’:AM ----- DL WGOGTTVTVSS
366W  EVKVEESGGGLVOPGGSMKISCWSGLTFS  --NYWMS  WVRQSPEKGLEWVA  EIRLKSDNYATYYAESVKG ~ KFTISRDDSKSRLYLOMNNLRTEDTGIYYCFL  BM------o-o-o-oooo DY  WGOGTSVTVSS
3HNS  EVOLOQSGTVLARPGTSVKMSCKASGYSFT - E@: WVKQRPGOGLEWIG ;II 5— —GNSDT&YKUKFKG KAKLTAVTSASTAYMEVNSLTNEDSAVYYCTR EG;:‘V ;F ————————————— AY  WGOGTLVTVSA
365 EVKVEESGGGLVOPGGSMKISCVUSGLTFS  --NYWMS  WURQSPEKGLEWVA  EIRLKSONYATYYAESUKG  KFTISRDDSKSRLYLQMNNLRTEDTGIYYCFL  PM-----ooo-eooooeool DY  WGQGTSVTVSS
3HNT  EVOLOQSGTVLARPGTSVKMSCKASGYSFT - N‘r’:{M: WVKORPGOGLEWIG ;IYF- -GNSDT;YKUKFKG KAKLTAVTSASTAYMEVNSLTNEDSAVYYCTR :G:;ﬁ ;F ------------- AY  WGOGTLVTVSA
3HNV  EVOLQUSGTVLARPGTSVKMSCKASGYSFT  --NYWMH  WUKQRPGOGLEWIG  SIVP--GNSDTNYKOKFKG  KAKLTAVTSASTAYMEVNSLTNEDSAVYYCTR EG;;V;F ————————————— AY  WGQGTLVTVSA
20K8  EVOLEESGPELVKPGASVKISCKASGYTFT --DYII‘I: wknaxpcqcl;fwm WVY - - - - PGSTKYNEKFKD KATLTADT‘SSSIUYMHLSSLTSDDNAW;(IR HYGSSF- semeemme---DY l;'GEGTLLT\."SS‘
3CFB  EVKLVESGGGLVKPGGSLKLSCTASGITFS  --RYIMS  WVRQIPEKRLEWVA  STS---SGGITYYPDSVKG ~ RFTISRONVRNILYLOMSSLRSEDTALYYCAR  GQGR--------------o- PY  WGOGTLVTVSS
1KEL  EVKLVESGGGLGOPGGSLRLSCATSGFTFT —-DWFI: WARQPPGKALEWLG :I;NKA:GYWEYSASVKG RFTISRONSQGILYLOMNTLRAEDSATYYCAR . WGOGTSVTVSS
10Y6  EVTLOESGGGLYOPGGSMKLSCAASGFTFS EA;VD WVROSPGKGLEWVA  EIRNKANNHATKYTESVKG ~ RFTISRDDSKSSVYLOMNSLRAEDTGIVYCTS :;EQRGF— --------AY  WGOGTLVTVSA
1IRIU  EVTLOESGGGLVOPGGSMKLSCAASGFTFS DAWD WVRQSPGKGLEWVA  EIRNKANNHATKYTESVKG  RFTISRDDSKSSVYLOMNSLRAEDTGIVYCTS \II;P';:GRGF—- --AY  WGOGTLVTVSA
2A  EVKLSESGPGLVKPSOSLSLTCTVTGYSIT m;ur WIRQFPGHKLEWHG EI;- --SSVITRYNPSLKS  RISITODTSKNMOFFLOLNSVTTEDTATYYCAR ':E:mﬁm---- --------DY  WGOGTSVTVSS
INCW  RVOLOQSGPGLYKPSQSLSLTCTVTGYSIT —snrmﬁ WERQFPGNKL{V‘MG IIN- - -YSGFTSHNPSLKS  RISITROTSKNOFFLOLNSVTTEDTATYYCAG I;.L!YDGGA—- -----o----GS IIGQGTL\"TVSA
1A3L  EVOLEESGPELVRPGTSVKISCKASGYTFT le‘; WVKQRPGHGFEWIG  DIYP--GGVYTTNNEKFRG  KAILTADTSSSTAYMOLSSLTSEDSAVYFCAR .:G(I:_wrm-;-- --sooo-DY WGQGTSVTVSS
1YEF  EMOLOQSGAELLRPGTSVKLSCKTSGYIFT  --SYWIH W\II'KQRSGQGLEVIIIA RIYP- -GTGSTYYNEKFKG  KATLTADKSSSTAYMOLSTLKSEDSAVYFCTR  WGFIPVREDYVM--------DY  WGOGTLVWTVSS
IYEG  EMOLOOSGAELLRPGTSVKLSCKTSGYIFT s'nm.l W\:KQRSGQGLE:I’IA RIYP- -GTGSTYYNEKFKG KMTLTADKSSSTAYHQLSTLKSEDSAWFE;R ':GFIMEDY\M- -------DY ;Gnmum;ss
3IFN  OVTLKESGPGILKPSQTLSLTCSFSGFSLS  TSGMSVG  WIRQPSGKGLEWLA :I;J - —\:I;D;K:’YNPSLKS RLTISKDTSANQVFLKITSVDTADTATYYCAR é‘r:;rAEYF—— —----—----AY  WGOGTTLTVSS
3LEY  DVOLQESGPGLVKPSQSLSLTCTWTGYLIT -Tm‘rﬁm WIRQFPGNKLEWMG YIE- - -I?sr;rgvnps LKS  QISITROTSKNQFF LowsvrrEDmmm; GE‘E;F; -------------- :1 WGQGTLVTVSA
3041  QVTLKESGPGILOPSQTLSLTCSFSGFSLS  TSGHGVS  WIRQPSGKGLEWLA  HIY---WODDKRYNPSLKS  RLTISKDTSRNQUFLKITSVDTADTATYYCAR  LYGFTYGF------------AY  WGQGTLVTVSA
_2ZPK__ ZI0LVQSGPEVOKPGETVRISCKASGYTFET - —mgw; JWVOKMPGKSLKNIG :I'I;:’ f;SGVPKYAEDFKG REAFSLETSASIAYLHINNLKNEDTATYFCAR E;I:GF ——————————————— VY WGOGTLVTVSA

See footnote to Table 2.
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same antibody in different ligand states provide a better gauge of
the flexibility and deformability of the CDR loops, the stability
of the quaternary structure, and other structural features of the
molecule.

The information provided here could help in the engineering
of an antibody, even in the absence of a three-dimensional
structure for that antibody. An examination of the structural data
presented in the various tables shows that antibodies have

structural features that are shared (as well as features that are
very different). For example, many of the residues in the
framework, which are involved in the contact with the opposite
domain (Table 2), are located at the same position and share
structural characteristics (size, polarity, etc). That information
and the results presented in Table 3 are useful in deciding which
framework residues to keep if the quaternary structure of the Fv
is to be preserved. However, the residues in the CDRs, which are
involved in the VL:VH contact and which also play a role in the

Table 4a. Contacts between Framework and CDR residues in the murine HyHEL-10 Fab [PDB entry 3D9A]

CDEs-L: CDR1-L
Ser Gln Ser Ile G1ly Leu His

i S

Arg Ala

24 S2n FEs Rl JH o 3

CDE2-L CDE3-L
cr Gln Ile Ser Gln G1ln Ser Pro Thr
o 53 55 56 88 'O D3 9L G

Ala
51

5
5

FE=-L.:
A=p
Ile
Val
Leu

(g% ]
=

Ser
Tyr
Leu
Ile
Lys=
Ile
Ser
Thr
Az=p
Phe

[RE L S ]

o I I T 1 IR Y
[t Ve SRS R RRY & J w O  TNN 0 TS SR L TR % IR B
on

[

[

%]

d
=
L)
[

J

L
=

n
=

=3

£ad

[ [
=

wls L0

=
=

CDRs-H:
=

I
o
s
=
]
=
th 0y
i

Iy

yr Ser Gly Tyr Asn Ser Leu

CDR2Z2-H CDR3-H

5s Asp Gly Asp Tyr
Fd 55 58 60 62 63 96 97 101 102

FR=-H:
Val
Leu
Val
Asp
Ser
Ile
Glu
Tyr
Met
Arg
Ile &7
Ile &% 1
Arg 71 £ 2 =
Tyr 78 13 !

Ala 43

Asn 54 1

e i L T3 DR LD
LU | =] 0 =3 = e 3
b G
J
Lak 2
(w} =

L B« T =
d o

¥

L b
8

2 4 =] 12

The residues along the horizontal are the complementarity-determining region ( CDR) residues; those along the vertical are the framework (FR)
residues. The residues, which are in contact by only their main chain, are italicized. In this matrix of contacts, the element c(i,j) the number of
atom pairs, one from residue i the other from residue j. Nearest-neighbor contacts and CDR contacts with the intradomain disulfide bridge, with
the "invariant tryptophan" (the tryptophan immediately following the CDR-1 in both chains), with the phenylalanine immediately following the
CDR-3 in light chains, and with the tryptophan immediately following the CDR-3 in heavy chains, are excluded. The numbering scheme of Table

2 is used.
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quaternary structure, often do not share a common location. This
is especially true of the contact residues in the CDRs which have
different lengths (CDR-1 and CDR-3 in the light chain, and all
three CDRs in the heavy chain). A fortuitous similarity in the
CDR lengths of an antibody listed in Table 2 with those of the
antibody of unknown structure would be fortunate.

The antibody:ligand contacts shown in Table 3 show that the
N-terminal segment of CDR-1 of the light chain and the C-
terminal segment of the CDR-2 of the heavy chain are not
involved in the interaction with ligand. This supports the

suggestion that not the entire length of the CDRs need to be
preserved when humanizing by CDR-grafting, but only those
segments which had been found to be in contact with ligand
(Padlan et al. 1995). Likewise, the frequent use of similarly
located residues in the antibody-ligand contacts suggests that not
all of the CDR residues need to be transferred during
humanization, but only those which are deemed to be
specificity-determining (Padlan et al. 1995). This information
also helps in the humanization of an antibody of unknown
structure.

Table 4b. Contacts between Framework and CDR residues in the murine 4C6 Fab [PDB entry 1INCW]

CDR1-L
Lys Ser Ser Gln Arg Leu Thr Leu Asn
24 25 26 27 Ze 31 33 24

CDRs-L:

A
P - §

CDR2-L CDR3-L
1y Lys Leu Asp Ser Trp Gln His Pro Thr
1 53 54 55 56 49 980 33 85 97

FRs-L:
Asp 1
val
Met
Thr
Ser

[T S
-3
e

(B8]

(RO B

g

F [ R B Y T Sl

Ile
Tyxr
Val
Thr
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Phe

OO ooy LN
[§8]

=]
oA
s
(8]
(a3}

[
b2 =

o
1

I3k
W pa
t

CDR1-H
Ser Asp Phe Trp Asn Tyr Ile
2031 32 34 35 10 TR 12 T 75

CDRs-H:

Tyr

FRs-H:
Val
Leu
Val
Tyr
Ile
Thr
Arg
Glu
Trp
Met
Arg
Ile
Ile
Arg
FPhe
Asn
Ala
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See footnote to Table 4a.
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The contacts between framework and CDR residues shown critical framework residues, i.e., the ones which are involved in
in Tables 4a,b,c also reveal similarities that are useful in the interaction with the CDRs and the ones which dominate in
deciding which framework residues of a nonhuman antibody the VL:VH contact (Tables 4d,e,f), is to ensure that the
should be preserved during humanization. The preservation of  structures of the CDRs and, consequently, of the antigen-binding

Table 4c. Contacts between Framework and CDR residues in the murine 7A1 Fab [PDB entry 2AJU]

CDRs-L: CDR1-L CDR2-L CDR3-L
Arg Ser Ser Arg S5=r Leu Thr Leu Asn Met S=r Thr Arg Ala Gln Gln Val Glu Pro
24 25 2& 27 27a 27b 31 33 34 SLIELE s T 89 9D 92 93 85

FRs-L:
Asp 1
Ile
Val
Ile
Thr
Asp
Phe 3
Leu 46 25
Ile 43

Tyr 49 i 5

Val 58 4
Asp 6
Thr ©
Asp 7
Phe 71 1 3 1 73

e I T S R R S

2

Ll =t
i
I

= Lad
iy
S

-

(3]

%]
Lad
LN}
F

L2

%]

CDRs-H: CDR1-H CDR2-H CDR3-H
Thr Tyr Trp Thr Tyr Ile Ser Arg Tyr Asn Ser Leu Tyr Tyr
30b 32 34 35 50 51 54 58 59 0 62 63 g5 oz

-

Val
Leu
val
Tyr
Ser
Ile
Ile
Arg
Glu
Trp
Met
Arg
Ile
Ile
Gln
Phe
Ala
Arg

See footnote to Table 4a.
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Table 4d. Contacts between VL and VH in the murine HyHEL-10 Fab [PDB entry 3D9A]

VH: Lys Asn Leu Tyr Gly Tyr Tyr Tyr Asn Pro Tyr Trp Asp Glyv Trp Gly
39 43 45 47 49 50 58 59 60 61 94 98 99 100 103 104

VL:

Tyr 36 4 5

Gln 38 5 2

Ser 43 2 2

Pro 44 10

Leu 46 1 1

Met B85 3

Phe 87 2 &

Gln 89 1

Trp 94 1 1 3 8 10 1

Pro 95 1 1

Tyr 96 3] 2 o

Phe 98 1 o

GIly100 1

The residues along the horizontal are from the VH; those along the vertical are from the VL. As in Table 4a, the residues which are in contact by
only their main chain are italicized. In this matrix of contacts also, the element c(i,j) represents the number of atom pairs, one from residue i and

the other from residue ;.

Table 4e. Contacts between VL and VH in the murine 4C6 Fab [PDB entry 1INCW]
VH: Arg Ile Gln Asn Leu Trp Tyr Ser His Asn Pro Tyr Leu Tyr Asp Gly Gly Ala Gly Ser Trp Gly
1 37 3% 43 45 47 50 58 58 60 &1 8L 85 893 9% 4100 1001000101102 103 104
VL:
Lys 30 1d
Phe 32 2 3
Asn 34 1 1
Leu 3€ 2
Gln 238 3 1
Gln 42 1
Ser 43 4 2 2
Fro 44 10
Arg 4& 4 3 7 1
Tyr 49 4 5
Leu 50 o
Asp 55 2 4
Ser 5S¢ 3
Val 85 1
Tyr 87 1 1 &
Trp 8% 1
Phe &4 2 2 2 4
Pra 55 3 4 1
Tyr S& 10 1
Phe 48 1 5
Glyla0 2
See footnote to Table 4d.
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site, are maintained.

The solvent exposures and the contacts with specific ligand
are presented in Tables 5a and 5b for representative camelid
VHH and shark IgNAR VH, respectively. The contacts between

FR and hypervariable residues are presented in Tables 5c and 5d.
The data presented in those tables will be useful in the
engineering of those molecules.

Although the CL and CH1 domains are usually not subjected

Table 4f. Contacts between VL and VH in the murine 7A1 Fab [PDB entry 2AJU]

VH: Gln Asn Leu Trp Arg Asn Pro Tyr Tyr Asp Tyr Tyr Gly Asn Thr &1y Trp &Gly Gln
39 43 45 47 58 60 ©1 821 85 896 97 898 93 100 100a100b103 104 105
VL:
Tyr 27D 1
Tyr 32 5 2
Asn 34 5
Phe 3& i 4
Gln 34 ] 1
Ser 43 4 3 4
Pro 44 5
Leu 4& o 3 1
Tyr 4% 1 10
Leu S0 1
Tyr &7 1 3 3
Gln 85 [
Phe 91 2 2 T g
Tyr 94 ) 2
Pro 95 g 3
Phe 96 i
Phe 93 4 T
See footnote to Table 4d.
Table 5a. Solvent accessibilities and residues in contact with ligand in camelid VHH of known structure
10 20 21 40 03zZa ] 74 E2abc 30 Ld0abcdefghijklmne 103 ilad
I FR1 I [ EI|I!R_1 1 FRZ EERZI 1 ! !'RIJ [ ! CDR3 1 ! FR4 !
1JTIP GYITIGEYCME WERQAPGEE ATHMGEGITYYADIVESG RETISODHAR TELLMN3LEFEDTAIYYCAR DSTIYASYYECGHGLSTGEYCY D,
EEE BnEE HEEEEL espr EEEE  =pkipepSp bEZBeBbefpphSpBsSszBpspBebeBbBESE BpeebIfpkcE p Bep = 5p
2P45 GIRYTYIYMS WIROAFGHEREGVE BMDSEGEGILYADSVEG RETISRDKGKNTVELOMDILHPEDTATYYCAR GEYELRIRTY --————-————-G3 WEIGETD
bEccBEEE HBHpeE echp OE Ebbp pebpeeEs bEEBeBep pSbEbSpSpeBpepBpBebbBED  ppppbepl-—-——-----—m- r
® kAAwE et REs Ak
2P&A GYPRTYITMG AMDEGEGETILYRADSVEG RETISRDHGEHTIVYLY COTATEYCRA GGED ATRY—=mmmmm e e =GR

besaBEER

ik i

e -——BEEE
N ¥

Y —-TYI3G
& ——-hEEb

10p%

2HA3 ART3SSEDMG
abak EeBeeeBER

=BpSpEEEp

3LH% GYTESHRY]

EEE=abSEE

SGGELVOPEGILALACTA

2
akpe sbpSpfefs=

ppoEsE

TY---TDIVE W

BEEBEE pepb BB

WERQRPGEEREGVA

BEBpEL eeskp BE

BBEpEE eseppbBl

EbSbpE pepp=S5EB

GREREEVA

BEbp sabpepSo

PN W W
ATYRRIGYTYSADAVES
BEEGBpe eppoees=ip

ATRISDGTTYYADAVES
EBEppr ppbbeenEp

WHG

AT3WSGGTINEVDE
BEBEe= eppbpenio

TISQ8GHRIYYADEVEG
pEbpe sppphiecio

FE]

afpe =bbBEECBE pEbeaEpE

AnAnd ¥ o
RETLEQDH, PEDTGIYECAT
EEEEebbEEepkEBpipdeEEpEpEp pELESE

RETISODNAKNIVILOMHSLEEEDTAMYYCAS T
EBBEBEbEEEpebpbEnEee BpepBpBoELBES

REDISEDNAKMAVYLOMNS
BEeESebbpEepeBEBoBe=Ep)

FPEDTAVIYCRAA E

oEpEpELEEE

DHAKHTVYLOMH DTAMYYCRR
SESaSppEesabBbBpBeaBpepSpbpEbEED

EpasrpEess
Epesppisass

The solvent accessibility designations and contact labels follow those in Table 2. The CDR boundaries follow the convention of Desmyter et al.
(2001). The numbering scheme of Table 2 is used. PDB entries 2XA3 and 3LN9 are unliganded.
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to modification, we have included the results of similar analyses
of the CL:CH1 module involving both a kappa- and a lambda-
type light chain (Tables 6a,b,c), in the event that the engineering
of those modules becomes desirable.

Currently, the Fc is also often being engineered for longer
half-life and to control its interaction with receptors and other
biologically important ligands. The solvent exposure of the
residues in the CH2 and CH3 domains of various IgG-type Fc
and in the CH2, CH3 and CH4 domains of IgE Fc, as well as the
residues involved in the contact between the two chains in those
fragments (Table 7a and 7b, respectively), will be useful in the
engineering of the Fc. The identity of the residues that play the

more significant role in the contact between the two chains in
human IgG1 Fc (Table 7c) will greatly aid in the engineering of
this Fc, which is currently the primary subject of attempts to
improve the efficacy of therapeutic antibodies.

Knowledge of which residues are exposed on the surface and
which could be replaced judiciously without unduly altering
tertiary structure is useful in the design of molecules with
reduced antigenicity, a procedure called "de-Antigenization"
(Padlan 2008), especially in instances when a specific region or
function is to be preserved (Padlan 2010), like the antigen-
binding site of an antibody.

Table 5b. Solvent accessibilities and residues in contact with ligand in shark IgNAR VH of known structure

10 20 30 40 50 €0 70 ad a0 100 110
| | | | | |
FR1 [ CDR1 ] FR2 [ H2 ] FR3 [H4] FR4
X K
1502 TPRSVTEETGESLTINCVLE DASYALGS TCWYRKKSGE GNEE K SFSLEINDLTVEDGGTYRCG LGV ( VIVH
pPEpBE=pEpEbpe ppBeBeB=Bp =BEpEE p EEBBbbpe p eBpBpEpeBEEsB =BBE b pE epppEbbEbpsBEp B = BEEBEB=
X Ak AKAAT K ¥ K Wk kA
1T6V  ERVDOTPRSVIKETGESLTINCVLR DASYALGS TCWYRKKSGE GNEESISK GGRYVETVH 3G3K SFSLERINDLIVEDGGIYRCG LGVAGGYCDYALCSSRYAE CGDGTIAVIVN
pBpBEp=Ebesbre ppBeBeBsBp sbEpEB p BEBBbpbks p pBpeBEp bbEBE=se B pb pBeBpBpeBeEsE =BbE b pE ppppEbbEbpsEp B e BEBeBe
W * " Hakkamxk W
2125 RVDQTPQRITKETGESLTINCVVE DSRCVLST GYWYRKPEGS BNEESISD GGRYVETIVM RGSKE SFSLRINDLTVKDSGIYRCK
pBEBEpspbEbrp ppBeBpBpBp BEpBEBbp pBbbppE p =EbeEbREp bEEbEp=s p cb pBeBpBpeBesEsBp eBbBb
2124 BEVDQTPQRITKETGESLTINCVVE DSRCVLST GYWYRKPPGS BNEESISD GGRYVETVM RGSK SFSLRINDLIVKDSGTYRCK "I
pBpBEsspp=ekbrp ppBeBeBsBp sbpBeBpes pBbbbeE p =EbeEBEp bbebEpe p pb =BsBpBpsBeEsBb =BbBb BpBbe EcepEEREEBpsp- b BEBEBp

The solvent accessibility designations and contact labels follow those in Table 2. The CDR and hypervariable (H) region boundaries are as
defined by Dooley et al. (2006). The numbering is sequential (the first residue is missing in all of these entries). PDB entry 2124 is unliganded.

Table 5c. Contacts between framework and CDR residues in the camelid CAB-RN05 VHH [2P49]

CDR1 CDR2 CDR3
Gly Tyr Ala Tyr Thr Tyr Ils Tyr Met Ala Met Asp Ser Thr Leu Tyr Ser Val Asp Tyr Gly Gln
26 27 2B: 28 30 31 32 33 34 £0 51 52 522 57 & 5% &2 &3 1001004102102
FR.:
Val =2 Z 2 3
Leu 4 2
Arg 38 1
Arg 45 1g
Ala 49 1 2
Arg c6 4 3
Phe &7 7
Thr &8 1
Ile &9 3 2 1 3
Arg 71 3 2 2 g 3 4 g
Ly=s 75 2 T 1
Asn 76 1 3 2 g
Val 78 2
Ala %3 3 1
Ala %4 4
Trplll = 5 1

The residues along the horizontal are the complementaritydetermining region (CDR) residues; those along the vertical are the framework (FR)
residues. The residues, which are in contact by only their main chain, are italicized. In this matrix of contacts also, the element c(i,j) represents
the number of atom pairs, one from residue / and the other from residue j. The CDR boundaries are as defined by Desmyter et al. (2001); only
the CDR residues which are in contact are listed. The numbering scheme of Table 5a is used.
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Table 5d. Contacts between the framework and CDR and hypervariable (H)regions in the shark IgNAR PBLAS VH [2124]

CDR1 H2 H4 CDR3
Asp Ser Leu Ssr Thr Arg Asn Glu Glu Ser Ile Ser Asp Gly Ser Lys Pro Asn Asp Gln
26 27 31 3= 33 44 45 45 47 4B 49 & 51 62 63 b4 BS 100101102

FR:
Arg
Val
Val
Val
Tyr
Trp
Tyr
Lys=
Pro
Ser
Tyr
Glu
Val
Asn
Ser
FPhe
Leu
Tyr
Arg
Lys

L

e L RN Ly B R R R T R i |
[
15
i)
B

00 OO0 0 o%y o o o 0N 0N O b b G0 00 LD G0 B [
B ek

PO A e s R o = s B s B E T e W N
(3]
RS

Tyrlog 2

The residues along the horizontal are the hypervariable (H) and complementarity-determining region (CDR) residues; those along the vertical
are the framework (FR) residues. The residues, which are in contact by only their main chain, are italicized. In this matrix of contacts also, the
element c(i,j) represents the number of atom pairs, one from residue i and the other from residue j. The CDR and hypervariable (H) region
boundaries are as defined by Dooley et al. (2006); only the residues which form contacts are listed. The numbering scheme of Table 5b is
used.

Table 6a. Solvent accessibilities of the residues in the CL:CH1 module

CL:
110 120 130 140 1E0 160 170 130 130 200 210
| | | | | |
3MLY VAWKADS SPVRRGVET TIPS SHNE Y RASSY LS LT PEQWKSHRSY SCOVTHEGS TVEKTVARTEC
DOEBEpEBE EBEEEEp=bBEEELeE ppphbEpspBEpskbE. 53555'5-..-5?3:5]}_[:}?.:!35[‘553_[: EesppehbEpEsE
110 120 130 140 1E0 1g0 170 130 150 200 2140
| | | | | |
1WEJ RADRRPTVSIFPPSSEQLTSGEASVY N EFY KD INVEWE I DG SERON GV LN SWI DD SE DS TY SMS STLTLTEDEYERHNSYTCEATHETSTEPIVESFNRNEC
bEEpeEBEBbEBpEBEpBpEs BHEBEHBEBEpEH=p=BEBpELEp spkbeE pBhHsbebbEeppBRBEEEBEpEBEp=bBppbepBpBEBEAppeEEespepebebash

CH1:

SMLY

2

|

1WEJ RET
kes

180 1590 2040 210

|
GLYSLEST i
pbEBBBRHEBE?

u] 130 140 150 1e0 170 180

The solvent accessibility de5|gnat|0ns follow those in Table 2. PDB entry 1WEJ is a murine Fab with a kappa Ilght chain; PDB entry 3MLY is a
human Fab with a lambda light chain. The numbering schemes are sequential and follow those in the respective PDB entries.
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Table 6b. Residue contacts in the CL:CH1 of PDB entry 1WEJ

CH1: Tyr Pro Leu A1la Pro Thr Leu Ly=s His Thr Phe Pro Val Gln Thr Thr
126 127 128 125 130 141 145 147 168 169170 171 173175 180 182

Ser Ly=s Arg Cys
184 212 217 219

CL:

Ser 11¢ 3

Phe 118 7] S 1 2

Pro 115

Ser 121 3 1

Glu 123 2

Gln 124 15 i

Ser 131 1 2

Phe 135 2 2 2
Azsn 137 ) 1

Asn 138 7

Val 158 2
Leu 1&0 2 5 2
Asn 1s1 i |

Sexr 1&2 9 8

Trp 183 3

Thr 164 1 2

Ser 174 7 ]

Met 175 g

Ser 17& g 4
Thr 180 3

Cys 214

%]

%]

4

The residues along the horizontal are from the CH1; those along the vertical are from the CL. The residues, which are in contact by only their
main chain, are italicized. In this matrix of contacts also, the element c(i,j) represents the number of atom pairs, one from residue i and the other

from residue j.

Table 6c. Residue contacts in the CL:CH1 of PDB entry 3MLY

CH1: Phe Pro Leu Ale Ala G1ly Leu Lys His Phe Pro Alz Val Leu Gln Ser Leu Ser Val Lys Cys
122 123 124 125 137 13591491 143 164 166 167 168169 170171 172 178 179 181 214 216
CL:
Phe 118 5 2 2 1
Ser 121 2 A
Ser 122
Glu 123 3 5
Glu 124 10 1
Thr 131 2
Val 133 1
Leu 135 1 1
ITie 134 A
Ser 137 2
Glu 1&0 1 1 q 5
Thr 1&2 X 3
Ser 1&S 3
Gln 1&7 3
Ala 173 2 1
Ale 174 2
Ser 175 1
Tyr 177 il 2 3 &
Cys 211 ]

See footnote to Table 6b.
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Table 7a. Solvent accessibilities of the CH2 and CH3 domains and contacts with the opposite chain in various Fc
CH2:

240 251 26l 270 281 2580 300 310 320 330 340
2DTQ: VEL {] L VICH 1N YEVVSVLIVLEQDWLNGKEYKCKVSHNEALPAPTEKTISKRE

pEEpEBELBEEEBBpEbepppeBaBbBbpr EbpeepeppEpprbEbebbbbEBRBEBEbepBbe bpBpEbBpBeELEEEbppepphbEE

REHQDWLRGKEFE
EppbBECEREBEEEebpE EEBeEpE

EEEEBEBEBpeEEeE

ZW5% LOAKLRCLVVY S5LSVIWIR QDWLSGERFTCT
EEEBeBEBeBBpBEEEEEBEBEBED. EBEpEEEEREE BEBEBEBE
CH3:
350 380 3o 3a0 290 400 410 420 430 440
| | | | | | | | | |
*AakA K AN ® t S e e § E E &
2DTQ: GOPREPOVYTLPPSRDELTENUOVSLICLVEGEYPSDIAVEWESHGOPENNYET JLDSI ———3FFLYSKL ESEWOOGHV!

pbbpBe—-cbebep BEBBEEBEBBEBebEREpp pEED
* kK X ok E% Ak A * k&
MGPPREELSSREVSLICMINGFYPSDISVEWEENGKAEDNYKTTE-AV.
EEEEBEbpbb bEEEDEEEcEBpBEEEEr EcBEEEBpBEBecE pEpEEcEpBE-EcEpEE ————-- PrBE.
Exk A K

eeppBbBEEBEBBrpBpRpEpEBBEBEBE EbEcEBeBpBbbE &
* OAkA KK

krnAkEk FANKER A * & kAK E
GDTEFVESEMSVETAXWNGGTVEACHAVHEEALFMEF SORTLOKQR
BEEEbEe eEBbBBEEBpbeEEceE bEpEbbEBBbEDEEEEE=cEepEEE

/LEEERTAND

BEEEEEEBEEEEp=EBEEE,

The solvent accessibility designations and contact labels follow those in Table 2. The numbering scheme follows that in PDB entry 2DTQ. The
results shown are for the first chain in the Fc.

Table 7b. Solvent accessibilities of the residues in the first chain of human IgE Fc (PDB entry 2WQR) and contacts with the
opposite chain
CH2 -

230 240

ra
on
(=)
ra
(5]
(=)

]
-1
(=)
ra
(=]
(=
ra
i
=]

a0n 310 2EZ0

DEIFFIVEIL 33 EGHE P FT I QL CLVAGY T EGT IO I TWLE DG VMOV D LS TAS TTOEGELASTOAELT LAGFHW LI DRI Y T OOV I Y EHIFEDITER
EeaE0EBeBEEbbEp pbpEeBbbBbBe Bpe EbeBpSbbp efbeSespbEESefpe sebEBpBpSebebepBppbbpBbibfeBp SBeppppBbb

HiEEE:
220

CADBNERG

pEpSepp

CH3:
320 250 380 270 380 350 200 210 220 230

TEAYLSREFSEE DL I RR S FT I T LTV DL AP SKG TV L IW S RASGREVHHI TRREER QRN G I LTV I S T LEVG T RDW I EGETYQC RV THPFHLPRALMRSTTIRTS
BpBeSepBpbpbbbppeiEefafeBppiEeses EhelEBelEbh pEpESpSpeppebes sppBeBpBEE eppSep bbhBbSpSEBepiEepbbBBbppbE

CH%:
220 250 480 270 280 2380 so0 Sl0 sZ0 san Sa0
GERARRRET AP ATFERE IR DR R T LA L IO NEMPE D L VWL AN EV L P DARHI T T FRRIF GICEEVEIRLEVIRAEREQFDEF ICRAVHEAASEFIQTVORATVIVHE

epE58bEbBbbEEppE epeebbBBEBEEBpSbBbpSbEEEbBeeEpbEeEbEppbeppalip & bBEBBESBpBEbEbBpppbpSpSbEEBpbhEEEbepopEbaEel

The solvent accessibility designations and contact labels follow those in Table 2. The numbering scheme follows that in PDB entry
2WQR. The results shown are for the first chain in the Fc.
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The ability of a single domain to bind with high affinity and
specificity to an antigen has clear advantages. The synthesis of a
single domain would be simpler in comparison to paired chains.
And, when used in medical diagnosis or therapy, the smaller size
would allow for greater penetration into tissues for binding to
deeply situated targets. When camelid and shark molecules are
used in human therapy, it would be desirable to minimize their
immunogenicity. If a sufficiently similar human sequence could
be found, humanization by CDR-grafting might suffice.
Otherwise, veneering/resurfacing may be more appropriate.
Indeed, the veneering of a camel VHH has been attempted
(Conrath et al. 2005). In this regard, the judicious replacement of
the exposed residues with amino acids that are expected not to
change the overall structure of the molecule (Padlan 2008, 2010)
would be particularly useful, especially in the case of the shark
IgNAR VH which is significantly more different from human
domains than the camelid VHH.

CONCLUSION
The availability of more high-resolution structures on

antibodies allows for a better assessment of antibody structure
and function. However, the picture is far from complete. As of

this writing, no structure of a whole antibody molecule has been
done to high resolution. Further, the various antibody types and
subtypes are sufficiently different and have different functions,
so that high-resolution structures for all of them would be
desirable. A complete analysis should also include the interaction
of the Fc fragments of the various antibody types (and subtypes)
with their receptors. More high-resolution data on antibody
molecules and their interactions with specific ligand and other
molecules are eagerly anticipated.
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Table 7c. Contacts between the two heavy chains in human IgG1 Fc [PDB entry 2DTQ]

Chainl: Tyr Thr Leu Fro Ser Asp Glu Lys Ser Thr Leu Lys Asn Lys Thr Val Leu E!..Bp 5
345 350 351 352 354 356 357 360 364 36 6B 370 350 392 394 357 3595 395 4

er Fhe Tyr Lys Lys BMA MAN
00 405 407 40% 43% 3 4

ChainZ :

Glnida7 4

Tyr34s 2 g8 ]

Thrash

DEu 51
e ey

SEESE%

MPJE“

Glu3s7

Lys3e0

Sericd 2

Thrice

Leun3ed 2

Lys 370

Asn 350

Ly=a332

Thr 3534

Pro3ss

Val3aT

Leudss

Aap 385

Serdio

Fhedlz

Tyrd 07

Ly=403

Ly=433 1

BMA 3

MREN 4

=
[
R

[ = 4
i
P =

= L

[

[

(rx]

[ 1]

1
1
3 1 3
4 3
1
2
Z 4
2 1
3 3
14 =)
4 3

1

1

The residues along the horizontal are from the first chain of the Fc; those along the vertical are from the second chain. The residues, which are
in contact by only their main chain, are italicized. In this matrix of contacts also, the element c(i,j) represents the number of atom pairs, one from
residue / and the other from residue j. The numbering scheme follows that in PDB Entry 2DTQ. BMA is 3-D-mannose; MAN is a-D-mannose.
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