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C

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: IgA1 and IgA2), IgD, IgE, IgG (with four
subtypes: IgG1, IgG2, IgG3, and IgG4), 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: κ (kappa) and
λ (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 betapleated 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 CH1, 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 (Fragment, 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:CH1. The Fv and the CL:CH1 modules constitute the Fab
(Fragment, 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 IgG2a type (PDB entry 1IGT) (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' represents 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 2I24] 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:CH1 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
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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 antibodyantigen 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
of chemical reactions for which there are
enzymes. Transition-state analogs can be
antibody response, and catalytic antibodies
and used in place of enzymes (Jencks 1966).

is for the catalysis
no known natural
used to elicit an
could be obtained

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 (CH1), 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 "highresolution/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).
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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 "highresolution/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)

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

to the most accurately determined structures.

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 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.

The residues involved in the ligand contacts in the antibodyligand 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 5c. 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:CH1
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 antigenbinding 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
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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 antigenbinding 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 antigenbinding 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

70

Philippine Science Letters

Vol. 5 | No. 1 | 2012

Table 2. continued.
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Table 2. continued.
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Table 2. continued.

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; "e" (mostly exposed)
if the accessibility is between 0.60 and 0.80; "p" (partly exposed, partly buried) if the accessibility is between 0.40 and
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,
" ". A residue that is in contact by its side chain is indicated by an asterisk, "*", 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

74

Philippine Science Letters

Vol. 5 | No. 1 | 2012

Table 3. continued.

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]

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 Cterminal 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 1NCW]

See footnote to Table 4a.
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The contacts between framework and CDR residues shown
in Tables 4a,b,c also reveal similarities that are useful in
deciding which framework residues of a nonhuman antibody
should be preserved during humanization. The preservation of

critical framework residues, i.e., the ones which are involved in
the interaction with the CDRs and the ones which dominate in
the VL:VH contact (Tables 4d,e,f), is to ensure that the
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]

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]

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 j.

Table 4e. Contacts between VL and VH in the murine 4C6 Fab [PDB entry 1NCW]

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]

See footnote to Table 4d.

Table 5a. Solvent accessibilities and residues in contact with ligand in camelid VHH of known structure

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 lambdatype light chain (Tables 6a,b,c), in the event that the engineering
of those modules becomes desirable.

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.

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

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 antigenbinding site of an antibody.

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

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 2I24 is unliganded.

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

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 I 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 PBLA8 VH [2I24]

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

The solvent accessibility designations follow those in Table 2. PDB entry 1WEJ is a murine Fab with a kappa light 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.

82

Philippine Science Letters

Vol. 5 | No. 1 | 2012

Table 6b. Residue contacts in the CL:CH1 of PDB entry 1WEJ

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

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

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

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]

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 I and the other from residue j. The numbering scheme follows that in PDB Entry 2DTQ. BMA is β-D-mannose; MAN is α-D-mannose.
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