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ABSTRACT

Theoretical analyses of amino acid and nucleotide sequences of
immunoglobulins have provided a unique approach to the under-
standing of structure and function of antibodies. Variability plots un-
ambiguously identified that the antibody-combining site is formed by
six short complementarity determining regions (CDRs), three each
from light and heavy chains. Since three-dimensional (3-D) foldings
of framework regions (FRs) are similar among different antibodies,
the 3-D configurations of CDRs from a specific antibody can be pre-
dicted based on their amino acid sequences. The resulting structure
forms a compact surface that fits the antigen molecule tightly. The
third CDR of the heavy chain (CDRH3), which is coded by the
D-minigene together with the N- and/or P-segments, appears to play
a unique role in fine fitting between antibody and antigen molecules.
In order to maintain biological activities, the grafting of mouse CDRs
onto human FRs should closely match the human FR amino acid se-
quences with the original mouse antibody. Similarities between
human and mouse FR sequences that have been preserved for over 20
million years of evolution can be a useful tool in humanizing mouse
antibodies.

Index Entries: Antibodies; amino acid sequences; nucleotide
sequences.
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INTRODUCTION

In 1969, Elvin A. Kabat and I started our collaboration by analyzing
available amino acid and nucleotide sequences of antibodies, in order to
understand the structure and function of these important biological macro-
molecules. Our other collaborators in this endeavor during the past 24
years have been Howard Bilofsky, Steve Coutre, Garry Hovis, George
Johnson, Priscilla Wilkins Stevens, and Janette Stanford.

Several basic facts were known about antibodies in 1969. They are
protein molecules that have evolved to bind antigen molecules tightly,
i.e., nearly irreversibly. Light chains of immunoglobulins from patients
with multiple myeloma were excreted in their urine as Bence Jones pro-
teins (1). Variable and constant regions of light chains have been identified
based on their amino acid sequences (2). Subgroups of x light chains
were defined by their N-terminal variable region amino acid sequences
(3). A number of positions in the variable region showed extensive amino
acid substitutions, whereas several other positions were conserved (3-6).
The most pressing problem at that time was to try to locate segments in
the variable region that might bind antigen molecules (7).

The function of antibodies is different from protein enzymes. Enzymes
can either bind substrate reversibly, e.g., hemoglobin binding oxygen
molecules, or convert substrates to products, e.g., glycerol dehydro-
genase converting glycerol to dihydroxyacetone. Enzymes with similar
functions have similar structures, and those amino acid residues that
form the active site are highly conserved. Antibodies are protein mole-
cules with similar structures but different functions, since each one will
bind a different antigen nearly irreversibly. As a result, amino acid
residues in their active sites must vary extensively in order to generate
different binding properties. Homologous amino acid sequences of en-
zymes with similar functions or antibodies with different properties can
be aligned. From these aligned sequences, we tried to define a quantita-
tive measure that might be able to identify their active sites precisely.

Although there were several statistical measures available, none of
these seemed adequate to analyze the above problem. We, therefore,
tried to introduce a simple quantity, known as variability (8), which could
be calculated for each position of aligned homologous amino acid se-
quences. Variability is defined for each position as:

V(p) = number of different amino acid residues / frequency of the most common one 1)

where V is variability, a function of position p. It can vary from 1 (for an
invariant position) to 400 (for a position with all 20 different amino acid
substitutions occurring with the same frequency). This esoteric theoreti-
cal number, when plotted for aligned variable region amino acid sequences
of immunoglobulin light chains available in 1970, gave three distinct
peaks of high variability, located at positions 24-34, 50-56, and 89-97 (8).
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Based on the above logical argument, we thus postulated that the seg-
ments of light chains under these three peaks together with three similar
segments of heavy chains with hypervariability, positions 31-35B, 50-65,
and 95-102 (9), would form the antibody-combining site. These short
segments were designated as complementarity determining regions
(CDRs), and the rest of the variable region as framework regions (FRs).
For comparison, a similar variability plot for amino acid sequences of
cytochromes ¢ from different species showed that the active site was
located at positions with very low variability (10) as expected, since they
all have the same function of transporting electrons.

In 1970, other researchers were skeptical about our result, primarily
because of the fact that I had just published a paper in 1969 (11) sug-
gesting that DNA could exist in at least two distinct forms: the double
helix and a four-stranded structure consisting of two mutually intercalat-
ing straight ladders with or without a slight twist. The four sugar-phos-
phate backbones appeared in an up-down-up-down configuration that
was also recently proposed by Gehring et al. (12) based on NMR studies
of a short d(TCCCCC) segment.

Fortunately, within a few years, in 1973, an immunoglobulin Fab
fragment (13) and a light-chain dimer (14) were crystallized, and X-ray
diffraction studies showed that the six CDRs indeed form a compact sur-
face that could bind antigen molecules. Many other immunoglobulin
structures were subsequently determined and showed the same features
(see 15). The final verification of our prediction was achieved in 1986 (16),
i.e., 16 years after the use of our esoteric theoretical measure. Poljak’s
group cocrystallized lysozyme with the Fab fragment of an antilysozyme
antibody with high binding affinity. In this case and other later studies
(see 15), all six CDRs were involved in binding the antigen, and provided
a perfect fit between the antibody and antigen molecules.

We also proposed in 1970 (8) that in order for a cell to synthesize a dif-
ferent antibody, one simple possibility was to replace the gene segments
coding for CDRs by a different set. This process, known as gene conver-
sion (17), has subsequently been discovered to be the mechanism used by
chickens to make different light and heavy chains of antibodies (18,19). It
may also play an important role in the human, where many immunoglob-
ulin pseudogenes have recently been identified (20), as well as in other
species. Similarly, on analyzing the amino acid sequences of FRs, many
of which were shared by different light and heavy chains, we further sug-
gested that FRs might also be coded by minigenes (21). The discovery of ]
minigenes in light chains (22) and the D and ] minigenes in heavy chains
(23,24), provided a wealth of genetic processes that could be used to
generate antibody diversity. However, the presence of human D-minigene
nucleotide segments in CDRH2 of several human and mouse heavy-chain
genes (25) is unexpected and still unexplained.

After locating CDRs and FRs of the variable region of light and heavy
chains of antibodies, we explored the possibility of whether we could
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predict the 3-D structures of antibody-combining sites based on their
CDR amino acid sequences. This classical problem of protein primary
structure determining its 3-D folding had been studied by many research-
ers throughout the world (26). Various methods were developed to pre-
dict locations of a-helices, 8-strands, and so forth. Unfortunately, most of
these techniques were of little use to us, since antibody CDRs were rela-
tively short and most likely containing neither a-helices nor significant
B-strands.

Instead, we developed a method to estimate the ¢ and y angles of the
protein backbone (27). For each amino acid residue, there were many
theoretically allowable values for the ¢ and y angles. In order to reduce
the ¢ and ¢ choices for a specific residue at a given position in the CDR,
we took into consideration the influences of nearest neighboring amino
acid residues (28). This required the use of amino acid sequences and
atomic coordinates of proteins, the 3-D structures of which had been
determined by X-ray diffraction studies. Such data on these reference
proteins have been stored at the Brookhaven Protein Data Bank (29). ¢
and ¢ angles could be calculated from atomic cooordinates as follows

(Fig. 1):
P=cos-1[(CXN/|CXN|)-(NXC_1/|NXC_1])]

IfFCXN-C_;>0,theno = P — 180°.
< - 180° - P. @)

Q=cos ' [(CXN/|CXN|)- (N.1XC/|N,1XC |)]

If CXN -N.,: > 0, then ¢ = 180° - Q.
< = Q - 180°. €)

For an amino acid residue at position n, we matched tripeptide (n — 1)
(n) (n + 1), and dipeptides (n — 1) (n) (), (n — 1) ( ) (n + 1), and ( ) (n)
(n + 1) in CDRs with those in reference proteins (27). The ¢ and ¢ angles
of the middle amino acid residues were then used to estimate possible ¢
and ¢ combinations of the original residue in the CDRs. Usually, several
choices were possible. Initially, we tried this method on a small peptide
hormones, oxytocin, in collaboration with Levinthal’s group (30), and the
predicted 3-D structure was reasonable. We also used this method to esti-
mate ¢ and y angles of horse cytochrome c¢ (31), and the predicted values
were generally in good agreement with experimentally obtained angles.

Since the 3-D structures of FRs were quite similar among different
antibodies (see ref 15), our task was basically to try to replace a set of six
CDRs by different sets, identical to the idea of lock-and-key for enzymes.
Starting with a known Fv or Fab 3-D structure, we could cut the CDRs off
and put on a new set. Thus, each CDR had to originate at a fixed position
with defined orientation and end up at a given position also with pre-
scribed orientation. Using the estimated ¢ and y angles for each amino
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Fig. 1. To calculate ¢ and y angles of a specific amino acid residue, the «
carbon, CA, is place at the origin of the x, y, z coordinate system. Vectors, C_;,
N, C, and N, are defined as shown.

acid residue of every CDR, we started from one end and tried to reach the
other end. In order to fit the required orientations, the quantity to be
minimized by varying the ¢ and y choices within 30° was the sum of
squares of distances between theoretical and actual « carbon atoms of
three amino acid residues beyond the end of each CDR (32). This re-
quired a massive amount of computing time. Fortunately, we had access
to the NIH-supported PROPHET computer system, which was available
to several hundred user groups. We, being one user group, managed to
use more than 80% of the total CPU time. We applied this method to
predict the backbone conformations of the antibody-combining sites of
MOPC315 (32), MOPC617 (33), and MOPC104E (34). For MOPC104E, the
side-chain configurations were also predicted (34). We were hoping that
this immunoglobulin would be crystallized in 1982, since its combining
site was of great interest because of its ability to bind polysaccharides of
different lengths. Then, our predicted structure could be compared with
that determined by X-ray diffraction studies. Unfortunately, even today,
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Fig. 2. The predicted antibody-combining site of immunoglobulin MOPC104E.
CDRs are indicated as L1, L2, L3, H1, H2, and H3. A nigerose molecule can
hydrogen bond with many of the CDR amino acid residues.

MOPCI104E has not been crystallized, and our theoretically predicted
atomic coordinates make up the only available 3-D structure.

If we look directly into the antibody-combining sites determined ex-
perimentally, CDRH3 and CDRL3 are located in the center, whereas
CDRH2 and CDRL2 are on the periphery. Thus, in our predictive proce-
dure, we started with CDRH3 and CDRL3 first and gradually worked our
way from the center of the combining site toward the periphery. Indeed,
the six CDRs were so tightly packed together that they formed a compact
surface. The combining site of MOPC104E could easily fit precisely with a
nigerose molecule (Fig. 2) with additional glucose units lying on the sur-
face of the site (34). Similar predictive studies were undertaken by many
other researchers (see 35).

Determining the 3-D structures of antibody-combining sites is of fun-
damental importance to our ultimate goal of designing therapeutic anti-
bodies with required specificities. In principle, the resulting surface formed
by a specified set of six CDRs will be able to interact strongly with a known
antigen. However, our current knowledge of such surfaces on protein
molecules is extremely limited. In fact, most of the docking studies be-
tween macromolecules are rather ill-defined. Some simple features are
known. For example, if the antigen molecules has a protrusion, the anti-
body-combining site should have a depression to fit the protrusion; and
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Table 1
Certain CDR Amino Acid Sequences Are Found in Antibodies
with Different Specificities, Except CDRH3; thus, CDRH3
May Play a Unique Role in Conferring Fine Specificity,
and the Other Five CDRs Can Contribute to Binding Affinity

Number of
different
CDR Sequence specificities
CDRL1 ARG SER SER GLN SER LEU VAL HIS SER --- 16
ASN GLY ASN THR TYR LEU HIS
CDRL2 LYS VAL SER ASN ARG PHE SER 29
CDRL3 SER GLN SER THR HIS VAL PRO --- --- --- 4
--------- TRP THR
CDRH1 ASP TYR TYR MET ASN 10
CDRH2 ASP ILE ASN PRO --- --- ASN ASN GLY GLY 8
THR SER TYR ASN GLN LYS PHE LYS GLY
CDRH3 TYR TYR TYR GLY SER SER --- -- - --- 1
-o- e emm - - - - LEU VAL

vice versa. Detailed studies of charge interactions, hydrophobic effects,
and so forth, are definitely required in order to understand what a perfect
fit between biological macromolecules is (36).

Because of the lack of this detailed knowledge, we have thus decided
to collect all available amino acid and nucleotide sequences of antibodies
with known specificities. From this collection, we are hoping that some
CDR amino acid sequences may be correlated with the ability of binding
certain antigen molecules. If we assume that all six CDRs contribute to
specificity equally, then each CDR should be associated with many differ-
ent specificities. For example, with 102 different sequences for each CDR,
a cell can generate (10%)* = 10" antibodies with different specificities,
even without considering junctional diversities and other genetic mecha-
nisms. Each CDR would be associated with (102)> = 10 different specifi-
cities, since the other five CDRs can vary randomly.

Our data base is not that large. Nevertheless, random assortment of
CDRs seems to be the case for CDRL1, CDRL2, CDRL3, CDRH]1, and
CDRH2 with the limited number of antibodies with known specificities
available for our study, as indicated in Table 1. For example, a certain
amino acid sequence of CDRL1 can be found in many antibodies with dif-
ferent specificities. The same is also true for CDRL2, CDRL3, CDRH], or
CDRH2. In fact, sometimes, the same light-chain variable region amino
acid sequence can constitute antibodies of completely different specifici-
ties. The only exception to this idea is CDRH3. A given amino acid of
CDRH3 is nearly always associated with a unique antibody specificity (37).
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In other words, the contributions of the six CDRs to antibody speci-
ficity are different. Currently, the idea is that CDRH3 may be responsible
for fine specificities, whereas the other five CDRs can contribute signifi-
cantly to binding affinities. To produce a good antibody requires match-
ing CDRH3 perfectly with the antigen molecule. Contour fitting may be
achieved by varying the length and amino acid residues of CDRH3,
which is the only CDR with extensive length variations (38). Recently, a
CDRH3 has been isolated from an anti-gp120 antibody, and found to
have good binding specificities and affinities (39). Genetically, CDRH3 is
coded by the D minigene or minigenes (40) together with the incorpora-
tion of N (41) and/or P segments (42). In most cases, V-D-J rearrange-
ment of heavy chains precedes V-] rearrangement of the light chains,
suggesting that a cell may have decided what antibody to produce at the
pre-B-cell stage.

The collection of CDRH3 sequences associated with known antibody
specificities is extremely informative (43). For humans, the length of
CDRHa3 varies from 2 to 26 amino acid residues with a mean of 11.6. The
shortest ones were the result of direct V-] joining of heavy-chain genes
(44). For mouse, the length variation is more restricted, from 2 to 19
residues with a mean of 8.7. For froglet and tadpole, the range is even
smaller. Thus, human antibodies may be the most versatile ones. In prin-
ciple, to design an antibody of a given specificity, we should be able to
pick the possible CDRH3 sequences from this collection. These sequences
may be directed toward different areas of the surface of the antigen mole-
cule. For example, the three antilysozyme antibodies studies recently by
X-ray diffraction studies have CDRH3 sequences of five, seven, and eight
amino acid residues (16,45,46). The five-residue CDRH3 is directed
toward a protruded portion of the lysozyme molecule, whereas the seven-
and eight-resisue ones toward relative flat portions of the molecule.
Other examples of CDRH3 length variations in the antibody-combining
sites can be found in the Introduction of reference 15, where a number of
stereo-pairs of 3-D structures of antibodies are summarized.

Since our collection of such information and our knowledge of how
compact biological macromolecular surfaces interact are very limited, the
current practical approach of obtaining antibodies with desired specificities
is to rely on the antibody-production talent of rodents. Antigens were in-
jected into mouse or rat, and high-affinity antibody-producing cells were
constructed into hybridoma cell lines. The genetic segments coding for
the CDRs from these cell lines were then grafted onto selected FRs of
human antibodies in order to minimize xenogeneic rejection (47-49). This
techique of humanizing rodent antibodies for therapeutic use in human
patients circumvents the understanding of how antigen and antibody
molecules interact at their contacting surfaces.

This seemingly straightforward approach, however, encountered un-
expected difficulties, possibly because of the fact that joining of rodent
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CDRs with human FRs may distort the 3-D ““sandwich’’ structure formed
by the two (-sheets with antiparallel strands in the framework region.
The humanized rodent antibodies can thus be unstable and have low
binding affinities. The current belief is that the human FRs used for CDR
grafting should be very similar to the original rodent antibody FRs in
order to maintain activity and avidity. We have developed a search pro-
gram to make such matches, which are essential for the success of mak-
ing useful therapeutic humanized rodent antibodies.

Many years ago, we noted that some FR sequences are identical
among human, mouse, and rabbit antibodies, and have probably been
preserved for over 20 million years (21). During the process of FR se-
quence diversification among species, some of the ancient sequences are
still functional. Indeed, these sequences can be useful in providing a tool
for bridging the gap between human and rodent antibodies. In principle,
a complete set of human light- or heavy-chain FRs can differ from that of
mouse by only one amino acid residue (50). This shared framework
region seems to be an ideal device in humanizing mouse antibodies for
therapeutic uses.

During the past quarter century, our understanding of the structure
and function of antibodies has advanced dramatically. Numerous scientists
have contributed to this important field. We are just some of the fortunate
ones being at the right place at the right time who have participated in
finding a few pieces of the big puzzle. As the versatility of the antibody
molecules becomes clearer, these protein molecules are called upon to do
various tasks in this new world of genetic engineering. Their basis prop-
erty of binding antigen molecules tightly provides a sensitive method of
detecting small amounts of antigens. Therapeutic antibodies with
reasonable half-lives in patients have been tried in various disease pro-
cesses. Specific antibodies with catalytic activities similar to enzymes
were discovered (51). All such studies can eventually contribute to our
understanding of how biological macromolecular surfaces interact.
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DISCUSSION

T.T. Wu

Paul: Does direct evidence exist linking the length of CDRH3 or other
CDRs with binding affinity?

Wu: The only thing that I have any knowledge of is binding constants for
lysozymes and antilysozyme Fab fragments. The original one, the D
1.3, binds lysozyme with, I think, a binding constant of 5 x 10'M-1(1).
Subsequently, there are two additional ones from David Davies’ group
with binding constants on the order of 10°°M-1 (2,3). In that particular
case, the antibody actually has a very short CDRH3, but the binding
constant turns out to be quite large. So, I do not think you can link the
binding constant to one particular CDR. The binding constant probably
is related to all six CDRs.

Zouali: We have made a computer search of the length of the CDRH3s of
human antibodies and, we have compared polyreactive human anti-
bodies to those that are monospecific. We found that there is no signifi-
cant difference in the length of the CDR3 of the heavy chain.

Polanovsky: What is your opinion about humanization of mouse anti-
bodies? Is this a promising and general strategy?
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Deyev: It is now possible to isolate directly human antibody V genes and
to prepare single-chain antibodies of human origin.

Wu: If you wanted to have a gigantic library of all different kinds of human
sequences and then express it in various kinds of expression vectors, like
the phages or the fungus, then you would have to go through a big
screening procedure. On the other hand, if consistent human hybridoma
techniques can be developed and if these hybridomas grow out very
nicely, that is another way to go. I think the reason that the humanizing
of mouse antibodies worked out very nicely is that because you can actu-
ally pick out a specific antibody for a specific antigen relatively quickly.
Of course, other techniques are being developed simultaneously, like the
phage expression of massive amounts of random sequences.
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