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Antibody binding sites provide an adaptable surface
capable of interacting with essentially any molecular target.
Using CDR shuffling, residues important for the assembly
of mucin-1 specific paratopes were defined by random
recombination of the complementarity determining regions
derived from a set of mucin-1 specific clones, previously
selected from an antibody fragment library. It was found
that positions 33 and 50 in the heavy chain and 32, 34, 90,
91 and 96 in the light chain were conserved in many of
the clones. These particular residues seem to be located
centrally in the binding site as indicated by a structure
model analysis. The importance of several of these con-
served residues was supported by their presence in a mouse
monoclonal antibody with a known structure and the same
epitope specificity. Several of these corresponding residues
in the mouse monoclonal antibody are known to interact
with the antigen. In conclusion, critical residues important
for maintaining a human antigen-specific binding site
during the process of in vitro antibody evolution were
defined. Furthermore, an explanation for the observed
restricted germline gene usage in certain antibody responses
against protein epitopes is provided.

Keywords: antibody evolution/complementarity determining
region/mucin-1/paratope/phage display

Introduction

Combinatorial chemistry has over the past few years expanded
rapidly to address issues of specificity and characteristics of
molecular interactions. Such a development has concerned
both low molecular weight organic compounds and more
complex biomolecular structures. Molecular evolution of
antibodies has attracted much attention, since these molecules
are valuable tools in various applications, such as diagnostics
and therapeutics and also since they are useful as models for
studies of biomolecular interactions. Although much has been
learned about antibody—antigen recognition and antibody
evolution in the past, much still remains to be elucidated.
The evolution of the antibody repertoire in the primary and
secondary immune response has been defined for a number of
murine hapten-specific responses in vivo (Bothwell et al.,
1981; Berek and Milstein, 1987; Manser et al., 1987) and
molecular evolution of paratopes in vitro has also been used
to study more complex antigen systems (Schier et al., 1996;
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Mclntosh et al., 1997). The multitude of different antibody—
antigen interactions which, to different degrees, contribute
to antigen binding makes it difficult to establish principles
important for the evolution of every antibody, but some general
principles are likely to emerge.

The construction of large genetic libraries and subsequent
selection of molecular variants using, e.g., phage or ribosomal
display methodologies, have proven invaluable when
addressing issues related to in vitro antibody evolution. We
have recently devised a system to create large human libraries
by introducing variability from naturally occurring comple-
mentarity determining regions (CDR) into a single antibody
framework region (FR) (Jirholt ef al., 1998; Soderlind et al.,
1999, 2000; Ohlin et al., 2000) for the purpose of selecting
human antibody specificities in vitro. From such a CDR
implantation library we have selected specific antibody
fragments recognising antigens of different types, including
haptens, peptides and carbohydrates as well as proteins
(Soderlind et al., 2000). A fundamental characteristic of this
library is its modularity, which is based on the identity of the
FR of all its members. Thus, the CDR implantation library
has the potential easily to evolve initially selected clones by
shuffling of the selected CDR wvariability. In contrast to
traditional DNA shuffling (Stemmer, 1994), this system permits
directed targeting of variability to the CDR and it maintains
important key framework structures essentially unaltered. This
approach was chosen to minimize effects caused by modifica-
tions in the FR, since subtle effects caused by substitutions of
variable domain residues residing far from the binding site are
frequent (Daugherty et al., 2000).

The aim of this study was to understand the characteristics
of antibody binding site evolution in vifro and to define
parameters important for this process. To investigate specific-
ally events occurring in CDR during in vitro evolution of
mucin-1 (MUC-1) specific paratopes, we decided randomly to
recombine CDR from a set of MUC-1 specific single chain
fragments (scFv), selected from the CDR implantation library,
by CDR shuffling. This will create new variability, while still
retaining a focus on the original specificity of the clones. For
this purpose, two shuffled libraries were created using clones
derived from a scFv-encoding library, n-CoDeR, specific for
the tumour associated antigen MUC-1, as a source of CDR.
These novel libraries were further selected on different MUC-1
peptides and retrieved clones were analysed for their genetic
and reactivity characteristics.

Materials and methods

Reagents

The antigens used in all selections and screenings were
synthetic peptides (Krambovitis et al., 1998), containing differ-
ent numbers of tandem repeats of the basic MUC-1 20-mer
(PAHGVTSAPDTRPAPGSTAP) or fragments thereof. The
peptides are denoted MUC-1,, MUC-1; and MUC-154
depending on the number of repeats. Certain peptides were
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Table I. The variability introduced into the different libraries

Library

Template for the CDR (except CDRH3)

Template for CDRH3

n-CoDeR
Shuffled library L-1
Shuffled library L-II

Natural B cell variability

n-CoDeR selected 5 times on MUC-15
n-CoDeR selected 4 times on MUC-15

Natural B cell variability
n-CoDeR selected 5 times on MUC-15
3:1 ratio of MVGAHALDI to VLAQQRMDV

biotinylated, either directly at their N-terminus or on a trialanine
spacer located at their N-terminus. Peptide sequences are given
using the standard one-letter code.

Library construction and selection strategies

The original CDR-implantation library, n-CoDeR, had been
selected using the MUC-15 peptide (Soderlind et al., 2000).
We used selected pools of MUC-1 specific clones to generate
new variability, based on reassortment of initially selected
CDR into new combinations, so-called CDR shuffling (Jirholt
et al., 1998). The output from rounds 5 and 4 of the original
selections were chosen as sources of CDR variability for
shuffling library I and 1II, respectively (Table I). In the case of
shuffling library I (denoted L-I), all CDRH3 present in this
pool of selected clones were incorporated into the new library.
In contrast, in shuffling library II (denoted L-II), the variability
in the CDRH3 was restricted to two different sequences
(MVGAHALDI, VLAQQRMDYV) found among the initially
selected clones, at a 3:1 ratio. The shuffling procedure and
library constructions were performed as described by Ohlin
et al. (2000). In the following discussion, all clones originating
from the L-I and L-II libraries are denoted sMuc followed by
a clone number or Muc followed by a clone number, if they
originate from the original library, n-CoDeR.

Antigen specific selection of the shuffled libraries was
performed using biotinylated peptides and subsequent capture
on streptavidin-coated paramagnetic beads. L-I was selected
twice using a biotin-MUC-15 peptide at different concentrations
ranging from pM to nM. In addition, L-I, L-II and the original
library n-CoDeR were selected twice using a biotin—Alay—
MUC-15 peptide, first at 25 and then at 5 nM. These two
selections were followed by one selection using 0.75 nM
biotin-MUC-1,. Positive clones retrieved from the different
selections were identified by ELISA and some clones were
evaluated further.

Genetic analysis

Sequencing reactions were performed using the Big Dye
Terminator kit (PE Biosystems,Warrington, UK) and the
samples were analysed by Cybergene AB (Huddinge, Sweden).
The CDR were compared at the nucleotide level to immuno-
globulin germline gene sequences available in the VBASE
germline directory (Tomlinson IM, MRC Centre for Protein
Engineering, Cambridge, UK) using the FastA algorithm
utilizing the Wisconsin sequence analysis package (Genetics
Computer Group, Madison, WI). They were assigned to
relevant germline gene loci according to the nomenclature
described by Pallares et al. (1998, 1999). Amino acid
numbering is as stated by Al-Lazikani et al. (1997).

Production of monomeric scFv

The gene III segment was removed from the selected plasmids
by Eagl/Nofl restriction digestion using conditions recom-
mended by the supplier (New England Biolabs, Beverly, MA,
USA), followed by ligation using T4 DNA ligase (Gibco BRL,
Paisley, UK). The resulting plasmids were transformed into
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Escherichia coli Topl10F' for subsequent expression of soluble
scFv fragments. The antibody fragments were purified from
bacteria culture supernatant by affinity chromatography over a
Ni-NTA agarose superflow column (Qiagen, Hilden, Germany).
The monomeric form of the scFv was obtained after gel
permeation chromatography on a Superdex 75 FPLC column
in phosphate-buffered saline solution (PBS).

Analysis of reactivity characteristics

Reaction rate kinetics of monomeric scFv were evaluated by
Biacore analysis. Briefly, streptavidin was coated on to CM-5
sensor chips (Biacore, Uppsala, Sweden) at low density
(~300 RU) and biotin—Ala;—MUC-1; was used to coat the
available binding sites. Monomeric scFv was allowed to
bind and both the association and dissociation phases were
recorded at a flow rate of 20 pl/min. Reaction rate kinetic
parameters were calculated using the BiaEvaluation 3.0 soft-
ware. The fine specificity of the scFv fragments was determined
by inhibition studies where the scFv was incubated with either
a MUC-1, peptide, a 6-mer fragment containing the MUC-
1 immunodominant epitope, APDTRP, a 9-mer fragment,
SAPDTRPAP, containing this epitope or another 9-mer
fragment, STAPPAHGYV, within MUC-1. Residual binding was
evaluated by Biacore analysis. The fine specificities of the
scFv were compared with two MUC-1 specific monoclonal
antibodies: HMFG-2 (Burchell et al., 1984) and BC2 (Devine
et al., 1991).

Flow cytometry

To evaluate if the clones selected on the different peptides
could bind MUC-1 on the surface of carcinoma cells, T47D/
6 breast carcinoma cells were incubated with a mixture of
5 ug/ml monomeric scFv and 15 pg/ml anti-FLAG M2
antibody (Sigma-Aldrich, St. Louis, MO). The latter antibody
was used to dimerize the scFv which all carry the FLAG
epitope close to the C-terminus. The scFv-anti-FLAG M2
complexes bound to cells were detected using a rabbit anti-
mouse IgG1 antibody labelled with R-phycoerythrin (Zymed,
South San Francisco, CA). Flow cytometric analysis was
performed on a FACScan cytometer (Becton Dickinson,
Franklin Lakes, NJ). An scFv (AE11F/8) against cytomegalo-
virus glycoprotein B was used as a negative control.

Structure modelling

A homology model was generated by Molecular Simulations
(San Diego, CA) for the sMucl59 scFv antibody using the
program MODELER. Templates were from the Brookhaven
Protein Databank, 1AQK was selected for the Vi domain and
2FB4 for the Vi domain.

Results

Library construction and selection

Selection and characterization of scFv clones specific for
MUC-1 peptide had previously been performed (Soderlind
et al., 2000). Sequence analysis revealed that these antibody



fragments were largely of two types containing one of two
CDRH3 (type A, VLAQQRMDYV; type B, MVGAHALDI),
but carrying variability in the other CDR. It was evident that
the type B CDRH3 came to dominate the selected pools, in
particular at later selection rounds. Both type A and type B
scFv tended to use similar CDRH1 and CDRH2 in most
specific clones and to some extent similar CDRL1 and CDRL3
(Table II). If very stringent selection procedures were
employed, one specific scFv-clone (Muc46) also using the
type B CDRH3 completely dominated among the selected
clones. To study the evolution of these scFv, we decided to
use the inherent capacity of the n-CoDeR library to allow
rearrangement of the initially selected variability into new
combinations. To create shuffling library L-I, all the CDR of
clones retrieved after five selections on a MUC-15 peptide
were independently amplified using PCR and these were
subsequently assembled into new complete scFv-encoding
genes using our CDR shuffling approach. For shuffling library
L-II, CDRH1, CDRH2 and all light-chain CDR of clones
retrieved after four selections on a MUC-15 were similarly
amplified using PCR and assembled together with a 1:3 mixture
of type A and B CDRH3, as above. When using these shuffled
libraries, a variety of novel binders could be selected (Table II).
Characterization of binding properties

The selected scFv clones carrying type A and B CDRH3
obtained from both the original library and the shuffled
libraries were not only positive for the peptides used in the
selections. They were also able to bind MUC-1 expressed on
the surface of the breast carcinoma cell line T47D/6, after
cross-linking with the M2 anti-FLAG antibody (Figure 1).
This binding was inhibited by soluble MUC-15 peptide, demon-
strating the specificity of the binding. To characterize further
the epitope recognized by these scFv clones, an inhibition
assay was performed using different MUC-1 peptides. All
investigated scFv clones were totally inhibited by a 9-mer
peptide, containing the epitope (SAPDTRPAP). This is part of
the repetitive fragment that is known to be immunodominant
in vivo (Figure 2). The absence of reactivity against a shorter
peptide (APDTRP) identified the epitope recognized by these
scFv to be similar to that recognized by the mouse antibody
HMFG-2, while being different from the epitope recognized
by the mouse antibody BC2.

The common reactivity pattern shared between both type A
and B clones may suggest a common epitope and this is in
agreement with the many common features within CDRH1
and CDRH2 of the heavy chain of these both types of clones
(see below). Also, the CDRH3 had similarities between the
type A and B clones, which are identical in length. The
presence of an arginine as the last residue of the Vi FR3 and
an aspartate as their penultimate CDRH3 residue suggests that
they take on similar structure at the base of the loop (Morea
et al., 1998).

When studying protein and in particular antibody evolution,
the affinities of specific interactions are a major factor to
consider. Following an investigation of the affinity constants
of the selected clones, it was found that the type A clones had
been affinity matured ~10-fold (Table III), a maturation process
that mainly involved a reduction of the dissociation rate
constant (data not shown). In contrast, the affinities of the type
B clones were not substantially improved and many of them
had a more rapid dissociation rate than the best type B clone
(Muc41 and Muc46) derived from the very stringent selections
made on the original library.

Antibody paratope evolution

Residues defining the antigen binding site

In order to understand the evolution of the antibody paratope,
we undertook a genetic study of a large array of MUC-1
specific scFv clones. As pointed out above, sequencing of the
scFv genes demonstrated that the CDR used by the clones
selected from the shuffled libraries carried a number of key
residues that were also associated with specific recognition of
this type of antigen in the context of the type A and B CDRH3.
In particular, W33 and L50 within Vy were conserved among
the type A clones and W33, V50 among the type B clones. In
CDRL3, W91 was conserved in both types of clones and in
position 96, the type A clones used leucine while the type B
clones used tryptophan. Residue 90 within the V; domain of
type A clones was almost exclusively threonine, a residue that
could be found here only after a mutation of the germline-
encoded sequence. The importance of these particular positions
for the binding site was logical in view of an independently
made structural model, as they all seemed to be located close
to the centre of the binding site, in proximity to the tip of
CDRH3 (Figure 3).

Discussion

The present investigation demonstrates that it is possible to
use rearrangement of initially selected CDR to diversify the
paratope and enhance the binding properties of antibodies.
Although the present investigation focuses on a single but
biologically important specificity, it highlights certain residues
which are centrally located in the binding site that are likely
to be of importance for affinity maturation in general.

CDRH1

The presence of W33 in CDRH1 seems to dictate the dominant
selection of germline locus 3-07 derived sequences for this
particular CDR. This can be concluded since this is one of the
few V3 sequences that carry a tryptophan in this position. In
fact, 47/47 different MUC-1 specific clones carrying type A
or B CDRH3 have W33 in the heavy chain, while the unselected
n-CoDeR library carries this particular residue in only 6/45
randomly selected clones. The importance of this residue is
underlined by the fact that CDRH1 from germline gene DP-
47 (locus 3-23), was not selected despite its higher frequency
in the unselected library, although the only difference between
this sequence and the CDRHI1 of germline locus 3-07 is an
alanine in position 33. Further support for the importance of
W33 is found in the structure model (Figure 3), indicating that
the tryptophane side chains are extensively exposed to the
environment.

Although W33 in the heavy chain was frequently found in
the MUC-1 specific clones derived from n-CoDeR, it is not
critical for this specificity. Other MUC-1 specific clones using
other CDRH3 not carrying W33 were identified, although their
exact epitope specificity may differ from the type A and
B clones.

CDRH?2

The presence of L50 in CDRH2 in all type A clones clearly
indicates this residue as critical for establishing this MUC-1
paratope. Its importance may partly be related to a direct
antigen contact effect (MacCallum et al, 1996) or to its
importance for the paratope structure (for discussion, see
below). The rarity of L50y in the original library is probably
a restricting factor giving the low frequency of unique type A
versus type B clones (6:41 ratio) among the selected ones. In
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Fig. 1. Flow cytometric analysis of binding of sMucl59 (left) and Muc46
(right) to the breast carcinoma cell line T47D/6. Binding of the specific
scFv is shown with a thick line and background staining using an irrelevant
cytomegalovirus-specific scFv is shown with the broken line. The binding
of the MUC-1-specific scFv was inhibited in the presence of soluble MUC-
13 (thin line).
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Fig. 2. Studies of the ability of synthetic peptides to inhibit the binding of
antibodies (HMFG-2 and BC2) and scFv (Muc46 and sMuc159) to
immobilized biotinylated MUC-13 peptide. The results represent inhibition
with 10 pg/ml of 9-mer peptides STAPPAHGV (black) and SAPDTRPAP
(white), 6-mer peptide APDTRP (grey) and MUC-12 peptide (checked).

Table III. Reaction rate constants of MUC-1 specific scFv as assessed by
surface plasmon resonance analysis

Clone type? Clone K (10° M1
Type A clones (selected from original library) ~ Muc23 1
Muc67 3
Muc201 5
Type A clones (selected from shuffled library) sMuc129 13
sMuc158 13
sMucl5 38
Type B clones (selected from original library)  Muc41 21
Muc46 10
Type B clones (selected from shuffled library)  sMuc103 33

2The clones contain the VLAQQRMDYV (type A) or the MVGAHALDI
(type B) CDRH3 sequences.

order for this residue to appear in this position, the germline
sequence had to undergo a somatic mutation. Only one germline
gene belonging to the V3 family locus (3-43) uses a leucine
in this position. The fact that this germline gene is never used
in the CDRH2 by the selected clones may be due to its low
frequency in the library or that it carries other residues
incompatible with a MUC-1 specific paratope.

In the studied CDRH2, mutated sequences originating from
loci 3-30 or 3-30.3 were preferred. However, one clone

Antibody paratope evolution

Fig. 3. Model of sMuc159 scFv antibody. The amino acid side chains in
CDRH3 are coloured green, W33y red, L50y yellow, T32; blue, W91
magenta and L96L cyan. Residues N34, and T90 are not visible in this
projection

(Muc201) used a locus 3-23 derived CDRH2, but also in this
case the sequence carried a substitution to leucine in the
critical position 50 (Table II). The relative rarity of DP-47
(locus 3-23) derived CDRH2 being accepted among the
selected clones is probably related to the fact that codon 50
in this germline gene requires two point mutations to mutate to a
leucine codon. This will be a much rarer event than the single
mutation required to substitute the valine found in 3-30/3-30.3
for leucine. Consequently, the events needed to create the
leucine in position 50 will give that locus 3-23 derived CDRH2
will not be selected at a high frequency despite their high
frequency within the unselected n-CoDeR library.

CDRLI and CDRL3

Additional sequence restrictions were observed for the light
chain. It was evident that there was an increased frequency
of sequences deriving from the locus 1-44 in the CDRLI1 and
a decreased frequency of sequences deriving from the locus
1-47 in the MUC-1 specific clones, when compared with
random, unselected clones derived from the n-CoDeR library
(n-CoDeR, 47% 1-44 and 31% 1-47; MUC-1 specific clones,
96% 1-44 and 0% 1-47). This suggests that the residues 32;
and/or 34; are important, since these are the only residues
differing between 1-44 and 1-47 gene products. Both of these
residues are believed to be located close to other important
residues, as defined above and to the tip of the CDRH3 loop
and N34, are conserved among the selected clones. Also, for
type A clones T32;, which is a highly exposed residue, was
conserved to a great extent, while the type B clones permitted
variability in this position.

Not only features of CDRL1 but also CDRL3 were important
for establishing the paratope. The importance of either trypto-
phan or leucine in position 96, is pinpointed by their relatively
low frequencies in the unselected n-CoDeR library (9/36 and
5/36, respectively). These low frequencies stems from the fact
that there is only a single allele found in the JA gene segment
loci which encodes tryptophan and none encodes leucine.
Therefore, leucine 96L have to originate either through the
recombination event itself or subsequent somatic hyper-
mutation taking place in the B cell from which this CDR was
derived, while tryptophan can originate from a single germline
gene segment or through the above-mentioned processes. We
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believe that restrictions in 91; and 96; may be due to either
their involvement in antigen biding or to structural constraints,
as outlined below. Furthermore, type A clones were signi-
ficantly restricted by the use of an unusual T90; residue. The
side chain of this residue in general does not contact antigen
and it is not accessible to the environment (MacCallum et al.,
1996), suggesting that sequence restriction at this site is related
to structural constraints. This is strongly supported by the
finding that this residue is one of those playing an important
role in directly determining the conformation of the hyper-
variable loops (Chothia et al., 1998).

Overall paratope considerations

As seen in the modelled scFv (Figure 3), several of the
conserved residues in the MUC-1 specific clones appear to be
located close to the centre of the binding site. Some of these
positions have also been shown to be important contributors
to the paratope in other studies. Residue 33 of the VH domain
is often important for the recognition of antigen and it is also
frequently a contact residue (MacCallum er al., 1996). A
tryptophan in this position has been shown to be important
for the recognition of photodamaged DNA (Kobayashi et al.,
1999). Similarly, residues 50y, 32;, 91y and 96; frequently
interact with the antigen, whereas 90; and 34; rarely do so.
Apart from directly interacting with the antigen, structural
requirements may also cause restrictions in some of the
positions discussed above (Chen et al., 1999). Replacing Vi,
residues 91;, 96; and 100by with other residues of various
sizes has demonstrated that only residues up to a certain limit
of van der Waals radius will be accepted at the bottom of the
binding pocket in order to maintain an intact binding site. In
the selected type B clones from the present study the small
valine residue [normalized van der Waals radius, 3.00 (Fauchere
et al., 1988)] in position 50y co-exists with W96, (normalized
van der Waals radius, 8.08). The type A clones employ L50y
(normalized van der Waals radius, 4.00) and are thus restricted
to using a smaller residue such as L96; as the penultimate
residue of CDRL3 in order for the paratope to remain intact.
In fact, we suggest that the L50y, L96;, T90, and N34 in

proximity to the apex of the CDRH3 and the centre of the
binding site were selected as a unit so as to adopt an appropriate
structure of the binding site to fit the antigen in question.

Comparison with other MUC-1 specific antibodies

Creation of a suitable MUC-1 specific paratope can be solved
in ways different from the ones selected by the type A and B
clones (Henderikx et al., 1998). However, a MUC-1 specific
mouse antibody, SM3, for which the structure (PDB: 1SM3)
has been determined (Dokurno et al., 1998), displays several
features common to the specificity described here. The epitope
of SM3 has previously been defined as the APDTRP sequence
(Price et al. 1998) but the antibody makes contact with residues
outside of that sequence in a way suggesting that it recognizes
an epitope similar to that recognized by the type A and B
clones. Several of the key residues in the combining site are
identical between the mouse and human paratopes. In particular,
F27y, Y32y, W33z and W91 are shared. The W96, residue
is also shared by type B clones and SM3. In addition, N31y
used by SM3 is used by some (e.g. by sMuc159) but not all
type A and B clones. In other MUC-1 specific clones, residue
31y is frequently a serine, which is the amino acid encoded
by the unmutated germline CDRHI1 sequence derived from
locus 3-07 (Table II).

The five residues F27y, N31y, Y32y, W33 and W9l
together account for not less than 43.6% of the buried molecular
surface area of SM3. These residues alone make contacts (van
der Waals interactions or hydrogen bonds) with eight out of
nine residues within the sequence SAPDtRPAP (contacted
residues in upper case) and thus seem to be critical for the
establishment of the binding site. When comparing the structure
of SM3 with the model of sMucl59, the similar localization
of the side chains of F27y, N31y, Y32y, W33y and W91, is
evident (Figure 4). We suggest that these antigen-binding sites
recognize the epitope in a similar manner. Other residues as
well as the length of several CDR differ between SM3 and
the scFv, so the paratopes are able to establish a functional
binding site in different ways but based on these common
residues.

Fig. 4. The structure of the SM3 Fv (left) and the model of sMUC159 (right). Vg, Vi and the antigen (SM3 only) are shown in green, blue and red,
respectively. The common, important residues F27y (orange), N31y, Y32y, W33y (all in yellow) and W91, (cyan) are highlighted.
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General structural aspects

The critical residues of SM3 and type A and type B clones
have all been brought together by different pathways. F27y,
N31y, Y32y and W33y are all encoded by the germline gene
IGHV6S1 (GenBank: X03398) from which the SM3 antibody
probably originated. In contrast, the CDR implantation
approach used to construct the antibody library brought
naturally occurring residues from different genes belonging to
the VH3 family into a predefined framework, which is also of
VH3 origin. The shuffled CDR sequences included VH posi-
tions 31-33 and the framework encoded among other things
the F27H residue. As previously discussed, the predominance
of CDRHI1 derived from locus 3-07 relates to its specific use
of W33y, in contrast to most other human germline genes.
Y32y is a common feature among many antibodies belonging
to the VH3 family and, as noted above, some variability seems
to be tolerated at position 31y. W91, is a common feature of
most mouse and some human lambda chain CDRL3. The
requirement for W91 probably is a restricting factor limiting
the origin of the CDRL3 in type A and B MUC-1 specific
clones to sequences from a few germline genes.

Based on this evaluation, we suggest that the human and
mouse antibody repertoires may recognize an antigen in a
similar manner, provided that the germline has members
displaying similar or identical residues in key positions.
It has long been known that small defined antigens such as
p-azophenylarsonate (Siekevitz et al., 1983), phenyloxazolone
(Kaartinen et al., 1984) and (4-hydroxy-3-nitrophenyl)acetyl
(Bothwell et al., 1981) give rise to restricted antibody responses
in mice. Recently, it has become apparent that also the human
and mouse immune systems recognize what may be individual
protein epitopes by a restricted repertoire of germline genes
(Ohlin et al., 1994; Binley et al., 1996; Ohlin and Borrebaeck,
1996; Ikematsu et al., 1998; Goldbaum et al., 1999; Lavoie
et al., 1999; van den Brink et al., 2000). The basis for
immunodominance in certain immune responses is probably
due to the existence of germline members fitting well to a
particular epitope (Seidl et al., 1999). In fact, it was recently
demonstrated that also two independently raised antibodies
specific for the same epitope on influenza virus hemagglutinin,
despite the presence of many other sequence dissimilarities,
shared many critical contact residues in their interaction with
antigen, (Fleury et al., 2000). We believe that the same effect
is observed here and that the described critical residues in the
similar CDRH1, CDRH2 and CDRLI1 of most type A and B
clones are important factors in determining this particular
epitope specificity.

In conclusion, this study shows the power of using initially
selected clones for rearrangement of CDR and to study amino
acid residues important for assembly of the paratope. By using
a stepwise evolutionary process, general information about
which residues are likely to be important is gained. Owing to
the identical framework regions of the clones, information
about important residues within the CDR can be defined. Also,
the existence of multiple clones which have similar or identical
CDRH3 makes it possible to define important key residues for
other CDR using sequence similarity studies. The conservation
of residues 33y, 50y, 321, and/or 34;, 90;, 91; and 96; may
define the minimal conservation necessary for maintaining a
functional binding site in association with a particular type of
CDRH3, around which variability can be introduced to evolve
the binding site. These residues would comprise at least a part

Antibody paratope evolution

of the central specificity-determining structure created during
rearrangement of gene segments into complete variable region
genes. In agreement with our observations, Hawkins et al.
(1993) proposed that a band of residues in the middle of the
paratope makes up a critical centre crucial for the interaction
with antigen. Similarly, it has been suggested (Tomlinson et al.,
1996; Ignatovich et al., 1997) that the somatic hypermutation
process in vivo mainly introduces variability around such a
core structure in order to evolve its function, while keeping
the core intact. This knowledge can together be used for
evolution of antigen specific clones in a more directed fashion
in vitro, giving a high functionality of the created combinatorial
libraries and may reduce the size of libraries needed to find
optimal clones. Furthermore, we suggest a molecular basis for
restrictions in germline usage in specific antibody repertoires.
The library approach employed may also be used to define
more precisely the basis for such restrictions observed even
with more complex antigens.
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