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Length of the antibody heavy chain
complementarity determining region 3
as a specificity-determining factor

Yvelise Barrios,y Pernilla Jirholtz and Mats Ohlin*
Department of Immunotechnology, Lund University, Lund, Sweden

The antigen binding site of an antibody is made up of residues residing in six hypervariable loops of the
heavy and light chains. In most cases several or all of these loops are required for the establishment of the
antigen-binding surface. Five of these loops display a limited diversity in length and sequence while the third
complementarity determining region (CDR) of the heavy chain is highly different between antibodies not
only with respect to sequence but also with respect to length. Its extensive diversity is a key component in the
establishment of binding sites allowing for the recognition of essentially any antigen by humoral immunity.
The relative importance of its sequence vs its length diversity in this context is however, not very well
established. To investigate this matter further we have used an approach employing combinatorial antibody
libraries and antigen-specific selection in the search for CDRH3 length and sequence diversity compatible
with a given antigen specificity, the major antigenic determinant on the tumour-associated antigen mucin-1.
In this way we have now defined heavy chain CDR3 length as a critical parameter in the creation of an
antigen-specific binding site. We also propose that this may reflect a dependence of a particular structure of
this hypervariable loop, the major carrier of diversity in the binding site, for establishment of a given
specificity. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Antibodies are proteins of immense importance not only for
the protection of higher organisms against a hostile envir-
onment but also as tools in bioscience, biomedicine and
biotechnology. Consequently, large efforts have been put
into the development of technologies to raise specific anti-
bodies against virtually any target. Studies aiming at under-
standing how an antigen-binding site, a paratope, of an
antibody is constructed and how it evolves during the
affinity maturation that perfects its binding characteristics
are also well represented in the literature. Examples of such
studies are investigations of the makeup of antibody reper-
toires recognizing multiple epitopes on individual proteins
(Edwards et al., 2003) as well as individual epitopes on

model antigens or on biomedically more significant targets
(as reviewed by Ohlin and Borrebeck, 1996; Ohlin and
Zouali, 2003). The development of phage display (Smith,
1985; McCafferty et al., 1990) and other combinatorial
library technologies have greatly aided in these efforts and
they provide a basis in molecular genetics for the study even
of human antibody repertoires that only with substantial
difficulties could be addressed by conventional hybridoma
technology. Genome sequencing and the determination of
the composition of the human immunoglobulin loci is
an important aid for the understanding of how specific
paratopes are constructed. The accumulation of antibody
structures and even more importantly antibody–antigen
structures, highlights critical aspects of the interaction of
antibodies and their targets. Nevertheless, much remains to
be understood regarding these matters. What determines the
composition of a developing specific antibody repertoire?
To what extent does the available repertoire govern the
ability to raise specific immunity in vivo or select specific
antibodies in vitro and how does the repertoire affect the
nature of developing responses? How is the interaction with
antigen determined by interplay between the centrally
located third complementarity determining region of the
heavy chain (CDRH3) and other hypervariable loops?

To investigate the last matter further we made use of a
repertoire of antibody single-chain fragments (scFv) pre-
viously selected from a combinatorial library (Söderlind et al.,
2000) that is specific for the variable number of tandem
repeats (VNTR)-epitope found in the tumour-associated
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antigen mucin-1 (CD227). This clinically important epitope
(Epenetos et al., 2000) that is immunodominant in mice is
found in a 20 amino acid-long repeat within the glycopro-
tein (Price et al., 1998). Selection of human antibodies
against this target has been difficult to achieve but lately
strategies to select and evolve high-affinity human antibody
fragments have been established (Jirholt et al., 2001, 2002).
The library (Söderlind et al., 2000) from which such scFv
were selected was originally created by the CDR shuffling
methodology (Jirholt et al., 1998) and as such carries
CDRH1 and CDRH2 loops derived from different members
of the VH3 gene family (in unmutated and somatically
mutated form). Light chain hypervariable loops are mainly
derived from members of the V�1 gene family. Gene
fragments encoding these loops and a very diverse set of
CDRH3, also derived from B-cell encoded rearranged im-
munoglobulin genes, have been assembled into complete
genes carrying the well expressed and stable frameworks
derived from the IGHV3-23 and IGLV1-47 germline genes.
Thus the selected VNTR-specific scFv (Söderlind et al.,
2000) had been selected from a library carrying very
extensive diversity (Borrebaeck and Ohlin, 2002). Reper-
toire and evolution studies defined among other things
residues in CDRH1 and CDRH2 that were critical for the
formation of the VNTR-specific paratope (Jirholt et al.,
2001) and mutations related to a high affinity character
(Jirholt et al., 2002). We now extend these studies to
demonstrate the importance of CDRH3 length as a factor
in the makeup of this specific paratope and discuss these
findings in a broader context.

MATERIALS AND METHODS

Reagents

The pFAB5C.His phagemid vector (Ørum et al., 1993) was
kindly provided by Professor Jan Engberg (The Royal
Danish School of Pharmacy, Copenhagen, Denmark).
Biotinylated peptides were provided by Professor Elias
Krambovitis. Non-biotinylated peptides were obtained
from ThermoHybaid (Ulm, Germany). ScFv were purified
as previously described by Ni-chelate chromatography
making use of the N-terminal hexa-histidine tag, and
subsequent gel filtration (Jirholt et al., 2002).

Library constructions

A first library construction was similar to a previously
described library successfully used for the evolution of
mucin-1 VNTR-specific scFv (Jirholt et al., 2002) with
the exception that B-cell derived sequences were used to
encode CDRH3. Briefly, sequences encoding CDRH1 and
adjacent FR were amplified by PCR from phagemid vectors
derived from the n-CoDeR library that had been selected on
the mucin-1 peptide antigen. This gene population was
enriched for two similar types of prototype clones specific
for the epitope (Jirholt et al., 2001). Thus, a substantial
fraction of the sequences in this population was known to
encode W34H (sequence numbering is according to the
IMGT nomenclature; LeFranc, 2003) in CDRH1, a residue

known to be involved in VNTR recognition by these scFv
(Jirholt et al., 2001). Sequences encoding CDRH2 and
adjacent FR were amplified from the unselected n-CoDeR
library population (Söderlind et al., 2000), i.e. they repre-
sented a diverse set of unmutated and mutated sequences
derived from genes belonging to the VH3 gene family. This
amplified gene fragment population was, however, enriched
for sequences carrying L55H, a residue shown to be asso-
ciated with VNTR recognition together with the prototype
ARVLAQQRMDV-CDRH3 (Jirholt et al., 2001), by using
an upstream primer (AAGGGGCTGGAGTGGGTBK-
CWCT) that specifically incorporated the first two bases
of residue 55H encoding leucine. The use of the proof-
reading capable Pfu polymerase (Stratagene, La Jolla, CA,
USA) in this PCR amplification, however, also ensured that
a part of the CDRH2-population would include other
residues at this site following 30-editing of primers anneal-
ing to a template not encoding leucine in position 55H.
CDRH3 was amplified from cDNA obtained from mRNA
derived from tonsil leukocytes that has been activated
in vitro for 2 days with pokeweed mitogen. The up-stream
primers AGAGCCGAGGACACTGCCGTGTATTACTG-
TGCNAGRGTNTTR and AGAGCCGAGGACACTGCC-
GTGTATTACTGTGCNAGRGT and downstream primer
CGCTGCTCACGGTGACCAGTGTACCTTGGCCCCAN-
ACRTCCATYCT were used for this purpose. This proce-
dure ensured amplification of CDRH3 sequences starting
with ala-arg-val-leu or ala-arg-val and ending with arg-met-
asp-val sequences found in many human VNTR-specific
scFv (Jirholt et al., 2001). Sequences encoding CDRL1 and
CDRL2 and adjacent FR were amplified directly from the n-
CoDeR library as this population of genes was known to
contain at a high frequency (�60%) sequences of an origin
known to be compatible (Jirholt et al., 2001) with VNTR
recognition (data not shown). Finally, the sequence encod-
ing CDRL3, which also carries residues, in particular
W116L, known to be important for the specificity, was
amplified from the vector encoding the VNTR-specific
scFv sMuc159 that carries a prototype CDRH3 (Jirholt
et al., 2001). PCR products obtained in this way were
assembled into an intact scFv-encoding gene library by
overlap-extension PCR, as described previously (Jirholt
et al., 1998). The amplified genes were purified, cleaved
with SfiI and NotI and ligated into the pFAB5C.His
phagemid vector. After electroporation of ligated DNA
into Escherichia coli Top10F0 a library of 5� 107 members
was obtained. Phage stocks were prepared using R408
helper phage, and phages were concentrated by using a
conventional PEG-precipitation protocol.

A second library harbouring diversity in CDRH3 alone
was constructed by amplification of two fragments of the
VNTR-specific scFv sMuc159 (Jirholt et al., 2001). One of
the primers (ACCTTGGCCCCAAACGTCCATCYYVNN-
VNNASYAAVCACTCTCGCACAGT) used for this purpose
incorporated diversity into the proposed apex of CDRH3
(residues 108, 109, 110, 113 and 114). Following assembly
of these fragments and restriction enzyme cleavage, the scFv-
encoding genes were ligated into the phagemid vector and
transformed into E. coli. The library had a size of 6� 105

members, 30-fold more than the theoretical size of the library.
Phage stocks were prepared as described above with the
exception that VSCM13 was used as the helper phage.
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Antigen-specific selection

Selection of antigen-specific clones from the first library
was carried out using biotinylated 40-mer peptide carrying
two repeated units of the VNTR sequence (Jirholt et al.,
2002) at 10 nM in TPBSB (0.05% Tween 20, 3%
bovine serum albumin in phosphate buffered saline,
PBS). Streptavidin-coated paramagnetic beads (Dynabeads
M-280, Dynal A/S, Oslo, Norway) were blocked with
TPBSB and subsequently used to catch peptide-bound
phages. The beads were washed seven times with TPBSB
and four times with PBS. Phages were eluted with trypsin
(0.5 mg/ml in PBS) for 30 min as trypsin cleaves the scFv-
protein 3 fusion protein at a site between the phage and the
scFv molecule. Aprotinin (final concentration 0.05 mg/ml)
was added and eluted phages were allowed to infect
TOP10F0 bacteria cultures (OD600¼ 0.5). The selection
was repeated once with 1 nM antigen. Specificity was con-
firmed by using antigen-specific ELISA [scFv-specific phages
bound to the biotinylated peptide caught onto immobilized
streptavidin were detected using peroxidase-labelled anti-M13
antibody (Amersham Bioscience, Uppsala, Sweden)]. Anti-
gen-specific selection of the second library was carried out
essentially as described above using a biotinylated 12-mer
peptide (biotin-GVTSAPDTRPAP) derived from the VNTR at
10 nM. Two additional rounds of selection were performed on
the output of the first selection of the second library. During
these rounds of selection the stringency of selection was
increased in the last one by reducing the concentration of the
biotinylated 12-mer peptide antigen to 1 nM. Furthermore, a
competition step was introduced in the second and third rounds
by adding an excess (10mM) of non-biotinylated antigen
(SAPDTRPAP) to the phages, previously incubated with the
biotinylated antigen for 5 min prior to addition of streptavidin-
coated Dynabeads.

Analysis of epitope specificity

Epitope specificity was analysed by Biacore analysis. Briefly,
streptavidin was coupled by conventional amine-coupling to
a Biacore CM5 sensorchip according to the manufacturer’s
description (Biacore AB, Uppsala, Sweden). Biotin-binding
sites were loaded with biotinylated peptide mimicking the
VNTR epitope (biotin-GVTSAPDTRPAP). Purified scFv
was diluted in running buffer [10 mM HEPES, 3.4 mM

EDTA, 150 mM NaCl, 0.005% (v/v) P20 detergent (Biacore
AB)] and mixed with peptides at a concentration of 1–10mg/
ml. Samples were run on the peptide-loaded sensorchip and
binding with and without added peptide was compared.

Gene sequencing and analysis

Sequencing was carried out using the Big Dye Terminator
Kit (PE Biosystems, Warrington, England), on an ABI 377
automated sequencing equipment (Applied Biosystems,
Foster City, CA, USA). The origin of CDRH2 was deter-
mined by comparison using the FASTA algorithm with
germline genes defined in the VBASE sequence directory
(Cook and Tomlinson, 1995). Sequences are numbered and

CDR are defined in accordance with the IMGT nomencla-
ture (LeFranc, 2003).

RESULTS AND DISCUSSION

A range of VNTR-specific human scFv have previously
been selected from the n-CoDeR library (Söderlind et al.,
2000) or evolved from such selected primary clones (Jirholt
et al., 2001, 2002). We thus have a good view of selectable
repertoires recognising this target. In fact, many of these
clones showed characteristic features. These included spe-
cific sequence usage in CDRH1 (in particular W34H),
CDRH2 (residue L55H or V55H depending on CDRH3
sequence and/or residue 116L) and CDRL3 (in particular
W107L and L116L or W116L) as well as the use of two
related prototype CDRH3 sequences with identical length
and a somewhat similar sequence [Ala-Arg-hydrophobic-
hydrophobic-small-X-X-X-hydrophobic-Asp-hydrophobic
(where X denotes unrelated residues); Jirholt et al., 2001].
Specific scFv selected directly from the naive library re-
cognized the target peptide with an affinity of 1–21� 106

M
�1 (Jirholt et al., 2001), but variants could be affinity-

matured more than 20-fold in a process accompanied by
specific mutations in residue 32H and 62H within CDRH1
and CDRH2, respectively (Jirholt et al., 2002). These results
suggested the involvement of several of the hypervariable
loops, including CDRH3, in the establishment of the
VNTR-specific paratope. At least the first two and the last
two residues of the CDRH3 motif are encoded by the VH
and JH genes, respectively, and they are commonly found in
antibodies carrying a so-called bulged-type CDRH3 stem
(Morea et al., 1998). This suggests that the base of CDRH3
in both cases takes on a similar structure while the apex of
the loop may differ between these mucin-1-specific scFv.
Importantly, the two clone types display a very similar
recognition of antigen, as demonstrated by their pattern of
recognition of mutated peptide sequences (Fig. 1). Thus, the
observed similarities in sequence correlated with similari-
ties in fine specificity. To further explore the observed
restricted CDRH3 diversity of these clones and to define
the interdependence of the various parts of the binding site,
we created a new library using the CDR shuffling technol-
ogy that carried diversity in several of the hypervariable
loops. This was done through primer design and selection of
template in a way that also maintained, at a high frequency,
some sequence features associated with this VNTR-specifi-
city, like those found in CDRH1 (W34H) and in CDRH2
(L55H), in the light chain, and also maintained the bulged-
type CDRH3 stem. Sequencing of randomly picked clones
from this library demonstrated that the library was diverse
and it also showed that the incorporated CDRH3 tended to
be highly diverse in length [range five to 25 residues,
average 17.5 (n¼ 8)] and compared well with average
human CDRH3 (average length 15 residues; Wu et al.,
1993; Yamada et al., 1991; Zemlin et al., 2003). Selection
of this library on the 40-mer mucin-1 peptide (representing
two VNTR) resulted in the retrieval of specific clones
already after two rounds of selection (7/22 tested clones
were peptide-specific at this stage). Sequence characteristics
among the selected VNTR-specific clones in the, within the
unselected library, highly diversified CDRH2 were very
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similar with respect to the germline gene origin of CDRH2
(IGHV3-30/3-30-3 and IGHV3-23; Table 1) to that found in
clones selected in previous studies (Jirholt et al., 2001).
Furthermore, despite the diverse composition of CDRH3 in
the unselected library, the selected, specific clones all had a
CDRH3 with a length of 11 residues (Table 1), mimicking
the length but not necessarily the sequence of CDRH3 of
previously selected clones (Jirholt et al., 2001). Thus,
despite the fact that longer CDRH3 dominated the library,
specific paratopes all retained the length-characteristics of
the originally selected clones. It is highly unlikely that the
observed length restriction is a result of a specific composi-
tion of CDRH3 with a length of 11 residues as sequence
composition and variability of CDRH3 of other lengths does
not preclude or even disfavour the presence of residues
found in prototype CDRH3 (Zemlin et al., 2003, including
supporting figures available at the publisher’s web-site:
www.sciencedirect.com). We could thus confirm the fea-
tures that had previously been shown to characterize a
VNTR-specific paratope (Jirholt et al., 2001) and extended
this finding to also include the length of CDRH3 as a
specificity-determining factor.

To further explore the importance of tolerated diversity in
CDRH3 we created a second library carrying some targeted
diversity within the proposed tip of the CDRH3 while
maintaining the rest of the VNTR-specific sequence intact.
Although the diversity of the unselected library was not as
extensive as expected from the primer design, it could be
confirmed that antigen-specific selection did not strongly
bias the residues found in the different positions of the apex
of the 11-residue long CDRH3 (Table 2), except in one case.
In position 108, the larger aromatic residue phenylalanine
seemed to be disfavoured over the purely hydrophobic

residues leucine and valine. This particular residue is not
located close to the centre of the binding site of an affinity-
matured variant of a prototype VNTR-specific clone as
evaluated by structure modelling (1KU4.pdb). Thus, the
precise basis for this sequence restriction, i.e. if it is related
to direct interaction with antigen or an indirect effect on the
structure of the paratope, is not known. Despite this slight
sequence restriction, it appeared that the VNTR-specificity
is to a larger extent dependent on the length of the CDRH3
than on the precise sequence characteristics of the apex of
the hypervariable loop.

This study raises several questions. For instance, how
general are these observations, and what is the role of
CDRH3 in the make-up of a specific paratope? It is
generally believed that CDRH3 takes on a key role in the
formation of the binding site and in some cases isolated
CDRH3 derived from a specific antibody may even be
sufficient to form an antigen-binding structure (Bourgeois
et al., 1998; Levi et al., 1993). Furthermore, a recent study
demonstrated that one-third of scFv selected for specificity
for BlyS from a large library employed a given D segment
sequence, suggesting that it carried features making CDRH3
created from it particularly able to bind to this antigen
(Edwards et al., 2003). Indeed, diversity located within
CDRH3 is sufficient to create specific binders in vivo against
essentially any large protein (Xu and Davis, 2000). How-
ever, such restricted repertoires fail to respond to some
antigens like polysaccharides (Xu and Davis, 2000), sug-
gesting that CDRH3 diversity as such is not enough to
realize the full potential of antibody diversity (Ohlin and
Zouali, 2003). In fact, the involvement, or not, of other parts
of the variable domains in the recognition of an epitope is
often a reflection of their ability to form critical interactions

Figure 1. Remaining binding of scFv to the mucin-1 VNTR immobilized via a biotin–streptavidin
interaction onto a Biacore chip after incubation with soluble peptides. Peptides inhibiting the
binding were the wild-type (wt) VNTR sequence or alanine-scanned variants thereof. In cases
where the wt sequence carried an alanine residue, this residue was modified by incorporation of
valine. ScFv included Muc201 (squares) and the affinity matured variant thereof, sMuc159
(triangles), both of which use the ARVLAQQRMDV CDRH3, as well as Muc46 (circles), which
carries the ARMVGAHALDI CDRH3 (Jirholt et al., 2001). Inhibiting peptides were used at 1 mg/ml
(solid lines). The lower affinity (Jirhol et al., 2001) scFv Muc201 was also tested for inhibition at a
peptide concentration of 10mg/ml (dashed line).
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with the antigen. For instance, in the case of recognition of
17�-estradiol, a set of independently raised antibodies
create a critical hydrogen bonding centre through the use
of specific light chain residues, providing the basis for a
particular light chain sequence restriction among the estra-
diol-specific antibodies (Lamminmäki, 2003), while still
allowing for extensive diversity in the heavy chain variable
domain including CDRH3. In responses towards cytomega-
lovirus glycoprotein B epitope AD-1, it is the VH gene that
seems to be the specificity-defining sequence while both
CDRH3 and the light chain may be more diverse (Ohlin
et al., 1994). Similarly, the response to two rotavirus
antigens is confined to a limited number of V genes but
not D genes (Weitkamp et al., 2003). In contrast, the
recognition of Cryptococcus neoformans glucuronoxylo-
mannan (Nakouzi and Casadevall, 2003) and Neisseria
meningitidis PorA (Ihle et al., 2003) involves both V gene
and CDRH3 length restrictions. Finally, the repertoire
selected against a single protein, BlyS, was not only
enriched for certain CDRH3 sequences based on D-gene
involvement, as outlined above, but also for scFv encoded
by certain V genes (Edwards et al., 2003). Consequently the
recognition of this target, despite the fact that it most likely
displayed multiple epitopes, strongly favoured the recruit-
ment of particular types of sequence features in specific
binders. In conclusion, the preferred recognition of different
antigens is very different with respect to the type of
sequence restrictions that are observed. In the case of our
mucin-1 specificity, we hypothesize that the restriction in
CDRH3 length is related to a proper positioning of key
determinants either in the CDRH3 itself or in key contacts in
the part of the VH domain encoded by the VH gene and the
light chain (Jirholt et al., 2001). It is less likely that it is the
assembled VH gene that requires a specific CDRH3 length
for functionality (Martin et al., 2003) since clones with
other specificities but carrying CDRH1 and CDRH2 with
the same origin as those described here, carry CDRH3 of
other lengths (data not shown). Thus, CDRH3 length is
associated with specificity and not with the stability of the
scFv as such. The fact that quite extensive diversity is
allowed at least at the apex of the CDRH3 loop may suggest

that these residues as such are not directly involved in
antigen contact but rather that their spacing allows for
positioning of other residues, e.g. at the base of the
CDRH3 in positions appropriate for antigen binding. Alter-
natively the main point of interaction between antigen and
CDRH3 may be through atoms of the hypervariable loop
backbone rather than through atoms of the side chains.
Nevertheless, it confirms the notion that length restriction
in CDRH3 is a factor contributing to a specific paratope.
The great diversity of CDRH3 length and sequence has up to
now prevented the development of general rules for clas-
sification of this loop into precise groups, so called canoni-
cal structures, that have already been defined for other
hypervariable loops in antibodies (Al-Lazikani et al.,
1997). Some things are known though, mainly in relation
to the structure of the base of the CDRH3 loop. Indeed, our
CDRH3 cloning strategy assured that CDRH3 loops in the
library most likely take on the bulged type structure (Morea
et al., 1998) as determined by the presence of R106H and
D116H. As this field continues to evolve it will be interesting
to learn whether or not CDRH3 loop length restrictions in
many specific antibody repertoires are related to a requisite
of the apex of this loop to take on a given, but as yet
undefined canonical structure for the establishment of a
given specificity. If this is so, libraries designed to evolve
a given antibody often ought to be made so as to maintain a
given canonical loop structure, in order for the library to
contain functional members at a high frequency. In all, we
conclude that CDRH3 length restrictions may be encoun-
tered in specific immune responses and that CDRH3 length
diversity and restriction is a factor to consider when design-
ing optimal libraries for molecular evolution of antigen-
specific paratopes.
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sequence space: shuffling in vivo rearranged CDR into a
master framework. Gene 215: 471–476.

Jirholt P, Strandberg L, Jansson B, Krambovitis E, Söderlind E,
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