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The topography of the antigen-binding site as well as the number and the
positioning of the antigen contact residues are strongly correlated with the
size of the antigen with which the antibody interacts. On the basis of these
considerations, we have designed a focused scFv repertoire biased for
haptens, designated the cavity library. The hapten-specific scFv, FITC8, was
used as a scaffold for library construction. FITC8, like other hapten binders,
displays a characteristic cavity in its paratope into which the hapten binds.
In five of the six complementarity-determining regions, diversity-carrying
residues were selected rationally on the basis of a model structure of FITC8
and on known antibody structure–function relationships, resulting in
variation of 11 centrally located, cavity-lining residues. L3 was allowed to
carry a more complex type of diversity. In addition, length variation was
introduced into H2, as longer versions of this loop have been shown to
correlate with increased hapten binding. The library was screened, using
phage display, against a panel of five different haptens, yielding diverse
and highly specific binders to four of the antigens. Parallel selections were
performed with a library having diversity spread onto a greater area,
including more peripherally located residues. This resulted in the isolation
of binders, which, in contrast to the clones selected from the cavity library,
were not able to bind to the soluble hapten in the absence of the carrier
protein. Thus, we have shown that by focusing diversity to the hotspots of
interaction a library with improved hapten-binding ability can be created.
The study supports the notion that it is possible to create antibody libraries
that are biased for the recognition of antigens of pre-defined size.
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Introduction

The binding properties of antibodies are deter-
mined by the chemistry and shape of their antigen-
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binding sites. Six hypervariable loops, supported by
a conserved b-sheet framework, come together at
the tip of the antibody to form a continuous surface,
the antigen-binding site.1 As the sequence and the
length of these loops vary among antibodies, they
display different types of surface shapes or topo-
graphies.2–4 It has been shown that the topography
of the paratope correlates with the size of the
antigen with which the antibody interacts.3,5 One of
three different topographies is generally adopted:
planar for large antigens (proteins); grooves for
medium-sized antigens (peptides and carbo-
hydrates); and cavities for small antigens (haptens).
Furthermore, studies have shown differences in the
number and location of amino acid residues that
play an important role in recognition of antigens of
different sizes.3,6,7 On average, antibodies use five
more residues to contact peptides and proteins than
d.



Figure 1. Structure of the library scaffold, FITC8, with
the residues targeted for mutation shown in red (H1),
orange (H2) and yellow (H3). The full variability of the n-
CoDeR library14 was introduced into L3 (blue). Heavy
chain residues N31, Y56 and F59 (grey) were back-
mutated to their respective germline sequence. H34 of L1
was also mutated but is not visible in this view. In Table 1,
the positions chosen for modifications are listed together
with the designed variability. In addition, length variation
of H2 was allowed, creating two sub-libraries, Lib1 and
Lib2, which together constitutes the cavity library. The
Figure was generated with PyMol (http://pymol.source-
forge.net/) using Protein Data Bank coordinates obtained
from the program MODELER.14
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to recognize haptens. While haptens are recognized
mainly by residues located centrally in the antigen-
binding site, larger antigens have additional contact
residues in more peripheral regions.

It has been speculated that the different binding
patterns described above may be used for the
construction of libraries biased for antigens of
predefined sizes,4,7,8 but none has been developed
so far. In contrast, the number of large repertoire
recombinant antibody libraries from which specific
antibody fragments can be selected against virtually
any target, for example haptens, peptides, carbo-
hydrates and proteins, are increasing steadily.9–15

The size of these libraries relates to the ability to
successfully select high-affinity binders towards a
particular target.11,16 Nevertheless, it is likely that
only a relatively small part of a general-purpose
repertoire is going to be functional if applied to a
particular antigen type, and it is therefore reason-
able to believe that a smaller but more functional
antibody library would provide the same outcome
as a large library. Alternatively, an equally large but
more functional library would provide better
reagents, possibly reducing the need for affinity
maturation.

We postulate that the construction of an antibody
library biased for small antigens would allow for
more efficient selection of hapten-specific anti-
bodies, which are of major interest in a range of
applications. In addition to being an important
analytical tool in the biomedical field, for instance in
measuring the presence of pharmaceuticals, or a
potential aid in drug detection programs, hapten-
specific antibodies are needed in the agricultural
and food industries; for example, for the detection
of antibiotics, food additives, bacterial toxins,
pesticides and other environmental contami-
nants.17–19 There are examples of therapeutic
applications, such as for neutralizing pharmaceu-
tical overdoses, e.g. the digoxin-specific antibody
fragment Digitalis-Antidot BM from Roche.
A problem often associated with selecting anti-
bodies (in vivo and in vitro) to haptens is that the
antibodies commonly bind to a combination of the
hapten and carrier molecule but not to the free
hapten in the absence of the carrier,20–22 a feature
that would make the selected antibodies ineffective
in diagnostic and therapeutic applications. By
constructing a library with diversity focused on
the residues that commonly interact with the
hapten and not with the carrier in hapten-carrier
conjugates, we believe that antibodies less prone to
bind the carrier can be selected.

In this study, we have explored the above
hypothesis by constructing an antibody library
biased for haptens. We have designed and created
a synthetic antibody library that has been used
successfully to find highly specific binders to a
range of haptens, independently of the carrier
molecule. The library was created by introducing
diversity into the residues lining the proposed
cavity of a previously described fluorescein-binding
antibody fragment.14 The hapten-binding capability
of this library was compared to that of a general-
purpose repertoire. To our knowledge, this is the
first report of the creation of an antibody repertoire
with a built-in specificity for antigens of pre-defined
size.
Results

Design and construction of combinatorial library

As a starting point for library construction the
hapten (fluorescein isothiocyanate; FITC)-specific
scFv, FITC8, was chosen. FITC8 was originally
derived from a synthetic scFv library that had
been constructed by shuffling human complemen-
tarity-determining region (CDR) sequences of
different origins into a single framework consisting
of the human IGHV3-23 and IGLV1-47 genes.14

Clones based on this framework, including FITC8,
have been shown to be highly stable, well expressed
in Escherichia coli and displayed easily on
phage.10,23,24 FITC8, like hapten-binders in general,
displays a cavity in its antigen-binding site into
which the antigen binds (Figure 1). We hypo-
thesized that by diversifying the FITC8 cavity, a
library with the ability to bind a range of different
haptens could be created.

Different strategies were used to identify what
residues would be suitable for supporting library
variability. We started by studying the model
structure of FITC8 and included residues that
lined the cavity. However, we excluded most

http://pymol.sourceforge.net/
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Table 1. Mutagenesis strategy for the cavity library

Target positionsa Designed modifications

H1-N31 (32) S
H1-W33 (34) FHLYW
H1-S35 (40) HNRS
H2-G50 (55) GRYW
H2-S52 (57) NSTY
H2-N53 (59) FINSTY
H2-Y56 (62) S
H2-Y58 (66) FHLY
H2-F59 (67) Y
H3-G95 (107) GS
H3-D96 (108) DGNS
H3-G97 (109) GS
H3-S98 (113) GS
L1-H34 (40) HNY

a Residues are numbered according to Kabat,26 and the
corresponding IMGT numbering (http://imgt.cines.fr)27 is
given in parentheses.
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positions that were not considered to be important
contact residues in hapten binders, according to
analyses done by MacCallum et al.3 and Annemarie
Honegger et al.†.25 In addition, framework residues
were excluded even though these have been shown
to be important antigen contacts in hapten bin-
ders,3,7 as we believed these to be required for
structural integrity. As a result, nine amino acid
residues, situated in the first, second and third loop
of the heavy chain (H1, H2, H3) and the first loop of
the light chain (L1) (Figure 1 and Table 1), were
chosen for limited substitutions (W33H, S35H, G50H,
Y58H, G95H, D96H, G97H, S98H, and H34L) (the
Kabat numbering system is used throughout the
text if nothing else stated26). In addition, one
residue of H1 (N31) and two of H2 (Y56 and F59),
situated in the periphery of the antigen-binding site,
were mutated back to the residue found in the
germline sequence from which the CDR originated,
IGHV3-7 and IGHV3-23. We reasoned that these
residues, because of their location outside the
cavity, might be specific for the carrier protein
(streptavidin) that was used originally in the
selections to obtain FITC8.14 No residues were
targeted in the second loop of the light chain (L2).
It is situated at the periphery of the antigen-binding
site and is therefore not expected to make contact
with the hapten.

The full variability of the n-CoDeR library14 was
allowed in L3 (Figure 1). Over 70% of the L3s of this
library have their origin in IGLV1-36/44, IGLV1-40
and IGLV1-47, the latter being the gene of FITC8.
Since these genes show a high degree of sequence
similarity, we reasoned that the introduction of any
of these L3s into the FITC8 scaffold would most
likely lead to sustained cavity topography. The
additional diversity that was introduced into this
area due to somatic hypermutations and junctional
diversity allowed for variability of the sequence
length, possibly giving rise to cavities of variable
† http://www.biochem.unizh.ch/antibody/
depth, and provided additional sequence diversity,
including variations of positions 91L and 96L (IMGT
positions 107 and 116, respectively27), which are
critical contact residues in hapten recognition.3,6,7

Moreover, since longer H2 loops have been
shown to improve the binding of murine hapten-
specific antibodies,28,29 we decided to introduce
length variation of this loop. In addition, the FITC8
framework has been demonstrated to tolerate
insertions in H2 with respect to both structure and
antigen-binding capacity.8 We therefore hypothe-
sized that an insertion in H2 potentially would
allow for greater contact with the hapten. Thus, in
addition to a library (Lib1) having the original H2
length of FITC8 (17 amino acid residues), a second
library version (Lib2) was created, having in
addition to the modifications described above, an
insertion of two amino acid residues at the tip of the
loop, at positions 52b and 52c (between positions 58
and 59 according to the IMGT nomenclature27). In
both libraries, the flanking residues (S52 and N53)
were mutated, since these might become important
contact residues if a conformational change were to
occur in the extended H2 loop.

The variability introduced into the library was
restricted mainly to what is found in the germline
genes that make up the CDR loops of FITC8,14

together with what is commonly found in hapten
binders†.25 Degenerate codons were designed for
each position, chosen so as to include as many of the
intended residues as possible without encoding a
large number of extra residues (Figure 6). In H3, small
residues were generally chosen to maintain the
structure of this loop in upholding the cavity
topography. We believed that larger residues, which
are commonly found at these positions in hapten
binders, would result in blocking of the cavity, thus
making it less accessible to hapten binding.

To summarize, in addition to the modified third
loop of the light chain (L3), a total of 14 residues in H1,
H2, H3 and L1 were targeted for modification
(Figure 1 and Table 1). Two library variants (Lib1
and Lib2), together designated the cavity library, were
created, differing only in the length of H2. The
theoretical size of each of the libraries was estimated
to be approximately 7!105, not counting the
diversity of L3, as this cannot be estimated properly.
Lib1 and Lib2 obtained after transformation con-
tained 2!107 and 3!107 clones, respectively.

To confirm that the intended diversity had been
introduced, clones were picked randomly and
sequenced. Altogether, 28 random clones were
analyzed from the two libraries. All of these
contained the insert, two-thirds were shown to be
in-frame and mutations not intended by the primer
design, possibly caused by the DNA polymerase,
were found in three sequences. The diversity of the
libraries was confirmed by identification of most of
the designed mutations as well as by an expected
number of different L3 variants as defined by the
genetic origin of this loop (data not shown). After
titration, equal amounts of phages from Lib1 and
Lib2 were mixed to create the cavity library.

http://imgt.cines.fr
http://www.biochem.unizh.ch/antibody/
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Selection of scFv with different hapten
specificities

The cavity library was subjected to selections
against five haptens: the original antigen FITC as
well as testosterone, estradiol, 4-hydroxy-3-iodo-5-
nitrophenylacetyl/acetate (NIP) and 4-hydroxy-3-
nitrophenylacetyl/acetate (NP). Following two or
three rounds of selection, the specificity of indivi-
dual clones was analyzed by phage enzyme-linked
immunosorbent assay (ELISA). As illustrated in
Table 2, we were able to efficiently isolate specific
binders against four of the five haptens. The
proportion of positive clones ranged from 60% to
95%.

Sequencing revealed that only a small fraction of
the positive clones originated from Lib2, the library
with an insertion of two amino acid residues in the
H2 loop (Figure 2). Therefore, to investigate the role
of this insertion further, separate selections on NIP-
bovine serum albumin (BSA) using only the Lib2
part of the cavity library were performed. Indeed,
specific clones could be selected from this library
when used without competition from Lib1. After
selection, 75% of the clones were specific for the
target antigen (Table 2). We conclude that the
approach used to create diversity, with respect to
amino acid replacements and loop length variation,
could be harbored in the FITC8 scaffold and
allowed for different specificities to be established.
Binding to the soluble hapten

In order to assess the binding to the soluble
hapten, competitive phage ELISA was performed
on positive clones from each hapten target. As Lib1
and Lib2 were created on the basis of an FITC-
specific antibody sequence, the apparent affinity of
the FITC-selected clones was, as expected, higher
than that for scFv selected on other targets, having
affinities of the same order of magnitude as that of
the wild-type (Table 3). Five of the six testosterone-
selected clones were inhibited successfully by
Table 2. Isolation of hapten-specific phage-scFv clones

Library Library size Panning antigen

N
p

Cavity 5!107 FITC-b-SAa

Cavity 5!107 Testosterone-b-AVb

Cavity 5!107 NIP-b-SA
Cavity 5!107 Estradiol-b-AV
Cavity 5!107 NP-b-AV
Lib2 3!107 NIP-b-SA
n-CoDeR sub-library 4!108 NIP-b-SA

After two and three rounds of selection against different target hapte
binding specificity by phage ELISA. Clones were considered positive i
that to control antigens. The number of unique clones was determine
by competitive phage-ELISA.

a b-SA, biotin-streptavidin.
b b-AV, biotin-avidin.
testosterone. Analysis of the NIP clones selected
from the cavity library revealed a broad range of
affinities, with the strongest binders having IC50

values in the range 100–1000 ng/ml. Similar results
were obtained for the NIP-specific clones origi-
nating from Lib2. The estradiol-specific clones were
not inhibited by soluble estradiol (Table 2).
A possible explanation can be found in the
structural differences of the panning antigen,
estradiol-6a-biotin, and estradiol.

Additionally, cross-reactivity studies showed that
FITC8, the original clone, had some reactivity
against soluble testosterone, although very high
concentrations of steroid were required to reach
IC50 (0.02% cross-reactivity). However, this reacti-
vity was lost among the newly FITC-selected clones
of the cavity library. Also, none of the testosterone-
selected or NIP-selected clones showed any sign of
cross-reactivity against fluorescein (data not
shown).
Cavity library versus a conventional antibody
library

The behavior of the cavity library, with diversity
restricted mainly to a proposed central cavity, was
compared to a conventional library, carrying
diversity in a considerably larger part of the binding
site. For this purpose, we employed a sub-library of
n-CoDeR,14 and compared selections performed on
NIP-BSA. As expected, clones specific for the
selected antigen could be identified from both
libraries (Table 2). When analyzed using compe-
titive phage ELISA, these scFv were blocked
efficiently from binding to immobilized antigen by
the addition of soluble NIP-BSA conjugate. How-
ever, when performing the same kind of analysis
using the soluble hapten as inhibitor, none of the
clones from the n-CoDeR sub-library had measur-
able IC50 values within the range of concentrations
used in this study (Table 3 and Figure 3), indicating
a higher degree of carrier dependence of the
n-CoDeR-originating clones.
umber of
anning

rounds

Number of
clones specifi-
cally binding
the panning

antigen
Number of

unique clones

Number of
clones binding
to the soluble

hapten

2-3 18/20 18/18 6/6
2-3 19/20 19/19 5/6
2-3 12/20 12/12 6/6
2-3 19/20 18/19 0/6
2-3 0/20 – –
2-3 15/20 12/15 6/6
2-3 8/20 8/8 0/6

ns, phage was prepared from individual clones and analyzed for
f the signal to the target antigen was at least five times higher than
d by sequencing, and binding to the soluble hapten was assessed



Figure 2. Amino acid sequence alignment of mutated regions as intended by library design. Positive clones were
obtained by screening the cavity library on FITC (FC), testosterone (TC), estradiol (EC), and NIP (NC). Further screening
on NIP using the Lib2 part of the cavity library resulted in the NL2-clones. Sequences numbered 1 to 10 and 11 to 20 were

Focused Antibody Library 611



Table 3. Characterization of scFv expressed on phage and in soluble format

Phage format scFv format

IC50 (soluble hap-
ten)a (ng/ml)

IC50 (NIP-BSA)
(ng/ml) Charge at pH 7.4b

IC50 (soluble hap-
ten) (ng/ml) KD (M)c

wt 1.5 K1 1.0 3!10K9

FC-1 3.2 0 1.2 4!10K9

FC-2 2300 0
FC-6 388 K1
FC-14 0.4 1 0.3 8!10K10

FC-15 0.5 0 0.7 2!10K9

TC-1 NRd K1
TC-2 550 K2
TC-5 20 K1 110 2!10K7

TC-7 1500 0
TC-13 9600 K2
TC-20 100 0 110 4!10K7

NC-1 4500 70 2
NC-2 110 280 0 780 3!10K6

NC-5 100 420 0 1600 3!10K6

NC-11 2600 9600 0
NC-13 340 1600 0
NC-20 3000 240 1

NL2-5 NIe 1400 4
NL2-8 1100 150 3
NL2-9 430 380 2 1170 1!10K6

NL2-11 1500 70 2
NL2-14 110 40 3 280 9!10K7

NL2-20 600 60 2

NN-1 NR 710 5
NN-2 NI 200 6 NI
NN-9 NR 250 3
NN-13 NI 740 4
NN-14 NI 200 6
NN-20 NR 160 6 7900 7!10K7

a IC50-values, defined as the concentration of soluble hapten that blocked 50% of the phage/scFv binding to the immobilized target
hapten–protein complex, were determined by competitive ELISA analysis. The IC50 values of the clones correspond to inhibition by
their respective target hapten, i.e. the FITC-selected clones (FC) were analyzed for binding to fluorescein, the testosterone-selected (TC)
to testosterone and the NIP-selected clones (NC, NL2, NN) to NIP-caproic acid. FC, TC and NC-clones originate from the cavity library,
NL2-clones originate from Lib2, while NN-clones were selected from the n-CoDeR sub-library. IC50 values for NIP-BSA were
determined also for the NIP-selected, phage-displayed antibody fragments (second column).

b The total charge of the scFv were estimated using tools available on www.vitalonic.narod.ru/biochem/index_en.html
c The affinities were determined by surface plasmon resonance. The FC-clones were analyzed on FITC-biotin-streptavidin, the TC-

clones on testosterone-biotin-streptavidin and the NIP-specific clones on NIP-BSA.
d NR indicates that some inhibitory effect was observed, but the IC50 value was not reached within the concentration range used in

this study (!10 000 ng/ml).
e NI indicates that no inhibitory effect was observed.
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Characterization of soluble scFv

On the basis of the results of the competitive
phage ELISA, the binders of highest affinity for
the different hapten targets were chosen for
conversion to soluble scFv format and further
characterization. For comparisons, we included
two NIP-selected clones from the n-CoDeR sub-
library. The purified monomeric proteins retained
the specificity for their target antigen (Figure 4)
picked randomly from panning rounds 2 and 3, respectively. R
shown with dots, while absent residues are indicated by gaps.
regions according to the IMGT nomenclature.27 The mutatio
Complete gene sequences are available in GenBank, accessio
and the cavity library-originating clones could
still be inhibited by soluble hapten (Table 3). The
concentration of inhibitory hapten was, in several
cases, higher than that for the corresponding
phage-displayed scFv, most likely due to the
higher concentrations of scFv that had to be used
in order to obtain detectable signals.

The affinity of the monomeric antibody frag-
ments was determined by BIAcore analysis. All
selected clones showed specific and dose-depen-
esidues identical with the wild-type sequence (FITC8) are
Residues marked with asterisks are situated in framework
ns N31S, Y56S and F59S are not included in the Figure.
n numbers DQ250169–DQ250247.

http://www.vitalonic.narod.ru/biochem/index_en.html


Figure 3. Competitive phage ELISA. Competition for binding was between free hapten (NIP-caproic acid) and hapten-
carrier conjugate (NIP-BSA) immobilized on the plate ((a), (b), (c)) and between NIP-BSA in solution and NIP-BSA
immobilized on the plate ((d), (e), (f)). NC-clones originate from the cavity library ((a) and (d)), NL2-clones from Lib2
((b) and (e)) and NN-clones from the n-CoDeR sub-library ((c) and (f)). Six clones were analyzed from each group. The x-
axis shows the concentration of the inhibiting antigen (ng/ml) and the y-axis shows the ratio of the signal (A490) in the
presence of the inhibiting antigen to that in the absence of soluble antigen. Broken lines indicate clones that were chosen
for further analysis.
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dent binding to their respective target antigen
(Table 3).

Sequence studies

Sequence analysis of the positive clones revealed
a large number of unique sequences for the four
hapten targets (Table 2). In Figure 2, the sequence of
the 11 diversified positions in H1-3 and L1, as well
as the whole L3, are given (complete gene
sequences are available in GenBank, accession
numbers DQ250169–DQ250247). We found that
the clones carried a number of key residues that
were associated with specific recognition of antigen
type. Except for the estradiol-selected and the
testosterone-selected clones, which were very simi-
lar in sequence, clones selected on the same hapten
generally showed a higher degree of similarity
compared to clones selected against other antigens.
Sequence comparisons of the NIP-specific pro-
teins originating from the cavity library, Lib2 and
n-CoDeR (GenBank accession numbers DQ250248–
DQ250255) further revealed a large difference in the
estimated net charge of the proteins (Table 3). The
clones selected from the cavity library had a charge
average around 0.5, and the n-CoDeR clones had an
average of 5. The same value for Lib2 was
approximately 2.7.

Homology modeling

In order to get a better understanding of the
nature of the selected binding sites, we employed
an automated homology modeling approach not
involving biased intervention by a scientist. All
modeled structures, except those with an insertion
in H2, showed evidence of a pronounced cavity. In
all, this suggested that the selection approach used
Figure 4. Binding specificity of
purified monomeric scFv as deter-
mined by ELISA. The antibody
fragments were analyzed on micro-
titer plates coated with FITC-bio-
tin-streptavidin (black bars),
testosterone-biotin-streptavidin
(blue bars), NIP-BSA (red bars) and
on two control antigens, streptavi-
din (green bars) and BSA (white
bars). Numbers are average of
duplicates and the relative stan-
dard deviation was below 5% for
all values.
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favored sequence variants with maintained cavity
topography.
Discussion

Several independent studies have identified and
characterized differences in binding sites of anti-
bodies that bind antigens of different sizes. Firstly, it
has been shown that the topography of the antigen-
binding site, which is determined by the length and
the sequence composition of the CDR loops,
correlates with the nature of the antigen with
which it interacts.2,3,5 Secondly, differences have
been found in the number and the position of
residues involved directly in the interaction of the
antigen.3,6,7 For example, haptens preferentially
bind to cavities and are contacted mainly by
residues located centrally in the paratope, while
proteins that have relatively flat binding surfaces
have additional contact residues in more peripheral
regions.

In this study, we have explored the possibility of
using this correlation between paratope structure
and antigen preferences to create a focused
antibody library biased for a certain type of antigen,
in this case haptens. The hapten-specific antibody
FITC8 was used as the structural backbone for
library construction. In addition to its fluorescein-
binding capacity, FITC8 was shown to bind to
testosterone, although the affinity for the latter is
much less. This tendency for dual specificity,
together with its previously described ability to
tolerate loop length insertions,8 indicates conside-
rable adaptability of the FITC8 binding-site, a
feature we considered to be desirable for our
purposes. Its high level of stability and compat-
ibility in E. coli-phage systems further suggests that
FITC8 is a good candidate for supporting library
variability. Diversity-carrying residues were
selected rationally on the basis of a model structure
of FITC8 and on known antibody structure–
function relationships,3,25 resulting in variation of
mainly centrally located, cavity-lining residues
while avoiding diversity in more peripherally
located residues. An extension of H2 was intro-
duced into part of the library to allow an evaluation
of this factor in the design of a cavity-prone library.
In all, five out of six hypervariable loops were
designed in this way. Only L3 was allowed to carry
a more complex type of diversity, corresponding to
that found in the n-CoDeR library.14

The usefulness of this type of library design was
investigated using five different haptens. Phage
selections successfully identified a range of specific
clones to four of these targets; FITC, estradiol, NIP
and testosterone. As the scaffold used for library
construction was based on an FITC-specific scFv,
the identification of FITC-specific clones can be seen
as an evolutionary process of a pre-existing
specificity. However, it is interesting to note that
these clones lost the original cross-reactivity to
testosterone and are specific solely to FITC.
Importantly, the diversification procedure created
entirely new binding sites, as evidenced by the
complete absence of residual FITC-binding activity
in clones selected on testosterone, NIP and estra-
diol. This was so despite the fact that no measure
was taken to select against FITC-binding properties
during the panning procedure. Only the smallest
hapten, NP, was unable to select for specific binders,
instead resulting in an accumulation of non-specific
binders. This might suggest that the library design
proposed here has a lower limit in the molecular
mass of the target either due to geometric con-
straints or due to the fact that a very small hapten is
unable to form a sufficient number of interactions
with members of the library. Nevertheless, we
conclude that the library design as used here is
able to create a library that harbors specific binders
for a number of haptens.

In contrast to the NIP, FITC and testosterone-
specific clones, the estradiol-specific scFv could not
be displaced by its free hapten. A possible expla-
nation can be found in the structural differences of
the panning antigen, estradiol-6a-biotin, and estra-
diol. A successful isolation of binders depends,
especially in the case of haptens, on the structure of
the panning antigen. The chemical structure of the
linker as well as the coupling position will very
much affect the functionality of the hapten
molecule. The introduction of the a-amino group
at position C6 of the estradiol molecule of the
panning antigen has been suggested to change the
hapten structure,30 resulting in the selected scFv
being non-responsive to the soluble unmodified
hapten. Thus, the inability to find clones recogniz-
ing soluble hapten in this case is more likely an
inherent property of the hapten itself and not of the
library per se.

Because of the small size of haptens, selection of
anti-hapten antibodies (in vivo and in vitro) requires
the hapten to be conjugated to a carrier. As a result,
the antibodies and antibody fragments developed
against haptens commonly bind to a combination of
the hapten and carrier, but not to the free hapten in
absence of the carrier.20–22 This is based on the fact
that in many cases a low molecular mass molecule
will not occupy the entire antigen-binding surface
of the antibody. The hapten will, as stated above,
insert itself into a cavity formed by the antigen-
binding site, thus leaving room for additional
contacts to be made between the carrier and more
peripherally located residues of the binding site.
Consequently, the affinity for the isolated hapten
will usually be considerably lower than for the
hapten-carrier conjugate. An example of this effect
is seen clearly when looking at the clones selected
from a general-purpose repertoire (as exemplified
by a sub-library of n-CoDeR) against NIP-BSA.
These clones had similar, if not better, binding
affinities to NIP-BSA compared to the cavity library
clones as shown by both ELISA and BIAcore
analysis. However, there is a dramatic difference
in the sensitivity to the free antigen between scFv
selected from the two libraries. None of the clones
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selected from the library of more conventional
design had an IC50 value within the range of
concentrations used (!10,000 ng/ml), while the
strongest binder derived from the cavity library had
affinities in the 100 ng/ml range, suggesting at least
a 100-fold increase in sensitivity to the free hapten
of the clones derived from the cavity library. This
observation can probably be explained by the
difference in positioning of the diversity-carrying
residues of the two libraries (Figure 5). The
n-CoDeR library has, because of its origin,14,31

diversity spread over most residues that comprise
the CDR loops, including the centrally situated
residues, that are most likely to interact with the
hapten, as well as the more peripheral residues, that
presumably interact with the carrier protein. The
diversity of the cavity library, on the other hand, is
focused to the central parts of the antigen-binding
site, while diversity is minimal in peripheral areas.
The selection procedure of the general-purpose
library will therefore enrich for binders targeting a
larger surface area compared to binders of the
cavity library, which will have little chances of
using its peripherally located residues to establish
effective interactions with the carrier. Consequently,
the clones selected from the cavity library will be
directed mainly to the hapten part of the hapten-
carrier complex, resulting in better binders to the
soluble hapten. Although the carrier-dependence of
conventional libraries can be circumvented by
alternating between different carriers during the
selection procedure or by specifically eluting with
the soluble hapten,20,21 this effect demonstrates a
fundamental difference in functionality between the
two types of antibody libraries.

The fact that clones selected from the general-
purpose library had additional contact with the
carrier was indicated further when comparing the
charge of the selected clones from the two
repertoires. During panning conditions (pH 7.4),
the clones selected from the cavity had an average
charge of approximately C0.5, while the same
Figure 5. The level of diversity in clones from the n-CoDeR l
the structure model of FITC8. The H3 loop (residues 95–102) o
are color-coded from white to deep red to indicate increasin
calculated diversity of n-CoDeR is based on 97 random sequen
on the theoretical variability as defined by the library design
value for the clones selected from the general-
purpose library was C5, much above the average
charge of members of this library. Interestingly,
when looking at model structures of the latter it
turned out that the positive charges were situated
mainly in the peripheral part of the paratope,
suggesting that these residues interact with the
abundant negative charges on the carrier (BSA)
rather than with the hapten. In conclusion, the
results of the selections from the two libraries
demonstrate clearly that the cavity library, with
diversity focused to the central area of the paratope,
is better suited for binding haptens, in the absence
of the carrier, than a general-purpose repertoire.

Sequencing of the clones selected from the cavity
library revealed a large number of unique
sequences from each hapten target. Most clones of
the same specificity could be grouped on the basis
of common sequence patterns, and this specificity
could be coupled to certain key residues, in
particular residue 35 of H1 and residue 96 of L3.
Situated close to the bottom of the binding pocket,
these are highly conserved within each group of
hapten, although differing between them, possibly
suggesting that these residues are important
specificity-determining residues. Residue 34L is
also highly restricted, although not to the same
extent. The importance of these residues as contact
residues has been demonstrated in other hapten-
binding antibodies:3,7 91L has also been identified as
an important antigen contact. Indeed, the diversity
in this position is highly conserved among the
selected clones, but does not differ significantly
from randomly picked clones of the unselected
library (data not shown), making it difficult to draw
any conclusion about the function of this residue.
The high frequency of glycine in position 50H of the
selected clones compared to the unselected cavity-
library (94% and 25%, respectively) indicates this
residue is critical in obtaining a hapten-binding
pocket. It seems that the large difference in size
between glycine and the other residue alternatives
ibrary (left) and the cavity library (right) superimposed on
f the n-CoDeR library is shown in yellow. Other residues
g variability (1–50) as defined by Wu and Kabat.39 The
ces, while the calculations of the cavity library were based

.
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(R, W, Y), which are found frequently in many
hapten-specific antibodies of other origins,25 pre-
vented the incorporation of the latter in functional
proteins in this scaffold. We suggest that the
diversity restriction in this position is likely due to
structural requirements in maintaining the cavity
topography of the binding site rather than to contact
the antigen. The fact that the scFv genes cluster
based on antigen specificity (data not shown) may
suggest that these bind their target antigen in the
same conformation. A combination of the restricted
diversity of the library and the small size of the
target molecule may restrict the number of possible
epitopes that can be recognized, resulting in very
homogenous populations. It is further noteworthy
that clones selected on testosterone and estradiol
are very similar, which is probably due to the small
structural differences that exist between these two
steroid molecules. Despite the similarity at the
sequencing level, no cross-reactivity of these clones
was observed (data not shown).

Since small antigens are contacted mainly by
residues located centrally in the antigen-binding
site, haptens commonly have very few contacts in
the H2 loop, which is generally situated in the
periphery of the antigen-binding site.7 This is
consistent with the proposed structure of the
FITC8 scFv. In some antibodies, long H2 together
with long L1 have been suggested to promote the
formation of cavities and thus increase the hapten-
binding ability.2 Indeed, it has been shown that an
increase in the length of H2 can improve the
binding affinity of existing hapten-binding anti-
bodies,28,29 most likely due to a conformational
change resulting in the relocation of the H2-loop to
a more central position of the paratope. As outlined
above, we therefore designed a part of the cavity
library to exploit this aspect of the binding site to
potentially enhance the hapten-binding capacity.
When selecting specific variants from a phage pool
containing equal numbers of clones with (Lib2) or
without (Lib1) an extended H2 loop, the shorter
loop tended to be selected preferentially, indepen-
dent of the antigen used for selection. The fact that it
was possible to select specific binders against NIP
from the extended H2-loop library when used
alone, without competition from Lib1, suggested
that an insertion indeed could be tolerated in the
FITC8 scaffold to produce functional hapten
binders. It was shown that clones from this pool
had apparent binding affinities to the soluble
hapten similar to those selected from the library
lacking the extended H2-loop. However, binders
from the Lib2 library tended to have somewhat
higher binding affinities for the hapten-carrier
conjugate as opposed to the free hapten, possibly
suggesting that the insertion increases the contact to
the carrier rather than to the hapten. This con-
clusion is consistent with that proposed by
Parhami-Seren and co-workers.29 Sequence analysis
of the selected clones further revealed an increase in
net charge of the Lib2-clones compared to the clones
of Lib1, which cannot be explained entirely by the
introduction of lysine in position 52b. As in the case
of the clones selected from the n-CoDeR sub-library,
as mentioned above, we believe that these extra
positive charges interact with the negative charges
on the carrier, thus explaining the stronger binding
to the hapten-carrier conjugate of the clones
carrying the insertion. The selective disadvantage
of Lib2-originating clones in the presence of Lib1,
despite similar or higher affinity for the panning
antigen and similar levels of display (data not
shown), remains unclear. A possible explanation
could be that the bacteria encoding proteins
carrying the insertion might have a growth
disadvantage and are thus selected against during
the iterative growth and selection process. In
conclusion, we have shown that both sub-libraries
used in this study are functional with respect to
their capacity to establish hapten-specific binding
sites, but the insertion of an extended H2 loop did
not provide any additional beneficial effects with
respect to hapten recognition.

The affinities of the selected clones are, with the
exception of the FITC-specific clones, relatively
moderate. However, we believe that the affinities
obtained can be improved. It is likely that the
standardized procedure used in these studies has
not utilized the capacity of the library to its fullest.
The high level of diversity of the selected clones
suggests strongly that an increased selection press-
ure can be applied in order to retrieve superior
binders; for example, by reducing the amount of
selecting antigen or by additional rounds of
selection. For structural reasons, with the exception
of L3, we did not include buried or framework
residues in the library design. Since some of these
are known, through indirect effects, to modulate
affinity,32–34 and targeting of these would most likely
lead to further improvements. We are also quite
confident that future structural studies of FITC8
together with insights obtained from the current
study will help in optimizing the diversity design.

To conclude, by considering the specific binding
characteristics of antibodies we have created a
focused antibody library that has been used
successfully to find highly specific binders to a
panel of different haptens, independent of the
carrier molecule. Thus, the creation of small
libraries intended for the establishment of specific
binders of a given nature has been established. We
envisage that other types of library designs can be
established to target common features of other sets
of antigenic targets.
Materials and Methods

Construction of libraries and preparation of phage
stocks

The template gene, encoding the anti-FITC scFv
(FITC8), used for library construction has been
described.14 In order to create unique restriction sites
for the subsequent cleavage reactions, a redundant EagI
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(CGGCCG) site was initially removed. Fourteen residues
distributed in H1, H2, H3, and L1 and believed to line the
cavity of the FITC8 were chosen for diversification
(Figure 1 and Table 1). In L3, the full diversity of the
previously reported n-CoDeR library was allowed.14

Furthermore, as hapten specificity has been found to be
associated with longer H2 loops,28,29 length variation of
H2 was introduced. In addition to a library (Lib1) having
the original H2 length of FITC8 (17 amino acid residues),
a second library version (Lib2) was created, harboring, in
addition to the mutations described above, an insertion of
two amino acid residues at position 52b (K) and 52c (A) of
H2. The residue numbering follows the Kabat nomen-
clature.26

Diversity was introduced in a step-wise fashion,
starting with amplification of six gene fragments using
degenerate primers (Figure 6). To reduce the number of
mutations not intended by design, Platinum Pfx DNA
polymerase (Invitrogen, Carlsbad, CA, USA) with proof-
reading ability, was chosen. After PCR, DpnI (New
England Biolabs, Beverly, MA, USA) was added to digest
the original methylated DNA template present in the
reactions. The overlapping fragments were then
assembled, the two libraries separately, by overlap-
extension PCR. The full-length fragments were amplified
and digested by SfiI and NotI (New England Biolabs)
followed by ligation into the SfiI/NotI sites of a modified
variant of the pFab5c.His phagemid,35 containing only
the part of the M13 gene III that encodes the final
C-terminal domain of protein 3. The ligation products
were transformed into electrocompetent Top10F 0 cells
giving sizes of approximately 2!107–3!107 clones/
library. To confirm that the intended diversity had been
introduced, random clones were sequenced from both
libraries.

The libraries were infected by VCSM13 helper phage
(Stratagene, La Jolla, CA, USA) as described.36 Phage
were harvested by precipitation with polyethylene
glycol/NaCl and titrated. Equal amounts of phage from
the two libraries were mixed (from hereon designated the
cavity library) and subsequently used for selection. For
comparison studies, a phage stock of a fraction (approxi-
mately 4!108 clones) of the n-CoDeR-library14 was
Figure 6. Oligonucleotide primers used for construction
libraries, Lib1 and Lib2, differing only in the length of the H
and f). Primers b1-50 and b2-5 0 as well as b1-3 0 and b2-3 0 ar
mutations in position 33 of H1 and position 50 of H2, respect
b2-3 0 but with the additional insertion of two amino acid r
with b1-3 0and b2-3 0or b3-3 0and b4-3 0was used for construc
respectively. FITC8 was used as template for the constructio
region. Instead, a plasmid preparation of the n-CoDeR libra
into scFv genes by overlap-extension PCR. The primers ann
prepared, using the same protocol as above. However,
due to the presence of an amber codon, the E. coli
suppresser strain HB101F 0 (kindly provided by Bioinvent
International AB, Lund, Sweden) was used for phagemid
rescue.
Selection for hapten binding

Phage selections on the cavity library were carried out in
solution using gradually smaller amounts of streptavidin-
coated or avidin-coated magnetic beads that had been
saturated by an excess of one of the following biotinylated
haptens: FITC-biotin (5(6)-(biotinamidohexanoylamido)-
pentylthioureidylfluorescein) (Sigma-Aldrich Inc., St
Louis, MO, USA), NIP (4-hydroxy-3-iodo-5-nitrophenyla-
cetyl)-BSA-biotin (Biosearch Technologies, Novato, CA,
USA), NP-biotin (N-4-hydroxy-3-nitrophenylacetyl-N 0-
biotinyl-1,6-aminohexane) (Biosearch Technologies), estra-
diol-6a-biotin (3,17 b-dihydroxyestra-1,3,5 (10)-trien-6a-N-
(3-biotinyl) aminocaproamide) (kindly donated by Dr Urpo
Lamminmäki, Turku University, Finland), or testosterone-
17-biotin (testosterone 3-(5-(6-(5-(biotin)pentanamido)hex-
anamido)pentylcarbamoyl)propanoate) (Sigma-Aldrich),
while the n-CoDeR sub-library was selected on NIP-BSA-
biotin only. In order to further investigate the role of the
insertion in the H2 loop, additional selections were
performed on NIP-BSA-biotin using only the Lib2 part of
the cavity library. The selections were performed essentially
as described.36 Briefly, after washing, bound phage were
eluted with trypsin, which cleaves the trypsin-sensitive site
located between the displayed scFv and gene III. Aprotinin
was subsequently added to inhibit the enzyme activity.
Eluted phage were propagated in E. coli (Top10F 0 or
HB101F0) and used for further rounds of selection.
ELISA analysis

Phage stocks of random clones from the second and
third round of selection were prepared and analyzed for
binding specificity by phage ELISA. To ensure specific
binding, the clones were tested on the biotinylated target
hapten (bound via streptavidin or avidin) as well as on
of the cavity library, which is composed of two sub-
2 loop and consisting of six fragments each (a, b, c, d, e,
e two versions of the same primer introducing different
ively. Primers b3-3 0 and b4-3 0 are identical with b1-3 0 and
esidues in H2. A combination of b1-5 0and b2-5 0together
tion of fragment b, with the shorter or the longer H2,
n of all the fragments except for f, which encodes the L3
ry14 was used. The fragments were assembled step-wise
eal to one or more nucleotides in the given codons.
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empty streptavidin or avidin, BSA, and at least one other
hapten. Bound phage were detected by the horse-radish
peroxidase-conjugated anti-M13 monoclonal antibody
(Amersham Pharmacia Biotech Inc., Piscataway, NJ,
USA) using o-phenylenediamine as chromogen. The
absorbance at 490 nm was recorded. Clones were
considered positive if the signal to the target antigen
ratio was at least five times higher than the signal to the
non-relevant antigens ratio. Positive clones were sub-
jected to DNA sequencing (MWG Biotech, Ebersberg,
Germany).

Competitive phage ELISA was performed to inves-
tigate the binding of the selected scFv to soluble
hapten. A fixed concentration of phage, diluted in
blocking buffer (0.1% (w/v) gelatin and 0.05% (v/v)
Tween 20 in phosphate-buffered saline) to yield
signals in the linear range, were pre-incubated with
serial dilutions (0.1–10,000 ng/ml) of the free non-
conjugated form of the target hapten (fluorescein,
NIP-caproic acid, estradiol, or testosterone) for 2 h at
37 8C. The mixture was transferred to plates coated
with biotinylated target antigens (bound via strepta-
vidin or avidin) and incubated for another 30 min.
The detection was performed as described above. IC50

values, defined as the concentration of soluble hapten
that blocked 50% of the phage binding to the
immobilized hapten–protein complex, were deter-
mined as an estimation of the binding affinities of
the selected antibody fragments. In order to assess
the relevance of the carrier protein for binding, the
clones that had been selected on NIP were also
inhibited by NIP-BSA (Biosearch Technologies) in the
same way as for the soluble hapten.

To confirm binding specificity of the phage-displayed
antibody fragments, ELISA analyses were performed
on soluble scFv, essentially as described above but with
the following changes: scFv fragments were detected
using anti-FLAG M2 antibody (Sigma Aldrich) or
Tetra-His antibody (Qiagen, Hilden, Germany),
together with a rabbit anti-mouse immunoglobulin/
horse-radish peroxidase conjugate (DAKO A/S,
Glostrup, Denmark).
† http://antibody.bath.ac.uk/
Production and purification of soluble scFv

Phagemid DNA from clones having the lowest IC50

values in the competitive phage ELISA was isolated
and the gene III sequence removed by digestion with
EagI to allow for production of soluble scFv. The re-
ligated plasmids were transformed into E. coli and
culture of single colonies grown in Terrific Broth
containing ampicillin (100 mg/ml). The expression of
proteins was induced at A490Z0.9 by the addition of
1 mM isopropyl thiogalactoside (IPTG) for 16 h. The
proteins were purified from the periplasmic fraction by
resuspending the bacterial pellet in 1 mg/ml of
lysozyme (Sigma-Aldrich) in ice-cold sucrose solution
(580 mM sucrose, 30 mM Tris, 1 mM EDTA). After
incubation for 1 h at 4 8C, the samples were centrifuged
at 48,000g for 15 min and the supernatants, containing
the scFv, were filter-sterilized and purified on His Trap
HP nickel columns (Amersham Biosciences, Uppsala,
Sweden). Finally, the monomers were separated from
dimers and higher aggregates by applying the samples
to a Superdex 75 preparation grade XK16/70 column
(Amersham Biosciences). Protein concentrations were
determined spectrophotometrically using extinction
coefficients estimated individually for each clone.37
Affinity measurements

The affinity of the purified monomeric antibody
fragments was determined by surface plasmon resonance
analysis using a BIAcore 3000 instrument (BIAcore AB,
Uppsala, Sweden). Proteins were coupled covalently to
CM5 sensor chips using amine coupling according to the
manufacturer’s instructions. Biotinylated testosterone
and FITC were captured on the chip surface, to which
streptavidin had been coupled, while NIP-BSA was
attached directly via its free amino groups. The binding
of the scFv were measured at different concentrations at a
continuous flow-rate of 20 ml/min. All experiments were
performed at 25 8C and the chip was regenerated with a
pulse of 20 mM HCl, 150 ml NaCl. Response curves were
obtained by subtracting the signal of a reference surface
from that observed. Streptavidin was used as reference
for the FITC and testosterone-coated surfaces, whereas
BSA was used for NIP-BSA. The response was analyzed
using BIAevaluation 3.0 (BIAcore). Reaction rate kinetics
of the FITC-specific clones was calculated using the pre-
defined 1:1 Langmuir binding model. The KD values of
the testosterone-specific and NIP-specific clones were
determined by plotting steady state (Req) levels against
various concentrations of scFv, followed by analysis using
the steady-state affinity model.
Modeling

Homology models of the scFv were generated using the
web-based antibody-modeling program WAM†.38 For all
but one clone, the accessibility profile method was used as
final screen together with the CONGEN iterative
algorithm as side-chain building method. NC-2, which
according to WAM has a non-kinked H3 loop, was
modeled using the VFF model.
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