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Generation of a Large Combinatorial Library of

the Immunoglobulin Repertoire in
Phage Lambda
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A novel bacteriophage lambda vector system was used to
express in Escherichia coli a combinatorial library of Fab
fragments of the mouse antibody repertoire. The system
allows rapid and easy identification of monoclonal Fab
fragments in a form suitable for genetic manipulation. It
was possible to generate, in 2 weeks, large numbers of
monoclonal Fab fragments against a transition state ana-
log hapten. The methods described may supersede pre-
sent-day hybridoma technology and facilitate the produc-
tion of catalytic and other antibodies.

ONOCLONAL ANTIBODIES HAVE BEEN GENERATED THAT
catalyze chemical transformations ranging from simple
acyl transfer reactions to the energetically demanding
hydrolysis of the peptide bond in the presence of metal cofactors (1,
2-11). Initially, it was widely held that antibodies would be most
useful for catalysis where their predominant role was to overcome
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entropic barriers that occur along the reaction pathway. The basis of
this hypothesis was that the chance occurrence of amino acid side
chains capable of acid base catalysis in proximity to the reaction
center was unlikely. However, for some reactions, study of the pH
rate profile has revealed the participation of monobasic residues.
Other studies have focused on placing appropriate charges on the
antigen to induce specific binding interactions by complementary
charged amino acid side chains on the antibody (9, 12, 13). Such
functionalities might participate as a general acid, base, or nucleo-
phile in the reaction under study.

Apart from the validity of the design of the mechanism based
antigen, the probability of finding antibodies where particular
amino acid side chains participate in catalysis also depends on the
number of different antibodies assayed. Because current methods of
generating monoclonal antibodies do not provide for an adequate
survey of the available repertoire, we have been devising methods to
clone the antibody repertoire in Escherichia coli and have described
the preparation of a highly diverse immunoglobulin gene library
(14). Given the difficulty of expressing both heavy and light chains
together, we initially considered the construction and expression of
libraries restricted to fragments of the variable region of the
immunoglobulin (Ig) heavy chain Vy (14). In fact, a recent report
describes the construction of a plasmid expression library in E. coli in
which Vy fragments with affinity for keyhole limpet hemocyanin
(KLH) and lysozyme have been isolated (15). However, the use of
isolated Vy fragments as antibody mimics may be limited because
(i) the available crystal structures of antibody-antigen complexes
show considerable contact between antigen and Vi, (light chain
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variable) domain as well as Vy (16). More explicitly, in the case of a
series of antibodies to dextran, the Vi domain provides contacts
critical to antigen binding (17). Thus, it is unlikely that the affinity
of isolated V fragments will generally match that of intact antibod-
ies. (ii) The absence of the V|, domain leaves a large hydrophobic
patch on one face of the Vy fragment, which will almost certainly
lead to increased nonspecificity relative to whole antibodies (15). In
contrast, Fab fragments (antigen binding) have been studied for
more than 30 years. They behave as whole antibodies in terms of
antigen recognition, and their affinity and specificity are well
defined. Furthermore, for Fab, the combinatorial properties of
heavy and light chains serve as an important source of diversity.

In that individual Fab molecules can be expressed and assembled
in E. coli (18), the route to mimicking the diversity of the antibody
system in vitro should lie in solving the problem of expressing the
repertoires of heavy and light chains in combination. Accordingly,
we used a novel system to enable the construction of bacteriophage
lambda (\) libraries expressing a population of functional antibody
fragments (Fab’s) with a potential diversity equal to or exceeding
that of the parent animal.

Criteria for vector construction. To obtain a vector system for
generating the largest number of Fab fragments that could be

screened directly, we constructed the expression libraries in bacteri-
ophage M for the following reasons. First, in vitro packaging of
phage DNA is the most efficient method of reintroducing DNA into
host cells. Second, it is possible to detect protein expression at the
level of single-phage plaques. Finally, in our experience, screens of
phage libraries diminish the usual difficulties with nonspecific
binding. The alternative, plasmid cloning vectors are only advanta-
geous in the analysis of clones after they have been identified. This
advantage is not lost in our system because we use Azap II and are
able to excise a plasmid (19) containing the heavy chain, light chain,
or Fab expressing inserts.

The vectors for expression of Vy, Vi, Fv (fragment of the
variable region), and Fab sequences are diagrammed in Figs. 1 and
2. They were constructed by a modification of Azap II (19) in which
we inserted synthetic oligonucleotides into the multiple cloning site.
The vectors were designed to be antisymmetric with respect to the
Not I and Eco RI restriction sites that flank the cloning and
expression sequences. This antisymmetry in the placement of restric-
tion sites in a linear vector such as bacteriophage allows a library
expressing light chains to be combined with one expressing heavy
chains in order to construct combinatorial Fab expression libraries.
The vector ALcl is designed to serve as a cloning vector for light
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Fig. 1. Combinatorial bacteriophage N vector system for expression of Fab
antibody fragments. The ALcl vector was constructed for the cloning of
PCR amplified products of mRNA that code for light chain protein by
inserting the nucleotide sequence shown depicted in Fig. 2A into the Sac I
and Xho I sites of Azap II. The sequence was constructed from overlapping
synthetic oligonucleotides varying in length from 25 to 50 nucleotides. The
NHc2 vector was constructed for cloning PCR amplified products coding for
heavy chain Fd sequences by inserting the nucleotide sequence (Fig. 2B) into
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the Not I and Xho I sites of Azap II. As with the light chain vector, the
inserted sequence was constructed from overlapping synthetic oligonucleo-
tides. The combinatorial constructs that can express Fab fragments are
generated by cutting DNA isolated from light and heavy chain libraries at the
antisymmetric Eco RI site of each vector, followed by re-ligation of the
resulting arms. This generates constructs having random combination of
light and heavy chains which can be expressed, upon induction with IPTG,
from a dicistronic mRNA from the lac Z promoter.
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chain fragments, and NHc2 is designed to serve as a cloning vector
for heavy chain sequences in the initial step of library construction.
These vectors are engineered to efficiently clone the products of
PCR amplification with specific restriction sites incorporated at each
end (14, 15). The sequence of the oligonucleotides used to construct
these vectors include elements for construction, expression, and
secretion of Fab fragments. These oligonucleotides introduce the
antisymmetric Not I and Eco RI restriction sites; a leader peptide
for the bacterial pel B gene, which has previously been successfully
used in E. coli to secrete Fab fragments (18); a ribosome binding site
at the optimal distance for expression of the cloned sequence;
cloning sites for either the light or heavy chain PCR product; and, in
AHc2, a decapeptide tag at the carboxyl terminus of the expressed
heavy chain protein fragment. The sequence of the decapeptide tag
was useful because of the availability of monoclonal antibodies to
this peptide that were used for immunoaffinity purification of fusion
proteins (20). The restriction endonuclease recognition sites includ-
ed in the vectors were Sac I and Xba I'in ALcl, and Xho I and Spe 1
in NHc2. The vectors were characterized by restriction digest
analysis and DNA sequencing.

Choice of antigen and amplification of antibody fragments.
We constructed the initial Fab expression library from mRNA
isolated from a mouse that had been immunized with the KLH-
coupled p-nitrophenyl phosphonamidate antigen 1 (NPN) (Fig. 3).
This antigen was shown by Janda and co-workers (7) to be an
effective one for the generation of catalytic antibodies. Also, the
antibodies for the NPN reaction have been identified and therefore
facilitate the implementation of assay systems. Finally, successful
generation of catalytic antibodies generally requires binding to
relatively small organic haptens, and it was necessary to test the
suitability of our system for such molecules.

The PCR amplification of messenger RNA (mRNA) isolated
from spleen cells or hybridomas with oligonucleotides that incorpo-
rate restriction sites into the ends of the amplified product can be
used to clone and express heavy chain sequences (14, 15). This work
is now extended to include the amplification of the Fd (Vy — Cyl)

A ALct
EcoRI Ribosome Binding Site
Met Lys Tyr
5 TGAATTCTAAACTAGTCGCCAAGGAGACAGTCATAATGAAATA
3 TCGAACTTAAGATTTGATCAGCGGTTCCTCTGTCAGTATTACTTTAT
Pel B Leader
lew leu Pro Thr Ala Ala Ala Gly Lleu Leu Leu Leu Ala Ala Gin Pro

CCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTCGCTGCCCAAC
GGATAACGGATGCCGTCGGCGACCTAACAATAATGAGCGACGGGTTG

Ncol Sacl Xbal Noti
Ala Met Ala Glu Leu Stop Stop
CAGCCATGGCCGAGCTCGTCAGTTCTAGAGTTAAGCGGCCG 3
GTCGGTACCGGCTCGAGCAGTCAAGATCTCAATTCGCCGGCAGCT 5
B AHc2
Not! Ribosome Binding Site

Met Lys Tyr Leu Leu
GGCCGCAAATTCTATTTCAAGGAGACAGTCATAATGAAATACCTATT
CGTTTAAGATAAAGTTCCTCTGTCAGTATTACTTTATGGATAA

Neol
Pro Thr Ala Ala Ala Gly Lleu leu Leu Lleu Ala Ala Gln Pro Ala Met
GCCTACGGCAGCCGCTGGATTGTTATTACTCGCTGCCCAACCAGCCA
CGGATGCCGTCGGCGACCTAACAATAATGAGCGACGGGTTCCTCGGT

Xho! Xbal Spel
Ala Gin Val Llys Lleu Lleu Glu Tyr Pro Tyr Asp
TGGCCCAGGTGAAACTGCTCGAGATTTCTAGACTAGTTACCCGTACG
ACCGGGTCCACTTTGACGAGCTCTAAAGATCTGATCAATGGGCATGC

EcoRl
Val Pro Asp Tyr Gly Ser Stop
ACGTTCCGGACTACGGTTCTTAATAGAATTCG
TGCAAGGCCTGATGCCAAGAATTATCTTAAGCAGCT
Fig. 2. (A) The nucleotide sequence inserted into Azap II to construct ALc1.
(B) The nucleotide sequence inserted into Azap II to construct AHc2.
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Fig. 3. The transition state analog 1, which induces antibodies for hydrolyz-
ing carboxamide substrate 2. Compound 1 containing a glutaryl spacer and
an N-hydroxysuccinimide-linker appendage is the form used to couple the
hapten 1 to protein carriers KLH and BSA, while 3 is the inhibitor. The
phosphonamidate functionality is a mimic of the stereoelectronic features of
the transition state for hydrolysis of the amide bond.

and k chain sequences (Fig. 4) from mouse spleen cells. The
oligonucleotide primers used for these amplifications (Tables 1 and
2) are analogous to those that have been successfully used for
amplification of Vy sequences (14). The set of 5’ primers for heavy
chain amplification was identical to those used to amplify Vy, and
those for light chain amplification were chosen similarly (14, 21).
The 3’ primers of heavy (IgGl) and light (k) chain sequences
included the cysteines involved in disulfide bond formation between
heavy and light chains. At this stage no primer was constructed to
amplify light (\) chains since they constitute only a small fraction of
murine antibodies (22). Restriction endonuclease recognition se-
quences were incorporated into the primers to allow for the cloning
of the amplified fragment into a A phage vector in a predetermined
reading frame for expression.

Library construction. We constructed a combinatorial library in
two steps. In the first step, separate heavy and light chain libraries
were constructed in NHc2 and ALcl, respectively (Fig. 1). In the
second step, these two libraries were combined at the antisymmetric
Eco RI sites present in each vector. This resulted in a library of
clones each of which potentially coexpresses a heavy and a light
chain. The actual combinations are random and do not necessarily
reflect the combinations present in the B cell population in the
parent animal. The NHc2 expression vector has been used to create a
library of heavy chain sequences from DNA obtained by PCR
amplification of mRNA isolated from the spleen of a 129 Gix*
mouse previously immunized with NPN conjugated to KLH. This
primary library contains 1.3 X 10® plaque-forming units (pfu) and
has been screened for the expression of the decapeptide tag to
determine the percentage of clones expressing Fd sequences. The
sequence for this peptide is only in frame for expression after the
genes for an Fd (or Vy) fragment have been cloned into the vector.
At least 80 percent of the clones in the library express Fd fragments
when assayed by immunodetection of the decapeptide tag.

The light chain library was constructed in the same way as the
heavy chain and shown to contain 2.5 X 10° members. Plaque
screening, with an antibody to « chain, indicated that 60 percent of
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Fig. 4. PCR amplification of Fd and « regions from the spleen mRNA of a
mouse immunized with NPN. Amplification was performed as described
(14) with RNA-cDNA hybrids obtained by the reverse transcription of the
mRNA with primer specific for amplification of heavy chain sequences (12,
Table 1) or light chain sequences (9, Table 2). Lanes F1 to F8 represent the
product of heavy chain amplification reactions with one of each of the eight
5' primers (primers 2 to 9, Table 1) and the 3’ primer (primer 12, Table 1).
Light chain (k) amplifications with the 5’ primers (primers 3 to 7, Table 2)
and the appropriate 3’ primer (9, Table 2) are shown in lanes F9 through
F13). A band of 700 base pairs is seen in all lanes indicating the successful
amplification of Fd and « regions.

Table 1. Primers used
for amplification of
heavy chain Fd frag-
ments for construction
of Fab’s. Amplification
was performed in eight
separate reactions, each
containing one of the 5’
primers (primers 2 to 9)
and one of the 3’ prim-
ers (primer 12). The re-
maining 5’ primers that
were used for amplifica-
tion in a single reaction
are cither a degenerate
primer (primer 1) or a
primer that incorporates
nosine at four degener-
ate positions (primer
10). The remaining 3’
primer (primer 11) has
been used to construct Fv fragments. The underlined portion of the 5’
primers incorporates an Xho I site and that of the 3' primer on Spe I
restriction site.

HEAVY CHAIN PRIMERS

. CaGeTG Tea.a
1) 5-AGGTEGAGCcTSCTCGAGTCl G G-3

2) 5'-AGGTCCAGCTGCTCGAGTCTGG-3'
3) 5-AGGTCCAGCTGCTCGAGTCAGG-3'
4) 5'-AGGTCCAGCTTCTCGAGTCTGG-3'
5) 5-AGGTCCAGCTTCTCGAGTCAGG-3'
6) 5-AGGTCCAACTGCTCGAGTCTGG-3'
7) 5'-AGGTCCAACTGCTCGAGTCAGG-3'
8) 5-AGGTCCAACTTCTCGAGTCTGG-3'
9) 5'-AGGTCCAACTTCTCGAGTCAGG-3'

10) 5'-AGGTIIAICTICTCGAGTC}G G-3'
11) 5-CTATTAACTAGTAACGGTAACAGT-
GGTGCCTTGCCCCA-3'

12) 5- AGGCTTACTAGTACAATCCCTGG-
GCACAAT-3

the library contained expressed light chain inserts. This relatively
small percentage of inserts probably resulted from incomplete
dephosphorylation of the vector after cleavage with Sac I and Xba I.

Once obtained, the two libraries were used to construct a
combinatorial library by crossing them at the Eco RI site as follows.
DNA was first purified from each library. The light chain library was
cleaved with Mlu I restriction endonuclease, the resulting 5’ ends
were dephosphorylated, and the product was digested with Eco RI.
This process cleaved the left arm of the vector into several pieces, but
the right arm containing the light chain sequences remained intact.
The DNA of heavy chain library was cleaved with Hind III,
dephosphorylated, and then cleaved with Eco RI; this process
destroyed the right arm, but the left arm containing the heavy chain
sequences remained intact. The DNA’s so prepared were then mixed
and ligated. After ligation, only clones that resulted from combina-
tion of a right arm of light chain—containing clones and a left arm of
heavy chain—containing clones reconstituted a viable phage. After
ligation and packaging, 2.5 X 10 clones were obtained. This is the
combinatorial Fab expression library that was screened to identify
clones having affinity for NPN. For determining the frequency of
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Table 2. Primers used for amplification of k light chain sequences for
construction of Fab’s. Amplification was performed in five separate reac-
tions, each containing one of the 5’ primers (primers 3 to 7) and one of the
3’ primers (primer 9). The remaining 3’ primer (primer 8) has been used to
construct Fv fragments. The underlined portion of the 5’ primers incorpo-
rate a Sac I restriction site and that of the 3’ primers an Xba I restriction site.

LIGHT CHAIN PRIMERS

1) 5-CCAGTTCCGAGCTCGTTGTGACTCAGGAATCT-3'
2)5'-CCAGTTCCGAGCTCGTGTTGACGCAGCCGCCC-3*
3)5'-CCAGTTCCGAGCTCGTGCTCACCCAGTCTCCA-3
4)5'-CCAGTTCCGAGCTCCAGATGACCCAGTCTCCA-3"
5) 5'-CCAGATGTGAGCTCGTGATGACCCAGACTCCA-3'
6) 5'-CCAGATGTGAGCTCGTCATGACCCAGTCTCCA-3'
7)5-CCAGTTCCGAGCTCGTGATGACACAGTCTCCA-3'

8) 5'-GCAGCATICTAGAGTTTCAGCTCCAGCTTGCC-3'

9) 5- GCGCCGTCTAGAATTAACACTCATTCCTGTTGAA-3"

the phage clones that coexpress the light and heavy chain fragments,
we screened duplicate lifts of the combinatorial library for light and
heavy chain expression. In our examination of approximately 500
recombinant phage, approximately 60 percent coexpressed light and
heavy chain proteins.

Antigen binding. All three libraries, the light chain, the heavy
chain, and Fab were screened to determine whether they contained
recombinant phage that expressed antibody fragments binding
NPN. In a typical procedure, 30,000 phage were plated and
duplicate lifts with nitrocellulose screened for binding to NPN
coupled to '*’I-labeled bovine serum albumin (BSA) (Fig. 5).
Duplicate screens of 90,000 recombinant phage from the light chain
library and a similar number from the heavy chain library did not
identify any clones that bound the antigen. In contrast, the screen of
a similar number of clones from the Fab expression library identified
many phage plaques that bound NPN (Fig. 5). This observation
indicates that, under conditions where many heavy chains in combi-
nation with light chains bind to antigen, heavy or light chains alone
do not. Therefore, in the case of NPN, we expect that there are
many heavy and light chains that only bind antigen when they are
combined with specific light and heavy chains, respectively. This
result supports our decision to screen large combinatorial Fab
expression libraries. To assess our ability to screen large numbers of
clones and obtain a more quantitative estimate of the frequency of
antigen binding clones in the combinatorial library, we screened one
million phage plaques and identified approximately 100 clones that
bound to antigen. For six clones, a region of the plate containing the
positive phage plaques and approximately 20 surrounding them was
“cored,” replated, and screened with duplicate lifts (Fig. 5). As
expected, the expression products of approximately 1 in 20 of the
phage specifically bind to antigen. Phage which were believed to be
negative on the initial screen did not give positives on replating.

To determine the specificity of the antigen-antibody interaction,
antigen-binding was subjected to competition with free unlabeled
antigen (Fig. 6). These studies showed that individual clones could
be distinguished on the basis of antigen affinity. The concentration
of free haptens required for complete inhibition of binding varied
between 10 to 100 x 107°M, suggesting that the expressed Fab
fragments had binding constants in the nanomolar range.

In preparation for characterization of the protein products, a
plasmid containing the heavy and light chain genes was excised with
helper phage (Fig. 7). Mapping of the excised plasmid demonstrated
a restriction pattern consistent with incorporation of heavy and light
chain sequences. The protein products of one of the clones was
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analyzed by enzyme-linked immunosorbent assay (ELISA) and
immunoblotting to establish the composition of the NPN binding
protein. A bacterial supernatant after IPTG (isopropyl thiogalacto-
side) induction was concentrated and subjected to gel filtration.
Fractions in the molecular size range 40 to 60 kD were pooled,
concentrated, and subjected to a further gel filtration separation.
ELISA analysis of the eluted fractions (Fig. 8) indicated that NPN
binding was associated with a protein of a molecular size of about 50
kD, which contained both heavy and light chains. An immunoblot
of a concentrated bacterial supernatant preparation under nonreduc-
ing conditions was developed with antibody to decapeptide. This
revealed a 50-kD protein band. We have found that the antigen-
binding protein can be purified to homogeneity from bacterial
supernate in two steps involving affinity chromatography on protein
G followed by gel filtration. SDS-PAGE analysis of the protein
revealed a single band at ~50 kD under nonreducing conditions and
a doublet at ~25 kD under reducing conditions. Taken together,
these results are consistent with NPN-binding being a function of
Fab fragments in which heavy and light chains are covalently linked
by a disulfide bond.

Properties of the in vivo repertoire compared to the phage
combinatorial library. Previously we constructed a highly diverse
Vy library in E. coli. We have now combined heavy and light chain
libraries to clone and express assembled and functional Fab frag-
ments of immunoglobulin. A moderately restricted library was
prepared because only a limited number of primers was used for
polymerase chain reaction (PCR) amplification of Fd sequences.
The library is expected to contain only clones expressing -yl
sequences. However, this is not an inherent limitation of the
method since the addition of more primers can amplify any antibody
class or subclass. Despite this restriction we were able to isolate a
large number of clones producing antigen binding proteins.

Fig. 5. Screening phage libraries for antigen-binding. Duplicate plaque lifts
of Fab (filters A and B), heavy chain (filters E and F), and lll%ht chain (filters
1

G and H) expression libraries were screened against '“’I-labeled BSA
conjugated with NPN at a density of approximately 30,000 plaques per
plate. Filters C and D illustrate the duplicate secondary screening of a cored
positive from a primary filter A (arrows) as discussed in the text. Standard
plaque lift methods were used in screening. Cells (XL1 blue) infected with
phage were incubated on 150-mm plates for 4 hours at 37°C, protein
expression was induced by overlay with nitrocellulose filters soaked in 1 mM
IPTG, and the plates were incubated at 25°C for 8 hours. Duplicate filters
were obtained during a second incubation under the same conditions. Filters
were then blocked in a solution of 1 percent BSA in phosphate-buffered
saline (PBS) for 1 hour before incubation (with rocking) at 25°C for 1 hour
with a solution of '*’I-labeled BSA (at 0.1 pM) conjugated to NPN
(2 x 10° cpm/ml; approximately 15 NPN per BSA molecule), in 1 percent
BSA in PBS. Background was reduced by preliminary centrifugation of stock
12]-labeled BSA solution at 100,000g for 15 minutes and preliminary
incubation of solutions with plaque lifts from plates containing bacteria
infected with a phage having no insert. After labeling, filters were washed
repeatedly with PBS containing 0.05 percent Tween 20 before the overnight
development of autoradiographs.
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A central issue is how our phage library compares with the in vivo
antibody repertoire in terms of size, characteristics of diversity, and
ease of access.

The size of the mammalian antibody repertoire is difficult to
judge, but a figure of the order of 10° to 10® different antigen
specificities is often quoted. With some of the reservations discussed
below, a phage library of this size or larger can readily be construct-
ed by a modification of the method described. Once an initial
combinatorial library has been constructed, heavy and light chains
can be shuffled to obtain libraries of exceptionally large numbers.

In principle, the diversity characteristics of the naive (unimmu-
nized) in vivo repertoire and corresponding phage library are
expected to be similar in that both involve a random combination of
heavy and light chains. However, different factors act to restrict the
diversity expressed by an in vivo repertoire and phage library. For
example, a physiological modification such as tolerance will restrict
the expression of certain antigenic specificities from the in vivo
repertoire, but these specificities may still appear in the phage
library. However, bias in the cloning process may introduce restric-
tions into the diversity of the phage library. For example, the
representation of mRNA for sequences expressed by stimulated B
cells can be expected to predominate over those of unstimulated cells
because of higher levels of expression. In addition, the resting
repertoire might overrepresent spontaneously activated B cells
whose immunoglobulins have been suggested to be less specific. In
any event, methods exist to selectively exclude such populations of
cells. Also, the fortuitous presence of restriction sites in the vari-
able gene similar to those used for cloning and combination will
cause them to be eliminated. We can circumvent some of these
difficulties by making minor changes, such as introducing amber
mutations in the vector system. Different source tissues (for exam-
ple, peripheral blood, bone marrow, or regional lymph nodes) and
different PCR primers (for example, those to amplify different
antibody classes), may result in libraries with different diversity
characteristics.

Another difference between in vivo repertoire and phage library is

[Inhibitor]

Fig. 6. Specificity of antigen bind-
ing shown by competitive inhibi-
don. Filter lifts from positive
plaques were exposed to '>I-labeled
BSA-NPN in the presence of in-
creasing concentrations of the inhib-
itor NPN. A number of phages cor-
related with NPN-binding as in Fig.
5 were spotted in duplicate (about
100 particles per spot) directly onto
a bacterial lawn. The plate was then
overlaid with an IPTG-soaked filter
and incubated for 19 hours at 25°C.
The filters were then blocked in 1
percent BSA in PBS before incuba-
tion in '*’I-BSA-NPN as done pre-
viously with the inclusion of varying
amounts of NPN in the labeling
solution. Other conditions and pro-
cedures were as in Fig. 5. The results i
for a phage of moderate affinity are ot
shown in duplicate in the figure.
Similar results were obtained for
four other phages with some differ-
ences in the effective inhibitor con-
centration ranges.
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Fig. 7. A plasmid can be excised
from ALcl, NHc2, and their combi-
nation because they are a modifica-
tion of Azap II. M13mp8 was used
as helper phage and the excised
plasmid was infected into a F* de-
rivative of MC1061. The excised
plasmid contains the same con-
structs for antibody fragment
expression as do the parent vectors (Fig. 1). These plasmid constructs are
more conveniently analyzed for restriction pattern and protein expression of
the \ phage clones identified and isolated on the basis of antigen binding.
The plasmid also contains an fl origin of replication which facilitates the
preparation of single-stranded DNA for sequence analysis and in vitro
mutagenesis.

Terminator i
Initiator }H Origin

that antibodies isolated from the repertoire may have benefited from
affinity maturation as a result of somatic mutations after combina-
tion of heavy and light chains whereas the phage library randomly
combines the matured heavy and light chains. Given a large enough
phage library derived from a particular in vivo repertoire, the
original matured heavy and light chains will be recombined. How-
ever, since one of the potential benefits of this technology is to
obviate the need for immunization by the generation of a single
highly diverse “generic” phage library, it would be useful to have
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Fig. 8. Characterization of an antigen binding protein. The concentrated
partially purified bacterial supernatant of an NPN binding clone was
separated by gel filtration and samples from each fraction were applied to
microtiter plates coated with BSA-NPN. Addition of either antibody to
decapeptide (---) or antibody to k chain (—, left-hand scale) conjugated with
alkaline phosphatase was followed by color development. The arrow indi-
cates the position of elution of a known Fab fragment. The results show that
antigen binding is a property of a 50-kD protein containing both heavy and
light chains. To permit protein characterization, a single plaque of a NPN-
positive clone (Fig. 5) was picked, and the plasmid containing the heavy and
light chain inserts (Fig. 7) was excised (19). Cultures (500 ml) in L broth
were inoculated with 3 ml of a saturated culture of the clone and incubated
for 4 hours at 37°C. Protein synthesis was induced by the addition of IPTG
to a final concentration of 1 mM, and the cultures were incubated for 10
hours at 25°C. The supernatant from 200 ml of cells was concentrated to 2
ml and applied to a TSK-G4000 column. Samples (50 pl) from the eluted
fractions were assayed by ELISA. Microtiter plates were coated with BSA-
NPN at 1 pg/ml, 50-pl samples were mixed with 50 pl of PBS-Tween 20
(0.05 percent) BSA (0.1 percent) added, and the plates were incubated for 2
hours at 25°C. The plated material was then washed with PBS-Tween 20-
BSA and 50 pl of appropriate concentrations of a rabbit antibody to
decapeptide (20) or a goat antibody to mouse « light chain (Southern
Biotech) conjugated with alkaline phosphatase were added and incubated for
2 hours at 25°C. The plates were again washed, 50 pl of p-nitrophenyl
phosphate (1 mg/ml in 0.1M tris, pH 9.5, containing 50 mM MgCl,) was
added, and the plates were incubated for 15 to 30 minutes and the
absorbance was read at 405 nm.
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methods to optimize sequences to compensate for the absence of
somatic mutation and clonal selection. Three procedures are made
readily available through the vector system presented. First, satura-
tion mutagenesis may be performed on the complementarity-
determining regions (CDR’s) (23) and the resulting Fab’s can be
assayed for increased function. Second, a heavy or a light chain of a
clone that binds antigen can be recombined with the entire light or
heavy chain libraries, respectively, in a procedure identical to that
used to construct the combinatorial library. Third, iterative cycles of
the two above procedures can be performed to further optimize the
affinity or catalytic properties of the immunoglobulin. The last two
procedures are not permitted in B cell clonal selection, which
suggests that the methods described here may actually increase our
ability to identify optimal sequences.

Access is the third area where it is of interest to compare the in
vivo antibody repertoire and phage library. In practical terms the
phage library is much easier to access. The screening methods used
have allowed one to survey the gene products of at least 50,000
clones per plate so that 10° to 107 antibodies can be readily
examined in a day but the most powerful screening methods depend
on selection. In the catalytic antibody system, this may be accom-
plished by incorporating into the antigen leaving groups necessary
for replication of auxotrophic bacterial strains or toxic substituents
susceptible to catalytic inactivation. Further advantages are related
to the fact that the in vivo antibody repertoire can only be accessed
via immunization, which is a selection on the basis of binding
affinity. The phage library is not similarly restricted. For example,
the only general method to identify antibodies with catalytic
properties has been by preselection on the basis of affinity of the
antibody to a transition state analog. Such restrictions do not apply
to the in vitro library where catalysis can, in principle, be assayed
directly. The ability to assay directly large numbers of antibodies for
function may allow selection for catalysts in reactions where a
mechanism is not well defined or synthesis of the transition state
analog is difficult. Assaying for catalysis directly eliminates the bias
of the screening procedure for reaction mechanisms limited to a
particular synthetic analog; therefore, simultaneous exploration of
multiple reaction pathways for a given chemical transformation are
possible.

We have described procedures for the generation of Fab frag-
ments that are clearly different in a number of important respects
from antibodies. There is undoubtedly a loss of affinity in having
monovalent Fab antigen binders, but it is possible to compensate for
this by selection of suitably tight binders. For a number of applica-
tions such as diagnostics and biosensors, monovalent Fab fragments
may be preferable. For applications requiring Fc effector functions,
the technology already exists for extending the heavy chain gene and
expressing the glycosylated whole antibody in mammalian cells.

Our data show that it is now possible to construct and screen at
least three orders of magnitude more clones with monospecificity
than previously possible. The data also invite speculation concerning
the production of antibodies without the use of live animals.
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light chain in the fluorescein isothiocyanate conjugated Fab 4-4-20 crystal structure ~ 24.

has major contributions to the binding of the hapten fluorescein. All of the
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chain CDR 1 (residues His?’?, Tyr’?, and Arg*, in Kabat’s numbering system)
and one from the light chain CDR 3 (residue Ser®!). Fluorescein is bound in a deep
pocket in the Fab 4-4-40 structure, so that only 10 percent (54 A? of 521 A?) of its
solvent accessible surface area is exposed to solvent; 38 percent of this pocket is
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" Convinced of the correctness of his 17-dimensional model of the
universe, theorist Martin Nowsky was not above testing it directly."
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