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The expression of active antibody fragments in Escherichia coli has led to
significant advances in the identification of antigen-binding clones using
molecular biological techniques.*~” When coupled with the recently devel-
oped phage display technology,®® Fab fragment libraries containing up to
10® unique specificities may be readily constructed and screened. Using
the phage display screening technique, clones that bind to a particular anti-
gen may be isolated by enriching (biopanning) libraries of recombinant
phagemid that display Fab on the surface as a fusion with the minor coat
protein cplll of M13.%'”) The phagemid contain the light-chain and heavy-
chain genes of the displayed Fab, thereby allowing further characteri-
zation and manipulation of antigen-binding activity at the molecular
leve], (1820

The diversity of the immunoglobulin repertoire may be effectively cap-
tured by PCR. Light- and heavy-chain genes are amplified by PCR from re-
verse-transcribed transcripts of the rearranged immunoglobulin genes. To
construct comprehensive Fab libraries, exhaustive sets of PCR primers have
been designed by us(1%1% this article) a4 gthers3:17:21-26) that correspond to the
amino terminus of the variable regions of known immunoglobulins and the
carboxyl terminus of the CH1 domains of the heavy-chain isotypes or the k
and \ light chains.

A number of strategies have been devised to recombine diverse repertoires
of light- and heavy-chain sequences randomly into a bicistronic operon ex-
pressing Fab. These include sequential cloning,*® PCR with a linker
primer,'” splice overlap extension,®” ligating together two restriction-di-
gested vectors, each encoding a single chain®” and, finally, ligating the
light- and heavy-chain Fd sequences together at a rare nonpalindromic re-
striction site.’%!V The latter approach represents an efficient, one-step clon-
ing method that avoids potential unnecessary skewing of the immunoglob-
ulin repertoire. With combinatorial approaches, it has been possible to
construct Fab libraries containing up to 10® unique clones, the limiting factor
being transformation of bacteria by plasmid or by infection. Methodologies
for constructing larger libraries on the theoretical scale of 10'* clones are
currently under development and may permit isolation of rare specificities
with high affinity without the necessity of prior immunization.

MATERIALS AND METHODS

Strategy

We have developed a simplified, but efficient, method for constructing com-
prehensive phage display libraries of human Fab fragments (Fig. 1). A sche-
matic of the SurfZAP lambda vector (Stratagene Cloning Systems)'® with a
Fab gene cassette is shown in Figure 2. In our Fab fragment library constructs,
the heavy-chain Fd portion (Vy—D-J-Cy1 domains) is expressed as a fusion
with the M13 minor coat protein cplll, although light-chain—cplll fusions
have been used successfully by others.*® The light-chain and Fd—cplII se-
quences are transcribed as a polycistronic message from the lacZ promoter.
The SurfZAP vector encodes a ribosome-binding site (RBS) for translation of
the light chain and a partial pelB leader sequence to direct the light chain to
the periplasm. The Fab gene cassette includes the remaining carboxy-termi-
nal portion of the pelB leader, followed by the light-chain gene sequence, a
stop codon, a second RBS, a downstream pelB leader sequence and, finally, the
Fd gene sequence.

The Fab gene cassette is constructed as described in Figure 3. Light-chain
and Fd sequences are amplified independently and then randomly ligated
together at a common Sfil site prior to cloning into SurfZAP. An Sfil restric-
tion site was chosen because its 8-base recognition sequence occurs very
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;

Enrich library by selection

FIGURE 1 Flowchart for the construction of a phagemid display antibody library in the SurfZAP
vector.

infrequently in antibody-coding regions and it contains a 5-bp nonpalindro-
mic center. Sfil cleavage gives rise to 3-bp non-self-complementary ends,
thereby favoring light chain to Fd ligation over light chain to light chain or
Fd to Fd ligation. This simplified method obviates the need for constructing
more than one library,’®” multiple cloning steps,*>"'¥ or additional PCR”
as required in other combinatorial approaches.

LLl JO— [T lAmpR colE1 lac Z ’ 1 l att int xis  cI857 E’

26 S . cplil T7
l’ﬁ; > RBS pelB# VL CL Stop RBSpel B#2| VH CHI |(,c<,<;s[ s 198 th 406 .
T T

|
Not 1_ Sfi 1 _Spel

T~ pCcr generated insert —

FIGURE 2 The SurfZAP X vector containing a Fab gene cassette insert. The SurfZAP \ vector
contains the I (initiator) and T (terminator) sequences of the fl origin for excision of the
pSurfScript plasmid.®® The left arm also contains the lacZ promoter, RBS, and a partial pelB
leader sequence; the right arm encodes a S-amino-acid spacer sequence [(Gly),~Ser)], amino
acids 198-406 of cplll, and a stop codon. Construction of the Fab gene cassette is shown in Fig.
3. After ligation, the vector expresses a soluble light chain and an Fd/cplil fusion protein as a
dicistronic message from the lacZ promoter.
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FIGURE 3 Preparation of the light-chain—Fd insert for the SurfZAP vector. Light-chain and Fd
sequences are amplified by PCR from B-cell cDNA using the primer sets listed in Table 1. The PCR
primers introduce Sfil sites used to combine light-chain and Fd sequences randomly, Notl and
Spel cloning sites, the light-chain stop codon, and a RBS and pelB leader sequence for translation
and translocation of the Fd—cplll fusion protein.

To prepare the Fab gene cassette, light-chain and Fd sequences are ampli-
fied independently by PCR from cDNA of B cell mRNA. The PCR primers were
designed to hybridize to framework or constant-region domain genes of
known human immunoglobulins'®® and are listed in Table 1. We have sim-
ilarly designed a full set of family-specific mouse PCR primers (data not
shown). Kappa light chains are amplified from c¢cDNA with the VL1-x and
CL1-x primer pairs, and these genes are then reamplified with the VL2 and
CL2 primers to add restriction sites and leader sequences. The VL1-k primers
hybridize to the framework 1 codons of the different k light-chain families,
and the VL2 primer introduces a NotI cloning site and the carboxy-terminal
portion of the pelB leader. The CL1-« primer hybridizes to the 3' end of the
light-chain constant domain gene and, in combination with CL2, introduces
a stop codon, the RBS and pelB leader sequence for the downstream Fd—cplll
fusion protein, and the Sfil common restriction site. Conservative changes
were made in the nucleotide sequence of the downstream pelB leader (par-
tially encoded by primer CL2) to minimize recombination with the upstream
pelB leader sequences. For the construction of A light-chain libraries, A light-
chain genes can be amplified in a similar fashion with family-specific VL1-«
and CL1-k primer pairs (data not shown).

The Fd portion (Vy-D-J-Cy1) of heavy chain genes is amplified by PCR with
primer sets designated VH-(I-VI) and CH1-yl or CH1-n. The VH primers
hybridize to the framework 1 region of the different heavy-chain families and
add the Sfil site, which will be used to assemble the Fab gene cassette. The
CH1 primers introduce a downstream Spel cloning site and hybridize to the 3’
end of the genes encoding the first constant region domains.

To increase diversity of the combinatorial libraries, the k and A light-chain
genes are amplified by PCR independently, using all possible combinations of
each family-specific and constant region-specific primer. Similarly, separate
PCR reactions are performed for each combination of family-specific VH
primer and constant region primer to generate a comprehensive collection of
Fd sequences. All of the light-chain PCR products are pooled and digested
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TABLE 1 Primers Used for PCR Amplification of Human Heavy- and

Light-chain Genes

A.  Human heavy-chain primers

VH-1 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTGC A GCTGGTGCAG-3'
VH-II 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTCA A CTAAGGGAG-3'
VH-III 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTGC A GCTGGTGGAG-3'
VH-1V 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTGC A GCTGCAGGAGTCG-3’
VH-V 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTGC A GCTGGTGCAG-3'
VH-VI 5'- TCGCGGCCCAACCGGCCATGGCCCAGGTAC A GCTGCAGCACTCA-3’
CH1-y 5'- CGGACTAGTACAAGATTTGGGCTCTGCTTT-3'

CH1-p 5'- AGCATCACTAGTGGCAATCACTGGAAGAGG-3'

B. Human light-chain primers

VL1-kI 5'- GCCCAACCAGCCATGGCCGACATCCAGATG A CCCAGTC-3’
VLI-kII 5'- GCCCAACCAGCCATGGCCGATATTGTGATG A CTCAG-3’
VL1-kDeg. 5'- GCCCAACCAGCCATGGCCGATATTGTGATG A CCCAGTCT-3’

VL2 5'- GAAATCACTCCCAATTAGCGGCCGCTGGAT T GTTATTACTCGCTGCCC
AACCAGCCATGGCC-3'

CL1-k 5'- ATGACTGTCTCCTTGAAGCTTTCATTAACA C TCTCCCCTGTTGAAGCT
CTTTGTGACGGGCGAACTC-3'

CL2 5’- CATGGCCGGTTGGGCCGCGAGTAATAACAA T CCAGCGGCTGCCGTAGG

CAATAGGTATTTCATTATGACTGTCTCCTTG-3’

(A) The 3’ end of the VH-I-VI primers is homologous to the sense strand of the first few codons
of the six Vy families designated in Ref. 28. The 5' end of the VH primers incorporates an Sfil
restriction site (underlined) and encodes the 3’ half of the pelB leader sequence 2. The 3’ end of
the CH1-y1 and the CH1-p. primers are homologous to the antisense strand of the last few codons
of the Cy1 domain gene of human IgG, and human IgM, respectively. A Spel restriction site
(underlined) is incorporated in the CH1 primers.

(B) The 3’ end of the VL1-k primers is homologous to the sense strand of the —4 to +8 codons
of Vik families I and II and the consensus human V_ sequence compiled in Ref. 28. The VL2
primer adds a portion of the first pelB leader sequence and incorporates a Notl restriction site
(underlined). The 5’ end of the CL1-k primer is homologous to the antisense strand of the last
codons of human « from Ref. 28. The CL2 primer adds the 5’ portion of the second pelB leader
sequence 2 and incorporates an Sfil restriction site (underlined).

with Sfil and then ligated with the similarly pooled and digested Fd PCR
products to generate the Fab gene cassette. Conversely, each PCR reaction
may be digested separately so that each selected light-chain PCR product can
be ligated with selected Fd products. This latter approach allows one to mon-
itor and regulate the composition of a combinatorial library, which may be of
particular interest when the immune response to an antigen is known and
dominated by one family of antibody genes or class of immunoglobulins. For
example, low-affinity, poly- or self-reactive Fab clones may be isolated more
successfully from libraries containing heavy-chain IgM sequences.®®

The Fab gene cassette is digested with Notl and Spel and cloned into Surf-
ZAP so that the Fd forms a fusion with a truncated version (amino acids
198-406) of the M13 minor coat protein cplil (Fig. 2). The primary SurfZAP
library is packaged into lambda phage and introduced into bacterial cells by
infection. The primary library is amplified by lytic growth to increase repre-
sentation of each clone. The SurfZAP lambda vector was designed with a split
f1 origin to allow subsequent in vivo excision of the pSurfScript SK(—) ph-
agemid with helper phage.®® The excisable portion of the pSurfScript plas-
mid contains the ampicillin-resistance gene, the ColEl origin, and the Fab
gene cassette, which is transcribed as bicistronic mRNA from the lacZ pro-
moter. In cells harboring the pSurfScript plasmid, the pelB leader sequences
direct the light-chain and the Fd—cpllI fusion protein across the inner bacte-
rial membrane into the periplasmic space. Functional Fab molecules assem-
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ble in the periplasm with the cplll portion of the Fd—cpllI fusion embedded
in the inner membrane. When these cells are superinfected with M13 helper
phage, phagemid particles are generated that bear a Fab molecule on the
surface and contain the pSurfScript DNA encoding the displayed antigenic
specificity. Libraries of phagemid displaying Fab fragments may then be sub-
jected to biopanning to enrich for antibody clones with desired binding
activities.

Preparation of B-cell cDNA

Successful cloning of Fabs with the desired specificity and affinity is greatly
influenced by the source of mRNA used in the cDNA synthesis. Ideally, B-cell
RNA should be recovered from actively immunized humans, rabbits, or mice.
Lymph node, spleen, and bone marrow have been used as sources of activated
B cells. For example, spleens may be harvested from immunized mice 3-5
days after the last booster immunization, similar to the preparation of hybri-
domas.®? For constructing human Fab libraries from immunized donors,
peripheral blood is likely to be the only practical source available. Lympho-
cytes are isolated from 50 ml of heparinized blood with HistoPaque (Sigma)
5-6 days postboost, when the concentration of antigen-specific B cells in the
circulation is maximal.®?3® When actively immunized human donors are
not available, spleen, bone marrow, and/or lymph node tissue should be used
whenever ethically possible because the number of activated B cells will be
low in the peripheral blood. If peripheral blood from human donors not
actively immunized must be used, then the frequency of antigen-specific
clones may be increased by in vitro immunization®* or by including IgM Fd
sequences in the Fab gene cassette, which are typically polyreactive and of
lower affinity.?

For the experiments described here, total RNA was isolated from human
peripheral blood (RNA Isolation kit, Stratagene) and stored in EtOH at —20°C
until use. Total RNA (10-20 ng) was annealed to 400 ng of oligo(dT) (for light
chain) or the appropriate CH1 primer (for Fd) in 70 nl of DEPC-treated water
by heating the reactants at 70°C for S min and then cooling slowly to 37°C.
cDNA synthesis was performed by adding the following reagents to the
primed RNA: 20 pl of 5X Moloney reverse transcriptase buffer (GIBCO-BRL),
S pl of 1 M DTT, 4 pl of ANTP mix (25 mM each; Stratagene), and 1 pl (80
units) RNase H™ Moloney LV reverse transcriptase (GIBCO-BRL). First-strand
synthesis reactions were incubated at 37°C for 60 min and at 42°C for 30 min.
RNase H (2 units) was added, and the mixture was incubated at 55°C for an
additional 10 min. Enzymes were removed with StrataClean (Stratagene) and
stored at 4°C for up to 2 weeks.

PCR Amplification of Light-Chain and Fd Sequences

Human light-chain and Fd sequences were amplified by PCR in a series of
individual reactions that employed combinations of the forward human fam-
ily-specific primers and reverse human constant region primers (e.g., each VH
with CH1-y; or CH1-p; each VL1-k with CL1-k). PCR was performed to gen-
erate a total of =1 pg of each light-chain product and =1 pg of each Fd
product. For amplification of light-chain sequences, reagents were added in
the following order to 0.5-ml PCR tubes: water to 100 pl final volume, 10 pl
of 10X Taq buffer, 0.8 ul of 25 mm each dNTP, 100 ng of VL1-k primer, 100
ng of CL1-k primer, 5 pl of cDNA [oligo(dT)-primed], and 2.5 units of Taq
polymerase. Light-chain products were reamplified with 100 ng of VL-2 and
100 ng of CL-2 to introduce additional required sequences. Fd PCR samples
were prepared similarly except that 100 ng of VH primer, 100 ng of CH1-v, (or
CH1-p) primer, and S pl of heavy-chain cDNA (CH1-primed) were used. The
reaction mixtures were overlaid with mineral oil and subjected to PCR under
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the following conditions: 94°C for 5 min, 54°C for S min; then for 40 cycles,
72°C for 3 min, 93°C for 1.5 min, 54°C for 2.5 min; followed by 72°C for 10
min. A 10-ul amount of each PCR reaction was analyzed by agarose gel elec-
trophoresis to verify successful amplification of the ~700-bp light-chain and
Fd gene sequences. PCR controls consisting of all reagents except the first-
strand reaction were performed to verify that PCR amplification was template
dependent.

Preparation and Cloning of the LC/Fd Insert

The Fd PCR products and light-chain PCR products were extracted with phe-
nol/chloroform and chloroform. Sodium acetate was added to a final con-
centration of 0.3 M, and the DNA was precipitated with 2.5 volumes of eth-
anol. DNA pellets were washed with 70% ethanol, dried, and resuspended in
100 pl of water. The light-chain and Fd PCR products were digested separately
with $fil by adding the following reagents to ~1 ug of each DNA sample:
water to a final volume of 500 pl, 50 ul of 10x Optimal Buffer #3 (Strata-
gene), and 15 pl of S$fil (60 units) (New England BioLabs). The PCR products
were digested at 50°C for 2 hr. Efficiency of the Sfil digestion was assessed by
adding a small aliquot of the PCR product digest (one-fiftieth volume), just
after enzyme addition, to 0.2 ug of a test plasmid that contained an Sfil
restriction site. If the test plasmid could be cut, it was assumed that the PCR
product was free of potential contaminants that might inhibit digestion and
that the enzyme was in sufficient excess to cut the PCR product completely.
The Sfil-digested light-chain and Fd PCR products were purified by prepara-
tive gel electrophoresis using 1% SeaKem (FMC) agarose gels. DNA was eluted
with GeneClean (Bio101) into 10 pl of water, and the concentrations were
determined with ethidium bromide plates.®%

Equimolar amounts of the light-chain and Fd PCR products were ligated
together in a small volume at the common Sfil restriction site. The following
components were added in order to a 0.5-ml microcentrifuge tube: water to a
final volume of 10 ul, 1 pl of 10X ligase buffer, 1 ul of 10 mMm rATP, 0.1-1 pg
of Sfil-digested Fd PCR product, 0.1-1 pg (equimolar with Fd PCR product) of
Sfil-digested light-chain PCR product, and 0.5 ul (2 units) of T4 DNA ligase
(Stratagene). The ligation reaction was incubated at 4°C overnight. Ligation
was verified by the presence of a 1.4-kb band on a 1% agarose gel.

The ligation reaction was extracted with phenol/chloroform and chloro-
form, and the DNA was precipitated with 0.3 M sodium acetate/70% ethanol.
The DNA pellet was washed with 70% ethanol, dried, and resuspended in 100
pl of water. Spel digestion of the light-chain—Fd insert was performed by
incubating 3 units of Spel (Stratagene) per 100 ng of DNA in 200 ul of the
recommended buffer. After 1 hr of incubation at 37°C, 5 M NaCl was added to
bring the final molarity to 150 mm NaCl. Three units of Notl (New England
BioLabs) was added, and the digestion was allowed to proceed for 1 hr at 37°C.
Efficiencies of the Spel and Notl digestions were determined by adding a small
aliquot of the ligation mixture digest (one-fiftieth volume), just after enzyme
addition, to 0.2 pg of supercoiled control plasmids that contain either Spel or
Notl restriction sites. The double-digested light-chain—Fd insert was gel puri-
fied and quantified as described above.

The Fab gene cassette was cloned into the Notl-Spel double-digested Surf-
ZAP vector (Stratagene) (water to a final volume of S pl, 0.5 pl of 10X ligase
buffer, 0.5 pl of 10 mm rATP, 34 ng of the light-chain-Fd insert, 1 ng of the
SurfZAP vector, and 2 units of T4 DNA ligase). Ligation was allowed to pro-
ceed overnight at 4°C.

Preparation of the Phage Display Library
The ligation reactions were packaged with Gigapack II packaging extracts
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(Stratagene). The resulting primary libraries were amplified by lytic growth to
increase the representation of each Fab clone. Amplified libraries were con-
verted to pSurfScript phagemid libraries by in vivo mass excision with ExAs-
sist helper phage (Stratagene).!-*® The excised phagemid libraries were then
amplified in SOLR host cells (Stratagene), and recombinant phagemid parti-
cles for biopanning were prepared by superinfection with VCSM13 helper
phage (Stratagene) as described below.

RESULTS

Fab Library Construction

Representative results obtained when PCR amplifying light-chain and heavy-
chain Fd sequences are shown in Figure 4. In most cases, a single band is
observed migrating at ~700 bp. Typically, the amount of PCR product ob-
tained varies for each family-specific variable region and constant region
primer pair depending on the particular cDNA sample employed. Figure 5
shows representative results obtained when the Sfil-digested light-chain and
Fd PCR products are ligated together. Observed ligation efficiencies are rou-
tinely 30-50%. The Fab gene cassette is then digested with NotI and Spel and

A

A B c

2 IIZTIXTIIVVVIAIIZIIIZIVYVIAIIZIIIIIVV VIS

615~

FIGURE 4 PCR amplification of Fd and light-chain sequences. cDNA was prepared as described in
the text from human peripheral blood and lymph node tissue. (4) Fd sequences were amplified
by PCR with the VH (I-VI) and CH1-y1 primers using cDNA prepared from three different donors
(A, B, C). DNA standards were run in lanes m, and the molecular weights are given in base pairs.
(B) Kappa light-chain sequences, previously amplified with the VL1-x and CL1-k primers, are
reamplified with the VL2 and CL2 primers. The amount of light-chain product obtained after 10
rounds of PCR is shown using 0.5-, 1-, 5-, and 10-pl aliquots of the original light-chain PCR
product as template. Molecular weight markers were run in the first lane on the Jeft.
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FIGURE 5 Ligation of light-chain and heavy-chain (Fd) sequences at the common S$fil restriction
site. Light-chain and Fd PCR products amplified from two different cDNA sources (4,B) were
digested with Sfil, gel isolated, and ligated together as described in the text. The intended light-
chain-Fd cassette migrates at ~1400 base pairs, while the unligated light chain and Fd PCR
products comigrate at 700 bp. The molecular weights of DNA standards, run in the first lane on
the left, are given in base pairs.

cloned into the SurfZAP lambda vector. Packaging of the SurfZAP libraries
with GigaPack II packaging extracts (Stratagene) yields primary lambda librar-
ies that consist of between 10° and 10® unique Fab clones per microgram of
vector.

Optimization of the Preparation of Phagemid Displaying Fab
Once the SurfZAP \ library has been constructed, it is converted to the pSurf-
Script phagemid library by in vivo mass excision.!%11:3936 We have shown
previously that lytic amplification and mass excision of lambda phage librar-
ies, or liquid amplification of the phagemid libraries, do not appear to alter
significantly the representation of antigen-binding Fab clones when these
procedures are performed as described.' Phagemid particles for biopanning
are then generated by superinfection of pSurfScript-harboring cells with M13
helper phage. Initially, single-stranded rescues were performed under stan-
dard conditions by infecting phagemid-harboring cells with VCSM13 at a
- multiplicity of infection (m.o.i.) of 10:1 and allowing the infection to proceed
- overnight at 37°C. The need for optimizing the single-stranded rescue proce-
dure became apparent when we observed that a single phagemid Fab clone,
reamplified on several different occasions, gave inconsistent results when
reacted with antigen in an ELISA. ,

To optimize the single-stranded rescue of phagemid, we examined the
effects of varying superinfection m.o.i., growth temperature, time of addition
of helper phage, addition of various concentrations of glucose, and incuba-
tion time on the antigen-binding reactivity of the phagemid particles pro-
duced. An increase in antigen-binding activity for phagemid displaying a Fab
clone was observed when single-stranded rescues were stopped prior to the
cells achieving stationary phase. In rescues carried out after cell growth
reached stationary phase (e.g., overnight at 37°C), we consistently observed a
drop in antigen-binding activity with no significant change in phage titer (see
Fig. 6, 37°C incubation). These results suggested that the Fab—cplll fusion
protein may be susceptible to proteolytic degradation. Maximal antigen-bind-
ing activity was observed [adjusting the phagemid particle concentration
based on plaque-forming units (pfu)] when pSurfScript-containing cells were
infected in early log phase (<0.1 at ODgg) at an m.o.i. of =2:1 helper phage/
cells (data not shown). The addition of glucose, which helps to propagate Fab
clones toxic to E. coli by inhibiting transcription from the lacZ promoter, was
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FIGURE 6 Optimization of the single-stranded rescue procedure. The light-chain and Fd genes of
a human tetanus toxoid-binding IgG Fab clone, described previously,” were amplified by PCR,
ligated together, and cloned into the SurfZAP lambda vector using the procedures described in
the text. A pSurfScript Fab clone was excised, and phagemid particles were generated by infecting
SOLR host cells with VCSM13. These phagemid particles were then reamplified by infecting
XL1-Blue cells and growing in carbanicillin (100 pg/ml) until early to mid-log phase (0.2-0.5
ODgq)- The cells were gently pelleted and then resuspended in 1 ml of fresh Luria-Burtani (LB)
broth to an ODygg, of 1.0. The cells were infected with VCSM13 helper phage (Stratagene) at a
m.o.i. of 2:1 helper phage/host cells. The phage and cells were incubated at room temperature for
15 min and then diluted with 10 ml of LB broth containing 100 pg/ml of carbenicillin and 50
png/ml of kanamycin. Single-stranded rescues were performed at 37°C (W), 30°C (A), and 23°C
(@). Aliquots of each culture were removed at the times indicated and centrifuged to remove
cells; the supernatants were stored at 4°C. (4) The tetanus toxoid-binding activity of the ph-
agemid that was measured in an ELISA assay using rabbit anti-M13 antisera (Stratagene).‘'? (B)
The corresponding titers (pfu/ml) of the rescued phage samples.

found to inhibit Fab display at concentrations of =0.1% (vol/vol) unless re-
moved prior to infection with helper phage (data not shown).

The most dramatic effect on Fab display, however, was noted when
phagemid rescue was conducted at reduced temperature. Lowering the incu-
bation temperature reduced the rate of cell growth and phage particle pro-
duction but dramatically increased antigen-binding reactivity (Fig. 6). For
example, phagemid particles recovered from 37°C cultures at 22 hr and from
23°C cultures at 44 hr exhibited approximately the same phage titer (pfu/ml)
but dramatically different antigen-binding activities. These results suggest
that lower temperature yields improved display phagemid, perhaps by reduc-
ing degradation of the Fab—cplll protein or by aiding the assembly of Fab—
phagemid. Reduced growth temperature also allows a single-stranded rescue
to be performed for a convenient period of time (e.g., overnight at 30°C or 2
days at room temperature). On the basis of these results, lower temperatures
and optimal infection conditions have been implemented in preparing Surf-
ZAP phagemid libraries for biopanning.

Biopanning SurfZAP Fab Fragment Libraries

Once the phagemid display library has been prepared by single-stranded res-
cue, clones that exhibit the desired binding activities can be enriched by
biopanning. Typically, phagemid display libraries are incubated with antigen
that is fixed on a polystyrene well!%-121415.29) or attached to chromatography
resin.?%-37-40 Alternatively, biopanning can be performed with whole cells
that naturally bear antigen on the surface.*'~*% Phagemid particles that do
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not bind to antigen are removed by extensive washes with, typically, Tris-
buffered saline (TBS) containing a low concentration of nonionic detergent
(e.g., TBS with 0.05% Tween 20). Specifically bound phagemid are then eluted
by disrupting the antigen-antibody interaction with low pH,®!%15 high
pH,®*37 chaotropic agents,®® or the addition of competing free antigen.'®
The eluted phagemid, which constitute an enriched population, are ampli-
fied and, if necessary, subjected to further cycles of biopanning/reamplifica-
tion until satisfactory enrichment of antigen-specific clones is obtained. An-
tigen-binding activity of phagemid clones has been verified by plaque lifts
with labeled antigen,1%-1%1437) ELISA (10-15.17.19,29,37.38) 3n( electron micros-
Copy'(12,14)

Previously, we have published the isolation of tetanus toxoid-binding
clones from several SurfZAP Fab libraries by capturing specific phagemid with
tetanus toxoid adhered to ELISA dish wells"®!) or coupled to Sepharose
beads.®%*? As Figure 7 illustrates, panning efficiency, that is, the percent of
antigen-specific binding clones recovered per panning cycle, can be influ-
enced greatly by the method used to fix the antigen and to elute specific
phagemid clones. In this experiment, eluates were significantly enriched in
antigen-specific Fab clones after two cycles of biochromatography performed
by low pH elution from antigen-coupled Sepharose beads. Significant, but
lower, levels of enrichment were also observed after three cycles of biopan-
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FIGURE 7 The effect of matrix and elution conditions on biopanning efficiency. A Fab phagemid
display library was constructed as described in the text using peripheral blood lymphocytes from
a human donor immunized against tetanus toxoid. Biopanning results are shown for phagemid
purified as follows: (Shaded bar) Sepharose-TT column, low pH elution; (open bar) ELISA dish
well, low pH elution; (striped bar) Sepharose-TT column, ethylene glycol elution; (solid bar)
ELISA dish well, tetanus toxoid elution. Approximately 10'° phagemid particles were biopanned
for 3 cycles in tetanus toxoid-coated (1 pg/ml) ELISA dish wells®? or by passage over tetanus
toxoid-coupled Sepharose beads. Biochromatography was performed by applying phagemid par-
ticles, diluted in TBS containing 1 mg/ml of BSA, to an equilibrated 1-ml column of Sepharose
beads that had been coupled to tetanus toxoid (Connaught Labs) at 1 mg/ml using the manu-
facturer's recommended procedure (cyanogen bromide-activated Sepharose, Sigma). The col-
umn was washed with at least 100 ml of the TBS/BSA buffer prior to elution of bound phagemid.
In both the ELISA and biochromatography procedures, specifically bound phagemid was eluted
at low pH,*? with 25% ethylene glycol, 75 mm HEPES, and 3 M MgCl,,®® or in the presence of
10 pg/ml of tetanus toxoid. When ethylene glycol was used, the eluates were diluted prior to
infecting bacteria. After infection with ethylene glycol or tetanus toxoid-eluted phagemid, the
cells were gently pelleted and then resuspended in fresh media prior to VCSM13 infection.
Single-stranded rescues were performed as described in the text, and the percentage of tetanus
toxoid-binding Fab clones was determined with a plaque lift assay.?
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ning perfomed with other combinations of elution conditions and matrices.
We are currently evaluating the binding characteristics of Fab clones recov-
ered under different elution conditions. It is anticipated that conditions for
optimal enrichment efficiencies will vary depending on the constitution of
the library and the particular antigen.

DISCUSSION

The methodologies described here and elsewhere®”10-20:29.37.38) for con-
structing libraries of 10® clones have allowed the identification of a number
of specific high-affinity Fab clones when the immunoglobulin sequences are
derived by PCR from a biased B-cell source (e.g., spleen tissue from immu-
nized mice, bone marrow or peripheral blood from immune humans). When
an immunized B-cell source is not available, however, the identification of
useful antibodies has been difficult. Our long-term goal is to create an easy-
to-use system for the rapid cloning of specific, high-affinity antibodies with-
out the need for immunization. One potential solution is to increase the size
of the antibody library, thereby increasing the probability of finding a rare
clone with the desired binding characteristics.

Previous antibody libraries have been constructed by simultaneously in-
troducing light- and heavy-chain genes into E. coli, either by plasmid trans-
formation12-1416:17.29 or by bacteriophage infection.®7:1%11) These methods
effectively limit the size of antibody libraries to 10® clones, which was an
acceptable limit prior to the advent of phage display technology, which al-
lows the rapid screening of >10'? clones. To take advantage of the power of
phage display screening, Waterhouse et al.*> have proposed an in vivo re-
combination method based on lox—Cre site-specific recombination. We have
developed an alternative strategy by adapting the SurfZAP vector to a tandem
expression system (Fig. 8). Rather than introducing light- and heavy-chain
genes simultaneously as described above, diverse repertoires of light and
heavy chains can be cloned into two different vectors for expression in the
same cell.*3*® For example, we have introduced, by infection, a heavy-chain
Fd library cloned in the SurfZAP phagemid vector into bacterial cells that
contained a library of light chains in a plasmid vector. Bacterial infection is
highly efficient; thus, the combinatorial diversity of Fab fragments displayed
on phagemid should be the product of the size of the heavy-chain library
multiplied by the size of the light-chain library. In this case, the resulting
library size was limited by the number of bacterial cells cultured (10''/liter).

We have tested the tandem expression system described in Figure 8 by
constructing a library of 10”7 Fd-p. genes in the SurfZAP vector so that heavy
chain is expressed as a fusion with cplll and can be introduced into E. coli by
phagemid infection. A library of A light chains, along with the necessary
expression elements, was cloned onto a modified second vector containing a
chloramphenicol gene (pBC, Stratagene). The light-chain library was intro-
duced into XL1-Blue cells by transformation, and soluble light chains are
produced in the periplasm of these cells. A library of 10* chloramphenicol-
resistant transformants was amplified in 1-liter liquid cultures to produce
10! cells (107 copies of each of the 10* light-chain clones). The cells were
then infected with 2x10'" ampicillin resistant phagemid (2x10° copies of
each of the 107 Fd clones). Theoretically, cells grown under ampicillin and
chloramphenicol selection would express 10! different combinations of
light chain and Fd. By infecting cells with VCSM13 as described above,
phagemid particles displaying Fab were prepared that consisted of an approx-
imately equal mixture of chloramphenicol-resistant (containing light-chain
gene) and ampicillin-resistant (containing the Fd gene) phagemid.

The utility of this method for preparing large libraries was confirmed by
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FIGURE 8 A tandem vector expression system for the construction of phage display libraries
containing 10'! unique Fab clones. Libraries of light-chain genes (hatched rectangle) and Fd
genes (checkered rectangle) are cloned into different vectors for expression in the same cell. The
libraries are combined by infecting bacterial cells containing the light-chain plasmid library with
phagemid containing the Fd library cloned into SurfZAP as a fusion with cplll. Helper phage
infection of ampicillin-resistant (Amp®) and chloramphenicol-resistant (Cam®) cells yields
phagemid particles that display light chain (hatched rectangle in center oval) and Fd (checkered
rectangle in center oval) on the surface, assembled into functional Fab. Phagemid generated by
this method contain either the light chain encoding plasmid (Cam®) or the Fd—pSurfScript DNA
(AmpR). Library size is determined as described in the text.

isolating tetanus toxoid-binding phage from a large-scale library (10'),
which was deliberately spiked at frequencies of 107°-10~7 with a « light
chain (expressed from plasmid) and a y1 Fd chain (expressed from SurfZAP)
that were known to bind tetanus toxoid when paired (data not shown). We
are currently characterizing the diversity of Fab clones in large-scale libraries
constructed by this tandem expression method.
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