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The immunoglobulin molecule consists of a string of
domains, each consisting of about 100 amino acid res-
idues. The antigen-binding site is fashioned by both
heavy (V) and light (V. ; V, or V,) chain variable
domains, as demonstrated by the solved crystallo-
graphic structures of antibody in association with an-
tigen (Amit et al. 1986; Colman et al. 1987; Sheriff et
al. 1987) or hapten (Satow et al. 1986). In the crystallo-
graphic structures of antibody-antigen complexes, the
relative contributions of V,, and V; domains to antigen
binding appear to vary, although both domains make
extensive interactions with the antigen. Light-chain di-
mers (Bence-Jones proteins) have also been crystal-
lized, in which the two chains form a cavity that is able
to bind to a single molecule of hapten (Edmundson et
al. 1984).

We have been dissecting the interactions of the anti-
lysozyme antibody, D1.3, with antigen (Amit et al.
1986) and have expressed the Vy and V, domains
individually, or in association as an Fv fragment by
secretion into Escherichia coli periplasm (Skerra and
Pliickthun 1988). We find that both the Fv fragment
and the V,; domain bind to antigen with a high affinity.
This inspired us to generate a repertoire of V,; domains
for the expression of binding activities in E. coli. Two
approaches were used for the generation of a reper-
toire: (1) Residues in the third hypervariable region of
a cloned V,, domain were mutated extensively, and (2)
rearranged V,, genes were cloned from antibody-
producing cells using the polymerase chain reaction
(PCR) (Saiki et al. 1985; Orlandi et al. 1989). Each
repertoire was cloned into vectors for expression of Vy,
domains in the periplasm of E. coli and screened for
antigen-binding activity.

METHODS

Vectors. For expression of the V,; domain (V,;D1.3)
of the D1.3 antibody, the vector pSW1-V;D1.3 was
built by cloning the gene into a pUC19 vector (Yanisch-
Perron et al. 1985) with a synthetic oligonucleotide
encoding a pelB signal sequence (Better et al. 1988)
(Fig. 1). For expression of both domains, the vector
pSW1-V,,D1.3V,_D1.3 was built by cloning the V, do-
main and pelB signal into pSW1. For cloning and ex-

pression of the V, repertoire, the vector pSWI1-
V,POLY was built by cloning a restriction enzyme
polylinker sequence to replace the body of the V;D1.3
gene. This vector was adapted further (pSW1-
V,,POLY-TAG1) by adding a synthetic oligonucleotide
encoding a peptide tag (Glu-Gln-Lys-Leu-Ile-Ser-Glu-
Glu-Asp-Leu-Asn) from c-myc (Evan et al. 1985;
Munro and Pelham 1986) to the carboxy-terminal end.

PCR amplification of mouse genomic DNA. BALB/c
mice were hyperimmunized with hen egg white
lysozyme (100 pg antigen intraperitoneally day 1 in
complete Freund’s adjuvant, and 50 ug antigen in-
travenously day 35 in incomplete Freund’s adjuvant;
kil day 39) or similarly with keyhole limpet
hemocyanin (KLH). DNA was prepared from the
spleen (Maniatis et al. 1982), and the rearranged
mouse Vy, genes were amplified using PCR (Saiki et al.
1985; Orlandi et al. 1989) using the primers V,1FOR-2
(5-TGA GGA GAC GGT GAC CGT GGT CCC
TTG GCC CC-3'. and V,1BACK (5-AGG T(C/
G)(C/A) A(G/A)CTGC AG(G/C) AGT C(T/A)GG-
3’ (Fig. 2). The conditions for amplification were 50—
200 ng DNA, 25 pmoles of each primer, 250 um of each
dNTP, 10 mm Tris-HCI (pH 8.8), 50 mm KCl, 1.5 mm
MgCl,, and 100 pg/ml gelatin. The sample was over-
laid with paraffin oil and heated to 95°C for 2 minutes
(denature), to 65°C for 2 minutes (anneal), and to 72°C.
The Taq polymerase (2 units Cetus) was added after
the sample had reached the elongation temperature
(72°C), and the reaction was continued for 2 minutes at
72°C. The sample was then subjected to an additional
29 rounds of temperature cycling, using the Techne
PHC-1 programmable heating block.

PCR mutagenesis. The V,;D1.3 gene cloned into
M13mp19 was amplified with a mutagenic primer based
in complementarity-determining region (CDR) 3 and a
primer based in the M13 vector backbone (Fig. 2). The
mutagenic primer 5'-GGA GAC GGT GACCGT
GGTCCCTTGGCCCCAGTAGTCAAGNNNNNN
NNN NNN CTC TCT GGC-3' (where N is an equimo-
lar mixture of T, C, G, and A) hypermutates the cen-
tral four residues of CDR3 (Arg-Asp-Tyr-Arg). The
PCR is the same as above, except a cycle of 95°C for 1.5
minutes, 25°C for 1.5 minutes, and 72°C for 3 minutes
was used.
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Figure 1. Expression vectors.

Cloning and expression of antigen-binding activities.

PCR-amplified DNA was digested with PstI and
BstEII (encoded within the amplification primers) and
fractionated on an agarose gel. A band of about 350 bp
was extracted and cloned into the M13VHPCR1 vector
(Orlandi et al. 1989) for sequencing or into the pSW1-
V,POLY or pSW1-V,POLY-TAG1 vector for expres-
sion. The recombinant plasmids were transfected into
E. coli BMH71-18 (Gronenborn 1976), and colonies
were selected on TYE plates (Miller 1972) with 1%
glucose and 100 pg/ml ampicillin and toothpicked into
200 pl of 2 x TY (Miller 1972), ampicillin, and glucose
in wells of enzyme-linked immunosorbent assay
(ELISA) plates. Colonies were grown at 37°C for 16
hours. Cells were pelleted and resuspended in 200 p1 of
2xTY, ampicillin, and 1 mm inducer isopropyl-
thiogalactoside (IPTG) and grown for an additional
16-24 hours. The cells were cooled and pelleted, and
supernatants were screened for secretion of V,; do-
mains (by Western blotting) or antigen-binding activity
(by direct ELISA).
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Western blotting was done according to the method
of Towbin et al. (1979). Supernatant (10 1) from the
cultures was subjected to SDS-PAGE (Laemmli 1970),
and the proteins were transferred electrophoretically to
nitrocellulose. The V,; domains were detected via the
peptide tag with the 9E10 antibody (Evan et al. 1985;
Munro and Pelham 1986), using horseradish perox-
idase-conjugated rabbit anti-mouse antibody and 4-
chloro-1-naphthol as the peroxidase substrate.

Wells of ELISA plates (Falcon) were coated with
antigen in 50 mM NaHCO,, pH 9.6, overnight (3 mg/
ml lysozyme or 50 pg/ml KLH) and blocked with 2%
skimmed milk powder in PBS for 2 hours at 37°C.
Bacterial supernatant was added and incubated at 37°C
for 2 hours. V;D1.3 domains were detected with rabbit
polyclonal antiserum raised against the D1.3 Fv frag-
ment, using peroxidase-conjugated goat anti-rabbit im-
munoglobulin. Tagged V,; domains were detected as

- described in Western blotting, except with 2,2'-azino-

bis (3-ethylbenzthiazoline-6-suifonic acid) as the perox-
idase substrate. Three washes of 0.05% Tween 20 in
PBS were followed by three washes of PBS between
each step (only PBS washes before addition of blocker
or bacterial supernatants).

Purification of Fv and V, domains binding to
lysozyme. Cultures (500 ml) were grown and induced
as above, and the supernatant was passed through a
0.45-um filter (Nalgene) and down a 5-ml column of
lysozyme-Sepharose (Riechmann et al. 1988). After
washing with PBS, the Fv fragment or V,; domains
were eluted with 50 mM diethylamine and analyzed by
SDS-PAGE.

Affinity for lysozyme. The purified D1.3 Fv frag-
ment and V,; domains were titrated with lysozyme
using fluorescence quench (Perkin-Elmer LS 5B lumin-
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Figure 2. Scheme for cloning V,, gene repertoire.
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Table 1. Binding Affinities of Immunoglobulin Fragments for Lysozyme

Affinity Ko Ko Koge/ Koo
Stoichiometry (nM) Ml st nM
Fv-D1.3 n.d. 3 1.9x 10° n.d. n.d.
V,D1.3 12 <40 3.8 x 10° 0.075 19
Vil n.d. <15 n.d. n.d. n.d.
V3 n.d. n.d. 2.9 % 10° 0.036 12
V8 n.d. n.d. 3.3 x 10° 0.088 27

P . ‘s . -1 -1
n.d. indicates not determined. k,, = rate constant for association; units, moles™ sec™; kg, = rate

constant for dissociation; units, sec

escence spectrometer) to determine their affinities of
binding (see Jones et al. 1986). The stoichiometry of
binding of the V,;D1.3 domain was measured by fluo-
rescence quench titration (to yield the total number of
lysozyme-binding sites) and by amino acid hydrolysis
(to yield the total amount of protein). The kinetics of
lysozyme binding were determined by stopped-flow ex-
periments (HI Tech Stopped Flow SHU) at 20°C under
pseudo-first-order conditions with binding sites in five-
to tenfold excess over lysozyme (Levison et al. 1970).
The number of binding sites was determined by fluores-
cence quench titration with lysozyme in excess.

RESULTS

Expression and Activity
of the V,; Domain of D1.3 Antibody

The Fv fragment of the D1.3 antibody was purified
on a lysozyme affinity column and analyzed by SDS-
PAGE. Two bands of about M, 14,000 were revealed,
and the amino-terminal sequences were checked by
gas-phase protein sequencing after elution of the bands
onto PVDF membranes (Matsudaira 1987; Fearnley et
al. 1989). The V, domain was purified the same way,
and the binding affinity of the Fv fragment and V;;D1.3
to lysozyme was determined by fiuorescence quench
titration (Table 1). The affinity of the Fv fragment (3
nM) is similar to that of the parent antibody (2 nm). The
affinity of the V,; domain for lysozyme was determined
as less than 40 nm by fluorescence quench and as 19 nM
by stopped-flow. Thus, the affinity of the V; domain is
only tenfold weaker than the complete antibody. The
stoichiometry of binding of the V,; domain was de-
termined as 1.2 mole V, per mole of lysozyme, suggest-
ing an equimolar complex.

Repertoire of V,; Sequences
from Antibody-producing Cells

M13 clones from the mouse V,, repertoire generated
from spleen DNA of a mouse immunized with
lysozyme were sequenced. The complete sequences of
48 V,, gene clones were determined (Fig. 3). Three
families of D segments, four families of J segments, and
all but two of the mouse V,, gene families (Kabat et al.
1987) were represented (Table 2). The different se-
quences of CDR3 marked each of the 48 clones as
unique. Nine pseudogenes and 16 unproductive rear-
rangements were identified: Of the clones sequenced,
27 have open reading frames. V,, gene libraries have
also been generated from mRNA of human peripheral
blood lymphocytes (J." Marks, unpubl.).

Repertoire of Antigen-binding Activities
from Antibody-producing Cells

Amplified DNA from a mouse immunized with
lysozyme was cloned for expression into a vector that
incorporates a carboxy-terminal tag to facilitate detec-
tion of expressed V,; domains (Figs. 1 and 2). Bacterial
supernatants were analyzed by SDS-PAGE, followed
by Western blotting, and bands of the expected size
(~ M, 14,000) were detected for 14 of 17 clones by
probing with antibody directed against the tag. To
screen for lysozyme-binding activities, about 2000 col-
onies were toothpicked in groups of five into wells of
ELISA plates, and the supernatants were tested for
binding to lysozyme-coated plates. Of the superna-
tants, 21 were shown to have lysozyme-binding activity.
As a control, the supernatants were tested for binding
to KLH, and two supernatants were identified with
KLH-binding activity. A second expression library was

Table 2. Usage of V,; gene D-segment and J-region Families in the Repertoire

Vi genes D segments J regions

family number family number family number
1A 4 Sp2 14 Jul 3
IB 12 FL16 1 T2 7
1A 2 Q52 5 Ju3 14
IIB 17 T4 14
1A 3

II1B 8

ic 1

VA 1
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prepared from a mouse immunized with KLH and
screened as above. Of the supernatants, 14 had KLH-
binding activities, and two supernatants had lysozyme-
binding activity.

Characterization of Two Lysozyme-binding Clones

Two of the clones (V3 and V,8) with lysozyme-
binding activities were sequenced (Fig. 4). They belong
to the same V, gene (Kabat IIB) families and D-
segment families (FL16) but have different J segments
(Ju2 and J44) (Kabat et al. 1987). There are only six
amino acid differences between the (unrearranged) V,,
genes, but the sequences of CDR3 are completely dif-
ferent. The V,; domains were purified, and affinities for
lysozyme were determined (Table 1). The affinities, in
the 20 nM range, are similar to those of the V,, domain
of the D1.3 antibody.

Repertoire of Binding Activities by Mutagenesis

The central four residues of CDR3 of the V,D1.3
domain were mutated extensively, using a partly degen-
erate primer and PCR. The amplified DNA was cloned
into an M13 vector for sequencing and also into pSW1-
VyPOLY for expression and secretion of the mutated
domains. Sequencing confirmed that CDR3 had been
mutated extensively. Supernatants from the expression
library were screened for secretion of lysozyme- and
KLH-binding activities, and 2000 clones were screened,
as above, for lysozyme- and KLH-binding activities; 19
supernatants were identified with lysozyme-binding ac-
tivities, and 4 were identified with KLLH-binding ac-
tivities.

One clone (V1) with lysozyme-binding activity was
characterized further. The domain was purified on a
lysozyme affinity column and titrated by fluorescence
quench, and used in a competition ELISA with the
V,D1.3 domain. The titration suggested a binding af-
finity of less than 15 nM (Table 1), and the V1 also
competed effectively in ELISA with V,,D1.3 for bind-
ing to lysozyme. The V,1 gene was sequenced and
shown to be identical to the V,;D1.3 gene, except for
the central residues of CDR3 (Arg-Asp-Tyr-Arg);
these were replaced by Thr-Gin-Arg-Pro.

DISCUSSION

The secretion of associated V, and V, domains of the
D1.3 antibody from E. coli confirms previous work of
Skerra and Pliickthun (1988), although our levels of
expression are higher (10 mg/liter of active fragment in
the supernatant compared with 0.5 mg/liter). How-
ever, the isolated V,; domain of the D1.3 antibody is
expressed at much lower levels, suggesting that the
presence of the V, domain may help the folding of the
V, domain or prevent its aggregation.

Our finding that the V,; domain of the D1.3 antibody
binds to lysozyme in an equimolar complex and has a
good affinity for the antigen is a new observation. In

“

previous work, separated heavy and light chains were *
identified with antigen-binding (Fleischmann et al.
1963) or hapten-binding activities (Utsumi and Karush
1964), but the affinities were poor, with no evidence for
binding by single chains (Jaton et al. 1968) rather than
dimers (Edmundson et al. 1984). However, although
our data suggest a complex of one V,; domain with one
molecule of lysozyme, they do not rule out a complex
of two V, domains with two molecules of lysozyme.

In the D1.3 antibody, lysozyme makes extensive in-
teractions to both domains, including three hydrogen
bonds to the V, domain and nine hydrogen bonds to the
V,; domain. Binding of lysozyme buries about 300 A? of
V, domain to solvent, and 400 A of the V,, domain
(Amit et al. 1986; C. Chothia, unpubl.). Despite these
interactions, the V, domain appears to make only a
small net contribution to the energetics of binding. The
Vy domain presumably binds to lysozyme in a similar
way as the antibody, although it is possible that the
whole surface of interaction might reorientate slightly,
presumably by rocking on side chains to create a new
set of contacts (Chothia et al. 1983), or that the loops
of the Vy, domain could adjust to binding of antigen
(Getzoff et al. 1987).

The finding that a diverse library of V,, genes can be
cloned from the chromosomal DNA of mouse spleen
using the PCR and two “universal” primers extends our
previous results in which V,, genes, corresponding to
different V,, families, were cloned from cDNAs of
mouse hybridomas (Orlandi et al. 1989). Clearly, we
can generate a diverse repertoire of V,, genes using
PCR, but we cannot rule out a systematic bias due to
our choice of primers or hybridization conditions.

Furthermore, from the library of V,, genes, we show
that V,, domains can be derived with binding activities
to lysozyme and KLH (and presumably other antigens).
Prior immunization facilitates the isolation of these
activities. The affinities of the V,, domains for lysozyme
(20 nm) lie within the range expected for monoclonal
antibodies for protein antigens; thus, PCR cloning of
Vy domains from immunized spleen may offer an alter-
native to hybridoma technology. Although we have
used plasmid vectors for secretion of the V,; domains
and assayed bacterial supernatants for binding ac-
tivities, a variety of other vectors and formats for
screening antigenic activities should also be possible.
For example, bacterial colonies, lytic plaques from A
vectors or nonlytic plaques from M13 vectors, could in
principle be transferred to nitrocellulose and screened
for binding to antigen directly.

Hypermutation of CDR3 of V,; domains also appears
to be a promising way of generating antigen-binding
activities. CDR3 was chosen because it is the most
diverse portion of sequence in antibodies, derived by
the joining of three genetic elements, V, D, and J, and
would be expected to carry major determinants for
binding to antigen. For example, in the D1.3 antibody,
the three residues Arg-99, Asp-100, and Tyr-101 make
six of the nine hydrogen bonds of the heavy chain
(Amit et al. 1986) and, presumably, have similar roles
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1 CDR1 * 49
VH3 QVQLQESGPELVKPGASVKMSCKASGYTFT SYVMH WVKQKPGAGLEWIG
VHS QVQLQESGPELVKPGASVKMSCKASGYTFT SYVMH WVKQKPGQGLEWIG
VE-D1.3 QVQLKESGPGLVAPSQSLSITCTVSGFSLT GYGVN WVRQPPGKGLEWLG
50 * CDR2 *94
VH3 YINPYNDGTKYNEKFKG KATLTSDKSSSTAYMELSSLTSEDSAVYYCAV
VES8 YINPYNDGSKYNEKFKG KATLTADKSSNTAYMQLSSLTSEDSAVYYCAR
VE-D1.3 MIW GDGNTDYNSALKS RLSISKDNSKSQVFLKMNSLHTDDTARYYCAR

Figure 4. Sequences of two V, domains with

lysozyme-binding activities. The sequences of 95 CDR3 113
the V,; domains are aligned with that of the D13 VE3 LLLRYFFDY WGQGTTVTVSS
antibody. Arrows indicate differences between vES GAVVSYYAMDY | WGQGTTVTVSS
unrearranged V,;3 and V.8 (see text). VE-D1.3 | ERDYRIDY WGQGTTLTVSS

in the isolated V,; domain. When these residues are
changed en bloc by PCR mutagenesis, the vast majority
of mutants lose affinity for lysozyme. However, of 2000
colonies screened, 19 retain high affinity for lysozyme
and 4 acquire the ability to bind to KLH. One of the
mutants (Vy1), which binds to lysozyme, has a com-
pletely different amino acid sequence in CDR3 and has
a slightly improved affinity compared with the parent
Vy domain. The interaction of lysozyme with this re-
gion (and perhaps also with CDR1 and CDR?) is also
likely to differ, as the main chain now incorporates a
proline at residue 102.

V,; domains with binding activities can be generated
in a matter of days without recourse to tissue culture
and may also have other advantages over monoclonal
antibodies. For example, the smaller molecule should
penetrate tissues more readily, could permit the block-
ing of “canyon” sites on viruses (Rossman et al. 1985;
Weis et al. 1988), and could allow epitope mapping at
higher resolution. However, we also envisage that V,
domains with binding activities could also serve as the
building blocks for making Fv fragments or complete
antibodies. For example, V,; domains could be coex-
pressed with a repertoire of V, domains, derived by
PCR amplification of V, genes (Orlandi et al. 1989) and
screened for association of the domains and antigen
binding.
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