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Abstract 

A prerequisite for the use of recombinant antibody technologies starting from hybridomas or immune repertoires is the 
reliable cloning of functional immunoglobulin genes. For this purpose, a standard phage display system was optimized for 
robustness, vector stability, tight control of scFv-~geneiii expression, primer usage for PCR amplification of variable region 
genes, scFv assembly strategy and subsequent directional cloning using a single rare cutting restriction enzyme. This 
integrated cloning, screening and selection system allowed us to rapidly obtain antigen binding scFvs derived from 
spleen-cell repertoires of mice immunized with ampicillin as well as from all hybridoma cell lines tested to date. As 
representative examples, cloning of monoclonal antibodies against a his tag, leucine zippers, the tumor marker EGP-2 and 
the insecticide DDT is presented. Several hybridomas whose genes could not be cloned in previous experimental setups, but 
were successfully obtained with the present system, expressed high amounts of aberrant heavy and light chain mRNAs, 
which were amplified by PCR and greatly exceeded the amount of binding antibody sequences. These contaminating 
variable region genes were successfully eliminated by employing the optimized phage display system, thus avoiding time 
consuming sequencing of non-binding scFv genes. To maximize soluble expression of functional scFvs subsequent to 
cloning, a compatible vector series to simplify modification, detection, multimerization and rapid purification of recombinant 
antibody fragments was constructed. 
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1. Introduction 

Molecular cloning and sequencing of antibody 
variable domains forms the basis of antibody mod
elling (Rees et al., 1994), antibody engineering 
(Pliickthun, 1994; Nilsson, 1995) and experimental 
structure determination by NMR (Freund et al., 1994) 
or X-ray crystallography at high resolution 
(Ostermeier et al., 1995). Moreover, once the vari
able region genes have been cloned, the antibody 
domains can be further engineered in a multitude of 
ways to produce antibody variants with lower im
munogenicity (Glissow and Seemann, 1991), higher 
affinity (Marks et al., 1992; Riechmann and Weill, 
1993; Deng et al., 1994), altered antigenic specificity · 
(Ohlin et al., 1996), or enhanced stability 
( Glockshuber et al., 1990; Reiter et al., 1994). Fur
thermore, genetic fusions of scFv fragments to effec
tor proteins and toxins are powerful tools in the 
fields of medicine and diagnostics (Huston et al., 
1993). 

In all application areas, the demand for efficient 
generation of functional antibody fragments in
creases continuously. Although large prefabricated 
antibody libraries are gradually becoming a source of 
recombinant antibody fragments that cover a wide 
range of useful affinities (Vaughan et al., 1996), it 
may still be necessary to use the diversity of the 
immune system to create the most extensive panel of 
different antibodies against a given target possible. 
Furthermore, it is often of great interest and impor
tance to clone V H and V L domains of the natural 
antibody response to a given antigen. In cases in 
which a large amount of experimental or clinical 
data is available on a given monoclonal antibody 
(mAb), it is frequently useful to base new constructs 
on this work and to determine its specific sequence 
and binding mode. Cloning and sequencing retains 
and immortalizes the unique and extensively charac
terized specificity of mAbs, which can be crucial for 
the rescue of unstable hybridoma cell lines. 

One major problem in rapidly and simply obtain
ing sequence infonnation about mAbs stems from 
the occurrence of aberrant mRNAs which are tran
scribed from rearranged, but non-functional, heavy 
and light chain genes in the hybridoma (Cabilly and 
Riggs, \985; Strohal et al., 1987; Carroll et al., 1988; 
Kaluza et al., 1992; Kiitemeier et al., 1992; Nicholls 

et al., 1993; Duan and Pomerantz, 1994; Yamanaka 
et al., 1995; Ostermeier and Michel, 1996). These 
non-productive chains are frequently preferentially 
amplified over the productive ones by sets of primers 
specific for the variable regions of antibody genes. 
The aberrant chains may greatly dilute the desired 
antibody sequences, which are the only ones binding 
the antigen in a pool of non-productive antibody-like 
sequences. Several attempts have been reported to 
overcome this problem, such as ribozyme cleavage 
of a known aberrant K chain sequence (Duan and 
Pomerantz, 1994), treatment of aberrant 
mRNA/DNA hybrids with RNAseH (Ostermeier and 
Michel, 1996), or functional screening for full length 
scFv products in an in vitro transcription/translation 
system (Nicholls et al., 1993). Each of these methods 
is time consuming, depends on prior sequence infor
mation of the contaminating gene and fails to enrich 
binding molecules by selection procedures. Since 
antibody genes are usually amplified by PCR using 
degenerate sets of primers, mismatches and PCR 
errors will lead to point mutations or out -of-frame 
clones, which can also contribute to a background of 

~ 

non-functional scFv molecules. Therefore, it is abso-
lutely vital, but often neglected (Miller et al., 1995; 
K wak et al., 1996), that the binding specificity of the 
recombinant antibody sequence is demonstrated to 
be comparable with the binding characteristics of the 
parental monoclonal antibody, even when the de
duced antibody sequence seems reasonable. 

The inherent advantage of phage display is its 
direct link of DNA sequence to protein function 
(McCafferty et al., 1990; Winter et al., 1994). Thus, 
single clones can be rapidly screened for antigen 
binding and, even more importantly, selected from 
pools in the same experimental setup. This obviates 
the use of sequence specific methods to eliminate 
undesired sequences and leads to a more generally 
applicable procedure for hybridoma cloning. 

However, phage display suffers from the fact that 
non-productive, aberrant chains are often very well 
expressed and non-toxic to the bacterial cell, whereas 
cells expressing functional scFv-genelll fusions have 
a growth disadvantage and are selected against. The 
scFv-gene III fusion protein can cause vector instabil
ity, creating deletions in the antibody fusion genes as 
occasionally observed (Courtney et al., 1995; 
Dziegiel et al., 1995; A~ Krebber, unpublished obser-



A. Krebber et al. j Journal of Immunological Methods 201 ( 1997) 35-55 37 

vations; footnote 1). Thus, it is highly recommended 
to use a regulatable vector system allowing tight 
product suppression during all propagation steps as 
well as controlled expression of low amounts of 
scFv-geneiii fusion protein for phage display. Since 
a variety of serious technical problems concerning 
hybridoma cloning and enrichment of binding anti
body fragments from phage display libraries have 
been reported 1

, we have developed the reengineered 
phage display system described in this work. In order 
to provide a robust and straightforward methodology 
which ensures fast and reliable cloning, not only of 
hybridomas but also of larger antibody libraries, each 
step in the process was optimized. To illustrate the 
utility of our improved phage display system we 
report in detail several case studies of successfully 
cloned scFvs derived from monoclonal antibodies as 
well as enrichment of binding scFv sequences from 
cloned B cell repertoires. 

2. Materials and methods 

2.1. Isotyping 

Isotypes of the mAbs were determined using the 
IsoStrip mouse monoclonal antibody isotyping kit 
(Boehringer Mannheim). 

2.2. Preparation of mRNA 

mRNA was extracted from 1-5 X 106 hybridoma 
or spleen cells using the QuickPrep mRNA purifica
tion kit from Pharmacia. In the case of hybridoma 
cell lines 13AD and 42PF total RNA was isolated 
essentially as described by Berger and Chirgwin 
(1989). 

2.3. First strand eDNA synthesis 

About 1 J.Lg mRNA or 5 JLg total RNA was 
reverse transcribed in a reaction volume of 33 JLl 
using random hexamer primers according to the 

1 For typical examples, see the internet discussion forums, 
http: j jwww .bio.netjhypermailjMETHDS-REAGNTS, 
http:/ jwww.bio.netjhypermailjMOLECULAR-REPERTOIRES. 

manufacturer's protocol (first strand eDNA synthesis 
kit (Pharmacia)). 

2.4. PCR amplification of VL and V8 

Various DNA polymerases (Taq (Perkin Elmer, 
Gibco), Pwo (Boehringer Mannheim), Pfu (Strata
gene), Vent (New England Biolabs)) were success
fully used for separate amplifications of V L and V H. 
For amplification of V L from hybridomas either A or 
K primers were chosen according to the isotype. 
PCR reactions were performed in 50- 100 JLl vol
umes, containing 2-5 pJ of eDNA reaction, 2 JLM 
of LB and LF primer mixes (Table 1, Fig. 1B) for 
amplification of V L or 2 JLM of HB and HF primer 
mixes (Table 1, Fig. 1B) for amplification of VH, 
200 JLM dNTPs, an optimized Mg 2 + concentration 
(2-6 mM) and reaction buffer supplied by the manu
facturers. After 3 min denaturation at 92°C, 2 U of 
DNA polymerase were added, followed by 7 cycles 
of 1 min at 92°C, 30 s at 63°C, 50 s at 58°C, 1 min at 
72°C, and 23 cycles of 1 min at 92°C, 30 s at 63°C, 1 

' 
min at 72°C. One tenth of each PCR reaction was 
analyzed by agarose gel electrophoresis (Fig. 2). 

2.5. Assembly PCR 

The full length PCR products of V L and V H were 
purified by preparative agarose gel electrophoresis in 
combination with the QIAEX (Qiagen) or Jetsorb 
(Genomed) DNA extraction kit. Approximately 10 
ng of each VL and VH DNA were combined by 
SOE-PCR (Fig. 1C; Ge et al., 1995). An initial 
denaturation step (3 min, 92°C) was followed by 2 
cycles of 1 min at 92°C, 30 s at 63°C, 50s at 58°C, 1 
min at 72°C in the absence of primers. After adding 
the outer primers scback and scfor (Table 1, Fig. 1 C; 
each 1 J.LM), 5 cycles of 1 min at 92°C, 30 s at 63°C, 
50 s at 58°C, 1 min at 72°C, and 23 cycles of 1 min 
at 92°C, 30 s at 63°C, 1 min at 72°C were performed. 
One tenth of each PCR reaction was analyzed by 
agarose gel electrophoresis (Fig. 2). 

2.6. Sfil digest and cloning of scFv fragments into 
pAKJOO 

The gel-purified scFv fragment and the phage 
display vector pAK100 were both digested with Sfii 
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for 3 to 4 hat 50°C (Fig. 1D). After purification, the 
scFv fragment was ligated into the vector (molar 
ratio vector to insert 1.5: 1) and transformed into E. 
coli XL1-Blue (Stratagene). For library construction, 
ligation mixtures precipitated with n-butanol 

(Thomas, 1994) were electroporated into XLI Blue 
(Dower et aL, 1988; yield approximately 5 X 107 

clones per J.Lg Sfil-cut insert DNA). After plating on 
NE medium (non expression medium: 2 X YT con
taining 1% glucose and 25 J.Lg/ml chloramphenicol) 

Table 1 
Listing of the primers used for assembling mouse scFv fragments in the orientation VL-(G4 S)4-VH, which are compatible with the pAK 
vector system presented in Fig. 1 and Fig. 4 

.. . , 

Primer VL back: 

5' FLAG VL3' 
scback ttactcgcggcccagccgqccatggcggactacaaaG 

5' FLAG VL 3' 
LB1 gccatggcggactacaaaGAYATCCAGCTGACTCAGCC 
LB2 gccatggcggacta~a~a~AYATTGTTCTCWCCCAGTC 

LB3 gc ca tggcgq§..!,;,l;;g~~M..(JAX:ATTGTG~~CTCAGTC 
LB4 gccatggcggactacaaaGAYATTGTGXTBACACAGTC 
LB5 gccatggcggactacaaaGAXATTGTBATGAC~CAGTC 
LB6 gccatggcggactacaaaGAYATTMAGATBAMCCAGTC 
LB7 gccatggcggactacaggGAYATTCAGATGAYOCAGTC 
LB8 gccatggcggactacaaaGAYATXCAGATGACACAGAC 
LB9 gccatggcggactac~aGA1ATTGTTCTCA~CCAGTC 

LB10 gccatggcggactacaaaGAYATTGNGCT~ACCCAATC 

LB11 gccatggcggactacaaaGAYATT~TBATGACCCABTC 

LB12 gccatggcggactacaaaGAYRTT~TGATGACCCABAC 

LB13 gccatggcggactacaaaQAYATTGTGATGAC~CAGKC 

LB14 gccatggcggact~aaagAYATTGTGATAACXCAGGA 

LB15 gccatggcggactacaaaGAYATTGTGATGACCCAG~T 

LB16 gccatggcggactacaaaGAYATTGTGATGACACAACC 
LB17 gccatggcggactacaaaGAYATTTTGCTGACTCAGTC 
LBA gccatggcgga~tacaaaGATGCTGTTGTGACTCAGGAATC 

Primer VL fQr.;. 

LF1 
LF2 
LF4 
LF5 
LFA. 

5' {G1y4Ser) 3-linker VL 3' 
ggagccgccgccgcc(agaaccaccaccacc)2ACGTTTGATTTCCAGCTTGG 
ggagocgoogcogoo(agaaccaccaccacc)2ACGTTTTATTTCCAGCTTGG 
ggagccgccgccgcc(agaaccaccaccacc)2ACGTTTTATTTCCAACTTTG 
ggagccgccgccgcc(agaaccaccaccacc}2ACGTTTCAGCTCCAGCTTGG 
ggagccgccgccgcc(agaaccaccaccacc)2ACCTAGGACAGTCAGTTTGG 

Primer VH back: 

HB1 
HB2 
HB3 
HB4 
HB5 
HB6 
HB7 
HB8 
HB9 
HB10 
HB11 
HB12 
HB13 
HB14 
HB15 
HB16 
HB17 
HB18 
HB19 

Primer VH for: 

scfor 

HFl 
HF2 
HF3 
HF4 

s• (G1y4Ser)2-1inker BamHI VH 3' 
ggcggcggcggctccggtggtggtggatccGAKGTRMAGCTTCAGGAGTC 
ggcggcggcggctccggtggtggtgga~~GAGGT~CAGCT~CAGCAGTC 

ggcggcggcggctccggtggtggtggatccCAGGTGCAGCTGAAG~A~TC 

ggcggcggcggctccggtggtggtggatccGAGGTCCABCTGCAACABTC 
ggcggcggcggctccggtggtggtggatc~CAGGTXCAGCT~CAGCABTC 

ggcggcggcggctccggtggtggtggatccCAGGTYCABCTGCAGCAGTC 
ggcggcggcggctccggtggtggtggetc~CAGGTCCACGTGAAGCAGTC 

ggcggcggcggctccggtggtggtggatccGAGGTGAA~TGGTGGAATC 

ggcggcggcggctccggtggtggtggatccGA~GTGA~GXTGGTGGAGTC 

ggcggcggcggctccggtggtggtggatccGAGGTGCAG~GGTGGAGTC 

ggcggcggcggctccggtggtggtggatccGAKGTGCAMCTGGTGGAGTC 
ggcggcggcggctccggtggtggtggatccGAGGTGAAGCTGATGGARTC 
ggcggcggcggctccggtggtggtggatccGAGGTGCAECTTGTTGAGTC 
ggcggcggcggctccggtggtggtggatccGARGTBAAGCTTCTCGAGTC 
ggcggcggcggctccggtggtggtgg~t9~GAAGTGAARSTTGAGGAGTC 

ggcggcggcggctccggtggtggtggatccCAGGTTACTCTBAAAG~GT~TG 

ggcggcggcggctccggtggtggtggatcQCAGGTCCAACT~CAGCABCC 

ggcggcggcggctccggtggtggtggatccGATGTGAACTTGGAAGTGTC 
ggcggcggcggctccggtggtggtggatccGAGGTGAAGGTCATCGAGTC 

5'EcoRI 3' 
ggaattcggcccccgag 

5 ' EcoRI VH 3 ' 
ggaattcggcccccgaggcCGAGGAAACGGTGACCGTGGT 
ggaattcgggccccgaggcCGAGGAGACTGTGAGAGTGGT 
ggaattcggcccccgaggcCGCAGAGACAGTGACCAGAGT 
ggaattcggcccccgaggcCGAGGAGACGGTGACTGAGGT 

d !J.1 
2 1 
4 2 
8 5 

' 8 3.5 
8 4 

16 7 
12 6 

4 1.5 
4 2 
8 3.5 

16 8 
16 8 
12 6 

4 2 
4 2 
2 1 
2 1 
1 1 

1 1 
1 1 
1 1 
1 1 

Mix 

1 0.25 

d !J.l Mix 
8 4 
9 4 
4 3 
4 4 

12 7 
4 2 
1 1 
4 2 

12 5 
4 2 
4 2 
2 2 
2 1 
4 2 
4 2 
8 5 
6 3.5 
1 0.7 
1 0.7 

1 1 
1 1 
1 1 
1 1 
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in 530 cm2 dishes (Nunc) and overnight incubation 
at RT, the colonies were scraped off the plates into 8 
ml 2 X YT (Sambrook et al., 1989) and subsequently 
stored at - 80°C after addition of 10% glycerol. 

2. 7. Rescue of scFv displaying phages 

To rescue scFv displaying phages, 50 ml NE 
medium was inoculated with approximately 109 cells 
from the glycerol library stock. The culture was then 
shaken at 37°C. At OD550 = 0.5, 1011 cfu helper 
phage VCS (Stratagene) and 25 JLl 1 M IPTG solu
tion were added. After 15 min incubation at 37°C 
without agitation, the culture was diluted in 100 ml 
LE medium (low expression medium: 2 X YT ·con
taining 1% glucose, 25 J,Lgjml chloramphenicol and 
0.5 mM IPTG). The culture was then shaken for 10 h 
at 26°C for phage production. 2 h after infection 30 
p,gjml kanamycin was added. Phage particles were 
purified and concentrated 100-fold by two 
PEGjNaCI precipitations (Sambrook et al., 1989), 
resuspended in PBS and stored at 4°C. After 
overnight culture typically a phage titer in the range 
of 1011 cfujml was observed. 

2.8. Selection of antigen binders by panning 

For selection, immunotubes (Nunc, Maxisorp) 
were coated overnight at 4°C with 4 ml of 10-100 
J.Lg/ ml antigen solution (for the anti-ampicillin li
braries: 100 JLg/ml transferrin-EMCS-ampicillin in 

PBSU (1: 1 mixture of PBS (20 mM NaPi, 150 mM 
NaCI, pH 7.2) and urea-NaPi buffer (8 mM urea, 50 
mM NaPi, pH 7.0)); for anti-leucine zipper mAb 
13AD: 10 J,Lgjml biotin-LZss/ streptavidin complex 
(Leder et al., 1995) in 34.8 mM NaHC03 , 15 mM 
Na2C03 , 0.02% NaN3 , pH 9.6; ·for the anti-EGP-2 
mAb MOC31: 100 JLg/ml EGP-2 in PBS). After 
blocking with 4% dried skimmed milk powder in 
PBS for 2 h at room temperature (RT), 1011 phagemid 
particles in 4 ml PBS containing 2% milk were 
added and incubated for 2 h with rocking at RT. 
Tubes were then washed 15 times with PBS/0.1% 
Tween and 15 times with PBS. Bound phages were 
eluted from the tube with soluble antigen (1 ml 10 
mM ampicillin in PBS; anti-ampicillin libraries) or 
800 JL] 0.1 M glycinejHCl pH 2.2 for 10 min. The 
latter solution was neutralized with 48 JLl 2 M Tris 
and the phages (typically 104 -106 cfujml) were 
used for reinfection (30 min at 37°C without agita
tion) of E. coli XL1-Blue cells in NE medium 
(OD550 = 0.5-0.8). In the case of elution with ampi
cillin, the solution was treated with 2 units of {3-
lactamase for 15 min before reinfection. This subli
brary was rescued as described above and subjected 
to further panning rounds or binding analysis by 
phage ELISA. 

2.9. Phage ELISA 

Single colonies were grown separately in 2 ml NE 
medium at 37°C. After reaching OD550 = 0.3, 1 ml 

Table 1 (continued). In this nomenclature, 'back' refers to 'toward the 3' end of the antibody gene' and 'for' to 'toward the 5' end of the 
antibody gene'. The sequences are given using the IUPAC nomenclature of mixed bases (shown in underlined capital letters, R = A or G; 
Y = C or T; M = A or C; K = G or T; S = C or G; W = A or T; H = A or C or T; B = C or G or T; V = A or C or G; D = A or G or T), 
with a column listing the d-fold degeneration encoded in each primer and the ~1 to be used to set up the PCR mix. The LB 1-LB 17 series 
encodes a stretch of 20 bases hybridizing to the mature mouse antibody K sequences (in capital letters). Underlined is the preceding 
sequence which encodes the shortened FLAG sequence (Knappik and Pllickthun, 1994). Since the FLAG tag uses the fixed N-terminal 
aspartate of the mature antibody (encoded by GAY), only three additional amino acids are necessary. The FLAG codons are then preceded 
by the codons specifying the end of the pelB signal sequence. The LB A primer for mouse lambda chains is constructed in an analogous 
manner (theN-terminal gh.ltamate of the mature mouse A sequence is replaced by aspartate (encoded by GAT) to generate a FLAG tag). 
The VLfor primer sequences are complementary to the J elements of K or A chains (capital letters) and encode three repeats of the Gly4Ser 
sequence, the terminal one (bold) of which has a different codon usage so that incorrect overlaps during the PCR assembly reaction are 
minimized. The VHback primers encode the other part of the linker as well as a BamHI recognition site (underlined), and the overlap with 
VLfor in the sequence shown in bold. The 20 bases given in capital letters hybridize with the mature mouse VH sequences. The last 19 nt at 
the 3' end of the VHfor primers hybridize with the JH region. The first nt shown in capital letters will introduce a silent mutation at the end 
of V H in order to code for the first nt of the second Sfil recognition site (underlined). The final assembly of the scFv gene by SOE-PCR is 
carried out with the scback and scfor primer set. The outer primer scback encodes the first Sfil site (underlined). All primers contain a 
phosphorothioate at the 3' end, with the exception of scfor, to avoid potential interference with Sfil digestion. 
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NE medium complemented with 5 X 109 cfu VCS 
helper phage (Stratagene) and 1 .5 mM IPTG was 
added. The cultures were allowed to produce scFv 
displaying phages during overnight incubation at 
24°C. Phages from 1.6 ml culture supernatants were 
PEG precipitated and dissolved in 200 J.Ll PBS. For 
anti-leucine zipper hybridomas 1 3AD and 42PF, scFv 
displaying phages were produced and concentrated 
100-fold by PEG precipitation as described for the 
phage panning experiments. 10-100 J.Lg/ ml antigen 
(for the anti-his tag hybridoma 3D5: 100 J.Lg/ml 

A light chain mANA 
AAAAAn -

pd(N)G 

his-tagged citrate synthase in PBS; for the anti
leucine zipper hybridoma 42PF: 10 J.Lg/ml BSA
LZ(7P14P) in 34.8 mM NaHC03 , 15 mM Na2C03 , 

0.02% NaN3 , pH 9.6; for the anti-DDT hybridoma 
3D7: 70 J.Lg/ml J3-alaninamide-DDT conjugated to 
lysozyme; for the anti-ampicillin library and the 
hybridomas 13AD and MOC31: coating solutions as 
described for the panning procedure above) was 
coated onto NUNC plastic ELISA plates by overnight 
incubation at 4°C. 50 J.Ll phage solution per well was 
mixed with 50 J.Ll 4% dried skimmed milk powder in 

heavy chain mANA 

- AAAAAn 
pd(N)G 

8 
LB mix HB mix 

'-
t c h a in eDNA 

c scback'\._ 
Sf il 

n-IIFLA-: :: :q~==:-::-:==r-----, '\Zi"' - I I 
I 

I 

D 

TCGGCCGG~FLA I 
CGGCC(J ~ .u -- v -

DYKD 

E 

Sf i I 

/ Lac I ti-P Lac p/o pelS t et· 
·~· 

,... 
w 

pAK100 6425 bp -0 
0 
, 

cam 

~o-. antigen 

F 
~o-antigen 

t--antigen 

'--
hl-"rlV c hain eDNA 

I 

. --

Sf i I 

~ 

myc 

EcoRI 

. 
' 

-- - -

* 

~ II 
- scfor 
Sfil 

)s:iGC..c.l:CGG 
C<;GGA 

g Ill 2 so ... o e t lpp -~ 
\ 

Hind Ill -..... 
0 .., 
-· 

/ 

ss pAK1 OOscFv 
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PBS in the presence or absence of competing soluble 
antigen and incubated at RT for 10 min. After wash
ing and blocking (blocking buffer: 4% dried skimmed 
milk powder in PBS) of the ELISA wells, the phage 
solution was added and incubated for 1 h at RT. 
After washing, 100 ~-tl of 1/5000 diluted HRP janti 
M13-conjugate (Pharmacia) in blocking buffer was 
added and incubated for 1 h at RT. For detection, 
100 ~-tl soluble BM blue POD-substrate (Boehringer 
Mannheim) was used. 

2.10. Soluble expression of scFv fragments in 
pAK300 and pAK400 

For soluble expression, 20 ml expression medium 
(2 X YT containing 25 J.Lg/ml chloramphenicol) was 
inoculated with 200 J.Ll of preculture (JM83 harbor
ing the expression plasmid for the anti-ampicillin 
scFv antibody aL2, pAK300scFvaL2 or 
pAK400scFvaL2, respectively; grown overnight at 
RT in NE medium) and incubated in a shaking 
waterbath at 24°C. Expression was induced at OD600 

= 0.5 with 1 mM IPTG and allowed to proceed for 4 
h at 24°C. To monitor total scFv production, an 
aliquot of the culture was diluted in PBS to an 
OD600 = 1 and mixed with 5 X reducing SDS-PAGE 
sample buffer (Sambrook et al., 1989). The rest of 
the culture was adjusted to OD600 = 5 by centrifuga-

tion and resuspension in 2 ml PBS. The cells were 
disrupted three times by French press and separated 
into soluble and insoluble fractions by centrifugation 
(soluble fraction = supernatant; insoluble fraction = 
pellet vortexed in the same buffer volume). Aliquots 
of both fractions were mixed with 5 X reducing 
SDS-PAGE sample buffer. A 12.5 J.Ll aliquot of each 
sample was used for 0.1% SDS-12% PAGE and 
subsequent Western blot detection. 

2.11. Western blot 

Gels were blotted onto PVDF membranes using 
standard protocols. The scFv fragments were de
tected using the anti-FLAG mAb Ml (Kodak), fol
lowed by an anti-mouse lgG peroxidase conjugate, 
essentially as described in Knappik and Pltickthun 
(1994). 

2.12. Sequencing 

Nucleic acid sequences were detem1ined either by 
manual Sanger dideoxy sequencing (USB Sequenase 
kit), or by cycle sequencing (Sequi Therm Long-Read 
Cycle Sequencing Kit-LC, Epicentre Technologies) 
with fluorescent primers using a DNA sequencer 
(LI-COR). 

Fig. 1. Scheme of amplification and cloning procedure. A: eDNA synthesis. mRNA derived from spleen cells or hybridomas and random 
hexamer primer (pd(N)6 ) or subclass specific primers (not shown) are used for eDNA synthesis. B: PCR amplification of VL and VH 
domains. The eDNA is used as the PCR template for the amplification of V L and V H domains by the primer mixes indicated (listed in Table 
1). C: assembly SOE-PCR. V L and V H PCR products are first assembled into the scFv format (splicing by overlap extension) without 
primers and subsequently amplified by the outer primer pair scback and scfor. D: Sfii digestion of the amplified scFv fragment. The rare 
cutting enzyme Sfii is the only enzyme used for antibody cloning. E: ligation of Sfil digested pAKlOO vector and insert. Note that 
directional cloning of the Sfii inserts is guaranteed because of the different Sfii sticky ends shown. In addition, self-ligation of insert or 
vector molecules is excluded by the asymmetry of the overhang. The phage display vector pAKlOO contains a tet resistance cassette (tetA 
and tetR; 2101 bp) to facilitate monitoring of complete Sfil digestion by gel electrophoresis and by religating and subsequent plating on tet 
plates, the lac/ repressor gene, a strong upstream terminator (tHp), the lac promoter/operator and the pelB leader sequence, which has 
been modified to contain an Sfil site (for details see Fig. 3A). After ligation, the antibody fragment is fused in frame to genelll250-406 
(Fig. 3B ). The in-frame fusion contains a myc-tag (Munro and Pelham, 1986) to act as a detection handle, in addition to the short 3-amino 
acid FLAG tag at the N-terminus (Knappik and Pl\ickthun, 1994). The asterisk represents an amber codon. The genelll portion starts at 
position 250 of the wt genelll protein (glllp), thus avoiding extraordinarily long glycine linkers and, most importantly, any unpaired 
cysteine of glllp. The expression cassette is followed by a downstream terminator (t1PP). The origins for phage replication and plasmid 
replication are as described in Ge et al. (1995). The chloramphenicol (cam) cassette is originally derived from pACYC184, but its 
expression strength has been modified by randomizing the promoter and selecting clones with optimal growth and selection properties 
(Krebber et al., 1995). F: detection and enrichment of binding scFv sequences by phage display. The scFv insert is displayed on the tip of 
filamentous phage whereas the genetic information encoding for the particular scFv fragment is packaged as single stranded DNA (ss 
pAKl OOscFv) in the phage interior. Panning of single-chain antibody displaying phages against the antigen allows the enrichment of 
functional antibody sequences. 
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3. Results 

3.1. Design features of the improved phage display 
system 

The reengineered phage display system and opti
mized methodology used in this work combines the 
following significantly improved features. 

(i) In many cases, previously reported primer sets 
were too restricted to amplify either particular light 
or heavy chains (Table 2). Therefore, the set of 
mouse primers used in this study (Table 1) has been 
extended and optimized. It incorporates all mouse 
V H, v~.. and VK sequences collected in the Kabat data 
base (Kabat et al., 1991) and combines extended 
primer sets described by Kettleborough et al. ( 1993 ); 
0rum et al. (1993) and Zhou et al. (1994). 

(ii) The V L back primer set encodes a convenient, 
shortened version of the FLAG peptide, which intro
duces only three additional amino acids at the N
terminus of V L . In this way, the scFv can be easily 
detected and purified by a commercially available 
mAb (Knappik and Pllickthun, 1994; Ge et al., 1995; 
Kalinke et al., 1996). 

(iii) To minimize PCR errors, polymerases with 
proof-reading capacity are used whenever possible 
(Marks et al., 1991; Yamanaka et al., 1995). 

(iv) The scFv fragment is efficiently assembled by 
SOE-PCR (splicing by overlap extension; Horton et 
al., 1989) from two (Ge et al., 1995; Vaughan et al., 
1996) rather than three pieces ( Clackson et al., 1991; 
0rum et al., 1993; recombinant phage antibody sys
tem (Pharmacia)). 

( v) To avoid the occurrence of incorrect overlaps 
during assembly PCR, the four ( Gly 4 Ser) repeats in 
the single chain linker region are encoded by differ
ent codons (Table 1; Ge et al., 1995). In order to 
reduce the dimerization or aggregation tendency of 
scFv fragments (Desplancq et al., 1994; Huston et 
al., 1995), the linker between V L and V H is 20 
amino acids in length rather than the frequently used 
15 amino acids long variant. 

(vi) Sfil is the only enzyme used for directional 
cloning of scFv fragments into the optimized phage 
display vector pAKl 00 (Fig. 1 E). The use of this 
enzyme has a number of distinct advantages: Sfil 
recognizes eight bases, interrupted by five non-re
cognized nucleotides (5' -GGCCNNNNNGGCC-3'). 

' 

Sfil restriction sites are therefore very rare in anti
body sequences, thus elimination of potentially inter
esting sequences by internal digestion is very un
likely. Two different sticky ends were designed to 
a11ow cloning of the scFv fragment in a directional 
manner. In contrast to the palindromic sticky ends, 3 
bp overhangs derived from Sfil sites render impossi
ble self-dimerization by either insert or vector. Fi
nally, Sfil has the interesting property that it always 
cuts two sites at once (Wentzell et al., 1995), and 
therefore single-cut plasmids or inserts do not occur 
as intermediates. Digestion of vectors or inserts with 
single Sfil sites requires the binding of two different 
DNA molecules to the restriction enzyme and slows 
the turnover rate (Wentzell et al., 1995). While 

. 

vectors with asymmetric Sfil sites have been de
scribed (Zelenetz, 1992; Barbas and Wagner, 1995; 
Yang et al., 1995), surprisingly this feature has not 
been used in antibody library cloning. Usually only 
one Sfil site, mostly in combination with Notl as a 
second site, is used (Hoogenboom et al., 1991 ; 0rum 
et al., 1993; Vaughan et al., 1996). Other systems 
employ a set of four enzymes to clone V L and V H 

independently of each other (Orlandi et al., 1989; 
Barbas et al., 1991 ; 1 ohansen et al. , 1995; Yam an aka 
et al., 1995). These systems thus run a significantly 
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Fig. 2. DNA gel. PCR amplification of V L and VH from mouse 
hybridomas 13AD and 42PF using the pritner sets li sted in Table 
1. Lane 1: VH mAb 42PF; lane 2: V L mAb 42PF; lane 3: 
assembled scFv 42PF; M : 1 kb marker (Gibco); lane 4: VH mAb 
13AD ; lane 5: V L mAb 13AD; lane 6: assembled scFv 13AD. A 
1.5% agarose gel is shown . 
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higher risk of cutting in antibody genes and they also 
incorporate internal restriction sites in the variable 
region genes that create mismatches with the anti
body template and bias amplification by poor primer 
hybridization. Furthermore, Avril, Sacl and Spel 
sites, which are present in most sets of enzymes used 
to date, cut in the majority of mouse A chains and 
are therefore not suitable for simultaneous cloning of 
A and K light chains. 

(vii) A frequently observed phenomenon is the 
contamination of antibody libraries with uncut recip
ient vectors (Courtney et al., 1995; Johansen et al., 
1995). Normally antibody-free vectors have a growth 
advantage over scFv-encoding ones and cause prob
lems during the enrichment of antigen-binding anti
body sequences by phage display. Therefore, the 
pAK100 vector (Fig. 1E), with a tetracycline resis
tance cassette (tetA and tetR; 2101 kb) inserted 
between the two different Sfil sites is used as the 
recipient. Digestion with Sfil yields a linearized 

Table 2 
Summary of cloned hybridomas 

Hybridoma cell line 13AD 42PF 

Isotype A, IgGl K, lgG2b 

' 

Tumor cell fusion partner X63Ag8.653 X63Ag8.653 
Antigen LZ LZ(7P14P) 
Binders without panning Oj20 2/ 14 
Binders after two panning rounds 5/ 6 nd 
Identified aberrant or aVH13AD.l aVL42PF.A 

non-binding sequences aVH13AD.2 

PCR amplification by: Phannacia Primer Mix 

VL No No 

VH Yes Yes 
Primers derived from Orlandi et al., 1989 

VL nd nd 

VH nd nd 

vector which can be easily separated from the uncut 
one by gel electrophoresis. The loss of tet resistance 
can further ensure complete cutting of the recipient 
vector. 

(viii) In order to avoid immunity to superinfection 
(Stengele et al., 1990), which is caused by expres
sion of fusion proteins containing full length glllp, it 
is beneficial to use a truncated version of glllp. The 
truncated gill 250--406 (Fig. 3B; Lowman et al., 
1991), which is shorter than the more commonly 
used gill 198-406 version, was chosen in order to 
eliminate a long glycine I serine rich linker stretch 
that favored instability. More importantly, the un
paired cysteine 201 at the end of the N-terminal 
domains, which reduces the folding yield of anti
body-gill fusions (data not shown) was also removed 
by this approach. Given that even background ex
pression of truncated pill fusions has been shown to 
be able to suppress superinfection to some extent 
(0rum et al., 1993), it is furthermore an important 

3D5 MOC31 3D7 

K, IgG2b K, IgGl K, IgGl 
X63Ag8.653 X63Ag8.653 X63Ag8.653 
(his)5 tag EGP-2 DDT 

4/12 Oj 22 3/10 
nd 8/ 10 nd 
nd nd nd 

nd nd No 
nd nd Yes 

nd No nd 
nd aVHref nd 

Five hybridomas of three different isotypes have been cloned according to the scheme outlined in Fig. 1 and Fig. 9. For all hybridomas 
X63Ag8.653 (Kearney et al., 1979) was used as the tumor cell fusion partner. Hybridoma 13AD and 42PF produce antibodies directed 
against leucine zippers (Leder et al. , 1995), 3D5 against C-terminal his tags (Lindner et al., 1997), MOC31 against the epithelial 
glycoprotein-2 (Souhami et al. , 1988) and 3D7 against a derivative of DDT (Blirgisser et al., 1990). Functional binders (signal > 10 times 
background) are identified by phage ELISA as described in Section 2. The amino acid sequences of all identified aberrant chains are listed 
in Fig. 5. The sequences of aVH13AD.l and aVHref are identical (except for amino acid 56; Fig. 5) to the aberrant VH sequence published 
by Kiitemeier et al. (1992). The same sequence was exclusively found (three independently sequenced clones) during VH amplification of 
hybridoma MOC31 using primers derived from Orlandi et al. (1989), whereas VL could not be amplified using this primer set. 
Amplification of VL using the commercially available primer mix of Pharmacia failed in the case of hybridomas 42PF and 3D7, probably 
because appropriate sequences are absent from this mix, as well as for hybridoma 13AD, due to its A isotype (nd =not detennined; no = no 
PCR product detected; yes= PCR product detected). 
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A 

pAKlOOscFv, pAK200scFv, pAK300scFv 

end laci 
... ATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGC 
... M Q L A R Q V S R L E S G Q * 

• tHP termJ.nator 
GGT~CCCGATAAAAQCGGCTT~QTgAQA~QA~CCGTTTTGTTTTGCAGC 

CAP binding site 
CCACCTCAACGCAATTbATGTGbGTTAGCTCACTCATTAGGCACCCCAGG 

-35 -10 lac-operator 
CTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGA 

1-> mRNA 

SDl LacZ 
TAACAATTTCACACAQGAAACAGCTATGACCATGATTACGAATTTCTAGA 

M T M I T N F * 

SD2 pelB signal sequence 
TAACGAGGGCAAATCATGAAATACCTATTGCCTACGGCAGCCGCTGGATT 

M K Y L L P T A A A G L 

Sfii FLAG VL 
GTTATTACTCGCGGCCCAGCCGGCCATGGCGGACTACAAAGAY ••• 

L L LA A Q PAM AD Y K D ••• 

pAK400scFv 

SD2 pelB signal sequence 
... G~9~AGATATACATATGAAATACCTATTGCCTACGGCAGCC .. . 

T7gl0 M K Y L L P T A A .. . 

B 

pAKlOOscFv 

VB Sfii EcoRI myc tag 
••• CGGCCTCGGGGGCCGAATTCGAGCAGAAGCTGATCTCTGAGGAAGAC 
••• AS G A E FE Q K LISEE D 

geneiii 250-406 
CTGTAGGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAG ... 
L * G G G S G S G D F D Y E K • • • 

pAK200scFv 

VH Sfii geneiii 250-406 
••• CQGCCTCGGGGGCCGAGGGCGGCGGTTCTGGTTCCGGTGATTTT .. . 
••• AS G A EGG G S G S G D Y .. . 

pAK300scFv, pAK400scFv 

VH Sfii his tag 
••• CGGCCTCGGGGGCCGATCACCATCATCACCATCATTAGT ... 
• • • A S G A D H H H H H H * 

improvement to engineer the system such that com
plete product repression prior to helper phage infec
tion can be ensured (see below). 

c 
pAK500scFv 

VH Sfii EcoRI dHLX 
••••• CGGCCTCGGGGGCCGAAT'ICCCCAAACCTAGCACCCCCCCTGGCA 
••••• A S G A E F P K P S T P P G S 

GCAGTGGTGAACTGGAAGAGCTGCTTAAGCATCTTAAAGAACTTCTGAAG 
S G E L E E L L K H L K E L L K 

GGCCCCCGCAAAGGCGAACTCGAGGAACTGCTGAAACATCTGAAGGAGCT 
G P R K G E L E E L L K H L K E L 

his tag 
GCTTAAAGGTGGGAGCGGAGGCGCGCCGCACCATCATCACCATTGACGTC 

L K G G S G G A P H H H H H * 

Hindi II 
TAAGCTT ... 

pAK600scFv 

VH Sfii EcoRI alkaline phosphatase (AP) 
••• CGGCCTCGGGGGCCGAATTCCGGACACCAGAAATGCCTGTTCTG ... 

A S G A E F R T P E M P V L 
start AP 

Hindi II 

• • • 

. .. CTCTTCTACACCATGAAAGCCGCTCTGGGGCTGAAATAAGCTT ... 

... L F Y T M K A A L G L K * 
end AP 

Fig. 3. A: upstream sequence of pAKlOOscFv, pAK200scFv, 
pAK300scFv and pAK400scFv. The region from the end of the 
lac/ repressor gene to the beginning of the antibody V L domain is 
shown. The lac! repressor gene, t HP terminator sequence, CAP 
binding site, lac pro1notorl operator region (lac pI o) including 
the -35 and - 10 sequence, Shine-Dalgarno (SD) sequence of 
lacZ (SD1), lacZ peptide, a second SD sequence (SD2), pelB 
signal sequence, N-terminal Sfil site, four amino acid FLAG tag 
and the start of the V L dotnain (bold) are indicated above the 
sequence. For pAK400. the 15 bp upstream from the pelB start 
codon are replaced by a sequence including Lhe SD sequence of 
the phage T7 genelO. B: downstreatn sequence of pAKlOOscFv, 
pAK200scFv, pAK300scFv and pAK400scFv. Relevant differ
ences in the downstream sequences of pAKtOO, pAK200, pAK300 
and pAK400 are shown. The last two bases of VH (bold), Sfii and 
EcoRI restriction sites, myc or his tags and the start of 
genelll(250-406) arc indicated above the sequence. The stop 
codons are represented by asterisks. This corresponds to the 
region of the right-hand Sfil site in Fig. 4. C: sequences of 
EcoRIIHindiil fusion cassettes as used in pAK500 and pAK600. 
The dHLX dimerization motif was taken from Pack ct al. (1993). 
The complete sequence of the mature E. coli alkaline phosphatase 
(AP) gene can be found in Shuttleworth et al. (1986). In order to 
provide a EcoRJ IHindlll cloning cassette, the two internal EcoRI 
sites of the AP-gene have been removed by silent mutations (A. 
Knappik, unpublished data). 

(ix) A strong upstream tHP terminator (Nohno et 
al., 1986) was incorporated between the lac/ gene 
and the lac promoter region of pAKlOO (Fig. lE, 
Fig. 3A). This tHP terminator sequence, in combina-

' .. -: 



A. Krf'bbf'r eta/. I Journal t~f' !mmww/ogica/ M ethods 201 ( 1997) 35- 55 45 

tion with glucose repression o f the lac promoter (De 
Bellis and Schwartz, 1990), completely abolishes 
background expression be fore induction (for details 
see Krebber et al .. 1996a). By these measures, selec
tion against toxic scFv-glll fusion proteins is avoided 
during propagation steps and plasmid maintenance is 
thus significantly improved . 

Sf i I 

A 
~ 

(x) The lac repressor is encoded on the phagemid 
to ensure strain independent lac promoter repres-
. 

SIOn. 

(x i) Combining a synthetic S O sequence with a 
peLB signal sequence (Fig. 3A) leads to an only 
moderate level of translation allowing a low level of 
scFv-giTT expression upon induction by IPTG. 

Sf i I 

I 2C.O· <t M 

EcoRl Hind Ill -w 
p AK100 6425 bp ~ -0 

0 () ., 

Sf i I Sf i I 

I ~Hglll m·•oel 8 p A K200 -ipe iBH H~"t> phage display 

Hind Ill 
Sf i I Sfil 

c I lie~~6h is~ IMAC purification pAK300 -jpe1aH 
C-terminal detection 

Hind Ill 

Sf i I Sf i I 
enhanced expression 

D pAK400 IMAC purification 
Hind Ill C-terminal detection 

Sf i I Sf i I 

dimerization 
E pAK500 IMAC purification 

EcoRl H indi II 

Sf i I Sf i I 

dimerization 
F pAKGOO direct detection 

EcoRI Hind Ill 

Fig. 4. pAK vector scric,. Phage display vector pAKIOO ( A) and related vector~ (8-F) are u~eful to build 1110d ilications into antibody 
fragmenL~ cloned by the stralcgy oullined in Fig. I and Fig. 9. pAK200-pAK600 con lain the same clements as described for pAK 100 excepl 
for the modified cassettes shown. All vectors contain a 1e1 resistance ca~setle (tetA and 1e1R ; 2 101 bp) to facilitate the monitoring of Sfil 
cutting. The in-fTame fusion to gcnelll250- 406 using pAKI OO (A) leads firslly into a myc-lag (Munro and Pe lham, 1986) to be used as a 
detection handle. followed by an amber codon (asterisk). Depending on the strain used it is possible to switch between soluble expression of 
scFvs (in the case of non-suppressor strains such as JM83) and expression of scFv gene3 fusions (with suppressor strains such as 
XLI-Biue). The direct in-frame fusion to geneln250-406 a~ in pAK200 (B) Jacks the EcoRJ site, myc-tag and amber codon. C-lerminal his 
tag fusions can be used for purificat ion by IMAC a~ well as for dctcclion by an anti his tag antibody (Lindner et al .. 1992, 1997; Kalinke et 
al., I 996) (C. D). Fusion partners. including helices for dimerization (Pack et al.. I 993) ( £) and alkaline phosphatase (AP) for direct 
detection of antigens by dirncrizcd APscFv fusions (Lindner et al., 1997) ( F ), can be added to pA K I 00 or pi\K400. The expression strength 
of either antibody or ant ibody fusions can be enhanced by replacing the original Shine Dalgarno (SD2) sequence by the stronger S DTigiO. 
as carried out in pAK400 (D). 



46 A. Krebber et al. / Journal of lmJnunological Methods 201 ( 1997) 35-55 

(xii) The insertion of an amber codon upstream of 
iJgene//1 in pAKlOO, as described by Hoogenboom 
et al. (1991) and Lowman et al. (1991), allows 

switching between expression of membrane an
chored scFv-geneiii250- 406 fusion proteins and sol
uble scFvs simply by changing the expression host. 

A: VL lambda 
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It must also be taken into account, however, that 
amber suppression is not complete and for this rea
son, an analogous phage display vector was con
structed (pAK200; Fig. 4B ), lacking the stop codon 
of pAK100. This leads to a higher proportion of 
displayed scFv-geneiii fusion protein, as monitored 
by ELISA and Western blot (data not shown). Direct 
competition of the same scFvs cloned into pAK100 
or pAK200, however, reproducibly results in a com
plete enrichment of the pAK100 vector type after 
one round of phage panning (data not shown). This 
suggests that the lower level of fusion protein ex
pression is a selective advantage. 

(xiii) Chloramphenicol resistance (Kang et al., 
1991) was used as the selective marker because it 
was found to allow more stringent selection than 
attainable with ampicillin, since the resistance pro
tein does not leak into the medium. Furthermore, the 
use of chloramphenicol is advantageous over that of 
kanamycin or tetracycline because it does not reduce 
the phage titer as much (Johansen et al., 1995; 
Krebber et al., 1995; Krebber A., unpublished obser
vations). 

(xiv) The procedure can be used for library 
cloning, e.g. the repertoire from immunized mice, as 
well as for cloning of single sequences from hy
bridomas in a similar way. Furthermore, it is directly 
compatible with the recently introduced selectively 
infective phage system (SIP), which allows in vivo 
and in vitro selection of cognate protein /ligand in
teractions by strictly coupling the infectivity of fila
mentous phages to the binding event (Krebber et al., 
1995; Krebber et al., 1996b). 

(xv) Since the optimized phage display vector 
pAK100 is engineered to achieve low levels of ex
pression, it is not a useful large scale production 

system for well folding and soluble antibody frag
ments. Thus, a compatible high-level expression 
plasmid has also been engineered. (Fig. 3A, Fig. 
4D). 

(xvi) A compatible vector series that facilitates 
various modifications of scFv fragments subsequent 
to cloning into pAK100 is also available (Fig. 3B, 
Fig. 3C, Fig. 4C-F; see also Ge et al., 1995). 

3.2. Amplification of V region genes and assembly 
into the scFv format 

The V L back primer mix (LB 1-17 and LB A, 
representing a total of 131 variants) paired with five 
VL forward primers (LF1, 2, 4, 5 and LFA) and the 
VH back mix (HB1-19, representing a total of 94 
variants) paired with four V H forward primers (HF1-
4) have been used to amplify VL and VH domains 
from a variety of antibody cDNAs (Table 2). 

Our improved primer set (Table 1) has been tested 
in different laboratories on eDNA derived from 12 
hybridoma cell lines of different specificities and 
family sub-types to date. In all cases, the first PCR 
amplification yielded sufficient amounts of products 
for cloning, with a sharp band at the predicted size of 
375-402 bp for VL or 386-440 bp for VH. Typical 
examples of VH and VL genes amplified from eDNA 
of two hybridomas, 42PF and 13AD, which secrete 
monoclonal antibodies directed against leucine zip
pers (Leder et al., 1995), are shown (Fig. 2). Using 
the same eDNA in combination with a commercially 
available primer mix (recombinant phage antibody 
system (Pharmacia)) or primers derived from Orlandi 
et al. (1989), amplification of VL failed in several 
cases (Table 2), underlining the importance of an 
extended primer mix. 

Fig. 5. Sequence alignment of functional and aberrant variable domains expressed by the hybridoma cell lines 13AD and 42PF. Residue 
numbers are according to Kabat et al. (1991). The 7 amino acids at each end are encoded by the PCR primer sequences. A: VA amino acid 
sequences. VL42PF.A: non-binding VA found in clone 42PF; identical to germline VAl sequence (Weiss and Wu, 1987) except for F9f.Y. 
VL13AD (X99507): functional, antigen-binding VA sequence of hybridoma 13AD. B: VK amino acid sequences. VL42PF.K (X99509): 
functional, antigen-binding sequence of clone 42PF. aVLref: aberrant VK transcript found in P3X63Ag8.653 (Carroll et al., 1988 (M35669); 
Duan and Pomerantz, 1994; Cabilly and Riggs, 1985; Strohal et al., 1987; Yamanaka et al., 1995). C: VH amino acid sequences. VH42PF 
(X99508 ): functional V H of hybridoma 42PF. VH 13AD (X99506): functional V H of hybridoma 13AD. a VH13AD .1: aberrant V H .1 found in 
clone 13AD, showing a frameshift in CDR3. aVHref: non-functional VH published by Yamanaka et al. (1995); this sequence is identical to 
the unpublished result of Mocikat (D50398). aVH13AD.2: aberrant VH.2 found in 13AD. Sequence is different to aVH13AD.1, and also 
contains a frameshift in CDR3. EMBL accession numbers are given in brackets. 
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For further analysis the V L and V H PCR products 
of 42PF and 13AD have been cloned separately into 
the pCR-Script vector (Stratagene) and sequenced. 
For 42PF two plausible light chain sequences devoid 
of frameshifts, stop codons, deletions or atypical 
amino acids for murine V L domains (VL42PF. K, 

VL42PF. A) were found, together with one heavy 
chain sequence (VH42PF) (Fig. 5). For hybridoma 
13AD only 3 of 57 clones analyzed contained a bona 
fide functional heavy chain gene, denoted VH13AD, 
whereas two additional non-functional heavy chain 
sequences a VH 13AD .1 (five clones) and 
aVH13AD.2 (49 clones) were found (Fig. 5). Both 
heavy chains are aberrantly rearranged at the DJ 
recombination site in CDR3 and contain several 
framework amino acids which deviate from the ob
served consensus of antibody sequences (Fig. 5). 
Sequencing of five V L chains, amplified exclusively 
by the A primer pair LBA/LFA, yielded a unique 
sequence denoted VL13AD (Fig. 5). Thus, both the 
13AD and 42PF hybridoma produced more than one 
PCR-amplifiable heavy or light chain. 

As outlined in Fig. 1, all amplified V L and V H 

domains have been linked by SOE-PCR, as shown 
for 13AD and 42PF (Fig. 2). These were subse
quently digested by Sfii and ligated into the im
proved phage display vector pAK100. 

3.3. Screening and enrichment of functional scFu 
sequences derived from hybridomas 

After transfonnation of the ligation reaction into 
the recombination deficient E. coli strain XL 1-Blue, 
10-22 individual colonies were grown separately 
and infected by helper phage as described in Section 
2. The recombinant scFvs, displayed on the surface 
of filamentous phage, were tested for antigen binding 
in a typical phage ELISA. In those cases where the 
parental hybridoma cell line did not produce large 
amounts of contaminating, non-functional light or 
heavy chain, about one third of the screened colonies 
contained the sequence information of the binding 
scFv fragments (examples are hybridoma 42PF am
plified with a V L K mix, devoid of A primers and 
hybridomas 305 and 307; Table 2). At the other 
extreme, an initial screening of phages derived from 

i individual colonies of 13AD did not yield any func
tional binders. As previously demonstrated by the 

sequencing of individual V H domains, functional 
sequences are greatly diluted by aberrant heavy 
chains in this hybridoma cell line. In order to iden
tify and enrich functional binders, 105 E. coli 
colonies were pooled after transformation and sub
jected to two rounds of phage panning. After each 
round, six clones were tested for antigen binding in a 
phage ELISA. Two of six and five of six clones from 
the first and second panning rounds, respectively, 
were found to be positive for antigen binding. All 
positive clones had identical sequences (VL13AD 
paired with VH13AD), whereas all non-binding scFv 
sequences contained the aberrant heavy chains 
aVH13AD.1 or aVH13AD.2, occasionally in combi
nation with point mutations in the light chain gene. 

Clones which were found to be positive in phage 
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Fig. 6. Competition phage ELISA (13AD, 42PF). Competition 
phage ELISA with phages displaying functional and non-func
tional scFv fragments derived from hybridomas 13AD and 42PF. 
The ELISA was performed as described in Section 2. The non-bi
nding 13ADscFv clone contains the aberrant aVH13AD.l chain 
(Fig. 5C) and the functional VL13AD chain (Fig. 5A). For 
inhibition, phages were preincubated for 10 min with 10-4 M 
soluble peptide antigen before applying the mixture to the 
antigen-coated plate. As a negative control, an assay with VCS 
helper phage was perfonned. 
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Fig. 7. Enrichment by panning. A: cloning of hybridoma MOC3 I . 

Enrichment of EGP-2 binding scFv by phage panning. 8 : reper
toire cloning. Enrichment of ampicillin binding ,cFv displaying 

phages derived fTom anti-ampicillin library I. Phage pools (5 · I 010 

cfu j well) preJ)ared after 0 , l, 2 and 3 rounds of phage panning 
(column label), as well as VCS he lper phage as a negative control , 
were tested for spec ific antigen binding in a phage ELlS/\ as 
described in Section 2. Selective enrichment was also indicated by 
an increased number of phages eluted in >Ubscque nt panning 

rounds (data not shown). 

ELTSAs were further characterized by antigen inhibi
tion studies to verify that the binding was antigen
specific (Fig. 6). Tn the case of hybridoma MOC31 
(Souhami et al. , 1988), again no binders were ini
tially obtained, and two to three rounds of phage 
panning were required to enrich binding scFv frag
ments to a leve l that allowed identification of func
tional antibody sequences in individual clones (Fig. 
7 A; Table 2). This shows that the relevant sequences 
of numerous ' monoclonal· antibodies can be hidden 
in a pool of closely related antibody-like sequences 
and that, in the absence of panning, rigorous resting 
would be required in order to identify the cotTect 

sequence. 

3.4. Cloning of the antibody response from tmmu

nized tnice 

The procedure described for hybridoma cloning 
was also applied to mRNA isolated from spleen cells 
of an immunized mouse. In addition, B-cells from 
the same mouse were fused to the tumor cell line 
X63Ag8.653 as in the case of monoclonal antibody 
production, but were kept as a pool for I 0 days. This 
pool of hybridomas was subsequently used as . a 
source of mRNA . The latter experiment was carried 
out because it might seem conceivable that B cells 
which have been stimulated by the antigen fuse 

preferentially (Kohler and Milstein, 1976). Fro m fu
sion experiments, only a small number o f a few 
thousand cand idate clones is typically obtained, of 
which a high proportion usually codes for antigen 
binding antibody sequences. Since productive pairs 
of VL and V H domains are separated during the 
cloning process and are subsequently combined ran
domly to form scFvs, fairly large libraries are neces
sary to ensure that all original VL and V~1 pairings 
are represented (Gherardi and Milstein, 1992; Posner 
et al., 1994). A comparison of anti-ampici llin li
braries derived fTom fused (library I) and unfused 
B-cells (library Tl) of the same immunized mouse 
should determine whether cell fusion prior to mRNA 
preparation is an advantageous enrichment step which 
enhances the probabi lity of restoring functional 
YL/YH pairings in a small library . As outlined in 
Table 3, both libraries contained binding scFv frag
ments whkh could be enriched with a similar effi
ciency after two or three rounds of panning (Fig. 
7B). Sequencing revealed that the same sequences 
were isolated simultaneously from both libraries (data 
not shown), indicating that B cell fusion to tumor 

Table 3 
Selection of ampici llin binding scFv fragme nts from B cell reper

toires 

Source of RNA 

Antigen 
Library size 
Clones containing sm insert 
Clones expressing scFv 
Binde•·s before panning 
Binders after two rounds 
Binders after three rounds 

Library I Library II 

Spleen cells fused B cells 
to tu mor cell I inc 
X63Ag8.653 
Ampic illin 

4 · 106 

20/20 
22/30 
0/12 
5jl2 
19/24 

A mpici llin 
6. 106 

20/20 
18/30 
0/ 12 
nd 

9/ 12 

Spleen cells derived from the same BALB jc mouse immunized 
with ampicillin were taken for library construction before (library 
II) and after (library I) fusion to tbe tumor cell line X63Ag8.653. 
Both libraries were transformed into XL I -Blue cells by elcctropo
ration. The amount of Sfil insert-containing clones in the initial 
library was monitored at the DNA level by restriction analysis 
whereas the amount of full length scfv-expressing clones was 
analyzed by Western blot analysis. using the N-tcnninal FLAG 
detection syste m combined with C-terminal myc tag detection 
(data not shown). Binding seFv fragments were identified by 
phage ELISA. The e nrichment process was followed by EUSA 

using phage pools as shown in Fig. 7B. 
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cells prior to mRNA preparation, at least in our 
experience, has no significant beneficial influence on 
library composition. 

3.5. Soluble expression and modification of cloned 
scFv .fragments 

A scFv fragment obtained from the anti -ampicillin 
library I (scFvaL2) was sub-cloned into pAK300 and 
pAK400 (Fig. 4) for soluble expression in JM83. In 
comparison with the low expression medium (LE 
medium) used for phage display, changing to an 
expression medium devoid of glucose immediately 
increases the expression level of recombinant protein 
without any modifications to the vector system (De 
Bellis and Schwartz, 1990). Changing the translation 
initiation region present in pAK 100 or pAK300 into 
a much stronger Shine-Dalgarno sequence 
(SDT7g10), such as that present in pAK400 (Fig. 
3A, Pllickthun et al., 1996), results in a further 
significant enhancement of protein expression. As 
shown in Fig. 8, the expression level strongly influ
ences the ratio of soluble to insoluble scFv protein. 
While at the lower expression level of 
pAK300scFvaL2 100% of the scFv is soluble and 

c pAK300scFvaL2 

c pAK400scFvaL2 

marker 

i pAK300scFvaL2 

s pAK300scFvaL2 

i pAK400scFvaL2 

s pAK400scFvaL2 

Fig. 8. Enhanced expression of aL2 in pAK400. The scFvaL2 was 
expressed in JM83 harboring pAK300scFvaL2 or pAK400scFvaL2 
(Fig. 3 and Fig. 4). Expression levels were monitored by Western 
blot analysis as described in Section 2. c: whole culture (soluble 
fraction , insoluble fraction and culture supernatant), where the 
loaded sample corresponds to 1 ml of culture OD600 of 0.01; i: 
insoluble fraction; and s: soluble fraction, where the loaded sam
ple corresponds to 1 ml culture at an OD600 of 0.05. 

hybridoma cellline(s) 

• 
mRNA extraction 

eDNA synthesis 

PCR amplification of VL and VH 

scFv assembly PCR (SOE) 

t 
Ligation of Sfil digested scFv fragments 
into phage display vector pAK1 00 

Identification of binding scFv sequences: ,. 
Phage-ELISA screening of 10-20 colonies 

• 
functional binders no functional binders 

• 
Enrichment of functional sequences 
by 1-2 rounds of phage panning against 
the specific antigen 

• 
Sequencing 
Characterization 
Expression 
Purification 
Modification 

Fig. 9. Outline: Generation of scFv antibodies from hybridomas. 
A flow diagram summarizing the most important steps is shown. 

functional, the enhanced expression in 
pAK400scFvaL2 causes production of more soluble 
but also large amounts of insoluble material (Fig. 8). 

The scFvaL2 has comparatively favorable folding 
properties (A. Krebber, unpublished). For scFv frag
ments, which are already mainly found in the insolu
ble fraction after expression in pAK 100 or pAK300, 
sub-cloning into pAK400 does not improve the yield 
of functional antibody fragment (data not shown). 
Instead, cell lysis problems, caused by such poorly 
folding proteins, are enhanced in the stronger expres
sion vector since higher expression levels normally 
lead to a higher proportion of non-functional aggre
gates (Le Calvez et al., 1995), which are likely to 
impair growth of the expression host. Therefore, it 
has proved to be advantageous to adapt the expres
sion level to the particular scFv sequence which has 
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to be expressed by the choice of vector and induction 
conditions. 

Moreover, Sfil cassettes of scFv fragments can be 
fused directly in frame with oligo-histidine tags for 
purification by IMAC (Lindner et al., 1992), with 
dimerization or tetramerization modules to obtain 
dim eric or multimeric scFv antibodies (Pack et al., 
1993, 1995) and with enzymes such as alkaline 
phosphatase to produce dimeric scFv molecules 
which can be detected directly by virtue of their 
enzymatic activity (Lindner et al., 1997; Fig. 3 B and 
C and Fig. 4). If IMAC does not directly yield pure 
scFv antibody, an immupoaffinity column using an 
anti-FLAG mAb can also be employed (Kalinke et 

~ 

al., 1996). Combination of the N-terminal FLAG tag 
and the C-terminal myc or his tags allows monitor
ing of full length scFv product formation, since 
antibodies against all three tags are available (Munro 
and Pelham, 1986; Knappik and Pllickthun, 1994; 
Lindner et al., 1997). Therefore, Western blot detec
tion of N- and C-terminal degradation and of prote
olysis of particular scFv sequences becomes easily 
possible. The whole spectrum of compatible modifi
cation cassettes (see also Ge et al., 1995; Pllickthun 
et al., 1996) combined with the pAK vector series 
creates a highly versatile system, allowing easy char
acterization and further genetic engineering of scFv 
fragments initially obtained. 

4. Discussion 

The improved phage display system based on the 
pAK vector series (Fig. 4), an extended primer mix 
(Table 1) and a very straightforward cloning proce
dure (Fig. 1) proved to be robust and reliable both in 
a library setting and for hybridoma cloning. Follow
ing the scheme outlined in Fig. 9 all hybridomas 
tested to date could be cloned, characterized for 
functional antigen binding and sequenced with a 
reasonable effort, in as few as 10 days (hybridoma 
3D5). 

The optimized phage display system was suitable · 
for eliminating high amounts of non-functional chains 
that are transcribed from various aberrant mRNAs in 
some hybridoma cell lines. In contrast to other meth
ods (Nicholls et al., 1993; Duan and Pomerantz, 
1994; Ostermeier and Michel, 1996), only functional 

and binding antibody genes will be sequenced. After 
RNAseH treatment of aberrant RNA/DNA hybrids 
(Ostermeier and Michel, 1996), eight out of 12 se
quenced clones were still derived from aberrant 
pseudogenes, whereas without mRNA treatment all 
nine clones tested carried pseudogenes. Duan and 
Pomerantz (1994) used ribozyme treatment to im
prove the ratio of aberrant to functional sequences 
from three positive clones in 150 to 12-34 in 150. 
Both methods depend on the availability of sequence 
information of the aberrant chain prior to cloning, 
whereas phage display simply enriches binding se
quences over any kind of contaminating chain. This 
has been found to be particularly important, as both 
of the hybridoma cell lines we have characterized in 
detail (13AD and 42PF) produced aberrant mRNAs 
which seem to be specific for the individual hybrido
mas and could not be found in the published litera
ture or any database (Fig. 5). The origin of some of 
the aberrant mRNAs could not be traced to the 
myeloma cell lines originally utilized for cell fusion. 
Hybridoma 13AD, for example, contained three dif
ferent heavy chain mRNAs, of which only one is 
known to be derived from the tumor cell line 
X63Ag8.653. It seems plausible that many additional 
non-binding chains originate from aberrant rear
rangements of the second allele of the B-cell in
volved in the generation of the particular hybridoma. 
Termination of rearrangement in the immuno
globulin loci takes place only after synthesis of a 
functional membrane-bound immunoglobulin. Thus, 
a given B-cell may produce aberrant mRNAs that 
contain stop codons or frameshifts in addition to the 
functional mRNA that is translated into the mature 
immunoglobulin chain. Furthermore, some hybrido
mas may be the result of the fusion of more than one 
B-cell with the myeloma cell. This gives rise to the 
possibility that more than one typical heavy and light 
chain gene is expressed, as observed for hybridoma 
42PF. Such typical in-frame but non-binding se
quences cannot be distinguished from the binding 
chain by sequencing. This underlines the importance 
of a functional test involving antigen binding in 
order to avoid the risk of isolating an incorrect 
sequence. 

When this is taken in combination with possible 
PCR errors or mutations introduced by the primer 
mix, it can be envisaged how cloning of a hybridoma 
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can very easily generate a diverse collection of dif
ferent scFv fragments. Thus, functional screening is 
always superior to sequence analysis of individual 
clones. 

If more than one monoclonal antibody against the 
same antigen is available, pooled hybridoma cell 
lines can be used as a source for mRNA extraction, 
as carried out in the case of the anti-ampicillin 
library I. This allows for fast and inexpensive simul
taneous cloning of several different antibodies in one 
experimental setup. Alternatively, a small fraction of 
B-cells prepared for traditional monoclonal antibody 
generation can be s~t aside for phage library con
struction. It has been reported, however, that parallel 
screening of hybrtdomas and phage libraries,· as de
scribed by Gherardi and Milstein ( 1992); Kettlebor
ough et al. (1994) and Ames et al. (1995), has led to 
the discovery of different antibody sequences from 
the two sources. This may simply reflect the fact that 
neither hybridoma generation nor phage libraries 
provides an exhaustive sampling of the immune re
sponse. The findings may suggest in addition that 
recombinant expression of antibody fragments com
bined with phage display selects against certain anti
body sequences (see also Riechmann and Weill, 
1993; Posner et al., 1994; Jackson et al., 1995). The 
absence of certain sequences in phage libraries might 
be due to insufficient library size, PCR amplification 
of only a subset of binding variable genes or selec
tion against phagemids expressing less stable or less 
well folding antibody fragments, particularly if they 
are incorporated into phage particles less frequently 
or impair growth of E. coli (Knappik and Pllickthun, 
1995; Krebber et al., 1996a). We believe, however, 
that our optimized cloning procedure and the tightly 
regulatable phage display vector will contribute to 
overcoming some of these biases and will therefore 
facilitate the construction of more diverse antibody 
libraries. Given the stress that antibodies fused with 
glllp impose on the cell, a high expression level is of 
no importance and actually serves as a burden for 
phage display. In contrast, the absence of back
ground expression before induction is of utmost im
portance if loss of clones from the library or gene 
deletions are not to quickly accumulate. Thus, the 
phage display vector pAKlOO was optimized by 
Jowering the expression level for phage display and, 
more importantly, by eliminating background expres-

sion before helper phage infection (Krebber et al., 
1996a). In contrast to many previous vector con
structs, therefore, even in a library setting, no dele
tions, empty vectors, recombination events or other 
symptoms of instability have been detected to date. 
Moreover we claim that it is advisable to sub-clone 
selected scFvs into related, but more powerful, ex
pression vectors subsequent to cloning, since unbi
ased library screening by phage display and maxi
mized functional production of a particular antibody 
fragment are likely to require different expression 
optima. 
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