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While today antibodies can be obtained from naive repertoires (Winter et
al. 1994, Vaughan et al. 1996) or libraries of fully synthetic genes (Knappik
et al. 2000), very many hybridomas have been generated, and are continu-
ously being made, which produce monoclonal antibodies with very inter-
esting properties. Even when naive and synthetic libraries may be a source
of antibodies, often the immune response of an experimental animal may
be of interest, requiring an analysis of the antibodies after immunization.
Cloning retains and immortalizes these unique and extensively character-
ized specificities of mAbs, which can be crucial for the rescue of unstable
hybridoma cell lines. Molecular cloning and sequencing of antibody vari-
able domains forms the basis of antibody modelling (Rees et al., 1994),
antibody engineering (Pliickthun 1994, Dall’Acqua and Carter 1998)
and experimental structure determination by NMR (Freund et al. 1994)
or x-ray crystallography at high resolution (Braden et al. 1998). Moreover,
once the variable region genes have been cloned, the antibody domains
can be further engineered in a multitude of ways to produce antibody var-
iants with lower immunogenicity (Thompson et al., 1998), higher affinity
(Low et al. 1996, Schier et al. 1996, Hanes et al. 1998), altered antigenic
specificity (Ohlin et al. 1996, Parsons et al. 1996), or enhanced stability
(Martineau and Betton 1999, Worn and Pliickthun 1999). Furthermore,
genetic fusions of scFv fragments to effector proteins and toxins are
powerful tools for medicine and biotechnology (Hoogenboom et al. 1998).
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However, a prerequisite for the use of recombinant antibody technol-
ogies starting from hybridomas or immune repertoires is the reliable clon-
ing of functional immunoglobulin genes. For this purpose, a standard
phage display system was optimized for robustness, vector stability, tight
control of the expression of the scFv-genelll fusion, primer usage for PCR
amplification of variable region genes, scFv assembly strategy and subse-
quent directional cloning using a single rare cutting restriction enzyme.
Using this system, a number of variable antibody domains of hybridomas
were accessible whose genes could not be cloned in previous experimental
setups. This chapter essentially follows our earlier descriptions (Krebber et
al. 1997, Pliickthun et al. 1996), with some “evolution® in the conditions
and primer sequences.

Note that, except for the initial preparation of the cells and the need for
high ligation and transformation yields for library cloning, the construc-
tion of scFv fragment libraries from immunized mice and that of cloning
one specific antibody from hybridomas is essentially the same, as de-
scribed in this procedure. Why is an enrichment procedure even neces-
sary, when the “monoclonal® antibody mRNA of a hybridoma cell is the
starting material? It is not strictly required, but the present procedure pro-
vides an easy check that the right sequence has been cloned, and it is espe-
cially helpful if the hybridoma expresses more than one chain, as ex-
plained under the note of step 7.

-

Fig. 1. Scheme of the amplification and cloning procedure. The mRNA is derived from
hybridoma or spleen cells and a random hexamer primer mixture (pd(N)s) is used for
cDNA synthesis. The cDNA is used as the PCR template for the amplification of VL
and VH domains (the primers are listed in Fig. 2) which are assembled (SOE-PCR) into
the scFv format by the outer primer pair scback and scfor. For antibody cloning into
the phagemid the rare cutting enzyme Sfil is the only enzyme used. Note that directional
cloning of the Sfil inserts is guaranteed because of the different Sfil sites shown. In addition,
self-ligation of insert or vector molecules is excluded by the asymmetry of the overhang. The
transformed XL1-Blue cells are used for phage production by infection with helper phage.
The enrichment of scFv antibody displaying phages by panning against the antigen will
allow the detection and selection of functional antibody sequences in library settings or
if the hybridoma cell line contained only a small fraction of mRNA specific for this antibody.
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Outline

[. Isolation of mRNA (from hybridoma or spleen cells)

light chain mRNA heavy chain mRNA
e EEEAAAAA N A AAAA
pd(N)g pd(N)g

2. Synthesis of cDN
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3. PCR amplification of VL and VH domains

scback
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4. Assembly of VL and VH by SOE-PCR (splicing by overlap extension)
5. Sfil digestion of the amplified scFv fragment

CGGCCIm= - GOGCCTCGG
|FLAG VL YR & lccgga

............... DY KD (G4S)4

6. Ligation of 771 digested insert and phage display vector (pAK100 or pJB12)
7. Transformation into £. co/i XL1-Blue cells
8. Cell propagation and infection with VSCM 13 helper phage

antigen S CFV

antigen

phage particle with
phagemid ss-DNA

antigen

9. Detection and enrichment of binding scFv sequences by phage display
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Materials

- 1-5 x 10° cells from a growing or frozen hybridoma culture or spleen
cells, respectively

- PCR primers (Fig. 2 and Fig. 3) and plasmids (Fig. 4 and Fig. 5)

- Helper phage (e.g. Stratagene VCSMlj)

- F7, supE, recA strain (e.g. Stratagene E. coli XL1-Blue)

— Anti M13-HRP conjugate (Pharmacia)

- PEG 6000

>

Fig. 2. This figure lists the primers used for assembling mouse scFv fragments in the or-
ientation VL-(G4S)4-VH, which are compatible with the vectors presented in Fig 3. In this
nomenclature, “back® refers to “toward the 3’ end of the antibody gene® and “for“ to “to-
ward the 5’ end of the antibody gene®. The sequences are given using the IUPAC nomen-
clature of mixed bases (shown in underlined capital letters, R=AorG;Y=CorT; M = A or
C:K=Gor;S=CorGW=AorT;H=AorCorT;B=CorGorT;V=AorCorG;D=A
or G or T), with a column listing the d-fold degeneration encoded in each primer. The “VL-
back” primers LB1-LB17 encode a stretch of 20 bases hybridizing to the mature mouse anti-
body k sequences (in capital letters). Underlined is the preceding sequence which encodes
the shortened FLAG sequence (Knappik and Pliickthun 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 in turn preceded by the codons specifying
the end of the pelB signal sequence. The “VL-back” primer LBA for mouse lambda chains is
constructed in an analogous manner (the N-terminal glutamate of the mature mouse A
sequence is replaced by aspartate (encoded by GAT) to generate a FLAG tag). The “VL-
for” primer sequences are complementary to the J-elements of kappa or lambda chains
(capital letters) and also encode three repeats of the Gly;Ser sequence, the terminal one
(bold) of which has a different codon usage so that incorrect overlaps during the PCR as-
sembly reaction are minimized. The “VH-back” primers encode the other part of the linker
as well as a BamHI recognition site (underlined), and the overlap with VL for in the se-
quence shown in bold. The 20 bases given in capital letters hybridize with the mature mouse
VH sequences. The last 20 nt at the 3’ end of the “VH-for” primers hybridize with the JH
region. The first nt shown in capital letters will introduce a silent mutation at the end of VH
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).
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9" Sfil FLAG 3"
scback ttactcgcggcccagccggccatggecggactacaaati d
5* FLAG VL — | 31
LB1 gceccatggcggactacaaaGAYATCCAGCTGACTCAGCC 2
LB2 gcecatggecggactacaaaGAYATTGTTCTCWCCCAGTC 4
LB3 gcecatggeggactacaaaGAYATTGTGMTMACTCAGTC 8
LB4 geccatggeggactacaaaGAYATTGTGYTRACACAGTC 8
LB5 gccatggcggactacaaaGAYATTGTRATGACMCAGTC 8
LBé6 gcecatggeggactacaaaGAYATTMAGATRAMCCAGTC 16
LB7 gccatggecggactacaaaGAYATTCAGATGAYDCAGTC 12
LBS8 gccatggcggactacaaaGAYATYCAGATGACACAGAC 4
LB9 gccatggecggactacaaaGAYATTGTTCTCAWCCAGTC 4
LB10 gccatggeggactacaaaGAYATTGWGCTSACCCAATC 8
LB11 gccatggecggactacaaaGAYATTSTRATGACCCARTC 16
LB12 gccatggeggactacaaaGAYRTTKTGATGACCCARAC 16
LB13 gccatggcecggactacaaaGAYATTGTGATGACBCAGKC 12
LB14 gccatggcggactacaaaGAYATTGTGATAACYCAGGA 4
LB15 gccatggeggactacaaaGAYATTGTGATGACCCAGHWT 4
LB1é gccatggecggactacaaaGAYATTGTGATGACACAACC 7
LB17 geecatggeggactacaaaGAYATTTTGCTGACTCAGTC 2
LBk gccatggeggactacaaaGATGCTGTTGTGACTCAGGAATC 1
Primer VL-for
51 (GlysSer)s-linker VL — | 3
LF1'’ ggagccgecgecgcec (agaaccaccaccacc) pACGTTTRKATTTCCAGCTTGG 2
LF4 ggagccgecgecgece (agaaccaccaccace) 2ACGTTTTATTTCCAACTTTG 1
LF5 ggagccgecegeegec (agaaccaccaccacce) 2ACGTTTCAGCTCCAGCTTGE L
LF) ggagccgecgecgec (agaaccaccaccacc) pACCTAGGACAGTCAGTTTGE 1
Primer VH-back
o' (GlygSer)s-linker BamHI VH - 3
HB1 ggcggcggeggectececggtggtggtggatcCGAKGTRMAGCTTCAGGAGTC 8
HB2 ggcggcggeggcteeagtggtggtggatccGAGGTBCAGCTBCAGCAGTC 9
HB3' ggcggcggeggeteeggtggtggtggat ccCAGGTGCAGCTGAAGSARTC 4
HB4 ggcggcggeggetecggtaggtggtggatccGAGGTCCARCTGCAACARTC 4
HBS ggcggcggeggcetececggtggtggtggatccCAGGTYCAGCTBCAGCARTC 12
HB6' ggcggecggeggetecggtggtggtggat ccCAGGTYCARCTGCAGCARTC 3
HB7' ggcggeggeggcetecggtggtggtggatccCAGGTCCACGTGAAGCARTC 2
HBS8 ' ggcggeggeggetecggtggtggtggat ccGAGGTGAASSTGGTGGARTC 8
HB9' ggcggcggeggeteeggtggtggtggat ccGAVGTGAWGSTGGTGGAGTC 12
HB10O' ggcggcggeggeteeggtggtggtggatccGAGGTGCAGSTGGTGGARTC 4
HB11' ggcggeggeggetecggtggtggtggatccGAKGTGCAMCTGGTGGARTC 3
HB12 ggcggcggcggcecteeggtggtggtggat ccGAGGTGAAGCTGATGGARTC 2
HB13' ggcggcggeggeteeggtggtggtggatccGAGGTGCARCTTGTTGARTC 4
HB14' ggcggceggeggeteeggtggtggtggat ccGARGTRAAGCTTCTCGARTC 8
HB15' ggcggcecggeggcectecggtggtggtggatccGAAGTGAARSTTGAGGARTC 8
HB16' ggcggcggeggetecggtggtggtggatccCAGGTTACTCTRAAASARTC 8
HB17 ggcggcggceggcteecggtggtggtggat ccCAGGTCCAACTVCAGCARCC 0
HB1S8' ggcggceggeggeteecggtggtggtggatccGATGTGAACTTGGAASARTC 4
HB19' ggcggeggeggeteeggtggtggtggat cCcGAGGTGAAGGTCATCGARTC %
Primer VH-for
o' EcoRl 3
scfor ggaattcggcccccgag
5" EcoRI §fil ~ VH — 3!
HF'1 ggaattcggcccccgaggcCGAGGAAACGGTGACCGTGGT 1
HF2 ggaattcggccceccgaggcCGAGGAGACTGETGAGAGTGGT 1
HF3 ggaattcggcccccgaggCclCGCAGAGACAGTGACCAGAGT 1
HF 4 ggaattcggcecccececgaggecCGAGGAGACGGTGACTGAGGT 1
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- Standard molecular biology equipment and reagents to:

- suspend spleen cells (Gibco 10 x EBSS Buffer)

- determine the isotype of mAbs (Roche IsoStrip Mouse Monoclonal
Antibody Isotyping Kit)

- purify mRNA (Pharmacia QuickPrep mRNA Purification Kit)

- perform a cDNA synthesis reaction (Pharmacia First Strand cDNA
Synthesis Kit)

- perform PCR reactions

- cut and gel purify DNA

- concentrate DNA (Amicon Microcon 30 for volumes less than
500 ul)

-~ ligate and transform DNA

- grow bacteria and phages

- perform an ELISA

- perform a Western blot

‘ i —

Fig. 3. Deduced amino acid sequence of the complementary part of primers from Fig. 2. The
residues of VL and VH are numbered according to Kabat et al. (1991). The primers LB1-17
and HB1-19 determine only the first 2 nucleotides of residue 7, while the LF primers de-
termine only the first 2 nucleotides of residue 102, and LBA specifies only the first nucleotide
of residue 8. Therefore, the original residues at those positions may not necessarily appear
in the PCR amplified antibody gene.



26 JORG BURMESTER and ANDREAS PLUCKTHUN

colEl-ori colEl-ori

lacl lacl
L tup lac p/ﬂ
s
WP _lac plo 4 ped

camR - 70

ret
g111250-406 Shl A .
myc tag gll1250-406 \ trypsin cleavage site
amber codon amber codon

pAK / pJB vector series

=
=
At
3
0
g
=
£
S
O

enhanced expression
trypsin cleavage site
IMAC purification

&
U} ]
Q A
b Q
- Q
> 5!
L o
CJ e
s 3
2 2
] o

phage display
dimerization

Sl Sfil EcoRI Hindlll

| |
-‘ peiBlH tet ._?J-‘__:Pyc: 81T 250-406 ]— | ®

SAL Sl Hindl
pAK300 - pEfBJH tet Jﬁ 6 his =
SDrgio Sl SAl  Hindlll
|

pAK100

Sfil Sﬁ{ FEGRI Hindlll
-{ peIBLH tet HdHLX! l_é_his_L-
Sfil Sfil {:".cﬂRl Hindlll
-{ pelB H tet 1-1 alkaline phosphatase L
Sfil Sﬁ{ EcoRI Hindlll
pJB12 -{ pEJBj-l tet '-HIKDIR 8111 250-406 1—
Sfil  Sfil EcoRl Hindlll
pJB23 ~{ pelB IH tet u 6 his 1—
SDT7g10 Sfil Sﬁ% EcoRlI i'ﬁndlll
pJB33 = lac p/op pelB lH_t&t' Hl 6 his =

tet-cassette

S I tet Sﬁ Sﬁ : tetA tetR SﬁI

..............................................................



2 Construction of scFv Fragments from Hybridoma or Spleen Cells by PCR Assembly 27

==

Fig. 4. The pAK/ pJB vector series (see also Fig.5) can be used either for phage display (pAK
100 and p]B12) by the strategy outlined in Fig. 1 or for the expression of the antibody in a
variety of formats. All vectors contain a chloramphenicol resistance cassette (camR) and
additionally a tetracyclin resistance “stuffer® cassette (tetA and tetR; 2101 bp), which will be
replaced by the antibody gene (the tet cassette allows the monitoring of complete Sfil di-
gested vector by plating of transformed cells on tetracycline plates). At the bottom of the
figure, the tet-cassette, which is simplified in the vector drawings, is shown in more detail.
Furthermore, these vectors contain the lacl repressor gene, a strong upstream terminator
(typ), the lac promoter/operator and the pelB (pectate lyase gene of Erwinia carotovora)
leader sequence (modified to contain a Sfil site) and a downstream terminator (fi,p).
The origins for phage replication and plasmid replication are as described in Ge et al.
(1995). The antibody gene is alternatively fused in frame to genelll;s; 406 (for phage display),
to a his tag for IMAC purification (Lindner et al. 1992) and C-terminal detection with an-
other recombinant anti-his tag scFv-phosphatase fusion protein (Lindner et al. 1997), to
dimerization helices (Pack et al. 1993, see also Chapter 43, Lindner and Pliickthun) or
to alkaline phosphatase for both, dimerization and direct detection (Lindner et al.
1997). In pAK100, the in-frame fusion contains a myc tag (Munro and Pelham 1986) to
act as a detection handle, in addition to the short N-terminal 3-amino acid FLAG tag (Knap-
pik et al. 1994) which is encoded by the primers (Fig. 2). The pJB12 contains a trypsin clea-
vage site (KDIR) and can therefore conveniently be used for selection of high affinity bin-
ders as described by Dziegiel et al. (1995) and Johansen et al. (1995). The asterisk in pAK100
and pJB12 represents an amber codon. The scFv expression level in pAK400 and pJB33 1s
enhanced due to the strong Shine Dalgarno sequence SDT7g10 (from T7 phage gene 10). In
the pJB vector series the co-expressed periplasmic protein Skp (Bothmann and Pliickthun
1998) or a similarly placed FkpA (Bothmann and Pliickthun 2000) can increase the func-
tional yield of antibody fragments expressed in the periplasm (for details, see also

Chapter 23).
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PAK100scFv, pAK300scFv, pAK500scFYy,
PAK600scFv, pJB12scFv, pJB23scKv

end lacl
. . ATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGC
..M O L A R O V 5 R L E 8 G o *

Lep terminator
GGTACCCGATAAAAGCGGCTTCCTGACAGGAGGCCGTTTTCTTTTGCAGC

CAP binding site
CCACCTCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGG

=39 -10 lac-operator
CITTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGA

| — mRNA

SD1 lac?z
TAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTTCTAGA
M T M I T N B x

S02 pelB signal sequence
TAACGAGGGCAAATCATGAAATACCTATTGCCTACGGCAGCCGCTGGATT
M K Y L L P T A A A G L

Sril FLAG VL
GTTATTACTCGCGGCCCAGCCGGCCATGGCGGACTACAAAGAY. . .

L L. L A A Q P A M A D Y K D
PAK400sckv, pJB33scFv
SDZ2 pelB signal seguence

. . . GAAGGAGATATACATATGAAATACCTATTGCCTACGGCAGCC. . .
T7g10 M K Y L L P T A A

fov

pAK100scFv

VH Sl EcoR1 myc tag
.« CEGLCCTCGGGEEECCGAATTCGAGCAGAAGCTGATCTCTGAGGAAGAC
A S G A E F E Q K L I S

E E D

genelllI 250-406
CTGTAGGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAG. . .
*

L E ¢ & o & 5 & D F D Y E K

pJB12scFv

VH Sfil EcoR1 trypsin cleavage site
.« .CGGCCTCGGGEGECCGAATTCGAGCAGAAGGATATCCGTGAGGAAGAC
A S5 ¢ A E F E Q K D I R E E D

genelll 250-406
CTGTAGGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAARAAG. . .
L * 6 6 6 5 6 8 6 D F D Y E K

Fig. 5. A: upstream sequence of pAK100scFv, pAK300scFv, pAK400scFv,
pAK500scFv, pAK600scFv, p]JB12 and pJB23. The region from the end
of the lacl repressor gene to the beginning of the antibody VL domain
is shown. The lacl repressor gene, typ terminator sequence, CAP binding
site, lac operator region including the -35 and -10 sequence, Shine-Dalgar-
no (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 VL domain (bold) are indicated above the sequence. In
pAK400 and pJB33, the 15 bp upstream from the pelB start codon are re-
placed by a sequence including the SD sequence of the phage T7 genel.
B: downstream sequence of pAK100scFv and pJB12scFv. The last two bases
of VH (bold), $fil and EcoRI restriction sites, myc tag or trypsin cleavage
site and the start of genelll,s; 40 are indicated above the sequence.
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PAK300scFv, pAK400scKv

VH Sfil his tag HindIII
. CGGCCTCGGEGEGCCGATCACCATCATCACCATCATTAGTAAGCTT. .

A S G A D H H H H H H * =
pJB23scFv, pJB33scFv
VH SF11 FcoRI his tag

CGGCCTCGGGGGCCGAATTCCACCACCATCACCACCATTAATGAAAG
A 5 ¢ A E ¥ H H H H H H =* *

HindIII
ol s

C: downstream sequence of pAK300scFv, pAK400scFv, p]B23scFv and
pJB33scFv. The last two bases of VH (bold), Sfil and EcoRI restriction sites
and hise tags are indicated above the sequence.

D: sequences of EcoRI/HindIIl fusion cassettes as used in pAK500 and
pAK600. The dHLX dimerization motif was taken from Pack et al.
(1993). The complete sequence of the mature E. coli alkaline phosphatase
(AP) gene can be found in Shuttieworth et al. (1986). For the EcoRI/Hind]III
cloning cassette the two internal EcoRI sites of the AP gene have been re-
moved by silent mutations.

D

PAKS00scFv

VH L ECcoRI dHLX
. CGGLECTCGGGGGCCGAATTCCCCAAACCTAGCACCCCCLCCTGGCA
A S ¢ A E F P K P S T P P G S8

GCAGTGGTGAACTGGAAGAGCTGCTTAAGCATCTTAAAGAACTTCTGAAG
s ¢ E L E E L L K H L K E L L K

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

his tag
GCTTAAAGGTGGGAGCGGAGGCGCGCCGCACCATCATCACCATTGACGTC
L K 6 6 $ G G A P H H H H H =*

HindIII
TAAGCTT.

PAKG600scEy

VH Sfi1] EcoRI alkaline phosphatase (AP)
. CGGCCTCGGGGEGECCGAATTCCGGACACCAGAAATGCCTGETTCTG.
A S G A E F R T P E M P V L
start AP

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

AJquiassy YDd Aq ST[eD) u291dS 10 rWOPIIQAH WO} SUsWesd ADS JO UOIOINIISUO)D) ¢

6C
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< Procedure
Isolation of mRNA and ¢DNA synthesis

1. Take 1to 5 million cells from a frozen or growing hybridoma (for iso-
type determination use the Roche IsoStrip Mouse Monoclonal Anti-
body Isotyping Kit) culture or spleen cells, respectively (see note),
and perform a mRNA preparation as described in the QuickPrep
mRNA Purification Kit (Pharmacia). According to the manufacturer,
this kit can be used for up to 5 x 10 cells, but in order to get extremely
pure mRNA take only 5 x 10° cells per oligo(dT)-cellulose column in-
cluded in the kit, which will yield 1-10 pg of mRNA.

Note: For mRNA preparation from spleen cells press the organ through
a sieve (you may take a sterile strainer), suspend the cells in 10 ml EBSS
buffer and separate off the connective tissue by centrifugation (15 s at
200 g). Transfer the supernatant into a fresh tube, centrifuge (7 min at
250 g) and resuspend the cells in 2 ml extraction buffer (Pharmacia
QuickPrep mRNA Purification Kit). You typically obtain 5 x 107 B-cells
(storage at -80°C in extraction buffer) from one mouse spleen.

EBSS buffer (to suspend spleen cells)

- 100 ml 10 x EBSS (Gibco)

- 2.2 £ N3C03

~ 25 ml 1 M HEPES (pH 7.3)

- Adjust to pH 7.1 with HCI and fill up with water to 11

2. Separate the mRNA (step 1 yields 750 pl) in two aliquots and ethanol
precipitate each. For an aliquot of 320 ul mRNA in elution buffer take
800 pl ethanol (chilled to -20°C), 10 pl glycogen (10 mg/ml) and 32 pl
potassium acetate (2.5 M, pH 5.0).

Note: The mRNA can be stored in ethanol at -20°C for several months.

3. Collect the precipitated mRNA of one aliquot by centrifugation at
16,000 g, 4°C for 30 min.

4. Wash with 1 ml ice-cold 90% ethanol.

5. Add 20 pl H,O (diethylpyrocarbonate-treated). The mRNA solution is
now ready for cDNA synthesis.

6. For reverse transcription take approximately 0.1-0.5 pg mRNA and 1 pl
random hexamer primers (33 ul total reaction volume). The precise
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T

procedure is described in the First Strand cDNA Synthesis Kit (Phar-
macia).

PCR amplification

7. Take the primers (100 uM) which have been dissolved in TE buffer to
prepare appropriate mixtures (LB mix, LF mix, HB mix and HF mix).
Mix them according to the degree of degeneration (number of different
unique sequences encoded by mixed bases) indicated in the column
“d“ in Fig 2. Take 1 pul from all non-degenerated primers (d = 1),
2 ul for d = 2-4, 3 ul for d = 6-9 and 4 ul for d = 12-16. To complete
the LB mix (see note) add 2.8 ul of LBA (= 5%) to the mixture of LB1-17
(53 ul). For the LF mix take 19 ul of LF1’°, 9.5 ul of LF4, 9.5 ul of LF5 and
2 ul of LFA (=5%). The total primer concentration of these mixtures is
still 100 uM (ranging from 2.3 to 25 uM of each mixed synthesis pri-
mer).

Note: During the cloning of monoclonal antibodies problems can oc-
cur if the hybridoma transcribes more than one functional or even
non-functional heavy or light chain variable region gene (Kiitemeier
et al. 1992). It was found that several kappa chain secreting hybrido-
mas, where X63Ag8.653 myeloma cells were used as a fusion partner,
are able to transcribe a functional lambda chain which competes with
the kappa VL gene for in-frame scFv antibody assembly (Krebber et al.
1997). Therefore, it is highly recommended to leave out any lambda
chain primer in the PCR reactions if the isotyping indicates that
the hybridoma of interest secretes a kappa light chain.

8. For PCR amplification of VL and VH use the completed first-strand
cDNA reaction and prepare the following mixes.

PCR mix for amplification of VL PCR mix for amplification of VH

2 ul cDNA 2 ul cDNA

1 ul ANTP’s (10 mM each) 1 ul ANTP’s (10 mM each)

5 ul 10 x PCR Buffer 5 ul 10 x PCR Buffer

1 ul LB primer mix (100 M) 1 ul HB primer mix (100 uM)
1 pul LF primer mix (100 uM) 1 ul HF primer mix (100 uM)
40 ul H,O 40 ul H,O

prepare 3 tubes of this mix prepare 3 tubes of this mix
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10.

11.

Note: The polymerase is added only after heating these mixes to 92°C.
For Taq polymerase a MgCl, concentration of 2 mM is usually optimal.
Although Taq polymerase works generally more robustly than other
polymerases, the use of proof-reading polymerases is an alternative,
but will require optimization steps such as Mg** titrations. This might
be a problem, when the amount of cDNA template is limited.

Heat to 92°C for 3 min (use mineral oil if no lid heating is available),
add 1 unit Taq polymerase (see note of step 8) and perform the follow-
ing cycles (6 independent PCR reactions, 3 each for Vi and Vi with
different annealing temperatures): 5 cycles of 1 min at 92°C, 1 min
initial annealing at 45°C (alternatively, see note, 50°C and 55°C)

and 1 min at 72°C, followed by 20 cycles of 1 min at 92°C, 1 min at
63°C and 1 min at 72°C.

Note: For amplification of VL and/or VH, complete annealing of the 3’-
ends of the primers with the template DNA is essential. Three different
initial annealing temperatures (45°C, 50°C, 55°C) are recommended to
be able to amplify the great majority of the antibody genes, as it is not
clear a priori, which somatic mutations a given monoclonal antibody
gene may carry in the primer regions. After 5 cycles the amplified PCR
product will serve itself as template DNA. The annealing temperature
of the last 20 cycles is therefore 63°C in all 3 cases.

Gel-purify the VL and VH genes and determine the DNA concentration
of both chains.

Note: Using the listed primer mixtures, the expected lengths of the PCR
products of VL and VH are between 375-402 bp and 386-440 bp, re-
spectively. The 3 different PCR reactions do not necessarily each yield
product. However, these PCR products can be pooled if necessary.

Use approximately 10 ng of the PCR product of both domains for the
assembly PCR (50 ul total volume). Take 200 pM dNTP’s, 1 uM (each)
scback and scfor primer. Use 1 unit DNA polymerase (see note of step
8) and perform 7 cycles of 1 min at 92°C, 30 s at 63°C, 50 s at 58°C and
1 min at 72°C, followed by 23 cycles of 1 min at 92°C, 30 s at 63°C and
1 min at 72°C.

Note: Hot-start PCR and initial assembly of VL and VH in the absence
of the primers is usually not necessary, but can be used.
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Digestion and cloning of scFv genes

12. Perform a Sfil digest of the amplified scFv for 3-4 hours at 50°C (over-

13.

14,

15.

16.

17.

lay with mineral oil). In case of Taq polymerase the digestion can be
conveniently carried out in the PCR butffer. To 40 ul PCR product add
11 ul 10 x buffer, 13 ul 10 x BSA, 64 ul H,0 and 2 ul (= 20 units) Sfil.

Note: This procedure might work with other PCR buffers as well but
has not been tested yet.

Digest appropriate amounts of vector (pAK100 or pJB12, see Fig. 4)
with Sfil. Use 10 units Sfil for 1 ug vector in 100 pl volume and incubate
overnight at 50°C (overlay with mineral oil).

Note: For pure preparations of a fully digested vector it is very impor-
tant to not over-load the agarose gel. Furthermore, the gel electrophor-
esis has to be run long enough to separate small amounts of undigested
vector from the digested vector band.

Purify and concentrate the digested scFv antibody genes and vector by
preparative agarose gel (1%) electrophoresis in combination with the

QIAEX II Gel Extraction Kit (Qiagen).

Note: For large scale vector or insert preparation, electroelution is
most efficient and convenient. For concentration you may use Micro-
con 30 columns (Amicon) as described in step 31.

Ligate 20 ng scFv gene fragment with the vector (ratio vector to insert
3:2) with 1 unit ligase in 10 ul volume. Incubate overnight at 16°C.

Note: Compatible vector sets are available which allow an easy reclon-
ing of the scFv fragment into vectors for optimized soluble expression,
generation of fusion proteins and other purposes (Fig. 4 and Fig. 5).

Transform 5-10 pl of the ligation into competent XL1-Blue (Strata-
gene) cells.

Note: If many clones are required follow the instructions described in
step 23-33.

Plate on 2 x YT, 1% glucose, chloramphenicol (30 pg/ml) agar plates
and incubate overnight at 37°C.

Note: You may check the ratio of desired ligation product to back-
ground by testing for tetracycline resistance. The portion of vector
with unremoved or religated tet cassette (see note of step 13) is typi-
cally in the range of 0.01 to 0.1%.
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Screening for binders

18.

19.

20,

21.

22,

Pick 10 colonies and let them grow separatelyat 37°Cin2ml2x YT, 1%
glucose, chloramphenicol (30 pg/ml), until they reach an ODs55¢ = 0.5.
Add 2 ml 2 xYT, 1% glucose, chloramphenicol (30 pg/ml), 1 mM IPTG,
5 x 10”7 cfu helper phage (Stratagene) and shake overnight at 26°C or
37°C (for some scFv’s, growth at 26°C after infection may be neces-
sary). The phage titer after overnight incubation is in the range of
10" cfu per ml supernatant.

Note: The phage titer should be checked in order to rule out any pro-
blems during phage production. To determine the phage titer (in cfu)
take a growing culture of XL1-Blue cells (ODss5y = 0.4-0.8) and incubate
aliquots of this culture with dilutions of your phage preparation. After
15 min incubation at 37°C, plate appropriate amounts (30-150 cfu/
plate) on 2 x YT, 1% glucose, chloramphenicol (30 pg/ml) agar plates.

Centrifuge the culture. Take 1.6 ml supernatant and mix it with 0.4 ml
20% PEG 6000, 2.5 M NaCl in a 2 ml Eppendorf cap in order to pre-
cipitate the phages (Sambroook et al. 1989).

Incubate on ice for 15 min and spin at 16,000 g, 4°C for 20 min.

Note: The size of the white pellet does not necessarily reflect a high or
low phage titer.

Suspend the phage pellet in 400 ul PBS (2% milk) and use 100 pl phage
solution per well in an ELISA assay (see step 22) to distinguish func-
tional scFv antibody displaying phages from those which display a
non-functional or non-productive antibody fragment.

Note: Do not (!) centrifuge after suspending the phage pellet because
you would spin down phages together with cell debris.

If soluble antigen is available include an ELISA control that shows that
free antigen is able to compete with bound antigen for phage binding to
distinguish non-specific “sticky® phage from specifically binding
phage. In principle, the same ELISA protocol which was used for
the hybridoma screening procedure can be used.

Note: For weak binders it might be important to use more phages for
ELISA analysis. In this case, the culture volume should be increased 10
times. If no functional clone shows up in ELISA of single clones, per-
form one round of phage panning in order to enrich the functional
binders. The enrichment should be checked by comparison of eluted
phages from a specific surface versus a surface without antigen.
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Library cloning

23,

24,

25,

26.

27,

28.

For preparation of electrocompetent E. coli XL1-Blue (Stratagene) cells
use 1 ml of a dense overnight pre-culture to inoculate 500 ml medium
(2xYT). Shake it at 37°C until an ODss5¢ of 0.7 is reached. Then, chill the
culture on ice as quickly as possible (cool the whole shake flask for 10
min in ice-cold water).

Note: Sufficient agitation and aeration during growth seems to be very
important for preparation of electrocompetent cells with reproducible
efficiencies of 3-6 x 10” cfu/ug pUC19 DNA. Therefore, use 5 1 baffled
shake flasks with only 500 ml medium and make sure that the ampli-
tude of the shaker is high enough to vigorously circulate the medium
(if not, moderately increase the amount of medium).

Centrifuge 400 ml (8 x 50 ml in disposable tubes) for 9 min at 2500 g.
Remove as much supernatant as possible (leave the tube upside down
for 15-30 s on a clean tissue). Then, fill each tube with 50 ml ice-cold
distilled water and remove the water immediately (the cell pellet is very
solid after this first centrifugation step and will not be resuspended by
the brief addition of distilled water).

Note: It is recommended to carry out steps 24 to 28 in the coldroom.

Fill each tube with 25 ml distilled water (200 ml total) and resuspend
each pellet carefully by pipetting the solution up and down with a 25 ml
wide-gauge sterile plastic pipette (Falcon) which has to be placed very
close to the pellet. Make sure that the cells are all taken up in a homo-
geneous suspension. Incubate for 10 min on ice.

Transfer the cells into 4 new 50 ml tubes and centrifuge at 2500 g for 12
min. Carefully remove the supernatant. Resuspend the four pellets in a
total volume of 40 ml pre-chilled 10% (v/v) DMSO (Fluka). Incubate

for 10 min on ice.

Centrifuge (2 x 20 ml) at 2500 g for 15 min and remove the supernatant
(you might lose a small portion of cells - do not put the tubes upside
down on tissue in this step!) and resuspend in 20 ml 10% DMSO. In-
cubate on ice for 10 min.

Centrifuge at 2500 g for 15 min. Carefully resuspend the cells in 2 ml
10% DMSO, freeze the cells (100 pl aliquots) by dipping the tubes in
liquid nitrogen and store them at -80°C.
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29.

30.

31.

32.

33.

34.

To check the transformation efficiency (see also step 32) of the cells
add 1 pl of 10 pg/ul pUC19 DNA (in water). Fifty colonies per

1/1000 transformation correspond to an efficiency of 5 x 10° cfu/ug
pUC19 DNA.

Note: Using 2 mm electroporation cuvettes (2500 V) the time constant
for the efficiency test with 10 pg pUC19 DNA should be 5.4-5.6 ms,
reflecting properly washed cells.

For desalting prior to electroporation fill up the ligation mixture with
water to 400 ul and heat it for 10 min at 65°C. Then load it on a Micro-
con 30 (Amicon) column and centrifuge at 11,000 g for 8 min. Discard
the flow-through.

Fill up with 400 pl water, centrifuge at 11,000 g and discard the flow-
through. Repeat this procedure 3 times. It might be necessary to pro-
long the last centrifugation step (the residual volume should be be-
tween 20 and 50 pl). Finally, turn the columns upside down in clean
tubes and centrifuge at 960 g for 3 min.

For each transformation use desalted ligation mixture corresponding
to 20-100 ng insert. Add the DNA to the barely thawed cells (on ice) and
mix by flipping the tube shortly. Now, any further incubation is detri-
mental. Load it therefore directly into the chilled electroporation cuv-
ette and trigger the pulse. Immediately add the medium (900 ul 2 x YT
(room temperature) containing 10 mM MgCl,, 2.5 mM KCl and 0.4%
glucose).

Note: For efficient transformation (= 10®clones per ug insert DNA) the
time constant (using 2 mm cuvettes) should be =~ 5.2 ms.

Plate on 2 x YT, 1% glucose, chloramphenicol (30 pg/ml) agar plates
(do not exceed 10°clones per 0.06 m?) and incubate overnight at 37°C.
Scrape the colonies off the plates and subsequently store them at -80°C
after addition of 30% glycerol.

Note: Take care that your library is homogeneously mixed.

For screening proceed as described in step 18-22. For inoculation take
at least 10 fold more viable cells than colonies obtained after transfor-
mation. Perform 3 rounds of phage panning (see note of step 22) before
testing single clones.

Note: The first panning round is the most crucial because you might
lose any desired, but less abundant, antibody sequence by too exten-
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sive washing. Therefore, do not exceed 10 washing steps in the first
panning round.

i Troubleshooting

o In case of low transformation yields it should be analyzed if the pro-
blem is the transformation itself or rather the ligation. To check the
ligation, an aliquot can be analyzed on an agarose gel which might
indicate also any problems with nucleases. Furthermore, it might be
instructive to compare the ligation efficiency of Sfil digested PCR pro-
duct with insert derived from plasmid digestion. In order to check both
the ligation and the transformation efficiency, a defined amount of
pUC19 DNA can be mixed into the ligation. Due to the chloramphe-
nicol resistance of the cloning vector and the ampicillin resistance of
pUC19 DNA it is possible to calculate the ligation efficiency by plating
on ampicillin or chloramphenicol plates, respectively, and comparing
the number of clones. The transformation efficiency (in presence of the
ligation mixture) can be judged by comparison with pUC19 DNA

alone.

¢ If no binders appear from this procedure the primers should be
checked since the quality and presence of each of the oligonucleotide
is most decisive for reliable cloning of various antibody genes or, in
case of library cloning, for broad representation of the immune re-
sponse. Any sequence absent from a complex mixture will obviously
decrease the functional library size and single-base deletions present in
any one of the oligonucleotides would be amplified into the final pro-
duct. Take care, therefore, that the quality of the oligonucleotide pri-
mers is satisfactory. Because of the low profit margins, oligonucleo-
tides are today frequently synthesized with a minimum of reagents ex-
cess and short reaction times, not reaching the coupling yields that
would be possible. A low total yield of synthesized oligonucleotides
indicates usually a low coupling yield and is a warning sign that
the “full-length® oligonucleotide pool contains a significant portion
of molecules with random single-base deletions. Gel purification
can ameliorate but not solve the problem, which lies in poor DNA-
synthesis quality. It is recommended, especially for library cloning,
to sequence the genes of random clones or to check for full-length
scFv by Western blot analysis.
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~* Abbreviations

BSA bovine serum albumin
DMSO dimethylsulfoxide

EBSS Earle’s buffered salt solution
HRP horse radish peroxidase
IPTG isopropylthiogalactoside

PEG polyethylene glycol





