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Abstract

Despite the fact that a multitude of antibody phage display libraries has been built, systematic comparisons of critical
design parameters are rare. Here we analysed the impact of various factors on the performance of the phage display system.
First, we compared several vector designs for the display of Fab fragments of antibodies. Bicistronic as well as
monocistronic expression of the antibody/plll operon and vectors using fd—plll as well as LC—plll fusions were tested.
Further, we evaluated the influence of glucose on the promoter induction. We compared monovalent versus oligovalent
display of the antibody fragments and we used antibody fragments with different folding efficiency to assess the influence of
the individual antibody sequences on the performance of the system. Finally, both phage display efficiency and yield of
soluble Fab fragments were analysed. The significant differences found for phage yield, display of Fabs on the phage and
expression of soluble Fabs suggest to use a bicistronic vector with an fd-fragment—pllIl fusion for the construction of future
Fab phage display libraries.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Within the past decade, antibody phage display has
proven its capability to supply human antibody frag-
ments, binders to toxic or non-immunogenic sub-
stances and even fragile conformational variants.

However, a broad distribution of this technology as
a routine method has been hindered by the still deli-
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cate handling of very large antibody repertoires and
the extreme sensitivity of the method. It has to be
kept in mind that every E. coli clone rescued from a
phage panning experiment results from a discrete
interaction of a single antibody fragment with a
single antigen molecule. As a consequence, the use
of antibody phage display, particularly in the com-
panies dominating the applications, has been mainly
focused to the development of therapeutics, where
extensive optimizations in respect of every single
application are feasible. In this respect, the vast
majority of reports utilise scFv libraries (Hust and
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Diibel, 2004), as the smaller size and the composi-
tion from a single polypeptide facilitate production
and folding in E. coli, in turn allowing a more
efficient presentation of the antibody repertoire on
the phage surface. Recently, however, novel applica-
tions in research, in particular for proteomics and
antibody microarrays, induced a re-thinking of this
strategy. Here, a robust method adapted to require
minimal effort per antigen is necessary. Individual
optimizations of clones or antibody format changes
would neutralise the benefits of the possible automa-
tion. As a result, Fab fragments experience a renais-
sance as they are much more compatible to
established immunological protocols than scFv frag-
ments. However, due to the necessity to produce two
different polypeptide chains, Fab expression vectors
are more complex than the scFv systems (for review
see Hust and Diibel, 2005).

First, the expression of two antibody chains must
be well balanced for optimal Fab phage display. Sev-
eral parameters could affect the optimal expression
and display of Fab fragments. Various genetic designs
for the expression of two polypeptides have been
tried. A monocistronic arrangement of the antibody
genes results in two mRNAs. This design was used,
e.g., in pComb3 (Barbas et al., 1991), pDH188 (Gar-
rard et al., 1991), pFAB4 and pFABSc (QOrum et al.,
1993). In contrast, in a bicistronic arrangement, both
antibody chains will be translated from one mRNA.
Examples for bicistronic designs are pEXmide3
(Soderlind et al., 1993), pFAB60 (Johansen et al.,
1995), pFAB73h (Engberg et al., 1996) and pCES
(de Haard et al., 1999).

Second, either the light chain or the heavy chain
can be fused to pIll. @rum et al. (1993) and Engberg
et al. (1996) used an LC—plll fusion. The HC—plll
fusion was employed by Barbas et al. (1991) and de
Haard et al. (1999), among others. As we demonstrate
in this study, this orientation can strongly affect the
display efficiency.

Third, most phagemids use the lacZ promoter for
the antibody expression cassettes. This promoter can
be down regulated by glucose in the medium. For
example, for the human single fold scFv libraries [+1]
(Tomlinson I+1J), the presence of 0,1% glucose (5.5
mM) gave optimal results (Tomlinson, 2004), whereas
removal of glucose was used for induction in other
systems (Welschof et al., 1997).

Fourth, the amount of antibody-fragment—plIl fu-
sion protein incorporated into the phage particle, gen-
erated with different helper phage, varies by more
than two orders of magnitude. The use of helper
phage which enforce oligovalent display is frequently
used to improve the panning efficiency, but their
effect on overall performance in relation to the other
factors has not yet been systematically assessed. Sev-
eral systems for enforced oligovalent display have
been reported recently (Rondot et al., 2001; Baek et
al., 2002; Soltes et al., 2003). Here we analysed the
interference of a well established member of each
helper phage type (monovalent VCSM13, oligovalent
Hyperphage) with the above factors. Some vectors,
e.g., pComb3 (Barbas et al., 1991), utilised an amino
terminally truncated form of plll as a fusion partner
for the antibody chain(s). These systems, however, do
not allow to benefit from the systems enforcing oli-
govalent display, as the amino terminal deletion of the
plll would result in phage which are not infective
anymore. Therefore, these variants were not included
in this study.

Fifth, for convenience, many phage display vectors
allow the expression of soluble antibody fragments
once the panning process has been finished. Typically,
the switch from E. coli SupE strains to non-suppressor
strains activates a stop codon between the antibody
and phage coat protein domains. A desirable feature
of a phage display vector optimized for proteomic
antibody generation would be a combination of
good display yields and compatibility with the oligo-
valent and monovalent display with a good yield of
soluble Fabs without subcloning into an expression
vector. For this reason, we have chosen to include the
SupE codon into the vectors analysed here.

Sixth, different antibody sequences are known to
exhibit large differences in production yield in the E.
coli periplasm ranging from mg/L to almost marginal
yields. We acknowledged a respective influence on
the comparison by using antibodies with “bad” and
“good” folding abilities. As a representative of the
“good” folders we used the D1.3 antibody, binding
to lysozyme (Ward et al., 1989). The RNA polymer-
ase II binding antibody ‘215’ represents the “bad”
folding species (Liu et al., 1999). This study allowed
to conclude on the significance of all these factors and
their interactions and resulted in the suggestion of an
“optimized” phage display vector.
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2. Material and methods
2.1. Construction of the pHAL vector series

Standard cloning procedures were performed
according to Sambrook et al. (1989). The pHAL
vector series was derived from the phagemid vector
pSEX&1 (Welschof et al., 1997). First, the Nhel site in
pSEX81-phOx(yol) was deleted by site-directed mu-
tagenesis. The next step comprised the introduction of
the VH cloning site and deletion of the VH of phOx-
scFv gene. To achieve this, human IgG; CH1 DNA
was amplified from the plasmid pAc-K-CH3-
VH(138H11) (Liang et al., 2001) combined with the
introduction of a modified pelB sequence, the RBS,
the 5’ UTR, the strep-tag Il coding sequence (Voss
and Skerra, 1997) and the restriction sites HindIII,
Pstl and BssHII required for further cloning steps.
The vector pHAL1 was constructed by insertion of
the LC cloning site leading to deletion of the VL gene
of phOx-scFv and modifying the pelB leader to gen-
erate a Nhel site for LC cloning.

The construction of pHAL2 was done in two steps.
In the first step, the fd-fragment expression cassette
with pelB and RBS was amplified from pHAL1 and
cloned into the EcoRI and HindIII sites, replacing the
LC expression cassette. The LC expression cassette
with pelB and the RBS was amplified from pHALI
and cloned into the Pstl and BamHI sites, replacing
the fd-fragment expression cassette. The vector
pHALS was constructed by amplifying the lacZ pro-
moter for the HC expression cassette from pHAL2
and introduction of the T7-terminator behind the LC
expression cassette, cloning into the HindIII and Ncol
sites of pHAL1. To obtain pHAL®, the lacZ promoter
from pHAL1 was amplified and the T7-terminator
was introduced by cloning into the HindIII and Nhel
sites of pHAL2.

The mouse antibody D1.3 DNA was cloned into
the four vectors pHALI, pHAL2, pHALS5 and
pHALG6 in two steps. The LC DNA was amplified
from the plasmid pASK99D1.3 (kindly provided by
Arne Skerra, Technische Universitdt Miinchen) and
cloned into the Nhel and MIul sites. The fd-fragment
DNA was amplified and cloned into the Ncol and
Notl sites.

The VL gene fragment of mouse antibody 215’
was amplified from the plasmid pOPE101-215(yol)

(Schmiedl et al.,, 2000). Human C kappa fragment
DNA was amplified from the plasmid pAc-K-
CH3(138H11) (Liang et al., 2001) and linked to the
mouse VL sequence by assembly PCR, before being
cloned into the Nhel and Mlul sites of pHALI. To
obtain pHALS-215, pHAL2-215 and pHAL6-215 the
chimeric LC gene was amplified from pHAL1-215
and cloned into the Nhel and Mlul sites. The 215’
VH DNA was amplified from the plasmid pOPE101-
215(yol) and cloned into the Sfil and BssHII sites.
Transformations of XL1-Blue MREF’ (Stratagene,
Amsterdam, The Netherlands) with the constructs
were done by electroporations according to the man-
ufacturers instructions. All steps in vector construc-
tion and antibody cloning were confirmed by
sequencing of the affected regions.

2.2. Fab phage production

50 mL 2xTY medium (Sambrook et al., 1989)+100
pg/mL ampicillin+100 mM glucose were inoculated
with an overnight culture to O.D.90=0.025. The bac-
teria were grown to O.D.¢00=0.4—-0.5 at 37 °C and 250
rpm. 2 mL bacteria (~1 x 10 bacteria) were infected
with 2x 10" helper phage VCSMI13 (Stratagene,
Amsterdam, The Netherlands) or Hyperphage (Ron-
dot et al., 2001), incubated at 37 °C for 30 min
without shaking, followed by 30 min at 250 rpm.
The infected cells were harvested by centrifugation
for 10 min at 3220x g and the pellet was resuspended
in 30 mL 2XTY+100 pg/mL ampicillin+50 pg/mL
kanamycin containing various glucose concentrations.
The phage were produced at 30 °C and 250 rpm for
16 h. The cells were pelleted for 10 min at 10,000xg.
The phage in the supernatant were precipitated with
1/5 volume of 20% PEG/2.5 M NaCl solution for 1
h on ice with gentle shaking and pelleted 1 h at
10,000xg at 4 °C. The precipitated phage were
resuspended in 10 mL dH,0, precipitated again
with 1/5 volume of PEG solution as given above
for 20 min on ice and pelleted 30 min at 10,000xg
at 4 °C. The precipitated phage were resuspended in
300 uL PBS (phosphate-buffered saline, Sambrook et
al., 1989) and cell debris was pelleted by additional
centrifugation for 5 min at 15,400xg at 20 °C. The
supernatant containing the Fab phage was stored at 4
°C. Phage titration (cfu) was done according to Koch
et al. (2000) with one modification: the infected
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bacteria were pipetted directly onto LB agar plates,
omitting nitrocellulose sheets.

2.3. Antigen-binding ELISA

Microtitre plates (Costar, Cambridge, USA) were
coated with 100 ng antigen in 100 pL 0,1 M NaHCO;
pH 9.6 per well over night at 4 °C. For the D1.3
antibody phage, hen egg white lysozyme (Sigma,
Taufkirchen, Germany) was used as antigen. For the
215” antibody phage the ‘215’ oligopeptide was
employed (Kontermann et al., 1995). Coated wells
were washed 3X with PBS and blocked with 2%
(w/v) skim milk powder in PBS for 1.5 h at RT,
followed by 3x washing with PBS. Fab phage or
periplasmic fractions were diluted in 100 pL blocking
solution and incubated for 1.5 h, followed by 5X
washing with PBST (PBS+0.1% (v/v) Tween 20).
Bound Fab phage were detected with mAb anti-M13
conjugated with HRP (Amersham Biosciences, Frei-
burg, Germany) (1:5000), soluble Fab fragments were
detected with mAb goat anti-mouse conjugated with
HRP (1:10,000) and visualised with TMB substrate
(Bio-Rad, Miinchen, Germany). The staining reaction
was stopped by adding 100 pL 1 N sulphuric acid.
The absorbances at 450 nm and 620 nm were recorded
using a SUNRISE microtitre plate reader (Tecan,
Crailsheim, Germany). The absorbance of scattered
light at 620 nm was subtracted from the absorbance at
450 nm.

2.4. SDS-PAGE and immunoblot

Fab phage were separated by SDS-PAGE and
blotted onto PVDF. The membrane was blocked
with 5% (w/v) skimmed milk powder in PBST for
1 h at RT. The minor coat protein plll was detected
with 1:1000 diluted mouse mAb anti-pIll (Mobitec,
Gottingen, Germany) for 1.5 h at RT, followed by 2x
washing with PBST. Goat anti-mouse (fc specific)
(Sigma, Taufkirchen, Germany) conjugated with AP
1:1000 diluted was used for detection and visualised
by NBT/BCIP. For the detection of mouse kappa LC
the mAD rat anti-mouse kappa LC (1:1000) (Sigma,
Taufkirchen, Germany) was used as first antibody
and goat anti-rat conjugated with AP (1:1000)
(Sigma, Taufkirchen, Germany) was used as second
antibody.

2.5. Expression of soluble Fab fragments

Preparation of soluble antibody fragments from the
periplasm was modified from the method given by
Schmiedl and Diibel (2001). E. coli HB2151 were
infected with one of the four different pHAL phage.
300 mL TB medium (Sambrook et al., 1989)+ 100 ng/
mL glucose+ 100 pg/mL ampicillin were inoculated
with an overnight culture yield an O.D.g00<0.1 and
cultured at 22 °C and 160 rpm. The induction was
started by adjusting to 1 mM IPTG at O.D.gpp=0.6
and shaken for 20 h. The bacteria were harvested by
10 min at 4400xg at RT. The pellets were resus-
pended in 30 mL ice-cold PE buffer, pH 8 (500
mM sucrose, 100 mM Tris, 1 mM EDTA) and incu-
bated for 20 min on ice, interrupted by short vortexing
every 5 min. Subsequently, the bacteria were pelleted
for 30 min at 30,000xg at 4 °C. The supernatant
representing the periplasmic fraction was stored. The
pellet was resuspended in 30 mL ice-cold dH,O and
incubated for 20 min on ice, interrupted by short
vortexing every 5 min. The spheroblasts were centri-
fugated for 30 min at 30,000Xg and 4°C. The super-
natant representing the osmotic shock preparation was
combined with the periplasmic fraction and stored at
—20 °C.

3. Results
3.1. The pHAL Vector series

Four different vector designs were constructed
(Fig. 1). The vectors pHAL1 and pHAL?2 lead to a
bicistronic expression under the control of lacZ pro-
moter, resulting in a single mRNA with two cistrons.
Both leaders were chosen to have the same amino acid
sequence but vary on nucleotide level to introduce a
Ncol site for VH cloning and a Nhel site for LC
cloning. The vectors pHALS and pHALG6 were
designed for a monocistronic expression with each
antibody chain gene controlled by an individual lacZ
promoter, resulting in two mRNAs. Further, the order
of heavy and light chain coding regions was inversed,
resulting in either an LC or fd-fragment fusion to plIII.
In the vectors pHAL1 and pHALS, the fd-fragment is
fused to glll, whereas in pHAL2 and pHALG6 the LC
is fused to gllII (Fig. 1). Inserts for the production of
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Fig. 1. Vector constructs used in this study. Abbreviations: lacZ promoter—promoter of the bacterial lac operon; RBS—tibosome binding site;
pelB—signal peptide sequence of bacterial pectate lyase, mediating secretion into the periplasmic space; VH—variable fragment of the heavy
chain; LC—Ilight chain; ochre—ochre stop codon; amber—amber stop codon; strep-tag Il—synthetic tag binding to streptactin; terminator—
sequence terminating transcription; bla—p-lactamase gene for ampicillin resistence; ColEl—bacterial origin of DNA replication; F1 IR—
intergenic region of phage fl. The elements of the inserts are not drawn to scale.
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two different Fab fragments were cloned in each of
these vectors. Either the mouse anti-hen egg white
lysozyme antibody D1.3 (Ward et al., 1989) as the
mouse anti-Drosophila melanogaster RNA polymer-
ase II antibody 215’ (Liu et al., 1999) were used.

3.2. Phage production using pHAL vectors encoding
D1.3 Fab

pHAL-D1.3 phagemids were packaged using ei-
ther Hyperphage or VCSM13 and at various glucose
concentrations. As expected, with VCSM13, phage
production showed only a marginal dependency on
the glucose concentration, as the vast majority of plll
originates from the glucose-independent genomic
source (Fig. 2). The highest titres were achieved at
5-10 mM glucose. For pHAL1, pHAL2 and pHAL®,
with Hyperphage, the highest yields were achieved
with 5 mM glucose. Increased glucose concentration
led to decreased Fab phage titre, when pHALS was
used (Fig. 2).

About 5x 10" Fab phage were produced per 30
mL culture from all constructs when VCSM13 was
used. In contrast, the production using Hyperphage
yielded different phage titre, as reported before, the
total phage yield was significantly lower than the titre
obtained with VCSM13. Using Hyperphage, about 10
times more cfu were produced with the vectors
pHAL2 and pHAL6 (LC—plIl fusion) compared to

pHALI (fd—pII fusion). The vector pHALS yielded
the lowest titres.

3.3. Biochemical analysis of phage produced using
PHAL vectors encoding D1.3 Fab

D1.3 Fab phage preparations generated with
Hyperphage or VCSM13 were separated by 10%
SDS-PAGE and blotted onto PVDF membranes.
pHALS packaged with Hyperphage was not analysed,
due to the very low phage titre. pIll was visualised by
immunostaining using monoclonal mouse anti-pIll
Ab. plIl has a calculated molecular mass of 42.5
kDa but runs at an apparent molecular mass of 65
kDa in SDS-PAGE (Goldsmith and Konigsberg,
1977). As expected, the Fab—plII fusion is prominent
in the phage generated with Hyperphage, with a band
with a relative molecular mass of wt plIl present in
almost equal amounts (Fig. 3A). With phage produced
using VCSM13, only the plll band was strongly
visible, reflecting the low amount of fusion protein
usually obtained in monovalent display.

To investigate the possible occurrence of light
chain dimers (Bence—Jones proteins), Fab phage
were analysed by immunoblot (Fig. 3B). pHAL2
and pHAL6 packaged with Hyperphage showed a
weak band corresponding to free LC, indicating the
existence of Bence—Jones proteins. Free LC was also
detected when VCSM13 was used for packaging of
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pHAL2-D1.3
VCSM13 pHAL5-D1.3 Hyperphage
10 pHAL6-D1.3
o )
3101 ERT
3 3
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E 10° E 100
o) =)
5, S,
g 10° N 108
2 2
o o
107 107
108 108

0 1 2
glucose [mM ]

2 5 10
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Fig. 2. Comparison of the phage obtained from 30 mL of culture for the four different pHAL constructs encoding D1.3 Fab at different glucose
concentrations. The titres are given per milliliter culture volume. The data show the mean value and standard deviations of three completely
independent experiments. Packaged (A) with VCSM13, (B) with Hyperphage.
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Fig. 3. Biochemical analysis of the phage produced with either Hyperphage or VCSM13. (A) 10° D1.3 Fab phage were separated on a reducing
10% SDS-PAGE, pllI was detected using mouse mAb anti-pIIL. (B) 2.5 x 10° D1.3 Fab phage produced with Hyperphage or 5 x 10'° D1.3 Fab
phage produced with VCSM13 were separated on a reducing 12% SDS-PAGE, D1.3 light chains were detected using rat mAb anti-mouse

kappa LC.

these two vectors. As expected, the relative molecular
mass of these free LCs was higher as for the free LCs
derived from pHALI1 and pHALS due to the attached
strep-tag 1I.

3.4. Antigen binding of phage produced using pHAL
vectors encoding D1.3 Fab

Antigen binding of phage preparations using
pHALx-D1.3 vectors was determined by ELISA on
lysozyme. 10'® phage/well were used when VCSM13
was used for phage rescue, whereas 10’ phage/well

were employed after packaging with Hyperphage to
compensate the differences in Fab presentation effi-
ciency of both systems.

The glucose concentration had an effect on antigen
binding of the produced D1.3 Fab phage produced
with VSCM13. For phage produced with pHALT, 0-1
mM glucose resulted in slightly better antigen bind-
ing, whereas for pHAL2, 2-5 mM glucose gave the
best results. When using glucose concentrations of 10
mM and higher, the antigen binding was strongly
reduced. As expected, when using Hyperphage, glu-
cose concentrations up to 10 mM had little effect on
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antigen binding. Only at 20 mM was antigen binding
significantly reduced.

Interestingly, the effect on antigen binding of the
various vectors was different for Hyperphage and
VCSM13. Using VCSM13, the Fab phage produced
with bicistronic vectors showed the best antigen bind-
ing. Only weak antigen binding was detected using
the monocistronic vectors pHALS and pHAL6. In
contrast, Hyperphage packaging seems to favour
heavy chain—plll fusions (Fig. 4).

3.5. Phage production and antigen binding using
PpHAL vectors encoding ‘215’ Fab

To check whether the results obtained for D1.3 Fab
phage depend on folding efficiency of the antibody
insert, the experiment was repeated using a different
antibody fragment (“215”). This antibody is known
for low yields when secreted into the E.coli periplasm.
Therefore, the 215° Fab was produced and checked
by antigen ELISA.

Initially, the ‘215° Fab phage were not able to bind
the 215 antigen. This was found to be a result of the
introduction of the BssHII restriction site, which led to
an additional amino acid between VH and CHI1. The
BssHII site was removed by direct site mutagenesis,

leading to vectors allowing the production of func-
tional Fabs.

The phage were produced without glucose, by
using VCSM13 or Hyperphage. Approximately 10'?
phage were obtained per 30 mL culture using
VCSM13 for every vector construct, whereas the
titre using Hyperphage was different for the different
vector designs. The Fab Hyperphage titre was in the
range from 2 x 10° using pHAL5 to 2 x 10'" using
pHALG6 per 30 mL culture (Fig. 5A).

The antigen binding of ‘215” Fab phage produced
with VCSM13 and Hyperphage is given in Fig. 5B.
With both types of helper phage, the vectors with the
fd—pllI fusion performed best.

3.6. Antigen binding of soluble D1.3 antibodies

In order to investigate expression of soluble anti-
body Fab fragments, periplasmic fractions of E. coli
strain HB2151, transformed with pHALx-D1.3 con-
structs, were analysed by antigen ELISA. The best
yield of functional Fab fragments was obtained with
vectors using fd—plll fusions, whereas less functional
antibodies were produced using the vectors pHAL?2
and pHALG6 (with the LC—plII fusion) (Fig. 6). The
bicistronic pHAL1 performed best, yielding three
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Fig. 4. Antigen-binding phage ELISA of the four pHAL constructs encoding D1.3 Fab. The data show the mean value and standard deviations
of three completely independent experiments. The absorbance of scattered light at 620 nm was subtracted from the absorbance at 450 nm. The
background signal of the antigen incubated with the detection antibody mAb anti-M13 HRP was subtracted. Antigen: 100 ng/well lysozyme.
The D1.3 Fab phage were detected using mAb anti-M13 conjugated with HRP. (A) 10'° Phage produced with VCSM13, (B) 107 phage

produced with Hyperphage.
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Fig. 5. Comparison of the phage yield obtained from 30 mL of culture, given per milliliter culture volume (A) and antigen binding (B) of phage
derived from pHAL constructs encoding the ‘215’ Fab fragment. Fab phage were produced in three independent experiments and every Fab
phage production was measured in duplicate in ELISA. Antigen: 100 ng ‘215’ oligopeptide per well. The ‘215’ Fab phage were detected using

mAb anti-M13 conjugated with HRP.

times more antigen-binding activity than the other
vectors.

Interestingly, an expression of soluble D1.3 anti-
bodies using the vector pHAL1 was found to be
possible in E. coli strain XL1-Blue MRF’ which
was used for phage display. The ELISA analysis of
soluble D1.3 produced in E. coli strains HB2151, TB1
and XL1-Blue showed a yield of soluble functional
Fab fragments from XL1-Blue and TBI up to 1.6
times better than that obtained with HB2151. This

ol m [

A WP WP WD
\)\P\\:\D \)\P\\Q’D \)\Ps\f:'(0 \)\P\\gyo

Q Q Q Q

Fig. 6. Comparison of the antigen binding of soluble D1.3 Fab
fragments secreted from E. coli (HB2151) from 30 mL of culture
produced with four different pHAL constructs. ELISA on lysozyme
(100 ng per well) was done using the periplasmic fraction. The
soluble D1.3 Fab fragments were detected with mAb goat anti-
mouse conjugated with HRP. Data represent two independent
experiments, every sample was measured in duplicate in ELISA.
Errors bars represent standard deviation of the resulting four values.

binding activity is not a result of soluble Fab plll
fusion protein as can be seen on immunoblot (data
not shown).

4. Discussion

The aim of the work was the assessment of the
influence and interdependence of various factors on
antibody phage production. For the optimal phage
display packaging system, three output parameters
need to be optimized. First, total phage titres should
be sufficient to yield enough material for a panning
round. When using monovalent display, however,
only a small fraction of the titred phage presents
antibodies on their surface. Further, the production
level of antibody—plIl fusion proteins can influence
the phage particle output from the E. coli cells. As a
consequence, total phage titres do not indicate the
amount of functional phage, i.e., those which carry a
correctly folded antibody fragment. Therefore, an an-
tigen phage ELISA provides an essential quality
benchmark of a phage display system. Finally, when
throughput is essential, as in proteomics applications
(Hust and Diibel, 2004), the production of soluble
antibody fragments is of importance. As no helper
phage have to be present for this step, the conditions
for the production of Fab fragments may vary from
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those when generating antibody phage. In this study,
various factors with a possible impact on these three
benchmark parameters were analysed. When com-
pared to scFv phage display, the expression of two
antibody chains at the Fab fragment must be well
balanced for optimal display. Several parameters
could affect this balance.

4.1. Relevance of display valency

First, oligovalent and monovalent antibody display
has been described for phagemid vectors, allowing to
switch between a first (few) panning round(s) using
oligovalent display at high antigen concentrations fol-
lowed by several rounds with monovalent display.
This is usually done to avoid loosing any specific
binder in the first round when only a few binding
phage are diluted in a billion unspecific ones, but
later allowing a competition for high affinity clones
once the entire specific repertoire has been rescued.
Most commonly, this switch is done by employing
different helper phage. We used VCSM13 (Strata-
gene), derived from M13K07 (Vieira and Messing,
1987), as a widely used representative for monovalent
display. Hyperphage (Rondot et al., 2001) was
employed to enforce oligovalent display.

As expected, the production levels of both D1.3
and ‘215” Fab phage confirmed the large differences
between VCSM13 and Hyperphage. By using the
helper phage VCSM13, 10-100 times more phage
were produced, depending on the vector design.
When using VCSM13, its wildtype plll compete
with the antibody—plllI fusion in phage assembly. As
the production and folding of the antibody—plIII fusion
is slow, the majority of plll assembled into phage is
wildtype. Hyperphage avoids to introduce wildtype
pllI into the packaging process, thus leaving the pha-
gemid as the sole source of plll and therefore enfor-
cing multivalent display from phagemid vectors
(Rondot et al., 2001). It is important to note that in
contrast to monovalent display systems, the titre of
phage produced with Hyperphage directly reflects the
expression and folding of the antibody. Therefore,
despite the fact that the overall phage particle yield
was lower, much less Fab Hyperphage (107) as Fab
phage produced with VCSM13 (10'°) were needed to
detect antigen binding by ELISA. Using Hyperphage
for packaging, the same amount of phage particles

offers approximately 1000-fold stronger antigen bind-
ing. Both monocistronic and bicistronic vectors using
the fd—pllII fusion (pHAL1 and pHALS) showed better
compatibility to Hyperphage in respect of antigen
binding, which interestingly was not reflected by the
total particle number. Much more Fab phage were
produced using the LC—plll fusion vectors, but the
antigen binding was much lower compared to the Fab
phage produced with the fd—plII fusion vectors. This
strong difference may be due to the formation of
Bence—Jones proteins like LC-dimers by the Fab-por-
tion of the plll fusion proteins on the phage, which
would result in faster assembly but yields inactive
antibody fragments.

4.2. Relevance of mono- and bicistronic vector design

Second, mRNAs can be made using mono- or
bicistronic vector designs. Both designs are well
established for phage display but have rarely been
compared systematically. The bicistronic vector de-
sign was used, e.g., for the complex human naive Fab
library in pCES by de Haard et al. (1999) with one
lacZ promoter and two different leaders. Our vectors
pHAL1 and pHAL2 resemble this bicistronic design,
using one lacZ promoter and two pelB leaders. The
two pelB leaders were modified on nucleotide level to
minimize internal recombinations but encode for iden-
tical amino acid sequences. The pelB leader was used
twice to provide comparability. The monocistronic
vector design was described, e.g., with two lacZ
promoters and two pelB leaders in pComb3 (Barbas
et al., 1991). Our vectors pHALS and pHALG6 repre-
sent this monocistronic design, with two lacZ promo-
ters and two pelB leaders. Here, the lacZ promoter
was used twice to provide that different Fab phage
production and display is not influenced by the usage
of different promoters.

The choice of mono- or bicistronic vector design
had no substantial effect on the phage titre neither
produced with Hyperphage nor VCSMI13. In the
biochemical analysis of Fab phage, no important
differences were detected between these both vector
designs encoding D1.3. In contrast, the antigen bind-
ing of D1.3 and ‘215° Fab phage, produced with
Hyperphage, was better when using bicistronic vec-
tors compared to their monocistronic counterpart
with the same plll fusion. For Fab D1.3, when
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using VCSM13 the phage produced with the bicis-
tronic vectors showed better antigen binding than the
Fab phage produced with the monocistronic vectors.
Interestingly, this effect depends on the Fab folding
efficiency as indicated by the differences between
DI1.3 and ‘215° Fab phage. For ‘215° Fab phage,
the usage of VCSM13 and Hyperphage led to similar
antigen binding in respect to the vector design.
Soluble Fabs produced with the bicistronic vectors
showed a better antigen binding compared to their
monocistronic counterpart with the same plll fusion,
as also seen for antigen binding of ‘215’ Fab phage
using Hyperphage or VCSM13 and DI1.3 using

Hyperphage.
4.3. Relevance of the plll fusion partner

Another relevant parameter was the choice of the
plll fusion partner, which could be either the fd-
fragment or the light chain. Both designs have been
used before. The HC—plII fusion was used by, e.g.,
Barbas et al. (1991) and de Haard et al. (1999). In our
vectors, pHAL1 and pHALS represent this variant.
The LC—plIl was used by, e.g., Jrum et al. (1993)
and Engberg et al. (1996). In our vectors, pHAL2 and
pHALSG represent this variant.

Vectors with the LC—plll yielded the best titres
when packaged with Hyperphage. Ten times less Fab
Hyperphage was produced using the vector pHALI1
with fd-fragment—plIl fusion and 100 times less
using pHALS. However, the phage titre for pHALI
is still good enough for practical application. In the
biochemical analysis of phage produced either with
Hyperphage or with VCSM13 by SDS-PAGE, for
pHAL2 and pHALG6 free LC were detected in im-
munoblot. The abundance of free light chains may
be explained with the appearance of light chain
dimers like Bence—Jones proteins (Nachman et al.,
1965). The free light chain may originate from pro-
teolysis. The functional yield of D1.3 and ‘215” Fab
phage produced with Hyperphage was much better
for vectors with fd—plll fusion. The lower function-
ality of phage produced with the LC—plll fusion
vectors can be explained by the possibility to form
Bence—Jones proteins like complexes, as supported
by the biochemical analysis. The antigen binding of
D1.3 is mainly mediated by the heavy chain (Ward
et al., 1989). Here, no significant impact of the

fusion partner could be observed when vectors
encoding D1.3 were packaged with VCSM13. For
the ‘215° antibody, antigen binding was similar for
VCSM13 and Hyperphage. The vectors encoding the
fd—pllI fusion led to a better Fab phage display and
the vectors encoding a LC—plIl fusion. Most strik-
ingly, this effect was also seen for soluble Fab frag-
ments, when plll was not included. It can be
concluded that the LC—fd orientation offers a
more balanced production than the fd—LC design,
independent from the fusion to plIl.

4.4. Relevance of glucose

A fourth parameter known to influence the Fab
phage production and display is the induction level
of the promoter(s). The secretion and folding machin-
ery of E. coli can easily be impaired by overexpres-
sion of recombinant antibodies (Diibel et al., 1992).
Therefore, the controlled repression of the promoter is
necessary for the optimal phage display. In the lacZ
system, the promoter can be fine tuned via the glucose
concentration. The induction of the lacZ system with
IPTG has an inhibitory effect on phagemid packaging
(Bass et al., 1990; Breitling et al., 1991). Glucose
reduces the transcription of genes under control of a
lacZ promoter (Bujard et al, 1987). For the
“Tomlinson I” and “J’ scFv libraries, 0,1% (w/v)
(5.5 mM) glucose was reported to be optimal for the
display of scFvs on the phage surface (Tomlinson,
2004).

Using Hyperphage, a glucose concentration of 5—
10 mM led to best titres with pHAL1, pHAL2 and
pHALSG, but the differences were small. With pHALS,
any addition of glucose led to lower phage titre.
Significant effects of the glucose concentration on
the phage production when using VCSM13 are not
expected, because there are two alternative sources of
plIl. The glucose concentration only influences the
expression of the Fab—plII fusion protein encoded on
the phagemid, but not the expression of the wildtype
plII encoded on the phage genome. The wildtype plll
source is sufficient to produce all the plIl needed for
phage assembly. As the concentration of the Fab—plIII
fusion protein is neglectable in this particular situa-
tion, changes in its concentration cannot be expected
to exceed the standard deviation of the titration
experiments.
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The glucose concentration can be expected to
strongly affect antigen binding when two competing
plII sources are present. Accordingly, this is seen for
VCSM13 packaged phage at concentrations above 5
mM glucose. In contrast, when using Hyperphage,
the antigen binding cannot be changed by variations
of the pIIl/Fab—pllI ratio, as the phagemid is the sole
plIl source. However, fusion protein levels may
interfere with other aspects of phage packaging or
structure. As only a slight tendency of reduced an-
tigen binding with increasing glucose concentration
had been observed. The Hyperphage packaging pro-
tocol is quite robust with respect to variation of the
glucose concentration, except when using the
pHALS design. The results emphasize the signifi-
cance of adjusting the glucose concentration for
“monovalent” display.

Very recently, a paper comparing vector designs
with a focus on functional expression of antibodies
was published by Corisdeo and Wang (2004). They
used a tetanus toxoid antibody to compare three anti-
body designs and used VCSM13 as the helper phage.
In all vector designs, the fd-fragment was fused to
pIllI. LC—plIl fusions were not analysed. However,
their experiments nicely complement our work as
they compared a monocistronic (pFabl) and bicistro-
nic design (pFab2) where fd-fragment—plll fusion
cassette was upstream of the LC expression cassette
and with a bicistronic design (pFab3) with the fd-
fragment—pllIl fusion cassette downstream the LC ex-
pression cassette. Confirming our results, the bicistro-
nic design offered a slightly better display of
functional antibodies. The arrangement of the plIl
fusion cassette at the 3’ end led to a twofold better
display compared to the arrangement with the plIII
fusion at the 5’ start. This confirmed our choice to
place the pllII fusion protein cassette downstream of
the cassette encoding unfused antibody chain. It sup-
ports the hypothesis that by weaker expression of a
gene at 3’ end of a polycistronic mRNA, due to
breakups in the transcription and translation process,
excess of the non-plll fused antibody chain is benefi-
cial for the display of functional Fab on phage surface.

In summary, the analysis of the three benchmark
parameters — phage titre, display efficiency and pro-
duction of soluble antibodies — yielded a clear recom-
mendation for the design of an optimal antibody
phage display vector. The monocistronic vectors

were inferior, despite pHALG6 yielded higher phage
titre. As these high titres do not reflect functional Fab
phage, the bicistronic vectors should be preferred
here. The use of pHAL2 offers higher phage titres
than pHALI1, but both yields are good enough for
doing a panning. Phage made with pHAL1 were
best for the display of functional D1.3 Fab when
using Hyperphage, and yielded best results with
“slow-folding” ‘215° Fab with both types of helper
phage. The yield of functional 215” Fab phage pro-
duced with pHAL2 was much lower compared to
using pHALI. This result illustrates the strong influ-
ence of folding efficiency on antibody display and
further emphasises the importance to include different
antibody fragments in any systematic comparison.
Finally, the best yields of soluble antibodies were
obtained with pHALI.

Therefore, we suggest for the construction of any
future Fab phage display library the use of a bicis-
tronic vector design with a fd-fragment—plIl fusion
and an arrangement of the fusion cassette at the 3’ end
of the operon.
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