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Abstract
Phage display technology is an established technology particularly useful for the generation of
monoclonal antibodies (mAbs). The isolation of phagemid-encoded mAb fragments depends on
several features of a phage preparation. The aims of this study were to optimize phage display vectors,
and to ascertain if different virion features can be optimized independently of each other.

Comparisons were made between phagemid virions assembled by g3p-deficient helper phage,
Hyperphage, Ex-phage or Phaberge, or corresponding g3p-sufficient helper phage, M13K07. All
g3p-deficient helper phage provided a similar level of antibody display, significantly higher than that
of M13K07. Hyperphage packaged virions at least 100-fold more efficiently than did Ex-phage or
Phaberge. Phaberge's packaging efficiency improved by using a SupE strain.

Different phagemids were also compared. Removal of a 56 base pair fragment from the promoter
region resulted in increased display level and increased virion production. This critical fragment
encodes a lacZ'-like peptide and is also present in other commonly used phagemids.

Increasing display level did not show statistical correlation with phage production, phage infectivity
or bacterial growth rate. However, phage production was positively correlated to phage infectivity.

In summary, this study demonstrates simultaneously optimization of multiple and independent
features of importance for phage selection.
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1. Introduction
Phage display is a powerful and versatile in vitro technology for isolating proteins with
biological activity, such as antibody binding domains (Marks and Bradbury, 2004). Most
commonly used phage display technologies employ phagemid vectors in which antibody
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fragments are expressed as fusion proteins with the minor coat protein III (capsid gene 3
product, g3p), transcriptionally controlled by the lac promoter. Through infection with helper
phage, such phagemids can be packaged into filamentous phage particles displaying the g3p
fusion protein. By affinity selection, or biopanning, it is possible to select phagemid clones
encoding antibody binding domains of a desired specificity.

Although biopanning selection is a powerful approach for obtaining mAbs, it appears less
efficient than in vivo selection of specific B-cell clones from an animal system. Using phage
display-selection specific clones can typically be retrieved from non-immune phagemid
libraries containing 109-1011 clones (Vaughan et al., 1996; Knappik et al., 2000; Edwards et
al., 2003). In contrast a mouse with no more than 108 B-cells can mount an antibody response,
and corresponding mAb-producing clones can be retrieved by hybridoma technology (Kohler
and Milstein, 1975). In the case of phage display, different approaches have been used for more
efficient retrieval of clones from phagemid libraries. First, repeat series of biopanning can be
performed (Edwards et al., 2003). Second, antibody fragments can be displayed with increased
efficiency on virions (McCafferty, 1996; Rondot et al., 2001). Third, increased numbers of
biopanned clones can be tested by robotic high throughput screening (de Wildt et al., 2000;
Konthur et al., 2005).

Although improved viral display of antibody fragments is helpful for isolating antibody binding
domains, attempts to increase the expression of g3p-fusion protein by induction of transcription
have sometimes led to bacterial stress (Hoogenboom et al., 1991; Krebber et al., 1996; Zahn
et al., 1999). Increased host cell stress can make phagemid libraries unstable by providing a
growth advantage to clones not encoding a full g3p-fusion protein (Beekwilder et al., 1999).
Viral display of antibody fragments can be increased by using g3p-deficient helper phage
(McCafferty, 1996; Rondot et al., 2001; Baek et al., 2002; Soltes et al., 2003) rather than
employing the more commonly used g3p-sufficient helper phage. In the absence of helper
phage-encoded gene 3, the only source of g3p is the phagemid-encoded g3p fusion protein,
which will be efficiently incorporated into virions and displayed. However, in some cases g3p-
deficient helper phage give decreased production of phagemid virions (McCafferty, 1996;
Baek et al., 2002). A further approach to increasing the display level is lowering the temperature
during virion production, however, this can also lead to lower yield of phagemid virions
(Chappel et al., 1998). Finally, higher display level can be achieved by constructing phage
display libraries in phage vectors rather than phagemid vectors (Griffiths et al., 1994; O'Connell
et al., 2002). This vector format gives both high display level and efficient phage production.
On the other hand, when cloning phage display libraries, the transformation efficiency is much
lower for phage genomes than for phagemids (Harrison et al., 1996). This hampers the
construction of large libraries. Furthermore, phage-based libraries are considered to be less
stable than phagemid libraries (Scott and Barbas III, 2001), and high-level display can
compromise the infectivity of virions (Parmley and Smith, 1988). To summarize, although
increasing viral display of g3p fusion protein is desirable for improved selection of clones
encoding antibody binding domains, this may have a negative impact on parameters of
importance including library stability, virion production, and virion infectivity. It is uncertain
if these restrictions are due to the host's biosynthetic capacity and therefore unavoidable, or if
they can be addressed by improvement of phage display vectors. Although a number of efficient
vector systems have been described (Bradbury and Marks, 2004; Hust and Dübel, 2004) and
these are well suited for isolation of antibody binding domains, these systems have not been
tested for all the critical parameters which may be important to the system. Analysis of the
literature to compare vector systems is complicated by the very small numbers of systematic
studies ((Kirsch et al., 2005) and references cited therein) and the lack of standardized test
methodologies and the lack of common standards.
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This study analyzes how several vector combinations affect different aspects of virion
production. These vector combinations include a set of phagemids as well as three different
g3p-deficient helper phage, Ex-Phage (Baek et al., 2002), Hyperphage (Rondot et al., 2001)
and Phaberge (Soltes et al., 2003). The results of the study demonstrate that efficient virion
production, high viral display level, high infectivity and minimal host cell stress can be obtained
simultaneously by carefully selecting phagemid and helper phage types as well as the E. coli
host strain.

2. Materials and Methods
2.1 Vectors

Phagemids pMAB77, pMAB136 and pMAB144 encoding the same human antibody Fab-
fragment specific for tetanus toxoid (Esposito et al., 1994), linked to g3p are described below.
Phagemid pMAB77 (GenBank accession no. AX744006) has been described (Soltes et al.,
2003; Wiersma and Stewart, 2003). Phagemid pMAB136 (GenBank accession no.
DQ119053) is a derivative of phagemid pFAB75.HUI obtained from Dr. Jan Engberg, The
Danish University of Pharmaceutical Sciences, Copenhagen, Denmark. Phagemid pMAB144
was derived from pMAB77 by deleting a 56 bp fragment, as described in “Results”. The
sequence of a version of pMAB144 not containing Fab genes is available, GenBank accession
no. DQ62691. Phagemid pSEX81-PHOX(YOL) (Welschof et al., 1997) (herein called
“pSEX81”) encodes an antibody scFv-insert specific for the hapten phenyl-oxazalone, which
is linked to g3p. GenBank accession no. Y14584 is identical to pSEX81, except for the region
encoding the scFv fragment. The helper phage M13K07 (GE Healthcare) has been described
(Vieira and Messing, 1987). Hyperphage (Rondot et al., 2001) was derived from M13K07 by
an in-frame deletion of gene 3, codons 8–406. Hyperphage is commercially available from
RDI Inc, USA and Progen, Germany. Ex-phage (Baek et al., 2002) and Phaberge (Genbank
accession no. AX744011) (Soltes et al., 2003) are derivatives of M13K07, having point
mutations in gene 3. Ex-phage has two mutations, E2Amber and E14Amber, and Phaberge has
the single mutation Q350Amber. Ex-phage is commercially available from IG Therapy Co,
South Korea, and Phaberge is freely available from the corresponding author. Hyperphage was
produced in E. coli strain DH5α/pIII, which supplies viral g3p from a chromosomal locus.
DH5α/pIII can be obtained through licensing from BTMS GmbH, Germany. Ex-phage and
Phaberge were produced in SupE E. coli hosts, TG1 (Stratagene) and XL-1 Blue
MRF' (Stratagene) respectively, which allow read-through of the amber codons present in the
helper phage gene 3.

2.2 Preparation of virions
Helper phage virions were prepared as described previously (Rondot et al., 2001; Baek et al.,
2002; Soltes et al., 2003). M13K07, Ex-phage and Phaberge were prepared by growing infected
bacteria in 2 xYT media (16 g bacto-tryptone, 10g yeast extract and 5 g NaCl per liter, pH
7.0-7.2) containing 10 μg tetracycline ml-1, and the resulting supernatant was used for infecting
phagemid-containing E. coli. Hyperphage was prepared by growing infected bacteria in 2 xYT
media containing 50 μg kanamycin ml-1, 0.5 mM IPTG and 100 mM glucose. Hyperphage
was concentrated by to two rounds of PEG-precipitation, with a final resuspension in 10 mM
TrisHCl , 20 mM NaCl, 2 mM EDTA, pH 7,5, and then used for infecting phagemid-containing
E. coli.

Phagemid virions were prepared as previously described (Ausubel et al., 1997; Soltes et al.,
2003), with the exception that the growth time after helper phage infection was shorter. Virions
were prepared from TOP10F' host cells (Invitrogen, USA) unless otherwise indicated. Prior to
helper phage infection, phagemid-containing TOP10F' cells were grown in 2 xYT, containing
1 % (w/v) glucose and 100 μg ampicillin ml-1. At midlog (A600 of 0.6-0.8) this culture was
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infected with helper phage, described above, at a multiplicity of infection of 15. To ascertain
if E. coli were accidentally pre-infected with helper phage, each experimental set-up included
a control mock-infection, where mid-log E. coli were incubated with liquid media instead of
helper phage. After infection at 37°C for one hour, bacteria were pelleted by centrifugation
and re-suspended in fresh liquid 2 xYT media containing 100 μg ampicillin ml-1 but no glucose.
The volume of the infected culture was 50% larger than that of the pre-infected culture. Infected
bacteria were grown for 4.5-5 hours at 30°C, and the supernatants recovered. Phagemid virions
were purified by two consecutive precipitations with PEG-NaCl.

2.3 Analysis of phagemid virions
To quantify the number of infectious phagemid virions, CFU assay was performed as
previously described (Ausubel et al., 1997; Soltes et al., 2003) except for a larger ratio of
indicator bacteria. 10 μl of phagemid virions, in serial dilution, was mixed with 90 μl of mid-
log XL-1 Blue MRF' indicator bacteria (Stratagene, USA), incubated for 30 minutes at 37°C
and then plated on ampicillin-containing agar plates. CFU assay was performed with a serial
dilution of each virion preparation. The titer was calculated scored from a dilution giving
between 10 and 1000 colonies per plate, i.e. the multiplicity of infection was far less than one.
CFU assay with kanamycin-containing agar plates indicated that less than 2% of the phagemid
virions contained helper phage genomes.

Viral display of antibody fragments was determined by ELISA using either tetanus toxoid (TT)
coated wells (Wiersma and Stewart, 2003) or wells coated with phenyl-oxazalone-BSA
(phOX) as follows: BSA was coupled in 50 mM NaHCO3 buffer pH 8 with a 20-fold molar
excess of phOX, and dialyzed. Microtiter wells were coated with 1 μg phOx-BSA per well,
blocked with 2% (w/v) skim milk powder and incubated with serial dilutions of pSEX81 phage.
The amount of virion particles was determined using ELISA plates coated with mouse-anti-
fd/f1 monoclonal antibody (Research Diagnostics, USA) as previously described (Wiersma
and Stewart, 2003). In all ELISAs control wells were plated with BSA to ascertain non-specific
binding and in addition PEG-purified supernatants from mock-infected E. coli was also used
as negative control. ELISA detection utilized either biotin-conjugated mouse anti-fd/f1
antibody followed by AP-conjugated streptavidin (Jackson ImmunoResearch, USA) or HRP-
conjugated anti-M13 (Amersham Biosciences, Germany).

“Relative display level” is the average display of antibody fragment per infectious virion and
was calculated from titer of anti-TT or anti-phOX ELISA and CFU assay as described
previously (Soltes et al., 2003).

“Relative infectivity” measures the ability of an average phagemid virion to infect E. coli
indicator cells, and was calculated using the infectivity of a virion preparation normalized for
its content of virions:

A = (CFU ml − 1) ∕ (Anti−phage titer) (Equation 1)

The anti-phage titer is the reciprocal of the dilution of virions that gives 50% of maximal
A405 in the anti-fd/f1 ELISA. The relative infectivity of a test sample was then expressed as a
percentage of that of the reference sample, phage produced by the combination pMAB144,
M13K07 and host TOP10F':

Relative display level = 100 (Atest ∕ Aref) (Equation 2)

Atest is A from equation 1, calculated for the test sample, and Aref is A from equation 1,
calculated for the reference sample. The reference sample is defined in Figure 2.

Western blot for viral g3p and Fab-g3p was performed as described (Soltes et al., 2003) using
a mouse anti-g3p antibody, pSKAN3 (Mobitec GmbH, Göttingen, Germany).
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Chemiluminescence signals of serially diluted samples were captured and quantified by
Luminescent Image Analyzer) according to manufacturer's instructions (Fuji Photo Film
Canada Inc., Canada.

2.4 E. coli doubling time
A600 was measured for exponentially growing bacteria using a ND-100 spectrophotometer
(Nanodrop, USA). Measurements were made at multiple time points in the interval 0.1≤
A600≤ 1.0. Log(A600) was plotted versus length of growth, and the doubling time was calculated
from the k-value obtained by linear regression (KaleidaGraph 3.52, Synergy Software, USA).
Only experiments with a high linear regression coefficient, R>0.98, were included.

2.5 Statistical analysis
Data for statistical analysis was from Figure 2 (virion production, viral display level and relative
infectivity), Figures 3B (doubling time of non-infected E. coli) and 3C (doubling time of helper-
phage infected E. coli), as well as additional data (not shown) for phagemids pMAB136 and
pSEX81. A total of 12-16 measurements were obtained for each of the five parameters. Each
measurement, “X”, was log-transformed, and the resulting “Y” value used for statistical
analysis:

Y = ln(1 × 106 × X) (Equation 3)

Possible correlations of these five parameters were analyzed by the SAS statistical software
version 9.1.3 (SAS Institute Inc., Cary, NC, USA), using the program PROC CORR for
correlation matrix analysis and PROC REG for multiple regression analysis.

3. Results
3.1 Comparison of different phagemids

To evaluate potential improvements of production of phage displaying antibody Fab fragments,
a comparison of three different phagemid vectors was undertaken. These phagemids encode
an identical tetanus toxoid-specific Fab fragment, but differ in other parts of the vectors (Figure
1). These vectors were housed in TOP10F' host cells, and virions were produced and analyzed
under identical conditions, as detailed in Materials and Methods.

Phagemids pMAB136 and pMAB77 were compared. These phagemids differ as pMAB136
contains the lacI gene, and there are also differences in the junctions of some vector elements,
as illustrated in Figure 1. When packaged with helper phage M13K07, the number of phagemid
virions produced by pMAB136 was similar, 61%, of that produced by pMAB77, and the display
level of Fab fragments was also similar, 54% of pMAB77 (data not shown). Addition of 1 mM
IPTG after pMAB136 had undergone helper phage infection resulted in increased viral display
of Fab fragments, 350% of that of pMAB77, and a somewhat reduced production of phagemid
virions, 26% of pMAB77. Repeat experiments, performed without comparison to the pMAB77
+ M13KO7 reference sample yielded a similar result (data not shown).

A vector was designed that contained potentially desirable elements from both pMAB77 and
pMAB136, and was evaluated. A detailed sequence comparison of the phagemids showed that
pMAB77 differs in the lac-promoter region from pMAB136 in that it contains a 56 bp DNA
sequence, encoding a lacZ'-like peptide (MTMITPSLHANSISRRQS). To ascertain if this
DNA segment is critical for Fab display, pMAB77 was modified to contain an identical lac-
promoter as pMAB136 (vector pMAB144 (Figure 1)). pMAB144 demonstrated higher display
levels than pMAB77 (Figure 2, samples 1 and 3), and compared well in display level with
pMAB136. Surprisingly, the yield of pMAB144 phagemid virions was also increased beyond
that seen with pMAB77, 3 ×1010 CFU per ml of non-purified culture supernatant.
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3.2 Comparison of different helper phage and host strains
A comparison of different g3p-deficient helper phage was conducted to evaluate the potential
of generating a further increase in display levels of antibody fragments. Hyperphage has a
deletion of gene 3 (Rondot et al., 2001), and Ex-phage (Baek et al., 2002) and Phaberge (Soltes
et al., 2003) both have suppressable stop mutations in gene 3. Each of these helper phage was
previously found to provide higher viral display than M13K07, the corresponding g3p-
sufficient helper phage, but have not been directly compared with each other. Bacteria carrying
either phagemid pMAB77, or pMAB144 were infected with either Phaberge or M13K07.
Phaberge consistently demonstrated higher viral display of Fab fragment than M13K07, but
also showed lower production of phagemid virions (Figure 2, samples 1-4). A similar result
was seen for pMAB136 (data not shown). Bacteria housing pMAB144 were infected with
Hyperphage, Ex-phage, Phaberge, or M13K07. With Hyperphage, Ex-phage and Phaberge
viral display levels were essentially comparable to each other, these levels being significantly
higher than that of M13K07 (Figure 2, samples 3-6). Western blot analysis was used to estimate
the display level of Fab-g3p for virions produced by the combination of TOP10F', pMAB144
and Hyperphage. From two separate phagemid virion preparations, we estimate that 2-12% of
g3p is in the form of Fab-g3p (data not shown). Unexpectedly, there were large differences
among helper phage in their ability to assemble phagemid virions. Whereas the virion
production provided by Hyperphage was only moderately lower than that of M13K07, both
Phaberge and Ex-phage gave approximately thousand fold less phagemid virions than
M13K07. All four helper phage were also compared in combination with a different phagemid,
pSEX81, encoding an antibody scFv-fragment specific for the hapten phenyl-oxazalone. The
results with pSEX81 were comparable to those obtained with pMAB144 (data not shown).
This indicates that the differences between the helper phage are not substantially influenced
by the antibody format, scFv or Fab.

In a previous study (Soltes et al., 2003; Soltes et al., 2006) we found that Phaberge induced a
similar production of phagemid virions to M13K07. We considered this to be due to the use
of E. coli SupE XL-1 Blue MRF' as host strain in the previous study, rather than the non-SupE
host TOP10F' used in the current study. To investigate, we compared the two E. coli strains
for production of pMAB144 virions in a new set of side-by-side experiments using both
M13KO7 and Phaberge helper phage. The results (Figure 2, samples 3, 4, 7 and 8) were
consistent with those found in our previous study (Soltes et al., 2003; Soltes et al., 2006). While
the combination TOP10F'/Phaberge gave a low production of phagemid virions, the
combination XL-1 Blue MRF'/Phaberge gave a much increased production; compare samples
4 versus 8 in Figure 2. Unlike the previous study (Soltes et al., 2003; Soltes et al., 2006) the
production by XL-1 Blue MRF'/Phaberge, sample 8, was somewhat less than that of XL-1 Blue
MRF'/M13K07, sample 7. The reason for this is not yet clear, but might be due to using a
different phagemid in this study than in the previous study, pMAB144 rather than pMAB77.
In addition, the high display level seen by TOP10F'/Phaberge was attenuated when using the
combination XL-1 Blue MRF'/Phaberge Figure 2 samples 4 versus 8). The attenuation seen
with host XL-1 Blue MRF' is likely caused by read-through of the amber codon of Phaberge's
gene 3. If the read-through was complete the amount of virions produced by XL-1 Blue MRF'/
Phaberge, and their display level, should be comparable to virions produced by XL-1 Blue
MRF'/M13K07. This was not the case: compare samples 7 and 8 in Figure 2. Instead, virions
produced by XL-1 Blue MRF'/Phaberge had an intermediate phenotype of those produced by
XL-1 Blue MRF'/M13KO7 (high amount, low display) and virion produced by TOP10 F'/
Phaberge (low amount, high display), implying that read-through was not complete. Unlike
the virions produced by TOP10F'/Phaberge, the virions produced by XL-1 Blue MRF'/
Phaberge were in amounts suitable for biopanning.
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3.3 Comparison of the effects on E. coli host growth
The effects of the different phagemids and helper phage on the growth rate of the E. coli host
were evaluated. Potentially there could be effects on the library integrity and ability to select
specific antigen binding domains. To quantify these effects bacterial doubling time was
determined (Figure 3). At 37°C the E. coli host bacteria containing a phagemid grew slower
than bacteria not containing a phagemid (Figure 3B). There was little difference in growth rate
among bacteria housing different phagemids.

The impact of different helper phage was evaluated by comparing bacteria containing a
phagemid alone with those containing both phagemid and a helper phage (Figure 3C). When
bacteria housed both a helper phage and a phagemid the growth rate varied substantially in
repeat experiments. This variability is likely due to compounded stress from both phagemid
and helper phage. Nevertheless, all helper phage evaluated (M13K07, Phaberge, Ex-phage and
Hyperphage) tended to cause some increase in doubling time and, in general, there were no
great differences in the growth retardation caused by the different helper phage. Finally, it was
noted that host strain XL-1 Blue MRF' grew slower than TOP10F' (Figures 3A-C).

3.4 Correlation between different virion features
The dataset including number of infectious virions produced, viral display levels, relative
infectivity (Figure 2), and growth rate (Figure 3) was subjected to statistical analysis. To
determine if any of these parameters were correlated to each other, a correlation analysis
(Materials and Methods) was conducted and a correlation matrix obtained (Table 1). Two pair-
wise significant correlations, p<0.05, were found. The strongest correlation, p=0.0001, was for
virion production and relative infectivity. Although the correlation was strong, the impact was
not: linear regression analysis indicates that for every ten-fold increase in virion production
there was only a two-fold increase in infectivity. A more direct linear regression analysis, a
log-log plot of CFU titer versus anti-phage ELISA, indicates the two parameters are highly
correlated, R=0.95, and that for a ten-fold increase in ELISA-value there is a 14-fold increase
in CFU titer. The second correlation, p=0.02 was for pre-infection doubling time versus post-
infection doubling time, which were also positively correlated. All other matrix comparisons
showed insignificant correlation.

4. Discussion
This study provides insight into the optimization of production of phagemid virions, which is
of importance for the overall success ofphage display technology.

Three different g3p-deficient helper phage were compared, Hyperphage (Rondot et al.,
2001), Ex-phage (Baek et al., 2002) and Phaberge (Soltes et al., 2003). Each of these originate
from the g3p-sufficient helper phage M13K07. Although each of the helper phage have been
previously reported to confer higher viral display of antibody fragments than M13K07 no
systematic cross-comparison has been conducted. In this study it was determined that
Hyperphage, Ex-phage and Phaberge all exhibit comparable display levels, each at least ten-
fold higher than M13K07. Unexpectedly, there were significant differences in the amounts of
phagemid virions produced by the helper phage. Hyperphage packaged approximately ten-fold
less phagemid virions than M13K07, and both Ex-phage and Phaberge packaged some
thousand-fold less phagemid virions than M13K07. The amount of phagemid virions produced
by Hyperphage is sufficient for biopanning large non-immune libraries, but the helper phage
Phaberge and Ex-phage appear to have more limited utility. Hyperphage is structurally distinct
from Ex-phage and Phaberge in that gene 3 in Hyperphage is largely deleted, necessitating it
to be produced under somewhat different conditions. The observed differences in supporting
phagemid production are considered due to the helper phage's structural differences and not
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the different conditions used for producing helper phage. Both Ex-phage and Phaberge contain
full-length gene 3 that has been rendered non-functional by suppressable amber stop codons.
It is considered that the poor support of virion production by Phaberge and Ex-phage in the
non-SupE host is due to polar effects of the gene 3 amber codons on other essential helper
phage genes. When Phaberge was used in a SupE host, which allows some degree of read-
through of the amber codon, this defect was alleviated. A similar result was obtained when
using Ex-Phage in a SupE host (Oh et al. 2006). Phaberge packages phagemid virions more
efficiently in a SupE host, but display of antibody fragments was shown to be less efficient
than in a non-SupE host. To obtain both high display level and relatively efficient production
of phagemid virions Hyperphage appears to be the best choice.

Through comparison of phagemids it was determined that a motif located between the lac
promoter and the genes encoding g3p fusion protein has a negative impact on phage production.
Phagemid pMAB144, which lacks this motif, has several advantages over phagemid pMAB77,
higher production of phagemid virions, increased display levels and better or similar
propagation of E. coli host. This motif encodes a translatable lacZ'-peptide, and is an
inadvertent remnant from the predecessor of pMAB77 plasmid pUC119 where it provides α-
complementation (Vieira and Messing, 1987).

The negative effects of the lacZ'-encoding fragment could be due to interference with normal
translation of the Fab-g3p fusion protein. Synthesis of Fab-g3p fusion protein would require
that ribosomes re-initiate translation after translation of the lacZ'-like peptide has been
completed. In addition, the negative effects could be due to the peptide having a toxic effect.
A literature survey shows that some commonly used phagemids have a lacZ'-encoding
fragment identical to that of pMAB77 (Figure 4), suggesting that their functionality could also
be compromised. Other phagemids either have no insert or have different inserts, either with
or without truncation of the lac promoter (Figure 4).

Several phagemids, e.g. pHEN1 (Hoogenboom et al., 1991) and its derivatives, contain an
amber stop codon in the fusion gene encoding antibody binding domains and gene 3. The
advantage of such vectors is that scFv or Fab fragments can conveniently be expressed as either
phage-bound fusion protein or soluble protein by utilizing either SupE or non-SupE host strains.
In our phagemid system, expression of soluble scFv or Fab requires genetic alteration of the
phagemid, which is somewhat more laborious. A potential disadvantage of amber-containing
phagemids is that SupE-strains might only provide incomplete read-through of the stop codon,
resulting in suboptimal display of scFv/Fab-g3p fusion protein.

There are examples described in the literature of where efficient viral display of g3p fusion
protein leads to lower virion production, reduced viral infectivity or increased host cell stress.
To analyse if these different virion-related parameters are linked, we performed statistical
analysis. No significant correlations were found between high viral display level and lower
virion production, reduced infectivity or decreased growth rate. This indicates that while
increased display level may have negative consequences in some settings, this is not necessarily
always the case. Two statistically significant correlations were found, the strongest was for
efficient production of virions being correlated to virions having high infectivity. The other
correlation, between pre-infection growth rate and post-infection growth rate was of lower
statistical significance. The linkage between phage production and phage infectivity could be
due to a balance among the components required for virion assembly. In the case of wildtype
filamentous phage, virion assembly involves precise control mechanisms of the steady-state
quantities of viral DNA and protein (Fulford et al., 1986). This control is almost certainly
perturbed in systems involving helper phage and phagemids. Phage display systems can be
even further compromised by extraneous vector elements, such as the phagemid-encoded lacZ'-
fragments, which cause host cell stress without providing any advantageous function. The high-
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copy pUC origin of replication could also pose unnecessary strain. A study by Beekwilder et
al. (Beekwilder et al., 1999) shows that if pUC origin is replaced by a low-copy pBR322 origin
display level and virion production remain unchanged, but the host cell stress level is reduced.

The format of the displayed antibody, scFv or Fab, might also affects phage assembly
parameters, but this has not been investigated in great detail. It has been reported that scFv-
phage and Fab-phage have comparable display levels (Chapman et al., 1997), yet Fab-phage
have been claimed to be superior for biopanning selection (Malone and Sullivan, 1996). Our
study could not assess the impact of antibody format since the scFv-encoding phagemid,
pSEX81, differs from the Fab-encoding phagemids by multiple sequence motifs.

In summary, we found that the preferred condition for producing phagemid virions were vector
pMAB144 in combination with helper phage Hyperphage and host strain TOP10F'. This
provided a high display level of antibody binding domains, as well as relatively high production
and infectivity of phagemid virions. It is anticipated that the optimization described in this
study will enable isolation of antibody binding domains from phagemid libraries with greater
ease and efficiency.
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Figure 1.
Schematic illustration of phagemids pMAB77, pMAB136 and pMAB144.
The differences between pMAB77 and pMAB144 (left), and between pMAB77 and pMAB136
(right) are indicated by italic, bold font. pMAB77 contains a 56 base-pair fragment located
between the lac promoter and the transcription start of VκCκ, absent in pMAB144. pMAB136
differs from pMAB77 in that it has a lacI gene, it lacks the 56 base-pair lacZ'-containing
fragment preceding VκCκ, a 20 base-pair difference in the junction between VHCH1 and g3p,
a 166 base-pair difference in the junction between g3p and M13 origin of replication and 255
base-pair difference in the junction between M13 origin and the β-lactamase gene. For full
sequence information, please see references cited in Materials and Methods.
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Figure 2.
Influence of E. coli host, phagemid and helper phage on production of phagemid virions.
“Infectious virions”, “Fab display level” and “Relative infectivity” were determined as
described in Materials and Methods. The standard sample in all comparisons was phagemid
virions produced by the combination TOP10F', pMAB144 + M13K07, sample 3. In each
measurement, this reference sample was assigned as being “100%”, and other virions
preparations were expressed as a percentage of this value. The height of each bar is the
geometric mean of percentages for repeat experiments. Solid line error bars indicate standard
deviations of the percentage values. “n” indicates the number of repeat experiments.

a. For sample 2, relative infectivity was determined in two out three experiments.

b. The virion production for the standard sample correspond to 3×1010 CFU ml-1 of
non-purified culture supernatant.

c. Dotted error bars indicate that standard deviations were calculated differently than
for other samples. If calculated as for other samples they would be zero since each
value, by definition, would be 100%. A dotted error bar illustrates standard deviation
for the standard sample, calculated vis a vis the geometric mean for independent repeat
experiments.

d. For sample 5, Fab display level was determined in two out of three experiments.
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Figure 3.
E. coli doubling times

A. Example of growth rate measurement. TOP10F' (filled circles) and XL-1 Blue
MRF' (open circles) not containing phagemid or helper phage, grown at 37°C in 2xYT
containing 1% glucose, but not ampicillin.

B. Influence of different phagemids on doubling time of TOP10F' and XL-1 Blue MRF'.
Bacteria not containing phagemid (open bars) were grown at 37°C in 2xYT containing
1% glucose, but not ampicillin, whereas media for bacteria containing phagemid (grey
bars) contained 100 μg ampicillin ml-1. This growth condition was used for E. coli
propagation before helper phage infection.

C. Influence of different helper phage on doubling times. All bacteria were grown under
conditions used for production of phagemid virions, at 30°C, in 2xYT media
containing 100 μg ampicillin ml-1 but not glucose. Black bars indicate the addition
of a helper phage indicated by two or three letter abbreviation. Grey bars indicate that
bacteria were grown under identical conditions, but were not infected by helper phage.
In B and C each bar represents means of measurements from repeat experiments. Error
bars indicate standard deviations.
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Figure 4.
Promoter-proximal sequences from published phagemid vectors.
Vectors on lines A-F include an insert between the lac promoter and the start of the g3p fusion
protein. Vectors on line G has no insert. A dash indicates a missing nucleotide. A star indicates
that this part of the sequence could not be found. The sequences are from the following
references: pSW1 (Ward et al., 1989); pEXmide3 (Söderlind et al., 1993); pHEN2: http://
www.mrc-cpe.cam.ac.uk/g1p.php?menu=1808; pMAB77: Genbank accession no.
AX744006, (Soltes et al., 2003; Wiersma and Stewart, 2003); pHEN1 (Hoogenboom et al.,
1991); pCOCK (Engelhardt et al., 1994); pCANTAB 5E: http://
www4.amershambiosciences.com; pCOMB3H: Genbank accession no. AY254174, (Barbas
III et al., 1991); pSEX81: Genbank accession no. ASY14584, (Welschof et al., 1997); phGH-
M13gIII (Bass et al., 1990); pFAB4 (Orum et al., 1993); and pMAB144: present study.
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