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Phage display is a useful means of identifying and selecting proteins of interest that
bind specific targets. In order to examine the potential of phage display for the genome-
wide screening of DNA-binding proteins, we constructed yeast genomic libraries using
Xfoo-based vectors devised in this work. After affinity selection using GAL4 UASG as a
probe, phages expressing GAL4 were enriched approximately 5 x lO'-fold from the li-
brary. Approximately 90% of polypeptides encoded in correct translation reading frames
by the selected phages were known or putative polynucleotide-binding proteins. This re-
sult clearly indicates that the modified lambda phage display vector in combination
with our enrichment technique has great potential for the enrichment of DNA-binding
proteins in a sequence-specific manner.

Key words: colicin E3, DNA-binding protein, GAL4, phage display, sequence-specific
selection.

The genome sequencing projects have resulted in the accu-
mulation of a wealth of protein sequences, many of which
remain to be analyzed. The identification of interacting
partners, such as other proteins and DNA, is crucial for the
elucidation of protein function, and high-throughput meth-
ods are desired for such studies. The yeast one-hybrid (2-3)
and two-hybrid (4, 5) methods have been used extensively,
and may also be applied to the genome-wide characteriza-
tion of DNA-protein and protein-protein networks. Be-
cause of significant false signals, however, these approaches
may require laborious, time-consuming effort.

Phage display is a method for producing foreign proteins
fused to the surface of a virus particle, and allows the
expression, selection and subsequent amplification of the
proteins encoded. The phenotypes of the displayed proteins
can be directly linked to the gene sequence encoded by the
phage, and enables effective screening of particular genes
that encode proteins of interest (6-8). Several phage dis-
play systems have been described, including filamentous
phage display through pETJ (6), pVI (9), and pVm (1.0)..
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Phage display has been extensively applied to the analysis
of peptide-antibody interaction by using chemically synthe-
sized oligonucleotides and fragmented DNA fused to the
coat protein gene. Tailed bacteriophages such as lambda,
T4 or T7 phage have also been used for the display of for-
eign proteins (11-13). Unlike the filamentous bacterioph-
ages, these phages do not require protein secretion across
the bacterial cell membrane. This is the great advantage of
tailed bacteriophages for the effective display of both intra-
cellular and extracellular proteins encoded on cDNA or
genomic DNA fragments.

Among the surface display systems, Xfoo is particularly
attractive because the vector can express homo-multimeric
proteins and because it has a conditional fusion scheme
(14, 15). Using Xfoo and other X phage vectors, many func-
tional prokaryotic and eukaryotic proteins have been pro-
duced on the surface (16-18). Xfoo has also been applied to
linear and conformational epitope mapping using antibod-
ies immobilized in microtiter wells (19, 20), to protein-fold-
ing domain mapping using ugand-immobilized agarose
beads (21), and to cDNA library screening of autoantigens
using patient sera immobilized as ligands (22).

Phage display has also been utilized for the expression of
DNA-binding proteins. To modify the sequence specificity of
a DNA-binding domain with a zinc finger motif, the fila-
mentous display system has been used (23-25). An artifi-
cially designed short oUgopeptide consisting of 88 amino
acid residues was expressed and served as an origin of a
DNA-binding protein for in vitro evolution (11, 23-25). We
have also successfully expressed functional transcription
factors on the surface of Xfoo (26). To our knowledge, how-
ever, there is no report describing the enrichment of DNA-
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sequence-specific manner. Therefore, the identification of
DNA-binding proteins from genomic or cDNA libraries has
remained elusive. Since many trans-acting DNA-binding
factors, including GAL4, have homo-dimeric structures (27,
28), \foo may be particularly suited for genome-wide
screening of DNA binding proteins.

GAL4 is a yeast transcriptional activator of the GAL
genes involved in the metabolism of galactose and related
sugars (29). Like most activators, GAL4 contains a se-
quence-specific DNA binding domain, an N-terminal dimer-
ization domain, and C-terminal activation domain (30). The
DNA binding domain binds the 17-bp UASG (CGGAc/
gGACa/tGTCg/cTCCG) of the genes involved in galactose
metabolism. Previous studies revealed that only the N-ter-
minal 74 amino acid residues of GAL4 specifically bind
UASG (31). The N-terminal region contains the C6 zinc
binuclear cluster [Zn(n)2Cy8g], which is also known as the
DNA-binding motif in fungi (32, 33). Our previous work
shows that Xfoo displaying the N-terminal 147 amino acid
residues of GAL4 binds UASG in a sequence-specific man-
ner (26).

In the present work, we describe the construction of
shared yeast genomic DNA libraries as well as the success-
ful selection of DNA binding proteins, including GAL4,
using UASG as a probe. We also describe a modification of
Xfoo for efficient library construction, and of an affinity
selection protocol for efficient enrichment of clones specifi-
cally interacting with the DNA probe.

MATERIALS AND METHODS

Bacteria and Yeast Strains—Bacterial strains, Escheri-
chia coli JM105 (27), XLl-Blue (34), and Q447 (22), were
used as hosts for plasmid transformation and phage trans-
fection. A yeast strain, Saccharomyces cerevisiae S288c
(35), was used for the construction of genomic DNA librar-
ies.

Vector Construction—Lambda phage display vector, Xfoo
(23), was modified to accommodate two Sfil recognition
sites in the multiple cloning site (MCS) for efficient library
construction (36) (Fig.l). The Sfil-BamHl segment of the
Xfoo MCS was amplified by PCR with a pair of oligonucle-
otide primers (5'-GCATGGTCTCGACCCCGACCACTC-
CCA and 5'-GCATGGATCCTCTAGAGTCGACC). The
forward primer was designed to contain the recognition se-
quence (underlined) of the type IIS restriction enzyme Bsal
that cleaves DNA 8-nt away from its recognition site, and
the reverse primer encodes a BarriHI site (underlined). The
amplified fragment was digested with Bsal and BamYQ.,
and ligated with two double-stranded synthetic oligonucle-
otides:
adaptor 1,

5'-GGTCCCACTCCG-3
3'-CAACCAGGGTGAGGCTGGG-5';
and adaptor 2,
S'-GATCCCCGGGTACCGAGGCCGCCTCGGCCGAGCTC-

GAATTCGGCCGGCCATAGCGGCCGC
3'-GGGCCCATGGCTCCGGCGGAGCCGGCTCGA-

GCTTAAGCCGGCCGGTATCGCCGGCGTTAA
(Underlines indicate the Sfil recognition sequences).

The Sfil site at 9484 nt of the Xfoo vector (14) was dis-
rupted by the introduction of adaptor 1. The resulting DNA
fragments were subsequently ligated with Xfoo DNA di-

gested with Sfil and EcoRI, yielding XfooVSfi.
The colicin E3 COOH-terminal domain (CRD) (1363 to

1656 nt of the colicin E3 structural gene) (37) has a strong
activity to kill E. coli. We have confirmed that the DNA
fragment encoding colicin E3 CRD introduced with an am-
ber stop codon at the 5' terminus of the fragment (TAG-E3-
CRD) can kill E. coli with suppressor activity (unpublished
data). XfooVcoli was constructed by inserting the colicin
DNA fragment between the two Sfil sites of the XfooVSfi
MCS. The XfooVcoli formed plaques when grown with a
sup" host, Q447, but failed to form plaques with XLl-Blue,
a suppressor-positive strain. When the TAG-E3-CRD was
replaced with a foreign DNA fragment, the XfooVcoli grew
with a sup+ host.

Construction of Yeast Genomic Libraries—Yeast genomic
DNA was prepared from S288c cells by the standard proce-
dure. Approximately 1 mg of genomic DNA was partially
digested with 40-50 units of restriction enzyme, Acil, Mspl,
HinPl, or Thai, for 5-10 min at the manufacturer's recom-
mended temperatures. The reaction was stopped by the ad-
dition of 50 yA of 0.5 M EDTA. Digested genomic DNA was
electrophoresed in preparative 1.0% agarose gels for size
fractionation. DNA fragments ranging from 0.5 to 2 kb in
length were excised and purified by Ultrafree-MC (Milli-
pore, Bedford, MA). Approximately 2 \xg of the purified ge-
nomic DNA fragments were ligated with two Sfil adaptors,
which are complementary to the XfooVSfi arms generated
by Sfil digestion. Three 5'-end adaptors,
Sfi5AD0 5'-CGGCCAGGATCTGGTGG

3'-GGAGCCGGTCCTAGACCACCGC,
Sfi5ADl 5'-CGGCCAGGATCTGGTGGG

3'-GGAGCCGGTCCTAGACCACCCGC, or
and S65AD2 5'-CGGCCAGGATCTGGTGGGG

3'-GGAGCCGGTCCTAGACCACCCCGC,
and 3'-end adaptor,
Sfi3AD 5'-CGCTGACTGACTGAGGCCATAG

3'-GACTGACTGACTCCGGT,

;
BS

Bs

ACCC—-'"

4 » *

(digest with £ts

GTT +
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/.fooV Sfi

ratal O CRD

Fig. 1. Construction of XfooVSfi and XfooVcoli vectors. Restric-
tion sits are S, Sfil; H, HmdUl; Ba, BaroHI; E, EcoBl; Bs, Bsal; N,
Notl.
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were also prepared. The three 5'-end adaptors were de-
signed to differ in length from each other-by-one nucleotide,
so that one of the three adaptors would match the transla-
tion reading frame of each of the genomic DNA inserts. The
3' adaptor Sfi3AD was designed to have translation termi-
nation codons in all three frames.

The three different 5' adaptors were ligated with genom-
ic DNA digested by the four enzymes for twelve Ugation
reactions in total. Unligated adaptors were removed from
the genomic DNA fragments by passing the ligation mix-
ture through an S-400 (Amersham Biosciences, Uppsala,
Sweden) spin column, and then through a cDNA Size Frac-
tionation Column (Invitrogen, Carlsbad, CA). The genomic
DNA was also fractionated by 1.0% agarose electrophoresis.
Purified DNA fragments were ligated with 0.5 ng of XfooV-
coli and \fooVSfi DNA digested with Sfil. The \fooVcoli
vector was used for library construction of all four genomic
DNA preparations digested with Acil, HinPl, Mspl or Thql;
the XfooVSfi vector was only used for library construction
with DNA digested with Thql. After incubating 2 h at 25°C,
the ligated DNAs were packaged using Giga Pack III Gold
(Stratagene, La Jolla, CA), and used to infect E. coli Q447.
Restriction digestion, adaptor ligation and phage DNA
packaging were performed by standard procedures as pre-
viously described (34).

Preparation of Probe DNA—A DNA fragment was pre-
pared as a probe for library affinity selection by the follow-
ing procedure. PCR primers, 5'-CGCCAGGGTTTTCCCAG-
TCACGAC biotinylated at the 5' end and 5'-AGCGGATAA-
CAATTTCACACAGGAAAC, were to amplify a 550-bp frag-
ment containing eight repeats of the GAL4 binding con-
sensus sequence (22). The amplified fragments were puri-
fied with an S-400 spin column and by successive ethanol
precipitations. Seventy micrograms of the PCR product and
2.3 mg of streptavidin-coated paramagnetic beads (Geno-
Prep streptavidin beads, Genovision, Oslo, Norway) were
mixed in BW buffer [1 M NaCl, 10 mM Tris-HCl (pH 8.0), 1
mM EDTA] and incubated for 15 minutes at room tempera-
ture. Unbound probe DNA was removed by washing the
beads twice with BW buffer.

Affinity Selection of Genomic Libraries—Affinity selec-
tion procedures are illustrated in Fig. 2. Phage libraries
were cultured using XLl-Blue as a host. After complete ly-
sis of the host bacteria, DNase I was added to the lysate at
a final concentration of 10 units per 100 ml, and the lysate
was incubated at 37°C for 20 min. The phages were col-
lected by centrifugation at 10,000 xg for 10 min after the
addition of 6% (w/v) polyethylene glycol (PEG 8000;
SIGMA, St. Louis, MO) and 0.6 M NaCl. The precipitated
phages were resuspended _in SM buffer, and precipitated
again in the presence of 3.3% PEG 8000 and 0.4 M NaCl.
Finally, the phages were resuspended in binding buffer [20
mM HEPES (pH 7.5), 0.5 mM MgCL,, 0.1 mM EDTA, 0.1
IxM ZnCL,, 100 mM NaCl, 1 mM DTT, 2.5% glycerol, and
0.1% Tween-20] supplemented with lx protease inhibitor
cocktail (SIGMA). Enrichment with the immobilized probe
DNA was performed in a volume of 50-200 jxl containing
~1012 plaque-forming units (pfu) of phages, 500 |ig of para-
magnetic beads coated with probe DNA, 0.1 mg/ml of
poly(dI-dC) and lx protease inhibitor cocktail in binding
buffer. After a 1-h incubation with agitation at room tem-
perature, the beads were separated from the supernatant

-with- a magnet and-washed three-times with -binding- buffer -

amplified genomic library

display wttti sup+ strain

affinity selection

binding reaction with GAM IMS,;

wash
* -

dutton

amplification with sup- strain

display with sup+ strain

affinity selection

bWIng reacBoo with GAL4 UAS^
» 4

wash ^
I m

button |

1st Round Of
Enrichment

|2cydes

2nd Round of
Enrichment

|2cydes

QC-PCR / plaque hybridization / DNA sequencing

Fig. 2. Affinity selection scheme for the enrichment of GAL4
clones using UAS,, as a probe. UASQ fragments were immobilized
on paramagnetic beads as described in "MATERIALS AND METH-
ODS." The library was selected twice without amplification between
the two enrichment steps. The enriched library was amplified by in-
fecting a bacterial host, and then further enriched two more times.

containing 200 mM NaCl. Bound phages were eluted from
the beads by incubating in 100 uJ of elution buffer (SM
buffer containing 1 M NaCl and 0.1% Tween-20) at room
temperature for 1 h. The eluted phages (-107"8 pfu) were
precipitated by the addition of 5% PEG 8000 and 0.5 M
NaCl (final concentrations), and suspended in 5 ul of bind-
ing buffer. The second binding reaction was carried out
with 50 ug of paramagnetic beads coated with probe DNA
in a volume of 10 \il. The second enrichment was done
using the same protocol as in the first enrichment, except
that the phages were eluted with 50 \L\ of elution buffer. A
small portion of the eluted phages was used for competitive
PCR to estimate the amount of the GAL4 gene encoded by
the enriched library as well as for plate lysate preparation,
which was subjected to the second round of enrichment.
The second round of affinity selection was carried out using
1/10 the scale of the first round. GAL4-encoding phages in
the eluate were detected by plaque hybridization with a
DNA probe encompassing 21-620 nt from the translation
initiation codon of the GALA gene.

Quantitative,.Competitive PCR (QC-PCR)—A pair of
oligonucleotide primers, 5'-GCCGACTTAAAAAGCTCAAG
(forward) and 5'-TTAACAATGCTTTTATATCC (reverse),
were designed to amplify the 240-bp fragment of GAL4
(41—280 nt from the translation initiation codon), which
encodes the core region of the GAL4 DNA-binding domain,
and was used for competitive PCR. DNA competitive to the
GAL4 target was designed to have a 20-bp deletion (241-
260 nt from the translation initiation codon), prepared by
PCR, and cloned to the pGEM-T plasmid vector (Promega,
Madison, MI). Genomic phage DNA was prepared by phe-
nol/chloroform extraction and successive ethanol precipita-
tion. A QC-PCR mixture (20 ul) consisted of 1 \iM primers,

-0r2-mM dNTPsrgenomic DNA derived *om102—10? pfu of
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phages, 0.0001-1 amol of the competitor plasmid and 5
units of ExTaq DNA polymerase (Takara, Kyoto). Ther-
mocychng consisted of 94°C for 2 min, followed by 35 cycles
of denaturation (94°C; 20 s), annealing (55°C; 30 s), and ex-
tension (72°C; 60 s). Two products with the expected sizes
(220 and 240 bp) were analyzed by polyacrylamide gel elec-
trophoresis (PAGE), and stained with ethidium bromide.

Plaque Hybridization—Plaque hybridization was carried
out using a standard protocol (34). Phage DNA cross-linked
to nylon membranes was hybridized overnight at 42°C with
a DIG-labeled probe that encodes the 5'-terminal end (21-
620 nt from the initiation codon) of the GALA structural
gene.

Expression of GALA Protein and Electrophoretic Mobility
Shift Assay—After affinity selection, genomic DNA frag-
ments encoded by phages were amplified by PCR using
primers, 5'-CGATTGAATTCAATCGAACAAGCATGCGAT-
ATTTGCCGACT and 5'-ATAGTTTAGCGGCCGCTTCGA-
AGAATACATAAGAGAGAACCGTCG, and cloned into a
pGEM-4T-3 module (Amersham Biosciences) that can pro-
duce proteins encoded by the genomic insert in a fused
form with glutathione S-transferase (GST). The fusion pro-
tein was expressed in E. coli strain BL21 cells and purified
by a MicroSpin GST purification module (Amersham Bio-
sciences). Double-stranded oligonucleotides were chemi-
cally synthesized and annealed for electrophoretic mobility
shift assay (EMSA). IRDyeSOO-labeled 60 bp in length
probes, S'-GTACGGATTAGAAGCCGCCGAGCGGGTGAC-
AGCCCTCCGAAGGAAGACTCTCCTCCGTGC (Gall-LLTu)
and 5/-GCACG^AGGAGAGTCTTCCTTCGGAGGGCTGT-
CACCCGCTCGGCGGCTTCTAATCCGTAC (Gall-ILTb) en-
coded three GAL4-binding consensus sequences (UASG, un-
derlined) of the GAL1 promoter. The coding region of the A
oryzae pgmA gene (191-240 nt) was used as a non-specific
competitor. The GST-GAL4 fusion protein and probes were
incubated in binding buffer for 20 min at room tempera-
ture. The competitor DNA was mixed with the probe DNA
prior to incubation with the fused proteins for competition
assay. EMSAs for the analysis of DNA-protein complexes
were carried out as described by Sano et al. (38, 39).

Phage Culture, Plaque Staining and DNA Sequencing—
The general manipulation of phages has been described
previously (34). For phage DNA sequencing, plaque PCR
was carried out using a pair of ohgonucleotide primers, 5'-

CGACTCCCACCCCGACC (TsrifooF) and 5'-GAAAGGGG-
GATGTGCTG (TsrifooR). The PCR product was treated
with a pre-sequencing kit (USB, Cleaveland, OH) and sub-
jected to sequencing reactions using an IRDye-labeled
primer (u-70; IRDye800-5'-ACCCCGACCCCGACTCCGAC-
CGTT) and a Thermo sequenase cycle sequence kit (USB).
Sequence analysis was done using a LJ-COR Model 4200L
DNA sequencer (LI-COR, Lincoln, NE).

RESULTS

Construction of Yeast Genomic Libraries—Shared yeast
genomic DNA was prepared according to the method of
James et al. (40). There are four commercially available
enzymes, Acil, HinPll, Mspl, and Taql, with a 4-bp recog-
nition sequence that produces a common 5' overhang with
5'-CG-3'. As previously predicted (41), the CG enzyme rec-
ognition sites exist every 128 bp, on average, while Sau3AI
alone, used in most library constructions, cuts genomic
DNA once every 373 bp. The shared yeast genomic DNA
digested with the four CG enzymes was ligated with one of
the three 5' adaptors (refer to "MATERIALS AND METHODS")
and the 3' adaptor, and cloned into XfooVcoli digested with
Sfil to produce fooVcoli-A (A1-A3), fooVcoli-H (H1-H3),
fooVcoli-M (M1-M3), and fooVcoli-T (T1-T3) libraries
(Table I). The overall complexity of the libraries constructed
was calculated to be 6.6 x 106; namely, 14 x lO^bp yeast
genome in length/128-bp restriction fragments on average
x2 directions x3 reading frames. Tlajl-digested genomic
DNA fragments were ligated with the three 5' adaptors,
Sfi5ADl, Sfi5AD2, and Sfi5AD3, and were used to con-
struct \fooVSfi libraries, resulting in three libraries desig-
nated as XfooVSfi-Tl, -T2, and -T3 , respectively.

The libraries constructed with XiboVcoli and XiboVSfi
consisted of independent recombinants, the numbers of
which range from 3.40 x 106 to 1.75 x 106 pfu, or from 1.25
x 106 to 3.75 x 106 pfu, respectively (Table I). The libraries
constructed using XfcoVSfi contained 30-50% insert-har-
boring phages. The twelve libraries were amplified sepa-
rately by infecting a sup0 E. coli host, Q447. Roughly the
same pfu of the three libraries derived from the different
adaptors for each restriction enzyme were mixed together,
yielding a restriction enzyme-specific library. The resulted
four libraries, fooVcoli-A, fooVcoli-H, fooVcoli-M, and fooV-

TABLE I. Number of independent recombinants in genomic DNA libraries constructed.
Enzyme Vector Library No. of independent recombinants" White plaque (%)

Acil

HinVl

Mspl

Taql

XfooVcoli

XfooVcoli

XfooVcoli

XfooVcoli

XfooVSfi

fooVcoli-A

fooVcoli-H

fooVcoli-M

fooVcoli-T

fooVSfi-T

fooVcoli-Al
fooVcoli-A2
fooVcoli-A3
fooVcoli-Hl
fooVcoli-H2
fooVcoli-H2
fooVcoli-Ml
fooVcoli-M2
fooVcoli-M3
fooVcoli-Tl
fooVcoli-T2
fooVcoli-T3
fooVSfi-Tl
fooVSfi-T2
fooVSfi-T3

3.40 x 105

6.50 x 106

8.80 x 105

4.90 x 10»
1.20 x 108

1.17 x 10"
5.45 x 106

1.75 x 106

1.12 x 10*
1.90 x 10°
9.60 x 106

7.00 x 105

3.75 x 10" (7.40 x 10")
1.25 x 108 (1.35 x 10°)
2.25 x 109 (2.30 x 10s)

33.6
48.1
49.5

T h e numbers of independent recombinants were estimated from the white plaques of titration of packaged libraries described in "MATE-
RIALS AND METHODS." The numbers of vector phages forming blue plaques on plates containing IPTG are indicated in parentheses
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TABLE II. Affinity selection of yeast
(a) Taql library

Library

1" round input
WIVni; T Recovered

2nd round input
Recovered
I " round input

f n n V o f i T Recovered
2nd round input
Recovered

(b) CG library

XfooVcoli

1st round input
Recovered
2nd round input
Recovered

genomic DNA libraries.

Phage titer (pfu)

White

7.00 x 10"
2.70 x 106

1.63 x 1010

1.08 x 107

1.40 x 1012

5.50 x W
3.40 x 1010

1.31 x 107

Phage titer (pfu)

2.10 x 10 u

3.14 x 106

1.44 x 1010

1.02 x 107

plaque (%)

6.8
18.2
10.1
28.7

OAT A DNA (fmnli nr rlnno (*">•

0.0086 fmol
11.1 fmol

0.9%
31.5%

0.00043 fmol
18.2 finol

2.0%
50.8%

GAL4 DNA (fmol) or clone (%Y

0.00561 fmol
95.5 fmol

0.1%
5.7%

Enrichment factor13

1.3 x 103

4.9

4.2 x 101

25.4

Enrichment factor11

1.7 x 104

55.7
"In the first round of enrichment, the amount of GAL4 DNA in the libraries was estimated by competitive PCR as described in "MATERI-
ALS AND METHODS" and is expressed as the amount (fmol) of DNA per 1010 library phages (pfu). In the second round of selection, the
proportion (%) of GAL4 phage in the libraries was determined by plaque hybridization. 'Enrichment factors were calculated from the ratios
between recovered and input GAL4 phagea

TABLE HI. Number of GAL4 clones recovered from the librar-
ies.

5 6 7 8 9 10

Library
GAL4 peptide

No. of clones

fooVcoli-T

7-146 aa

17 (85%)

7-206 aa

3 (15%)

fooVSfi-T

7-146 aa

24(89%)

7-206 aa

3 (11%)

coli-T, were separately cultivated in XLl-Blue cells. Trans-
lation termination at the amber stop codon between the
phage V gene and yeast genomic DNA insert prevents for-
eign proteins from being displayed on the phage surface in
this suppressor-negative host. Therefore, the library ampli-
fication with Q447 minimizes biased growth of the recombi-
nant phages in the library. Nonetheless, the proportion of
phages with inserts decreased to 10-20% of the library
after amplification, when the host was infected with the
library phages at a multiplicity of infection (MOI) of 0.01.
When a suppressor-positive strain, XLl-Blue, was infected
with libraries at MOI of 10-100, the ratios of recombinants
to non-recombinants further decreased to 10% or less as
shown in Table LTa.

Comparison of XfooVcoli and XfboVSfi. Vectors—To evalu-
ate the XfooVcoli vector, which has a positive selection
scheme for recombinants based upon the colicin gene toxic
to E. coli, for the construction and affinity selection of li-
braries, two libraries, fooVcolUT and fooVSfi-T, were con-
structed using the XfooVcoli and XfooVSfi vectors, respec-
tively. S. cerevisiae genomic DNA was partially digested
with Taql, and 0.3-1.0-kb fragments were cloned into the
vectors. Taql digestion can produce a DNA fragment con-
taining the entire GAL4 DNA-binding domain. The E. coli
strain XLl-Blue was used as a host cell having a strong
amber suppressor activity for the display of yeast proteins
on the phage surface. The library phages, 5 x 10u pfu, culti-
vated in XLl-Blue were incubated with 500 \ug of paramag-
netic beads coated with the GAL4-binding consensus se-
quence. Bound phages were eluted, precipitated with PEG,
and subjected to a second affinity selection without amplifi-
cation as-described-in "MATERIALS AND METHODS." In the

Bound

•^ Free

Fig. 3. Electrophoretic mobility shift assay of isolated polypep-
tides. Approximately 0.1 |xg of the GST-fused GAL4BD-L expressed
from the DNA fragment of isolated phages was mixed with 120 fmol
of the DNA probe, and incubated for 20 min at room temperature
(lane 1). Non-specific competitor (lane 2-5) or specific competitor
(lane 6-9) DNA was added to the binding reaction. Either 500 fmol
Ganes 2 and 6), 1 pmol (lanes 3 and 7), 5 pmol (lanes 4 and 8), or 10
pmol (lanes 5 and 9) of the competitor DNA was added. Construction
of the competitor DNA fragments is described in "MATERIALS AND
METHODS."

second selection, the eluted phages, -lO'-lO8 pfu, were in-
cubated with 50 ug of probe DNA-immobilized paramag-
netic beads. After the two successive affinity selections,
lO^lO6 pfu of phages were recovered. These results are
shown in Table Ha.

Before and after the affinity selection, the amount of
phage DNA encoding GAL4 in the library was quantified
by QC-PCR using primers specific for the GAL4 DNA-bind-
ing domain. GAL4 DNA, 8.6 amol, in 1010 pfu of library
phages was detected in the library amplified with XLl-
Blue. After the first round of the selection, the amount of
GAL4 DNA was 11.1 fmol in 1010 pfu of the selected library •
phage. This result indicates that the GAL4 phages were
enriched lC^-lOMbld by the two-step affinity selection.

The GAL4 phage clone was more efficiently enriched for
-from the fooVSfi T-library tiian-from the. fooVcoli T library,
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TABLE IV. Gene producte encoded by phage clones isolated from the CG library
Gene product Frequency Fusion site Biochemical function

TBS1
GAL4
SNM1
RLF2
SMB1
BOI2
SOK1

3
2
2
2
1
1
1

Mspl
Taql
Mspl
Taql
Acil
Acil
HinPl

Putative transcription factor of the Zndl^Cys,, domain
Zinc finger transcription factor of the ZnCIDjCys, binuclear cluster domain
Ribonuclease MRP, RNA-binding protein with a zinc-duster domain
Chromatin Assembly Complex
mRNA splicing
RHO protein signal transduction
Transcription factor (putative)

as shown in Table Ha. This may be due to the initial low
content of the GAL4 clone in the fooVSfi library, which has
an approximately 10-fold larger number of non-recombi-
nant clones than the fooVcoli library. Therefore, the effi-
ciency of the affinity selection is similar in both libraries.

Phages, -104 pfu, from the first round of selection were
amplified and subjected to a second affinity selection.
Plaque hybridization analysis showed that the second
round enriched the GAL4 phage only 10- to 100-fold, proba-
bly due to a high proportion of the GAL4 clone in the eluate
population after the first round (Table Ha). The GAL4-
phage content in the selected population was -50% after
the two successive selections, and did not significantly de-
pend on the presence of the colicin gene in the vector. DNA
sequence analysis of 32 randomly selected clones in the elu-
ate of the second selection revealed that 63% (20 clones) of
the fooVcoli population and 84% (27 clones) of fooVSfi popu-
lation encoded genomic DNA fragments corresponding to
the N-terminal regions, 7-146 aa (GAL4BD-S) or 7-206 aa
(GAL4BD-L), of the GAL4 protein (Table HI). Both of the
polypeptides contained the N-terminal 74 residues required
for GAL4 dimerization and for GAL4 binding to UAS0.
EMSA using the polypeptide corresponding to residues 7—
206 of GAL4 confirmed the sequence-specific binding of the
enriched polypeptide to UASG (Fig. 3).

We also tried the affinity selection of GAL4 clones after
diluting the Tl library 10- or 100-fold with the T2 and T3
libraries, which did not contain clones displaying functional
GAL4. The GAL4 phage clones could be effectively enriched
for from both of the diluted libraries, demonstrating that
less abundant DNA-binding proteins than GAL4 can be
specifically enriched by the method described here (data
not shown).

Affinity Selection of Yeast Genomic Libraries—Using the
\fooVcoli vector, 12 different libraries were prepared from
genomic DNA fragments digested with four restriction en-
zymes, Acil, Mspl, HiriPI, or Thql, each of which was
ligated with the three different adaptors as described in
"MATERIALS AND METHODS." The four libraries (fooVcoli-A,
fooVcoli-H, fooVcoli-M, fooVcoli-T) were cultivated sepa-
rately in XLl-Blue cells, and mixed together to give roughly
the same pfu of phages from each library. When ~1012 pfu
library phages were subjected to the two successive affinity
selections without amplification in the first round, the
GAL4-phage concentration reached 5.61 amol of GAL4
DNA in 1010 pfu library phages (Table lib). The recovered
phages from the first round of selection were amplified and
subjected to the second round of selection. Plaque hybrid-
ization using a DNA fragment encoding the Zn(IT)2Cys6 do-
main as a probe showed that GAL4-encoding phages occu-
pied 5.7% of the library. When 39 clones were randomly
analyzed by DNA sequencing, we found that two clones
encoded the GAL4BD-S domain of GAL4, and that all other

clones except one encoded proteins that have or are pre-
dicted to have polynucleotide-interacting activities (Table
IV).

DISCUSSION

In the present study, using the Xfoo display system, we
have successfully enriched and isolated GAL4-encoding
clones from yeast genomic DNA libraries through affinity
selection with the GAL4-binding consensus sequence,
UASG. A number of factors, such as protein instability and
fusion through incorrect reading frames, influence the ex-
pression of functional proteins on the vector surface. In par-
ticular, the availability of DNA fragments encoding pro-
teins of interest is most critical. We adopted four CG
enzymes that were used to construct the yeast genomic
library for the two-hybrid selection (40). The CG enzymes
provide 2.9-fold more potential fusion sites than a single
enzyme such as Sau3AI (41). Large DNA fragments are
also less likely to express functional proteins than small
fragments. Therefore, we purified genomic DNA 0.2-1.0 kb
in size after the enzyme digestion.

Affinity selection procedures are also critical for success-
ful enrichment. We have designed a protocol that mini-
mizes the number of library amplification steps. This may
decrease the possibility of losing phage clones of interest
during the selection steps. An E. coli strain with no sup-
pressor activity was used for library amplification, and this
reduces the loss of clones from the library that expresses
proteins unfavorable for phage assembly. Nonetheless, the
proportion of recombinant phages with inserts decreased to
10% or less in the amplified XfooVSfi libraries (Table II).

The concentration of GAL4 clones in the fooVcoli library
was more than 10-fold higher than that in the fooVSfi li-
brary cultivated with a suppressor-positive host before the
affinity selection (Table Ha). This is because the XfooVcoli
vector without an insert cannot grow in sup* hosts, while
recombinant clones with the insertion of a DNA fragment,
which disrupts the colicin gene, can grow. However, no sig-
nificant difference was observed in the enrichment of GAL4
clones in the two libraries constructed with XfooVcoli and
XfooVSfi (Table Ha).

A repertoire of approximately 108 genomic DNA frag-
ments are estimated to be required for the complete cover-
age of all protein domains encoded in the yeast genome,
which is 14 Mb in size. In the case of higher eukaryotes
with a larger genome size than yeast, an even larger reper-
toire is required. Moreover, the analysis of cDNA may also
require a large number of cDNA fragments, particularly for
cDNA encoding low abundant mRNA. In this work, phage
lysates consisting of -1011 infectious phage particles were
used for the first screening. In the phage lysate, non-recom-
binant phages, namely vectors without inserts, occupied
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-90% of the population of the fooVSfi library. When librar-
ies were made with XfooVcoli, such non-recombinant vector
clones could not grow in a suppressor-positive host during
library amplification. Therefore, 10-fold more library phage
particles can be subjected to screening, and this may be
more efficient for successful enrichment than libraries
made with XfooVSfi. Although we did not examine this pos-
sibility in this work, this favorable character of XfooVcoli
may be particularly useful for the analysis of genomes of
organisms higher than yeast.

DNA sequence analysis of isolated clones from the librar-
ies made by CG enzyme digestion revealed that 11 out of
42 clones chosen at random had inserts fused in a correct
translation reading frame (Table IV). The most frequently
enriched polypeptides contained a region responsible for
polynucleotide binding, such as Zn(E)2Cys6 in TBS1 and
GAL4, or the zinc cluster domain in SMN1. TBS1, a puta-
tive DNA-binding transcription factor, was also isolated
from the Taql library (data not shown). The TBSl clones
contained the entire Zn(II)2Cys6 motif that is known to rec-
ognize symmetrically disposed CGG triplets with 6-10 or
18 nt spacing between them. This suggests the similarity of
the recognition sequence of TBSl to that of GAL4. All the
proteins except for BIO2 are known or are predicted to
have affinity for polynucleotides. Furthermore, the GAL4
polypeptides enriched in the present experiment were con-
firmed to have UASG-binding activity (Fig. 3). These results
indicate that phage clones encoding polypeptides having
affinity for DNA are specifically enriched from the yeast
library.

The results presented here indicate that the enrichment
of phage clones is achieved through the DNA-binding activ-
ity of the displayed polypeptide with a correct folding do-
main. Recently, an alternative vehicle using yeast cells has
been developed for the display of proteins with eukaryotic
posttranslational modifications (42). However, the yeast
surface display is not suitable for the display of intracellu-
lar proteins (43). The XfooVcoli phage display, although it
lacks eukaryotic posttranslational modification systems, is
able to enrich many different polypeptides, regardless of
the cellular localization of the proteins. Thus, the phage
display system described in this work could be used effec-
tively in the genome-wide analysis of DNA-binding pro-
teins, possibly, of proteins with an affinity for other ligands,
in eukaryotes.
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