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Recombinant phage particles carrying the thymidine kinase (TK) gene of herpes
simplex virus type 1, coprecipitated with calcium phosphate, efficiently trans-
formed mouse Ltk- cells to the TK+ phenotype. The conditions necessary to
achieve high efficiency of transfer of the TK gene by phage particle-mediated gene
transfer were investigated. Of the parameters examined, the pH of the buffer used
for coprecipitation ofphage particles with calcium phosphate, the length oftime of
coprecipitation, and the length of the adsorption period were found to alter the
transfer efficiency significantly. The optimal pH was 6.87 at 25°C. The other
optimal values for these parameters were as follows: coprecipitation time, 7 to 20
min; adsorption time, 18 to 30 h. Treatment with dimethyl sulfoxide, glycerol, or
sucrose did not enhance gene transfer. The optimal conditions yielded about 1
transformant per 10W phage particles per 106 cells without carrier DNA. An
increase in the dosage of phage particles, up to at least 5 x 107 phage particles per
100-mm dish, resulted in a linear increase in the number of transformants.
Addition of carrier phage, up to 1010 phage particles per dish, did not significantly
affect the number of transformants.

Recently, two selectable marker genes, the
avian thymidine kinase (TK) gene (29) and the
Chinese hamster adenine phosphoribosyl trans-
ferase (APRT) gene (20), have been isolated
from mammalian cells by biochemical transfor-
mation of mutant cells with genomic DNA from
wild-type cells which had been ligated with
pBR322 marker sequences functional in Esche-
richia coli before application to the mutant cells.
For application of this procedure in cloning of
other selectable marker genes, however, several
improvements are necessary, because the effi-
ciency of transformation by genomic DNA is not
high enough to overcome the spontaneous back-
mutation of the mutant cells (38, 39). The trans-
formants obtained by DNA transfer are unstable
(17), and the DNA sequences introduced exoge-
nously are rearranged (20). The rearrangement
of introduced DNA sequences greatly hinders
the rescuing of a selected gene together with a
marker sequence functional in E. coli.
Metaphase chromosomes have also been used

for transfer of single-copy genes in eucaryotes
(2, 17, 24, 26, 42) and have at least two advan-
tages over genomic DNA as donors: the efficien-
cy of gene transfer is always 10 to 100 times
more than that of genomic DNA, and the trans-
formants are more stable than those obtained by
genomic DNA transfer (17). These advantages,

we think, are partially due to the organization of
the chromosome structure, where DNA se-
quences are covered with nuclear proteins,
packaged compactly into the chromatin struc-
ture, and protected from attack by DNase. In
spite of these advantages, however, metaphase
chromosomes are not ideal donors for isolation
of a selectable marker gene, because the DNA
sequences in chromosomes cannot be manipu-
lated before application to the recipient cells.

Therefore, we used phage particles as donors
of genetic materials for the following reasons. (i)
Phage DNA sequences are covered with phage
coat proteins, packaged compactly into phage
particles, and protected against attack from DN-
ase. From this structure, we would expect a high
efficiency of gene transfer and great stability of
the resultant transformants when phage particles
are applied to recipient cells. (ii) The method for
construction of the gene library of mammalian
DNA in lambda phage vectors has been estab-
lished (1, 10, 16, 22, 33), and sequences of
genomic DNA and lambda vectors can be ma-
nipulated easily before packaging into phage
particles.

In this work, phage particles coprecipitated
with calcium phosphate were applied to recipi-
ent cells for gene transfer in place of either DNA
or chromosomes. Using Ltk- cells and Charon
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4A recombinant phage carrying the TK gene of
herpes simplex virus type 1 (HSV-1), we estab-
lished conditions for phage-mediated gene trans-
fer and attained a high efficiency of gene trans-
fer. On the basis of these observations, we
discuss possible applications of phage-mediated
gene transfer.

MATERIALS AND METHODS
Cell culture. Bromodeoxyuridine-resistant mouse L

cells deficient in TK activity (27) were maintained in
Stanners modified Eagle minimum essential medium
(a-MEM) (32) supplemented with 10%o calf serum. Rat
F2408 cells deficient in TK activity were kindly pro-
vided by A. Hakura and also maintained in a-MEM.
Enzymes. Restriction endonucleases were obtained

from New England Biolabs or Takara Co. Digestion
conditions were as recommended by the suppliers. T4
DNA ligase was prepared as described previously (37).

Plasmid DNA. The HSV-1 TK gene in the 2.0-
kilobase (kb) PvuII fragment was cloned into the PvuH
site of pBR322 (pTK4). A pTK4 derivative that carries
a 7.6-kb EcoRI/HindIII fragment of fibroin DNA (35),
pTK4miniFb, was kindly provided by Y. Tsujimoto.

Plasmid DNA was prepared from chloramphenicol-
treated cells (3) by the cleared-lysate technique and
purified by Sepharose 2B gel filtration and subsequent
cesium chloride-ethidium bromide centrifugation (9).

Constuction of a recombinant Charon 4A phage
carrying the HSV-1 TK gene. A Charon 4A derivative
carrying the HSV-1 TK gene and the minifibroin gene
in pBR322 as a spacer was constructed as follows (see
Fig. 1): pTK4miniFb DNA was partially digested with
restriction endonuclease EcoRI, and one-cut, linear
molecules were isolated by agarose gel electrophoresis
with subsequent extraction with phenol and precipita-
tion with ethanol. They were then ligated to Charon
4A arms (a gift from H. Okamoto) with T4 DNA ligase
as described by Maniatis et al. (22). In vitro packaging
of the recombinant DNA into phage particles was
performed according to the protocol of Blattner et al.
(1). The recombinant phages were screened by plating
onto a lawn of E. coli K-12 Dp5OSupF grown on X-gal
(5-chloro-4bromo-3-indolyl-3-D-galactoside) indicator
plates (1). Ten individual clones that formed white
plaques were isolated, and the restriction endonucle-
ase cleavage patterns of DNA from the plaques were
examined as described by Maniatis et al. (22). Four
clones were obtained whose Charon 4A arms were
connected to the EcoRI cut site located in the pBR322
region of pTK4miniFb. These clones were tested by
the phage transfer method described below for activity
to transform Ltk- cells to the TK+ phenotype, and all
four were found to be competent for transformation.
One of these clones, Ch4ATK2 (Fig. 1), was used for
the gene transfer experiments described below.
The Ch4ATK2 phage clone was grown in liquid

cultures according to the protocol of Blattner et al. and
purified by polyethylene glycol-mediated phage pre-
cipitation, followed by CsCl centrifugation (43).
For the phage transfer method described below,

purified phage were extensively dialyzed against SM
(0.1 M NaCI-0.05 M Tris-hydrochloride [pH 7.51-10
mM MgSOf-0.001% gelatin) (22) and sterilized with
chloroform. The chloroform was removed by low-

speed centrifugation at 5 krpm for 20 min, and the
phage were then incubated at 37°C for 1 h with gentle
rotation. The phage was titrated on Dp5OSupF bacte-
ria and stored at 4°C in a sterile vial until used. Phage
DNA was prepared as described by Maniatis et al.
(22).
A gene library of human DNA in Charon 4A (15)

was kindly provided by T. Maniatis.
Procedures for transformation and selection. (i)

Phage transfer. Transformation of Ltk- cells to the
TK+ phenotype was performed with the cloned HSV-
1 TK gene contained in Ch4ATK2 recombinant phage
particles. The procedure for transformation was based
on the calcium phosphate method of Graham and van
der Eb (8) as modified by Wigler et al. (40) and Lewis
et al. (17). To improve the efficiency of transforma-
tion, we introduced further modifications which are
described in detail below. The phage-mediated gene
transfer method that we found most efficient was as
follows.

Step 1. Preculture of recipient cells. Recipient Ltk-
cells in the logarithmic phase ofgrowth in stock dishes
were dissociated with EDTA-trypsin, plated at a cell
density of 5 x 10W cells per 100-mm dish in Falcon
dishes containing 10 ml of a-MEM supplemented with
10%o calf serum, and incubated at 37°C under 5% CO2
in air for 24 h.

Step 2. Dilution of phage. The Ch4ATK2 recombi-
nant phage particles were gently dispersed at 25°C in 1
volume of 250 mM CaCl2-0.9 mM Tris-hydrochloride
(pH 7.9), prepared immediately before use from stock
solutions of 2.5 M CaC12 and 1 mM Tris-hydrochloride
(pH 7.9), in a sterile polycarbonate bottle with a round
bottom.

Step 3. Coprecipitation of phage partides with cal-
cium phosphate. N,N-Bis(2-hydroxyethyl)-2-amin-
oethanesulfonic acid (BES) buffer (50 mM, pH 6.87 at
25°C), containing 280 mM NaCl and 1.5 mM
Na2HPO4, was prepared immediately before use from
a stock solution of double this concentration and was
sterilized by ifitration through a Millex-GS filter (Milli-
pore Corp.) after the pH was adjusted. One volume of
the buffer was introduced dropwise down the side of
the bottle containing the phage suspension. The mix-
ture was maintained at 25°C for 10 min, during which
time a fine precipitate developed.

Step 4. Adsorption. After formation of the micropre-
cipitate of calcium phosphate-containing phage parti-
cles, 1 ml of the preparation was added by plastic
pipette to the medium on recipient cells. The cells
were maintained at 37°C under 5% CO2 in air for 24 h.

Step 5. Expression. After the adsorption period, the
medium was removed by aspiration, and the cells were
washed once with 10 ml of 20 mM N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES) buffer
(pH 7.1), containing 137 mM NaCl and 3 mM KCI
(HEPES buffered saline), fed again with 10 ml offresh
medium, and maintained at 37°C under 5% CO2 in air
for 40 h with one change of the medium.

Step 6. HAT selection. After the expression period,
the medium was replaced by 10 ml of a-MEM supple-
mented with 10%o calf serum and containing, per ml, 15
Fg of hypoxanthine, 0.2 ,ug of aminopterin, 5 ,ug of
thymidine, and 30 ,ug of glycine (HAT medium) to
select cells with TK activity. The cells were main-
tained at 37°C under 5% CO2 in air for 10 days with
four changes of HAT medium. The medium was
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renewed every day for the first 3 days, and then once
every 3 days.
No colonies were obtained when over 108 untreated

control Ltk- cells were plated in HAT medium.
(Hi) DNA trfer. Transformation of Ltk- cells to

the TK+ phenotype with DNA of the cloned HSV-1
TK gene contained in recombinant plasmids or phage
was performed under the same conditions as the
phage-mediated gene transfer described above. Trans-
formation efficiency comparable to that reported pre-
viously (12, 38, 40) could be attained by this method.
Colony count. After incubation for 10 days in HAT

medium, the medium was removed, and the TK+
colonies were fixed with 10%o Formalin in phosphate-
buffered saline containing 137 mM NaCl, 3 mM KC1, 8
mM Na2HPO4, and 1 mM KH2PO4 for 30 min at room
temperature and stained with an aqueous solution of
0.1% crystal violet for 30 min at room temperature.
The colonies were then washed in running water, air-
dried, and counted under a microscope.

lilter hybrization. High-molecular-weight DNA
was isolated from cultured celis as described by Peru-
cho et al. (30). The DNA was digested for 3 h with
restriction endonucleases using 1 to 2 U ofenzyme per
.g of DNA. The products were subjected to electro-

phoresis in a 1.0% agarose gel, transferred to nitrocel-
lulose filters, and hybridized as described by Southern
with a slight modification (31). DNA used as probes
was labeled with 32P by nick translation (23). 32p_
labeled pBR322 DNA was kindly provided by K.
Tokunaga.

Blohazards. The experiments were carried out ac-
cording to the guidelines established by the Japanese
Committee for Recombinant DNA Research.

RESULTS
Experimental deign to establish a phage-medi-

ated gene transfer method. To establish a method
for phage-mediated gene transfer, we used a
model system of HSV-1 TK gene and Ltk- cells
because this system has been well characterized
and is easily available (4, 12, 25, 36, 40). We first
constructed a recombinant phage carrying
cloned HSV-1 TK gene, which also carries the
minifibroin gene cloned in pBR322 (Tsujimoto,
unpublished data) as a spacer to accommodate
the packaging of phage particles (Fig. 1), and
introduced the phage particles into Ltk- cells by
using the calcium phosphate technique of Gra-
ham and van der Eb (8). Successful gene transfer
was assayed quantitatively by counting the num-
ber of TK+ transformant colonies developed
after HAT selection (18).
Prameters governg phage-mediated gene

tansfer. To improve the efficiency of gene
transfer, we examined the following parameters
governing phage-mediated gene transfer. Unless
otherwise stated, gene transfer was performed
according to the standard protocol described
above, using a phage dose of 3 x 107 plaque-
forming units (PFU) per 100-mm dish.

(i) Preculture of recipient cells. (a) CeU density.
When the cells were inoculated 24 h before

phage adsorption, the number of TK+ transfor-
mant colonies increased linearly with increases
in the initial cell density and reached a peak at a
cell density of about S x 105 cells per 100-mm
dish (Fig. 2). Further increases in the cell densi-
ty resulted in a gradual decrease in the number
of TK+ colonies. At lower cell densities, cells
were apparently damaged by the phage adsorp-
tion treatment, with resultant low efficiencies of
gene transfer.

(b) Culture media. When the competence of a-
MEM to sustain gene transfer was defined as
100%o, that of F-12, Eagle MEM, and Dulbecco
modified MEM was 21, 89, and 94%, respective-
ly.

(ii) Coprecipitation of phage particles with cal-
cdum phosphate. (a) pH and buffer. As reported
for DNA-mediated gene transfer (8), one of the
most important parameters was the pH of the
buffer used for coprecipitation of phage particles
with calcium phosphate. Figure 3 shows that
high efficiency of phage-mediated gene transfer
was achieved in only a narrow range ofpH 6.80
to 6.90 at 25°C. This pH optimum is slightly
more acidic than that for DNA-mediated gene
transfer (8). In this pH range, only a very fine
precipitate developed, and the preparation dam-
aged the recipient cells only slightly during an
adsorption period of 24 h.
The effect of buffer systems having pKa values

around this pH optimum was also examined at
pH 6.85 (25°C). When the competence of BES
buffer to sustain gene transfer was defined as
100%, that of piperazine-N,N'-bis(2-ethanesul-
fonic acid) (PIPES), 3-(N-morpholino)propane-
sulfonic acid (MOPS), and HEPES buffers was
100, 94, and 70%o, respectively.
We used BES buffer (pH 6.87 at 25°C) in

further studies. Because ofthe importance of the
pH of the buffer, we adjusted the pH very
carefully, by incubating stock solution at 25°C in
a water bath, after thermal equilibrium was
attained, and we sterilized the buffer by filtration
through a Millex-GS ifiter (Millipore). Coprecip-
itation of phage particles with calcium phos-
phate was also carried out at 25°C in a water
bath.

(b) Period of coprecipitation. When calcium
solution containing phage particles and BES
buffer containing inorganic phosphate were
mixed, a fine precipitate rapidly developed and
gradually became coarser on further incubation.
Figure 4A shows the effect of the incubation
time on phage-mediated gene transfer. The opti-
mal incubation time was 7 to 20 min; further
incubation resulted in a gradual decrease in gene
transfer efficiency.

(c) Calcium phosphate. In the absence of
calcium phosphate, application of 3 x 107 phage
particles resulted in about one TK+ transfor-
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FIG. 1. Restriction map of Ch4ATK2 recombinant phage. Symbols: Solid lines, pBR322 sequences; thick

solid line, HSV-1 TK gene in a 2.0-kb Pvull segment; dotted line, minifibroin gene in a 7.6-kb EcoRI/HindlIl
segment; bla, ampicilin resistance gene; ori, origin of replication ofpBR322; Tc, tetracycline resistance gene. R,
P, and H refer to restriction endonuclease sites for EcoRI, PvuII, and HindIII, respectively.

mant per dish. Inclusion of calcium phosphate as
an adjuvant enhanced phage-mediated gene
transfer at least 250-fold (data not shown).

(ill) Adsorption of phage parcesa. (a) Volume
of calcium phosphate senson. Addition of
various volumes of calcium phosphate suspen-
sion, containing a constant amount of phage
particles, to 10 ml of medium on recipient cells
showed that the optimum volume for gene trans-
fer was about 1 ml (data not shown).

(b) Adsorption time. The number of TK+
transformant colonies increased linearly with
the time of adsorption and reached a plateau at
about 18 h (Fig. 4B). The optimum time for
adsorption of phage particles was 18 to 30 h.
Further increase in the adsorption time resulted
in a rather rapid decrease in the number ofTK+
colonies.

(c) Treatment with dimethyl sulfoide, glycerol,
and sucrose. Several groups have reported
that treatment of recipient cells with dimethyl
sulfoxide, glycerol, or sucrose at the end of the
adsorption period greatly enhances transforma-
tion by either DNA or chromosomes (6, 17, 19,
26, 34). We examined the effects of dimethyl
sulfoxide, glycerol, and sucrose under various
conditions and found that these treatments did
not significantly affect the number ofTK+ trans-
formant colonies, although larger colonies de-
veloped when the recipient cells were treated
with these reagents (data not shown).

(iv) Expression time. The expression time re-
quired for the HSV-1 TK gene, introduced by
phage-mediated gene transfer, was essentially

the same as reported for chromosome-mediated
gene transfer (17). Thus, we used an expression
time of 40 h.

Linear relationship between phage dose and
number of trnsformants. To evaluate the effect
of phage-mediated gene transfer, it is very im-
portant to determine the relation between the
phage dose and number of transformants and to
determine the phage dose that yields the highest
number of transformants.

Figure 5 shows the results. The number of
TK+ transformant colonies increased linearly
with increases in the phage dose, up to at least 5
x 1 PFU per dish. From the linear relation-
ship, we calculated the efficiency of phage-
mediated gene transfer to be 1.0 x 10-5 (1 TK+
transformant per 10 phage particles per 106
cells). This value is about 30 to 60 times higher
than the values determined for DNA-mediated
gene transfer of the cloned HSV-1 TK gene (data
not shown).
To characterize the phage dosage effect fur-

ther, we determined the efficiency of phage-
mediated gene transfer in the presence of vari-
ous amounts of carrier phage particles which
lack the HSV-1 TK gene, using the Charon 4A
library phage for human DNA as a carrier (Table
1). The number of TKV transformant colonies
was almost constant in spite of increases in the
dose of carrier phage up to 109 PFU per dish.
Further increases of carrier phage resulted in a
decrease of TKV colonies, the value being 41%
of that without the carrier at a dose of 101 PFU
per dish and 2% at a dose of 1011 PFU per dish.
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FIG. 2. Effect of the initial cell density of precul-
ture on phage-mediated gene transfer. The Ltk- cells
were inoculated into 10 ml of a-MEM in 100-mm
dishes at the various initial cell densities indicated, 24
h before application of phage particles. One mililiter
of Ch4ATK2 recombinant phage particles (3 x 107
PFU/ml), coprecipitated with calcium phosphate at
25°C for 10 min in 25 mM BES buffer (the initial pH of
BES buffer was 6.87 at 25C), was applied to the
recipient cells. After an adsorption period of 24 h at
37C under 5% CO2 in air, the cells were washed once
with 10 ml of HEPES buffered saline, refed with 10 ml
of a-MEM, and maintained at 37°C under 5% CO2 in
air for 40 h for expression of the HSV-1 TK gene.
After the expression period, the medium was replaced
by HAT medium, and the cells were further main-
tained at 37°C under 5% CO2 in air for 10 days with
four changes of HAT medium to select TK+ transfor-
mants. After HAT selection, the TK+ colonies were
fixed with 10% Formalin and stained with 0.1% crystal
violet, and numbers ofTK+ colonies were determined
under a microscope. The results of three separate
experiments (0, 0, A) are shown. Each point repre-
sents the average of three dishes.

However, increases in the initial cell density of
preculture partially overcame the toxic effect of
high dosage of carrier phage, and using an initial
cell density of 1.0 x 106 cells per dish, we
attained an efficiency of 1.0 x 10-5 for gene
transfer also in the presence of 1010 PFU of
carrier phage per dish (data not shown).
The procedure for phage-mediated gene trans-

fer described here is applicable to different kinds
of cells. With a rat fibroblast cell line, F2408tk-
cells, as recipient cells, we obtained essentially
the same results (Table 2). Because this cell line
was more sensitive to the application of phage
particles, we increased the initial cell density of
preculture to 1.0 x 106 cells per dish.
HSV-1 TK gene and pBR322 sequences in

trnsformant DNA. To analyze the exogenously
introduced DNA sequences by phage-mediated
gene transfer, we performed blot hybridization

experiments. Ltk- cells were transformed with
Ch4ATK2 recombinant phage particles (106
PFU per dish), and nine individual TK+ trans-
formant colonies were isolated and grown in
mass culture under HAT selection. High-molec-
ular-weight DNA was isolated from each trans-
formant, completely digested with restriction
endonuclease EcoRI, subjected to electrophore-
sis on 1% agarose, transferred to nitrocellulose
filters, and analyzed by blot hybridization.
As seen from Fig. 1, complete digestion of

Ch4ATK2 DNA with EcoRI produced Charon
4A arms and the following four fragments: a 4.2-
kb fiagment carrying the ampicillin resistance
gene, the origin of replication of pBR322, and
the HSV-1 TK gene; a 2.4-kb fragment carrying
the tetracycline resistance (Tcr) gene and part of
the minifibroin sequences; and a 0.1-kb fiagment
and a 7.3-kb fragment, which were derived from
minifibroin sequences.

Blot analysis of the HSV-1 TK gene se-
quences in the transformant DNA, using puri-
fied HSV-1 TK gene as a probe (Fig. 6), showed
that all nine transformants contained TK se-
quences only in a 4.2-kb fragment. This suggests

300
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pH of Buffer

FIG. 3. Effect of pH of the buffer for coprecipita-
tion of phage particles with calcium phosphate on
phage-mediated gene transfer. Ch4ATK2 phage parti-
cles were coprecipitated with calcium phosphate in 25
mM PIPES buffer at the various pH values indicated.
The pH values indicated are the initial values for the
buffer. The initial cell density of preculture was 5 x
10' cells per dish. Other conditions were as described
for Fig. 2.
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FIG. 4. Effects of the incubation periods for copre-
cipitation of phage particles with calcium phosphate
and for adsorption of phage particles to Ltk- cells on
phage-mediated gene transfer. (A) Coprecipitation
time: Ch4ATK2 phage particles were coprecipitated
with calcium phosphate for the periods indicated. (B)
Adsorption time: The phage particles coprecipitated
with calcium phosphate were applied to Ltk- cells,
and the cells were maintained at 37°C under 5% CO2 in
air for the periods indicated. The initial cell density of
preculture was 5 x 1O5 cells per dish. Other conditions
were as described for Fig. 2.

that the DNA sequences from the junction be-
tween the left arm of Charon 4A and the ampicil-
lin resistance gene to and the HSV-1 TK gene
(see Fig. 1) were stably conserved without rear-
rangement in all nine transformants. This obser-
vation is further supported by the results of blot
analysis of pBR322 sequences (data not shown)
showing that all nine transformants contained
pBR322 sequences in this 4.2-kb fragment.

S

0

0

0

0

0 l 2 3 4 S
Phage Dosage (I07 pfu/dish)

FIG. 5. Linear relation between phage dosage and
number of TK+ transformants. Various titers of
Ch4ATK2 phage particles coprecipitated with calcium
phosphate were applied to Ltk- cells. Other condi-
tions were as described for Fig. 2.

However, some rearrangement of pBR322 se-
quences occurred in the transformants, because
some transformants contained pBR322 se-
quences in a 7- to 8-kb fragment in addition to
the 4.2-kb fragment. Furthermore, no 2.4-kb
fragment carrying the Tcr gene was detected in
any of the nine transformants. This indicates
that a 2.4-kb fragment carrying the Tcr gene was
lost or translocated somewhere in all the trans-
formants examined.
Because there was extensive cross-hybridiza-

TABLE 1. Effect of carrier phage dosage on phage-
mediated gene transfer'

Dosage of carrier phage TK' colonies per
(PFU per dish) dishb

0.258, 410, - (334)
108.288,324, 332 (315)
109.344, 344, 396 (361)
1010.126, 132, 152 (137)
1011 0, 4, 14 ( 6)

a Ch4ATK2 phage particles (3 x 107 PFU per dish)
with various titers of Charon 4A librry phage for
human DNA were coprecipitated with calcium phos-
phate. The initial cell density of preculture was 5 x 105
cells per dish. Other conditions were as descnrbed for
Fig. 2.

b Three dishes; parentheses indicate average.
Contaminated.

B
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TABLE 2. Phage-mediated gene transfer to rat
F2408tk- ceilsa

Initial cell density TK+ colonies per dishb after
of preculture Ch4ATK2 added:

(cells per dish) 10 PFU 5 x 1O6 PFU

5.0 x10 0,0,0(0)
7.5 x 105 0,1,2(1) -
1.0 x 106 1, 1, 1 (1) 18, 21, 30 (23)
2.0x106 0,2,2(1)
3.0 x 106 0,0,0(0)

a In place of Ltk- cells, rat F2408tk- cells were
used as recipient cells. Other conditions were as
described for Fig. 2.

b Three dishes; parentheses indicate average. -
Not determined.

tion of minifibroin sequences to Ltk- cell DNA
(data not shown), it was not possible to analyze
minifibroin sequences in the transformant DNA.

DISCUSSION
The phage-mediated gene transfer described

in this publication has at least two advantages
over DNA-mediated gene transfer. First, a high
efficiency of gene transfer, 1 transformant per
1O5 phage particles per 106 cells, was attained.
This efficiency is one to two orders higher than
the values reported for DNA-mediated gene
transfer, although it is not as high as the highest
values reported for chromosome-mediated gene
transfer (see Table 3). Second, a high efficiency
of phage-mediated gene transfer can be attained
without carrier DNA. This excludes the compli-
cation ofeffects ofcarrierDNA on integration of
exogenous DNA sequences into the host
genome and their subsequent expression (30).
Our blot analyses (Fig. 6) showed that the left

flanking sequences of the selected TK gene were
highly conserved, although a region near the end
of the Tcr gene in pBR322 was rearranged after
being introduced into cultured mouse cells. This
rearangement of the right flanking sequences of
theTK gene was probably due to the presence of
incompatible sequences in the recombinant
phage used here. Recently, the Tcr gene or its
lanking sequences in pBR322 or both have been
found to be incompatible with cultured mamma-
lian cells (14, 21, 28). The incompatible se-
quences described by Kretshmer et al. (13) are
situated near the end of the Tcr gene, probably
between the AvaI cut site and the SalJ cut site,
whereas the "poison" sequences described by
Lusky and Botchan (21) occur between the
PvuII cut site and the origin of the replication. If
such incompatible sequences are not present in
the insert ofa recombinant phage, the conserved
region of the flanking sequences of a selected
gene may be much wider.

These observations open up possibilities of
various applications of phage-mediated gene
transfer. First, phage-mediated gene transfer
should be useful in experiments on gene expres-
sion of cloned DNA sequences in cultured mam-
malian cells, because introduction of an appro-
priate gene with its long flanking sequences can
be achieved. The flanking sequences are thought
to have an important role in the control of
expression of the gene. Recombinant phage
DNA carrying an appropriate gene with its
flanking sequences has been introduced into
cells to study the expression of a cloned gene in
cultured mammalian cells (11, 14). However,
our observations suggest that in place of recom-
binant phage DNA, phage particles can be intro-
duced more easily into the recipient cells for this
purpose.

Second, using a gene library of mammalian
DNA in lambda phage vectors, phage-mediated
gene transfer can probably be used in isolation
of a selectable marker gene from mammalian
DNA. This approach has several advantages, as
follows. (i) The procedure for construction of
the gene library of mammalian DNA in lambda
phage vectors has been established (1, 10, 16,
22, 33). Recombinant phage particles covering
the gene library, once constructed, can easily be
amplified in large amounts in E. coli. (ii) For
rescue of a mammalian selectable marker gene
in E. coli, bacterial marker sequences which are
functional in E. coli and compatible with cul-
tured mammalian cells, such as the ampicillin
resistance gene, the origin of replication of
pBR322 (29, 41), and suppressor F sequences,
etc., can be introduced onto the arms of lambda
vectors before construction of the gene library.

A B C D E F G H I J

_Ih P 4.2 kb

FIG. 6. Hybridization proffle of HSV-1 TK se-
quences in TK+ transformant DNA. Ltk- cells were
transformed with Ch4ATK2 phage particles (106 PFU
per dish) coprecipitated with calcium phosphate, and
nine individual TK+ transformant colonies were iso-
lated. High-molecular-weight DNA (10 to 20 sLg) ex-
tracted from each transformant (lanes A to I) and
pTK4miniFb plasmid DNA (lane J) were cleaved with
EcoRI and analyzed by filter hybridization after elec-
trophoresis on a 1.0o gel, using nick-translated 3.4-kb
BamHl fragments carrying HSV-1 TK gene (108 cpm/
,g) as a probe. The molecular size of the pTK4miniFb
EcoRl fragments is indicated.
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TABLE 3. Efficiency of gene transfer
Se-

Method of gene Genetic matrial getd Original Efficiencyb Applicable Frequency of

transfer necs dta gene dose' tasformnantsd Reference

DNA-mediated 3.4-kb BamHI fragments TK 1/40 pg 8.5 x 10-8 (40)
carrying HSV-1 TK
gene

pBR322 carrying HSV-1 TK 121/10 ng 7.6 x 10-8 (12)
TK gene

Genomic DNA from ham- TK 10/20 m.g 1.5 x 10- 6.7 x 106 1.0 x 10-5 (38, 39)
ster, human, and mouse APRT

Genomic DNA from CHO TK 43/20 Fg 6.4 x 10- 6.7 x 106 4.3 x 10-5 (17)
cells MtXre 20/20 g 3.0 x 10- 6.7 x 106 2.0 x 10-5

Chromosome- Chromosomes from CHO Mtxr 700/2 x 106 3.5 x 10- 2.0 x 106 7.0 x 1o-4 (17)
mediated cells cell eq!

Phage-mediated Charon 4A phage carrying APRT 24/2 x 107 1.2 x 10- 2.5 x 1029 3.0 x 10-10h (20)
CHO APRT gene PFU

Charon 4A phage carrying TK 1.0 x 10-5 1.3 x 103 to 1.3 x 10-8 to This
HSV-1 TK gene 1.3 x 1049 1.3 x 10-v7 work

a Number of transformants/amount of genetic material added per 106 recipient cells.
b Number of transformants per gene equivalent or haploid genome equivalent. The values were calculated by

taking the mammalian haploid genome size as 1.8 x 1012 daltons.
c Haploid genome equivalent per 106 recipient cells.
d Number of transformants per recipient cell.
e Methotrexate resistance.
f Cell equivalent.
'The number of recombinant phages required for a complete mammalian DNA library is calculated as 8 x 105,

using 20 kb as the average length of the inserted DNA and 3 x 109 base pairs as the mammalian genome size.
h Calculated values (efficiency x applicable gene dose x 10-6).

Use of modified vectors for construction of the
gene library guarantees that all inserted se-
quences derived from mammalian DNA are al-
ways flanked with bacterial marker sequences
active in E. coli. (iii) If the DNA sequences
introduced by phage-mediated gene transfer are
stably conserved without extensive rearrange-
ment, mammalian selectable marker gene se-
quences in transformants are flanked with bacte-
rial marker sequences. Therefore it is possible to
rescue the mammalian marker gene in E. coli by
an in vitro packaging reaction as cosmids (5, 7)
or as phages using the bacterial marker. (iv) The
high efficiency of phage-mediated gene transfer
makes it possible to transform mutant cells with
recombinant phage particles covering the gene
library. The number of recombinant phages re-
quired for a complete mammalian DNA library
is calculated as 8 x 10', using 20 kb as the
average length of the inserted DNA and 3 x 109
base pairs as the mammalian genome size (15). If
we extrapolate the efficiency of phage-mediated
gene transfer that we observed for the transfer of
the HSV-1 TK gene, we can expect the transfer
of a specific gene once per 8 x 1010 PFU of the

library phage. In fact, using a gene library of
human DNA in Charon 4A and Ltk- cells, we
have observed transfer of the human TK gene
once per 2.8 x 1010 PFU of the library phage
(Ishiura et al., manuscript in preparation).

In spite of these advantages, the procedure for
phage-mediated gene transfer should be refined,
because application of over 1010 PFU of phage
particles per dish is toxic to cultured mammalian
cells, resulting in a greatly reduced efficiency of
gene transfer (Tables 1 and 3). Improvement in
efficiency ofgene transfer or an applicable phage
dose, or both, should be attained for isolation of
single-copy genes by phage-mediated gene
transfer.

Recently, Hamada et al. succeeded in rescu-
ing the HSV-1 TK gene in E. coli from one ofthe
transformants described in this publication, by
using an ampicillin resistance gene and the origin
of pBR322 as selection markers (Hamada et al.,
manuscript in preparation). Thus, pBR322 se-
quences carrying the ampicillin resistance gene,
the origin of replication, and the HSV-1 TK
gene, previously introduced into the host cells
by phage-mediated gene transfer, are stably con-
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served physically and also functionally in the
cells.
Lowy et al. reported transformation of Laprt-

cells to the APRT+ phenotype with recombinant
phage particles carrying the Chinese hamster
ovary cell (CHO) APRT gene, but the efficiency
of the transformation was one order less than
that which we have attained (20).
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ADDENDUM IN PROOF

All seven transformants examined were stable in
nonselective medium for at least 50 days.
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