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ABSTRACT  Genetic information from the bacterium
Escherichia coli was transferred to human cells by means of
the specialized transducing phage Aplac carrying the bacteri-
al z gene for the enzyme S-galactosidase (8-D-galactoside ga-
lactohydrolase, EC 3.2.1.23). As recipient eells, cultured skin
fibrobrasts from a patient with generalized gangliosidosis
(GMj-gangliosidosis Type I) characterized by a severe defi-
ciency of B-galactosidase activity were used. The deficient
human cells were incubated with the bacteriophage Aplac or
Aplac DNA and B-galactosidase activity was measured in
order to detect gene transfer and acceptance of the prokaryo-
tic information in the mammalian system for transcription
and translation. The expression of the phage genome in the
deficient fibroblasts could be demonstrated by detection of
higher B-galactosidase activity after incubation with phage
Aplac in three out of 19 experiments and in four out of 16 ex-
periments after treatment with Aplac DNA. Aplac DNA in-
duced much higher enzyme activities than inﬂactive phage
particles. Immunochemical and physicochemical assays
could not distinguish the induced B-galactosidase activity
from that of the z-gene product of E. co%i.

Evidence has been presented that genetic material of proka-
ryotic origin can be accepted by the eukaryotic machinery
for transcription and translation (1-13). The expression of a
bacterial-derived viral gene in human cells was described by
Merril et al. (2, 3). They infected' galactose-1-phosphate ur-
idyl transferase negative fibroblasts from a galactosemic pa-
tient with the gal-transducing bacteriophage Apgal. Demon-
stration of phage-specific RNA and enzyme activity in the
infected cells together with a longer survival on galactose
medium with respect to uninfected cells was the major suc-
cess of those experiments. Since then, bacterial genes have
been successfully introduced by transducing lambda phages,
e.g., Apgal, $80-lac, and Aplac, in plant cells (10-12). As a
result, enzyme activity was indirectly demonstrated by long-
er survival of cultured plant cells growing on galactose or
lactose medium, respectively, after infection with the corre-
sponding transducing phage; the z gene product 8-galacto-
sidase was further identified by these authors with an immu-
nochemical method (10, 11).

Specialized transducing phages have the great advantage
that they can be used to isolate selected genes and replicate
them inlarge quantities. Therefore, we also chose such a sys-
tem for our studies of gene transfer into human cells. We
used as gene donor the specialized transducing bacterio-
phage Aplac carrying the gene for 8-galactosidase (14), and

Abbreviations: PBS, phosphate-buffered saline; MEM, Eagle’s mini-

mal essential medium; Hepes, N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid.

* We will use the term “infection” for cells that have been treated
with the phage or its DNA.
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as recipient cells human skin fibroblasts from a patient with
generalized gangliosidosis [GM;-gangliosidosis Type I (15)]
with a severe deficiency of 8-galactosidase activity.

We infected the 8-galactosidase-deficient fibroblasts with
either the bacterial virus Aplac or with Aplac DNA. This
plaque-forming lac transducing phage contains, besides the
viral genes, a complete z gene, the gene for Escherichia coli
B-galactosidase. Our aim was (a) to measure phage genome
expression by detection of new B-galactosidase activity in
the infected cells and (b) to determine whether the resulting
enzyme activity is really E. coli-specific.

As control, uninfected GM fibroblasts were used, as well
as fibroblasts infected with the wild-type phage AW8. We
have detected a significant overall increase of the 8-galacto-
sidase activity in about 15% of the Aplac-infected cells. The
same induced enzyme activity was significantly higher in
cells after infection with Aplac DNA. Furthermore, it could
be shown that the induced enzyme activity resembled that
of E. coli B-galactosidase with respect to its immunochemi-
cal and chromatographic behavior.

MATERIALS AND METHODS

Cells. GM;-gangliosidosis (GM) fibroblasts, with reduced
B-galactosidase levels, from a patient with generalized gan-
gliosidosis, were provided by W. Krone; normal human fi-
broblasts Wi 38, «), and HeLa cells, by H. Berthold and E.
Petersen.

Culture Medium and Growth Conditions. Monolayer
cultures were grown at 37° in 44 cm? rubber-stoppered tis-
sue culture glass flasks in 20 ml of Eagle’s minimum essen-
tial medium (MEM), containing 2.2 g/liter of sodium bicar-
bonate, 10% fetal calf serum (Gibco), 100 units/ml of peni-
cillin, 50 ug/ml of streptomycin, and 0.292 g/liter of gluta-
mine.

Media used were tested for bacterial and fungal contami-
nations by inoculation of Endo agar, charcoal and blood
agar plates and Sabouraud agar plates with 0.2 ml of medi-
um (a) before addition to the cells and (b) when cells were
harvested. In addition, sterility controls of spent media from
uninfected cells and infected cells (Table 1, Exps. 4 and 5)
were performed by inoculation of 0.3 ml of medium into
thioglycollate broth, serum broth, glucose broth, fresh tissue
culture medium, and Sabouraud broth, and incubation for
10-14 days at 37° and at room temperature; Sabouraud
broth was incubated at 28°. Subcultures of cell lines used
were periodically monitored for mycoplasma contamina-
tion. Cells were plated in petri dishes, incubated for 24-48
hr at 37° in an atmosphere of 5% COs in air. Then 2 uCi of
(3H]thymidine per ml was added, and after an incubation
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time of 3 days autoradiographic detection of cytoplasmic in-
corporated tritiated thymidine was performed as described
(16).

Preparation of Cell Extracts. Cells were trypsinized,
washed twice with 0.9% NaCl, resuspended in 1 ml of 0.2 M
sodium phosphate, pH 6.8 and sonicated three times for 10
sec at 20 W (Branson Sonifier B 12). After centrifugation at
12,000 X g for 60 min the supernatant was used for enzyme
assays or stored at —70°.

Assay for B-Galactosidase. Measurements of $-galacto-
sidase activity (B-D-galactoside galactohydrolase, EC
3.2.1.23; Boehringer) were carried out by a modification of
the procedures described by Robins et al. and Norden et al.
(17, 18). Thirty-five microliter aliquots of cell extract or E.
coli B-galactosidase in assay buffer (0.5 mM 4-methylumbel-
liferone-B-D-galactopyranoside, Serva, 1 mM MgCl, in 0.2
M phosphate buffer, pH 6.8) were incubated for 30, 60, and
120 min at 37°. The reaction was stopped by addition of 1
ml of 0.5 M sodium carbonate buffer, pH 10.7 and the fluo-
rescence was read in a spectral fluorimeter (Perkin Elmar,
excitation wavelength 370 nm, emitting wavelength 450
nm). The protein concentration of the cell extracts was de-
termined with the Lowry reaction (19).

Heat treatment of cell extracts in the presence of antise-
rum to E. coli B-galactosidase was performed by incubation
of the extract for 20 min at 61°. Usually 5 ul of rabbit anti-
E. coli (-galactosidase (diluted 1:50 in 0.2 M phosphate
buffer, pH 6.8) were used for each assay. After cooling down
to room temperature the substrate was added and $-galacto-
sidase activity was determined as described before.

Isolation of Phage and Phage DNA. Transducing phage
Mplac 5 (originating from J. Shapiro) containing a terminal
part of the lac repressor gene i, a part of the lac permease
gene y, the intact lac controlling region p and o, and the
gene for B-galactosidase (z gene) (14) was heat induced from
E. coli strain BMH 782, A (lac) thi~ (\cI857S7 plac 5i~ z+
y~). Phage AW8 (AcI857S7) was isolated from strain DK 121
[W8K12sup+ (AcI857S7)], a heat-inducible X lysogen, ob-
tained from D. Kamp. Strain BMH 783, (lac) thi~ supE, was
used as suppressor strain for the determination of the phage
titers. All BMH strains were obtained from B. Miiller-Hill.

Heat-induced phages were centrifuged on a stepwise CsCl
gradient and banded several times (at least four times) on an
equilibrium CsCl gradient. The titer of the purified phages,
dialyzed against SM buffer (0.1 M NaCl, 10 mM MgSO;, 10
mM Tris-HCl, pH 7.5, 0.01% gelatin), was determined by
the plaque assay on BMH 783 and measured spectrophoto-
metrically (1 absorbance unit at 260 nm corresponds to 4 X
10!2 phage per ml). Before use the phage was dialyzed in
phosphate-buffered saline (PBS) (20) containing 0.01 M
MgCls, diluted into the same buffer, and passed through
Millipore filters (pore size 0.45 pm).

Phage DNA was obtained by phenol extraction of the
virus after heating for 10 min at 55° in the presence of 0.01
M EDTA. The DNA was precipitated three times with 70%
ethanol in the presence of 0.05 M sodium acetate and di-
alyzed in Hepes buffer (N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid), pH 7.05 (21).

Treatment of GMj-Gangliosidosis Fibroblasts with
Phage. Exponentially growing gangliosidosis fibroblasts (0.5
to 1 X 10° cells) were infected in a manner similar to that
described (2). Cells were rinsed twice with 5 ml of PBS con-
taining 0.01 M MgCl,. Millipore-filtered phages were added
(Aplac or A\WS8 in 2 ml of PBS containing 0.01 M MgCl,) at
a multiplicity of 2 X 108 plaque-forming units per cell.
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Table 1. Assays for 3-galactosidase activity

f-Galactosidase activity *

at at at
Cell strain pH4.0 pH6.8 pH6.8T
Normal fibroblasts:
Wi38 517.1
o, 95.4
HeLa cells 32.4
GMj-gangliosidosis
fibroblasts:
(a) Uninfected 1.6 <0.4 <0.2
(b) Infected with phage
AWS <0.4 <0.2
(c) Infected with phage
Aplac; Exp. no.
1 1.9 0.9
2 0.8 0.8
3 2.5 0.5
Infected with
Aplac DNA
4 182.0 178.0
5 348.0 223.0
6 5.6 3.1
7 1.4 0.9
(d) Infected with
AWS8 DNA <0.4 <0.2

B-Galactosidase activities detected in normal cells (numbers re-
flect an average of two cell extracts from each cell line), 8-galacto-
sidase-deficient (GM;-gangliosidosis fibroblasts (average of 13 cell
extracts), and phage Aplac- and Aplac-DNA-infected GM,-gangli-
osidosis fibroblasts.

*Enzyme activity is expressed in terms of nmol of 4-methyl-
umbelliferone liberated in 60 min/mg of protein at 37°.

+ B-Galactosidase activity after heat treatment in the presence of
specific antibodies as described under Materials and Methods.

Virus-treated cells were incubated for 1 hr at 37° with occa-
sional gentle shaking. After addition of 20 ml of tissue cul-
ture medium the cells were again incubated at 37° for 4
days and harvested for enzyme assay.

Treatment of GMj-Gangliosidosis Fibroblasts with
Phage DNA. -Galactosidase-deficient fibroblasts (same cell
density as for phage infection) were also used for inoculation
with phage DNA (Aplac or AWS8). Cells pretreated with 0.4
ml of DEAE-dextran (150 ug/ml in 0.96% MEM without bi-
carbonate-0.2 M Tris, pH 7.35) at 37° for 30 min were incu-
bated after removal of DEAE-dextran together with 20-30
ug of phage DNA in 2 ml of a Hepes-DNA-CaCl, mixture
(125 mM) as described by Graham et al. (21). This DNA was
allowed to absorb for 30-40 min with occasional gentle shak-
ing at 37°. After the addition of 20 ml of tissue culture me-
dium the cells were again incubated at 37° until harvested
for enzyme assay. Following a modified procedure (30) in
some experiments, the Hepes-DNA-CaCly; mixture was
added directly to the cell medium. After 4 hr incubation at
37°, the medium was removed and replaced by 20 ml of
fresh tissue culture medium.

DEAE-Cellulose Chromatography. Appropriate amounts
of cell extract (0.01-0.04 mg of protein) and E. coli $-galac-
tosidase were passed through DEAE-cellulose columns (1.0
X 0.6 cm or 1.0 X 0.34 cm) and eluted with a linear gradient
of NaCl from 0 to 0.7 M in 0.01 M sodium phosphate buffer,
pH 6.8. The columns were equilibrated with 0.01 M sodium
phosphate, pH 6.8. Fractions containing 1 ml (column: 1.0 X
0.6 cm) or 0.5-0.075 ml (column: 1.0 X 0.34 cm) were col-
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FIG. 1. Linearity of the 3-galactosidase assay as a function of
time performed at pH 6.8. Extracts were from uninfected GM; fi-
broblasts, Aplac-infected GM; fibroblasts (solid line, Exp. no 1,
Table 1), and Aplac-DNA-infected GMj fibroblasts (broken line,
Exp. no 4, Table 1). Enzyme activity is expressed in relative fluo-
rescence intensities. 100% on the fluorimeter scale corresponds to
0.05 nM 4-methylumbelliferone. The right ordinate applies to the
solid lines, the left one to the broken line. Enzyme assay was per-
formed as described under Materials and Methods.

lected and immediately assayed for conductivity and $-ga-
lactosidase activity.

RESULTS

Induction? of B-galactosidase activity in GM;
fibroblasts

B-Galactosidase Activity of GMj-Gangliosidosis Fibro-
blasts at pH 4.0 and at pH 6.8. In contrast to the pH activi-
ty curve of E. coli 3-galactosidase with its optimum at about
pH 6.8, depending on the substrate and the salt conditions
(22), the mammalian ($-galactosidases demonstrate two opti-
mums, a major one varying from pH 3.0 to 5.5 and a minor
one at pH 6.6 (15, 18, 22, 23), again depending on experi-
mental conditions. As shown in Table 1, GM;-gangliosidosis
fibroblasts show little activity at pH 4.0 and almost none at
pH 6.8; E. coli B-galactosidase is inactive at pH 4.0 (Fig. 2).
Increased activities after infection with Aplac could only be
detected at pH 6.8 and not at pH 4.0. Since these induced
activities corresponded to E. coli 3-galactosidase in their im-
munochemical properties (see below) assays of 3-galactosid-
ase activity in subsequent infection experiments were per-
formed at pH 6.8.

B-Galactosidase Activity in GM; Fibroblasts after In-
fection with Aplac and A W8. Human B-galactosidase-defi-
cient fibroblasts were infected with phage Aplac during ex-
ponential growth as described under Materials and Meth-
ods. Four days after infection they were assayed for 3-galac-
tosidase activity at pH 6.8. Higher enzyme activity—com-
pared to activities of uninfected control cells—could be de-
tected in three out of 19 experiments. Thus in about 15% of
our experiments phage Aplac infection of GM; cells resulted
in B-galactosidase induction in the deficient fibroblasts. 3-
Galactosidase activities were significantly higher than in the
control experiments (Table 1, Fig. 1).

Under identical conditions 8-galactosidase-deficient fibro-

+ We will use the term “induced” for enzyme activities that arise
after treatment of the cells with phage or phage DNA.
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FI1G. 2. Ion-exchange chromatography and assay for 8-galacto-
sidase activity and conductivity (. . . .) of collected fractions of nor-
mal human fibroblast extract (A), E. coli 8-galactosidase (B) (col-
umn: 1.0 X 0.6 cm), a mixture of normal fibroblast extract and E.
coli B-galactosidase (C), and Aplac-DNA-infected GM; fibroblast
extract (D) (column: 1.0 X 0.34 ¢cm) from Exp. no 4 (Table 1). In
three experiments performed, conductivity for fibroblast 8-galac-
tosidase was found to be 14, 16, and 15 mS (average 15 mS) and for
E. coli B-galactosidase 35, 42, and 36 mS (average 37 mS) (S =
ohm™!). Enzyme assay was performed at pH 6.8 and for (C) at pH
4.0 (O- - -0) and pH 6.8 (8—@®) as described under Materials and
Methods. Details of the chromatography on DEAE-cellulose are
given in the text.

blasts were also infected with the wild-type phage AWS,
lacking any genetic information for 3-galactosidase. Enzyme
tests of the cell extracts showed no difference in 8-galacto-
sidase activity compared to uninfected fibroblasts (Table 1).
All assays for microbial contaminations (bacteria, fungi, and
mycoplasma) carried out as described under Materials and
Methods were negative.

Treatment of GM; Fibroblasts with E. coli 8-Galacto-
sidase. In contrast to DNA preparations used for infection
experiments (see below) phage Aplac preparations were con-
taminated with $-galactosidase even after several CsCl-gra-
dient centrifugations of the virus. In Exps. 1 and 3 of Table
1 the contamination theoretically could account for about
half or two thirds of the total B-galactosidase activity mea-
sured after infection, and in Exp. 2 for about 100% of the
total activity. Therefore, GM cells were treated with high
amounts of E. coli (-galactosidase, enough to hydrolyze
more than 300.0 nmol of 4-methylumbelliferone-3-D-galac-
topyranoside in 60 min/mg of cellular protein at 37°. Incu-
bation of the cells for 4 days under the same conditions used
in the infection experiments did not lead to E. coli-specific
B-galactosidase activity in cell extracts when tested (data not
shown).

B-Galactosidase Activity in GM; Fibroblasts after In-
fection with A\plac and A W8 DNA. 3-Galactosidase activity
could not be detected in Aplac DNA preparations, in con-
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trast to phage Aplac preparations. The Aplac-DNA-infected
deficient human fibroblasts were harvested 72-96 hr after
infection. In experiments with DEAE-dextran pretreatment
the cells looked stressed, showed cytoplasmatic granularity,
and some cells rounded up and became detached from the
flask wall (Table 1, Exps. 4, 5, and 6) after 72 hr. Under
these conditions cells were harvested 72 hr after infection. In
four out of 16 infection experiments with Aplac DNA a high
increase of the 3-galactosidase activity could be detected in
some cell extracts. Enzyme activities of positive experiments
were measured as reaching from 1.4 to 348.0 nmol of hydro-
lyzed substrate in 60 min/mg of protein at 37° (Table 1).
Caompared to phage-infected cells, induced B-galactosidase
activity was much higher in phage-DNA-infected cells, and
in addition, the DNA-induced activity levels differed con-
siderably. In control experiments -galactosidase-deficient
fibroblasts were treated with AW8 DNA under identical
conditions. No difference in j-galactosidase activity com-
pared to uninfected fibroblasts could be detected.

Characterization of §-galactosidase activity induced
by phage Aplac and Aplac DNA

Protection of Enzyme Activity by E. coli-Specific Anti-
bodies. Recent experiments demonstrated that E. coli 8-ga-
lactosidase can be protected against heat inactivation by E.
coli B-galactosidase antibodies (24). Therefore, it could be
assumed that E. coli B-galactosidase, if present in fibroblasts,
should remain active in the presence of anti-E. coli 8-galac-
tosidase after heat inactivation of the mammalian 8-galac-
tosidases. Experiments with cell extracts of 8-galactosidase-
deficient cells after addition of E. coli 3-galactosidase and
specific antibodies confirmed this assumption. Protection of
E. coli (-galactosidase activity varied from about 50% to
100% (data not shown). This assay was used for our experi-
ments to discriminate induced E. coli 8-galactosidase activi-
ty in GM; cells from the mammalian specific 8-galactosidase
activity. Therefore, enzyme assays of all cell extracts, infect-
ed or uninfected, were also carried out routinely after heat
treatment of the cell extracts in the presence of anti-E. coli
B-galactosidase antibodies (for details see Materials and
Methods).

Heat inactivation for 20 min at 61° of fibroblast extracts,
from cells either uninfected or infected with either phage
Aplac or Aplac DNA, resulted in a complete loss of $-galac-
tosidase activity. When heat inactivation was carried out in
the presence of rabbit anti-E. coli 8-galactosidase, protection
of enzyme activity at pH 6.8 was higher than 20% in either
of those experiments where phage Aplac- or Aplac-DNA-in-
fected fibroblast extracts showed induced activity before
heat inactivation (Table 1). This suggests and makes it rather
likely that the heat-resistant (3-galactosidase activity was E.
coli-specific.

Separation of Fibroblast and Induced E. coli-Specific
B-Galactosidase Activity by Ion-Exchange Chromatogra-
phy. As demonstrated in Fig. 2 the two (3-galactosidase ac-
tivities from human fibroblasts and E. coli could be well sep-
arated on DEAE-cellulose columns. Cellular and E. coli en-
zyme resolved from each other and eluted at different ionic
strengths as compared by elution position or conductivity
measurements at point of emergence after chromatography.
It could further be demonstrated that heat treatment of the
eluate in the presence of anti-E. coli 3-galactosidase resulted
in the disappearance of the fibroblast 8-galactosidase activi-
ty peak, while the E. coli B-galactosidase peak remained in
the same position (data not shown). Thus we had an addi-
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tional confirmation of the validity of the E. coli $-galacto-
sidase activity protection test used here.

When extracts of the GM; fibroblasts with Aplac-induced
activity were run on DEAE-cellulose columns under the
same conditions, induced enzyme activity was detected at
the position where E. coli B-galactosidase is eluted (Fig. 2).
Heat treatment of the eluate in the presence of anti-E. coli
B-galactosidase did not destroy this enzyme activity. From
these data it was concluded that Aplac-induced enzyme ac-
tivity in the GM; fibroblasts is not cell- but E. coli-specific.

DISCUSSION

It could be demonstrated that incubation of human 8-galac-
tosidase-deficient fibroblasts with transducing phage Aplac
or with Aplac DNA led to higher 8-galactosidase levels of
cell extracts. Phage infection gave increased (-galactosidase
activities in about 15% of the performed experiments and
phage DNA in about 25%. Furthermore phage Aplac-D-
NA-induced B-galactosidase activities in deficient cells were
much higher than those obtained after phage Aplac infec-
tion. Phage Aplac codes for an E. coli-specific 8-galactosid-
ase and, therefore, the induced enzyme activity should not
be cell-specific but E. coli-specific. Heat inactivation tests of
the induced enzyme activities in the presence of E. coli-spe-
cific antibodies and ion-exchange chromatography present-
ed the evidence that the induced 8-galactosidase activity is
under these conditions indistinguishable from that of §-ga-
lactosidase from E. coli.

We have shown that induced enzyme activities were not
due to B-galactosidase contamination of phage or phage
DNA preparations or other materials used, and in all our
control experiments bacterial, fungal, and mycoplasma con-
taminations could not be detected. Our results lead us to the
conclusion that, of the offered prokaryotic genetic informa-
tion, at least that of gene z had been transferred to and ex-
pressed in eukaryotic cells. The occurrence of this type of
gene transfer and the acceptance by the mammalian cellular
machinery for transcription and translation is in agreement
with similar findings by Merril et al. (2). From the control
experiments it is rather unlikely that the contamination of
phage Aplac with B-galactosidase contributed significantly
to the detected activities in phage-infected cells.

There is no good explanation why in our gene transfer ex-
periments enzyme activity occurred only in a certain per-
centage and why individual experiments show a broad varis
ation of induced enzyme levels. However, cellular suscepti-
bility to offered genetic material may vary from one experi-
ment to another, leaving the identity of the variables as yet
undetermined.

The phenomenon that phage DNA is much more efficient
in inducing enzyme activities compared to intact phage par-
ticles agrees with published results (2). One assumption
might be that DNA is taken up better by cells than whole
phage particles and/or that DNA is more easily available for
transcription and translation by the cellular apparatus. The
finding of phage-specific RNA in phage-infected cells (2, 3)
will have to be proven for our system. The possible persis-
tence over several cell generations of phage genetic informa-
tion in eukaryotic cells (2, 11, 12) can also be the object of
further investigations. A test for lactose utilization of infect-
ed B-galactosidase-deficient cells was not performed. Pre-
liminary experiments suggested that the deficient fibroblasts
used here still contain enough $-galactosidase so that lactose
will be accepted as the sole source of hexose (Horst and
Kluge, unpublished results).
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Phage X is probably the most intensively studied temper-
ate E. coli phage (25), and one of the best-known regulatory
mechanisms of microorganisms concerns the lac operon of
E. coli (25-29). Thus the introduction of the lac operon into
mammalian cells and its expression there may contribute to
our understanding of regulatory mechanisms in eukaryotic
cells.
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