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We have developed a simple and efficient procedure for transferring specific
human genes into mutant Chinese hamster ovary cell recipients that does not rely
on using calcium phosphate-precipitated high-molecular-weight DNA. Interspe-
cific cell hybrids between human leukocytes and temperature-sensitive Chinese
hamster cell mutants with either a thermolabile leucyl-tRNA synthetase or a
thermolabile asparaginyl-tRNA synthetase were used as the starting material in
these experiments. These hybrids contain only one or a few human chromosomes
and require expression of the appropriate human aminoacyl-tRNA synthetase
gene to grow at 39°C. Hybrids were exposed to very high doses of -y-irradiation to
extensively fragment the chromosomes and re-fused immediately to the original
temperature-sensitive Chinese hamster mutant, and secondary hybrids were
isolated at 39°C. Secondary hybrids, which had retained small fragments of the
human genome containing the selected gene, were subjected to another round of
irradiation, refusion, and selection at 39°C to reduce the amount of human DNA
even further. Using this procedure, we have constructed Chinese hamster cell
lines that express the human genes encoding either asparaginyl- or leucyl-tRNA
synthetase, yet less than 0.1% of their DNA is derived from the human genome, as
quantitated by a sensitive dot-blot nucleic acid hybridization procedure. Analysis
of these cell lines with Southern blots confirmed the presence of a small number of
restriction endonuclease fragments containing human DNA specifically. These
cell lines represent a convenient and simple means to clone the human genomic
sequences of interest.

The genes encoding various components of
the protein synthetic machinery in mammalian
cells represent a very large family offunctionally
related genes. To begin understanding how the
expression of this family of genes is coordinated,
we are using a combined biochemical and genet-
ic approach to analyze the complex process of
protein synthesis. The large number of different
Chinese hamster cell mutants that have been
isolated with alterations in various protein syn-
thesis components, including ribosomal proteins
and aminoacyl-tRNA synthetases, makes this
large family of genes especially suitable for
genetic analysis and genetic manipulation (1, 3,
5, 13, 28, 33, 34). In Chinese hamster ovary
(CHO) cells, two of these genes, leuS and asnS,
which encode leucyl-tRNA synthetase and
asparaginyl-tRNA synthetase, respectively, are
particularly amenable to detailed genetic stud-
ies. Conditionally lethal, temperature-sensitive
mutants with alterations in either of these genes

can be isolated at very high frequencies (1, 29,
31). In addition, there is a simple counterselec-
tive system, growth at an elevated temperature,
to isolate revertants in which the temperature-
sensitive phenotype of the mutants has been
suppressed by second-site intergenic or intra-
genic mutations. Because of the availability of
large numbers of mutants and revertants, the
leuS and asnS genes are most amenable to
detailed studies on the effects of mutations on
gene structure and expression at the molecular
level. To exploit these genetic systems fully, we
are interested in cloning genomic DNA se-
quences encoding leucyl- and asparaginyl-tRNA
synthetase. These molecular probes would pro-
vide a means to examine the effects of mutations
on gene structure and expression at the DNA
level and will also be useful in identifying DNA
sequences that might be important in regulating
the expression of the large family of genes
encoding protein synthesis components.
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The technique of DNA-mediated transfer of
genes into mammalian cells has proven to be an
effective means to enrich for and clone specific
genes (16, 18, 19, 35, 36). Variations of the basic
gene transfer procedure, including plasmid res-
cue, have increased the general usefulness of
this technique considerably (18, 19). For gene
transfer to be useful in enriching for specific
genes, the transferred gene must provide recipi-
ent cells with some selectable or distinguishable
phenotype. Mouse L-cells have proven to be by
far the most efficient recipients for DNA-mediat-
ed gene transfer. Unfortunately, however, the
general utility of these cells in such experiments
is limited by the very small number of mutants
available that provide selectable phenotypes to
monitor expression of transferred genes. On the
other hand, a very large number of different
mutants which provide selectable phenotypes
have been isolated from cell lines derived from
Chinese hamsters. However, these cell lines
have proven to be much less competent recipi-
ents in DNA-transfer experiments.
To circumvent this problem with Chinese

hamster cells and to utilize gene transfer to
enrich for the genes we wished to clone (leuS
and asnS), we have devised an alternative, effi-
cient procedure for effecting DNA transfer into
mutant CHO cells. Using this procedure, we
focused on transferring the human genes encod-
ing leucyl- and asparaginyl-tRNA synthetase
into the appropriate CHO cell mutants because
the presence of human DNA can be monitored
against the background of rodent DNA by cyto-
logical as well as nucleic acid hybridization
procedures (10, 14, 15, 22). We have previously
isolated interspecific somatic cell hybrids be-
tween human leukocytes and CHO cell mutants
with temperature-sensitive leucyl- or aspara-
ginyl-tRNA synthetases, which contain and ex-
press the corresponding human aminoacyl
tRNA-synthetase genes (6, 8, 9). The expression
of the human aminoacyl-tRNA synthetase genes
in the hybrids results in their ability to grow
vigorously at 39°C, a temperature which is non-
permissive for the mutant CHO parents. In both
types of hybrids, the product of the human
aminoacyl-tRNA synthetase gene can easily be
distinguished from the product of the corre-
sponding mutant CHO gene, based upon large
differences in the thermolability of the different
enzymes in vitro (6, 8). Since these hybrids
contained very few human chromosomes to be-
gin with, they represented a significant enrich-
ment of the human genes of interest. Hybrid cell
lines were subjected to high doses of y-irradia-
tion to extensively fragment the chromosomes
and were refused immediately to the original
temperature-sensitive CHO mutant, and "sec-
ondary" hybrids were isolated at 39°C to require

TABLE 1. List of cell lines

Relevant

Cell line Description human Referencegenes
present

Diploid CHO
cells

UCW 56 Temperature-sensi- (32)
tive leucyl-tRNA
synthetase mutant

Asn5 Temperature-sensi- (2)
tive asparaginyl-
tRNA synthetase
mutant

Interspecific
hybrids

HHW 105 Human leukocyte x leuS (8)
UCW 56 hybrid

HHW 119 Human leukocyte x asnS (6)
Asn-5 hybrid

retention and expression of the appropriate hu-
man tRNA synthetase gene. This resulted in the
generation of CHO cell lines in which small
fragments of the human genome containing the
selected gene had integrated into the hamster
genome. Successive rounds of irradiation and
refusion have resulted in CHO cell lines that
express the human genes of interest, yet less
than 0.1% of their DNA is derived from the
human genome. The amount of human DNA in
the various "transformants" was monitored by
using a dot-blot procedure that enables us to
accurately measure as little as one part of human
DNA in the presence of a 10,000-fold excess of
rodent DNA. Complete X genomic DNA librar-
ies prepared from the cell lines can be screened
to identify recombinants containing human
DNA by the methods of Gusella et al. (14, 15),
which will provide at least a 1,000-fold purifica-
tion of the genes of interest without the use of
specific probes. The procedures we describe can
be applied to enrich for any gene for which a
selective system is available.

MATERIALS AND METHODS
Cell lines and cell cultures. All cell lines were grown

as monolayer cultures in a humidified atmosphere of
5% COz-95% air at 33 or 39°C, as described previously
(33, 34). The various cell lines used in these experi-
ments are listed in Table 1 along with information
concerning their phenotypes and lineage. CHO cell
line Asn-5 has a mutation in the asnS gene, which
renders asparaginyl-tRNA synthetase thermolabile
and the cells nonviable at 39°C (2). UCW 56 is derived
from the CHO cell line tsH-1 and has a mutation in the
leuS gene which results in leucyl-tRNA synthetase
being thermolabile (27, 32). This cell line is also
nonviable at 39°C. The isolation and characterization
of interspecific cell hybrids between normal human
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leukocytes and either Asn-5 or UCW 56 has been
described previously (6, 8). HHW 105 is a hybrid
between human leukocytes and UCW 56 and was
selected at 39°C to require the human gene encoding
leucyl-tRNA synthetase to be retained and expressed
(8). This cell line contains two forms of leucyl-tRNA
synthetase, one form being very thermolabile in vitro,
as is the altered enzyme from the UCW 56 parent, and
one form being very resistant to thermal inactivation,
as is the normal human enzyme (8). HHW 105 has
retained a single human chromosome, number 5, to
which the human leuS gene has been localized (8, 9).
HHW 119 is a hybrid between human leukocytes and
Asn-5, which was also selected at 39°C, to require
retention and expression of the human gene encoding
asparaginyl-tRNA synthetase. This cell line has re-
tained three human chromosomes, numbers 12, 18,
and 19 (6). Based upon heat inactivation experiments
in vitro, HHW 119 contains both the mutant CHO
asparaginyl-tRNA synthetase, which is thermolabile in
vitro, and the human asparaginyl-tRNA synthetase,
which is very stable in vitro (6).

-y-Irradiation of interspecific hybrids and isolation of
secondary and tertiary hybrids. Replicate cultures of
HHW 105 or HHW 119 containing 1.5 x 106 cells were
established in 25-cm2 flasks and incubated at 39°C.
The following day, the flasks were filled with medium
and the cells were exposed to 2, 4, 6, 8, or 10 krads of
y-irradiation from a 1"7Cs source at a rate of 1.2
krads/min. Immediately after irradiation the medium
was removed from flasks, and 2 x 106 cells of the Asn-
5 mutant or 2 x 106 cells of the UCW 56 mutant, in 5
ml of culture medium, was added to irradiated cultures
of HHW 119 or HHW 105, respectively. The cells
were then transferred to 33°C. After 6 h, the mixed
cultures were treated for 60 s with 45% polyethylene
glycol-1,000 (wt/vol) in serum-free medium to induce
cell fusion and then returned to 33°C in normal medi-
um. After 3 days, the fused populations of cells were
dispersed with trypsin-EDTA, seeded into 100-mm
culture dishes at densities of 106 cells per dish, and
transferred to 39°C. At the same time, cells of Asn-5
and UCW 56 that had not been fused to irradiated
hybrids were plated at 39°C to determine the spontane-
ous reversion frequencies of temperature-sensitive
markers in these cell lines. Temperature-resistant col-
onies that arose from the various fused cultures were
isolated with cloning cylinders and maintained at 39°C
to maintain selective pressure for expression of the
appropriate human aminoacyl-tRNA synthetase gene.
Secondary, temperature-resistant hybrids isolated
from these experiments were subjected to a further
round of irradiation and refusion in an analogous
fashion, as described below.

In separate experiments, the effect of various, lower
doses of -y-irradiation on viability of the hybrid cell
lines was determined. Cultures containing 103, 104,
105, or 106 cells were exposed to 0, 0.25, 0.50, or 1.0
krad of -y-irradiation as described above and then
placed at 33°C for 2 weeks. The flasks were then
stained with 0.5% methylene blue in 50% methanol,
and the number of colonies present in the various
cultures was determined. Above 0.25 krad of irradia-
tion, the plating efficiency decreased by -3 orders of
magnitude for every 0.5 krad of irradiation. Thus, at
the lowest dose of irradiation used in the experiments
described above to isolate secondary hybrids, the

survival of the irradiated hybrids, in the absence of
refusion, was decreased by a factor of -109.

Dot-blot hybridizations. High-molecular-weight
DNA was extracted from Chinese hamster, human,
and hybrid cell lines by the methods of Pellicer et al.
(21). The DNA samples were sheared by sonicating for
5 s with a Branson 185 Cell Disruptor at a power
setting of 3. The sheared DNA samples were adjusted
to 0.3 N NaOH and incubated at room temperature for
10 min. After neutralization, the samples were heated
at 100°C for 10 min, and then rapidly cooled on ice.
The samples were then serially diluted to yield solu-
tions containing 25, 5, and 0.5 jtg ofDNA per ml. A 2-
,u amount of the various samples was spotted onto
nitrocellulose sheets that had been soaked in 5 x SSC,
pH 7.0 (1x SSC = 0.15 M NaCl-0.015 M sodium
citrate) and dried. The filters containing DNA were
baked in a vacuum oven at 80°C for 4 h. The blots were
prehybridized for 8 h as described by Wahl et al. (30)
and then hybridized for 16 h at 42°C with 3 x 107 cpm
of 32P-labeled total human DNA (108 to 2 x 108 cpm/4ig
of DNA) which had been prepared via nick translation
(20). After hybridization, the blots were washed four
times for 15 min at room temperature with 2x SSC-
0.1% sodium dodecyl sulfate (SDS), once in 1 x SSC-
0.1% SDS for 30 min at 68°C, twice in 0.3x SSC-0.1%
SDS for 30 min at 68°C, and once in 0.2x SSC for 30
min at 68°C. The blots were dried under a heat lamp
and then exposed to X-ray film at - 80°C with an
intensifying screen. The resulting autoradiograms
were then scanned with a densitometer (E.C. Appara-
tus Corp., St. Petersburg, Fla.).

Southern blot analysis. High-molecular-weight DNA
was extracted as described above and digested to
completion with either HindIII or EcoRI. Digested
DNAs were electrophoresed in 1% agarose gels, then
transferred onto nitrocellulose sheets (25). The result-
ant blots were prehybridized at 68°C for 8 h. The
prehybridization mix contained lOx Denhardt solu-
tion, 5x SSC, 0.25% SDS, 100 ,ug of denatured salmon
sperm DNA per ml, 0.133 M glycine, and 50 mM
NaH2PO4 (pH 6.5). The prehybridization mix was
removed, hybridization mix was added, and hybridiza-
tion was carried out at 68°C for 48 h. The hybridization
mix contained Sx Denhardt solution, Sx SSC, 0.25%
SDS, 100 ,ug of denatured salmon sperm DNA per ml,
10lo dextran sulfate, 67 mM glycine, 25 mM NaH2PO4
(pH 6.5), and 3 x 10' cpm of total human DNA labeled
with 32p via nick translation (20). The blots were
washed as described above for dot blots and then
exposed to X-ray film at -80°C with an intensifying
screen.

Karyological analysis. Differential staining of human
and Chinese hamster chromosomes in metaphase
preparations from hybrid cell lines was performed by
the alkaline-Giemsa procedure described by Friend et
al. (10), with the modification described by Dana and
Wasmuth (9).

RESULTS
Irradiation and refusion of primary hybrids:

isolation of secondary hybrids expressing the hu-
man leuS and asnS genes. The isolation and
characterization of the two Chinese hamster-
human cell hybrids used in these experiments
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FIG. 1. Differentially stained metaphase chromosome preparations from HHW 105 and HHW 119. The
alkaline-Giemsa staining procedure used to distinguish human from rodent chromosomes is described in the text.
Human chromosomes, which are indicated by the arrows, stain light blue and appear lighter in these photographs
than the Chinese hamster chromosomes, which stain purple.

was discussed above. HHW 105 expresses the
human leuS gene, which encodes leucyl-tRNA
synthetase, whereas HHW 119 expresses the
human asnS gene, which encodes asparaginyl-
tRNA synthetase. Photographs of metaphase
chromosome preparations from these cell lines,
which have been stained by using the alkaline-
Giemsa procedure to distinguish human from
rodent chromosomes, are shown in Fig. 1. HHW
105 contains only human chromosome 5, where-
as HHW 119 contains human chromosomes 12,
18, and 19. The asnS gene has been localized to
chromosome 18 (6). By measuring the length of
the human chromosomes in these photographs
and comparing that to the length of all the
chromosomes combined (human and hamster),
we can estimate that the human DNA represents
approximately 3% of the total DNA in the hy-
brids.

Replicate cultures of each of these cell lines,
containing 1.5 x 106 cells, were exposed to 2, 4,
8, or 10 krads of y-irradiation from a 137cs
source to fragment the chromosomes, as de-
scribed above. Immediately after irradiation, 2
x 106 unirradiated cells of the temperature-
sensitive CHO leucyl-tRNA synthetase mutant
UCW 56 were added to the irradiated cultures of
HHW 105, and the same number of cells of the
temperature-sensitive CHO asparaginyl-tRNA
synthetase mutant Asn-5 was added to the irra-
diated cultures ofHHW 119. After incubation at
33°C for 5 h, the cells in the various cultures
were treated with polyethylene glycol-1,000 to
induce cell fusion and then returned to 33°C in

normal medium. After 3 days, the fused cells
were dispersed, diluted into fresh medium and
transferred into 100-mm dishes and then trans-
ferred to 39°C to select secondary hybrids in
which human DNA fragments containing the
leuS or asnS had become integrated into the
recipient genomes and were expressed. The
results of these experiments are summarized in
Table 2. At every dose of irradiation used for
both hybrids, the number of temperature-resis-
tant colonies that arose after refusion was at
least fivefold above the reversion frequencies

TABLE 2. Recovery of temperature-resistant
secondary hybrids after y-irradiation and refusion of

primary hybridsa

No. of
Cell line Radiation dose temperature-
irradiated (krads) resistant colonies

recovered

HHW 105 2 19
4 9
6 3
8 2
10 5

HHW 119 2 25
4 9
6 4
8 5
10 1

a Experiments were performed as described in the
text.
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for the temperature-sensitive CHO parents,
which are 2.4 x 10-7 for Asn-5 and 2.1 x 10-7
for UCW 56. In separate experiments, we found
that the plating efficiencies of the y-irradiated
hybrid cell lines, in the absence of refusion to
the CHO cell lines, were reduced by -6 orders
of magnitude for every 1 krad of y-irradiation.
Thus, survival of the y-irradiated hybrids at the
doses of irradiation used in these experiments is
insignificant. Therefore, we felt confident that
the temperature-resistant colonies that arose in
these experiments were indeed secondary hy-
brids and not revertants of the CHO mutants or
primary hybrids that had survived irradiation.
Two temperature-resistant clones were isolated
from each of the different irradiated and re-fused
cultures and were maintained at 39°C to retain
selective pressure for the expression of the
human leuS and asnS genes. Several of the
temperature-resistant colonies did not survive
cloning, possibly because their temperature
resistance phenotypes were unstable. From
each of the primary hybrids, the two secondary
hybrids that were recovered from cultures ex-
posed to the highest doses of irradiation and that
were still stable at 39°C were examined further.
Metaphase chromosome preparations from

these four secondary hybrids were stained by
the alkaline-Giemsa procedure to determine
whether any human chromosomal material
could be detected. The two secondary hybrids,
HHW 133 and HHW 141, which are derived
from HHW 105, each contained a fragment of
human chromosome 5 translocated onto a ham-
ster chromosome (Fig. 2). The size of the human
chromosome fragment is considerably smaller in

HHW 133

A
4

HHW 141 than in HHW 133. In contrast, neither
secondary hybrid derived from HHW 119 had
any detectable human chromosomal material
that could be identified in the differentially
stained chromosome preparations. However, if
we used the much more sensitive nucleic acid
hybridization procedure described below, we
found that both of the secondary hybrids derived
from HHW 119 contained easily detectable
amounts of human DNA.

Isolation of tertiary hybrids expressing the hu-
man leuS and asnS genes. The secondary hybrids
HHW 141 (derived from HHW 105) and HHW
227 (derived from HHW 119) were subjected to
another round of fy-irradiation and refusion to
the appropriate CHO mutant, in an attempt to
isolate tertiary hybrids which expressed the hu-
man genes of interest while retaining even less
human DNA than the secondary hybrids. Once
again, colonies which arose at 39°C after irradia-
tion and refusion were isolated and maintained
at 39°C. Four tertiary hybrids derived from
HHW 141 were examined by using the differen-
tial chromosome staining procedure. None had
any cytologically detectable human DNA. Ter-
tiary hybrids derived from HHW 227 were not
examined, because no human DNA was cytolog-
ically detectable HHW 227.

Quantitation of the amount of human DNA in
primary, secondary, and tertiary heat-resistant
hybrids. To verify that the tertiary hybrids de-
scribed above contained some human DNA, we
needed a more sensitive test than the relatively
crude differential staining of metaphase chromo-
somes. Nucleic acid hybridization techniques
provided a rapid and simple means to make
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FIG. 2. Differentially stained metaphase chromosome preparations from secondary hybrids HHW 133 and
HHW 141. The single fragment of human chromosome 5 translocated onto a Chinese hamster chromosome in
each cell line is indicated by an arrow.
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these determinations and enabled us to accurate-
ly quantitate the amount of human DNA in the
whole series of hybrids from primary through
tertiary. To perform these analyses, we used a
slight modification of the dot-blot procedure
described by Thomas (26). For these experi-
ments, we needed a probe that would be specific
for detecting small amounts of human DNA in a
background of a large excess of Chinese hamster
DNA. It had previously been demonstrated that
human middle repetitive DNA sequences, which
are distributed throughout the human genome
every 2 to 3 kilobases, do not cross-hybridize to
any significant extent with the analogous se-
quences from the Chinese hamster genome (14,
15, 23). Therefore, human middle repetitive se-
quences appeared to be the distinguishing probe
we needed.

Partially sheared human and Chinese hamster
DNAs were mixed in different proportions, and
various quantities of these mixtures were spot-
ted and fixed onto nitrocellulose filters as de-
scribed above. These dot blots were hybridized
to total genomic human DNA that had been
labeled with 32P by nick translation and then
washed and exposed to X-ray film as also de-
scribed above. In preparations of total nick-
translated human DNA, the only sequences
which are present in a high enough copy number
to give a detectable hybridization signal are the
highly repeated sequences (15, 16). An autora-
diograph of one such blot is shown in Fig. 3.
Visual inspection of the autoradiograph demon-
strates that the amount of radioactive probe
hybridized to the various spots is directly related
to the amount of human DNA present in the
sample. It can be seen that under the conditions
used in these experiments, there is no detectable
hybridization signal in the spots containing only
Chinese hamster DNA. It should be noted that
in the row of samples containing only Chinese
hamster DNA (0% human DNA), three times as
much DNA was spotted (150, 30, and 3 ng) as in
the rows containing mixtures of human and
Chinese hamster DNAs. To quantitate these
experiments, three replicate blotting experi-
ments of the type just described were per-
formed, and autoradiograms of the lanes of
DNA containing 50 ng of the various mixtures
were scanned with a densitometer. The areas
under the peaks on the densitometer tracings
corresponding to each spot were determined and
plotted against the percent human DNA in the
sample. Such a plot is shown in Fig. 4. As can be
seen, there is a direct linear relationship be-
tween the percent human DNA in the spots and
the area of the peaks on the tracings in the range
from 0 to 5% human DNA. At the higher per-
centages of human DNA, the linearity decreases
because of complete exposure of the film to

PERCENT HUMAN
DNA

40* *.

20 00

10* *

5 *

2 *

0-

0.5 *

0

50 10 1
ng DNA

FIG. 3. Autoradiogram of dot-blot hybridization of
32P-labeled total human DNA to mixtures of human
and Chinese hamster DNA. Experimental details are
described in the text. Human and hamster DNAs were
mixed in the indicated proportions and then various
amounts of DNA were attached to nitrocellulose and
hybridized to labeled human DNA. The amounts of
Chinese hamster DNA spotted in the row containing
no human DNA were actually three times the amounts
indicated for all the other samples containing various
amounts of human DNA.

bound probe. However, simply by varying the
quantities of DNA spotted and the exposure
time of the film to the blots, one can easily
achieve linearity over the entire range of mix-
tures used.
These same blotting experiments were carried

out on DNAs from two series of primary to
tertiary hybrids: one series from HHW 105 and
one series from HHW 119. An autoradiograph
from one such experiment is shown in Fig. 5,
and the lineage and derivation of the cell lines is
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FIG. 4. Correlation between the amount of human
DNA in dot blots and intensity of the hybridization
signal. As described in the text, autoradiograms from
three replicate blotting experiments like those shown
in Fig. 3 were scanned with a densitometer. The area
under the peak for each spot was determined, and the
results from the three experiments were averaged.
These areas were then plotted against the percent
human DNA in the corresponding spot.

summarized in Fig. 6. It is obvious that the
amount of human DNA present in the various
cell lines decreases dramatically in going from
primary to tertiary hybrids. Autoradiographs of
three replicate blots like those shown in Fig. 5

were scanned with a densitometer, along with
three replicate control blots containing mixtures
of human and hamster DNAs. The peak areas of
the spots on the tracings from the hybrid cell line
autoradiograms were then compared to the peak
areas of the spots of control blots with different
amounts of the mixtures of human and hamster
DNAs, which enabled us to determine the per-
centage of human DNA in the hybrid cells. The
results of these analyses are shown in Table 3. In
the series of hybrids expressing the human leu-
cyl-tRNA synthetase, the amount of DNA that
is human decreases from 1.12% in HHW 105 to
0.07% in the tertiary hybrid HHW 277. In the
series of hybrids expressing the human aspara-
ginyl-tRNA synthetase, the amount of human
DNA decreases from 1.61% in HHW 119 to
-0.02% in the tertiary hybrid HHW 251. In the
photograph of the autoradiogram shown in Fig.
5, the hybridization signals over the spots of
HHW 251 DNA are not even visible. However,
when these blots were exposed to film longer,

CELL LINE

HHWIO5 * *

HHW 141 *

HHW 277
... ... .....

HHWII9*1

HHW 227 *

HHW 251

50 10 1

ng DNA
FIG. 5. Autoradiogram of dot-blot hybridization of

32P-labeled total human DNA to DNA extracted from
primary, secondary, and tertiary hybrids. The experi-
ments were performed as described in the text.

the spot of HHW 251 DNA with 50 ng of DNA
gave a signal that was detectable, whereas a spot
containing three times as much Chinese hamster
DNA still gave no signal. The peak area of the
spot with 50 ng of HHW 251 DNA was equiva-
lent to the peak area of a spot containing 1 ng of
DNA that was 1% human and 99% Chinese
hamster. Thus, we estimate that in HHW 251,
-1/50 of 1%, or 0.02%, of the DNA is human.
The amount of human DNA in the other cell
lines was calculated in an analogous fashion.

In view of the very small amount of human
DNA present in HHW 251, which is at the lower

PRIMARY HYBRIDS

T T
Irradiation and Irradiation and

Refusion to UCW 56 Refusion to Asn-5

1SESECONDARY HYBRIDSD1

Irradiation and Irradiation and
Refusion to UCW 56 Refusion toAsn-5

I TERTIARY HYBRIDS lI|H-HW 2771 |HHW 25:1|
FIG. 6. Lineage of primary, secondary, and tertia-

ry hybrids.

I I I I-

0~~~~~

0
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TABLE 3. Relative amounts of human DNA in
primary, secondary, and tertiary hybridsa

Cell line human
DNA

Hybrids derived from UCW 56
HHW 105 (primary)...................... 1.12
HHW 141 (secondary) ................... 0.58
HHW 277 (tertiary) ...................... 0.07

Hybrids derived from Asn-5
HHW 119 (primary)...................... 1.61
HHW 227 (secondary) ................... 0.27
HHW 251 (tertiary) ...................... 0.02

a The percentage of DNA in the various cell lines
that is derived from the human genome was calculated
as described in the text.

limit of detectability in the dot-blot hybridization
procedure, we screened for the presence of
human DNA after restriction endonuclease di-
gestion and agarose gel electrophoresis of DNA
extracted from this cell line. High-molecular-
weight DNA extracted from HHW 251 and
Chinese hamster cells was digested to comple-
tion with HindIII or EcoRI, electrophoresed,
transferred to nitrocellulose, and blotted, using
nick-translated total human DNA as a probe.
Autoradiogramrs of these blots are shown in Fig.
7. Several bands that hypridized to the human
DNA probe were apparent in EcoRI- or HindIII-
digested Chinese hamster DNA. These bands
correspond to repeated, apparently homologous
EcoRI or HindIII fragments, which were appar-
ent as unique bands on ethidium bromide-
stained gels and which most likely contain ham-
ster middle repetitive sequences. Thus, even
though there is little cross-hybridization be-
tween hamster and human middle repetitive
sequences, the high concentration of the ham-
ster sequences in these specific bands results in
detectable hybridization signals. However, in
the HindIII-digested HHW 251 DNA, there
were at least four unique bands that hybridized
to the human probe and that were not present in
the digested Chinese hamster DNA. The largest
of these unique bands in HHW 251 (-40 kilo-
bases) gave an especially strong hybridization
signal relative to the other bands. That this band
in HHW 251 was not due to incompletely digest-
ed DNA that remained near the top of the gel
during electrophoresis is obvious from the blots
of EcoRI-digested DNA. Digestion ofHHW 251
DNA with EcoRI resulted in the production of
two small fragments, both under 1 kilobase, that
gave intense hybridization signals, as well as at
least two other fragments which gave less in-
tense signals and which are not present in

Chinese hamster DNA. Whether the intense
hybridization signals over certain of the human
DNA-containing fragments in HHW 251 are due
to their containing many copies per fragment of
a middle repetitive sequence, or to the fact that
these fragments have for some reason been
amplified many-fold, remains to be determined.
In any case, it is obvious from these experiments
that HHW 251 does, in fact, contain human
DNA sequences and that the total amount of
human DNA present is probably under 100
kilobases. Similar experiments with HHW 277
also confirmed the presence of human specific
DNA fragments (data not shown). As expected

A B C D
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FIG. 7. Southern blot analysis of restriction endo-
nuclease-digested Chinese hamster and HHW 251
DNA by using 32P-labeled total human DNA probe.
The experiments were performed as described in the
text. Lanes: (A) Chinese hamster DNA digested with
HindIII; (B) HHW 251 digested with HindlIl, (C)
Chinese hamster DNA digested with EcoRI; (D) HHW
251 DNA digested with EcoRI. After digestion, elec-
trophoresis, and transfer to nitrocellulose, the filters
were hybridized to 32P-labeled total human DNA.
Restriction fragments hybridizing to the human probe
that are unique to HHW 251 are indicated by arrows.
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from the dot-blot experiments, there are many
(15 to 20) human specific fragments in HindIIl-
and EcoRI-digested DNA from this cell line.

Other secondary and tertiary hybrids derived
from HHW 105 and HHW 119 have been exam-
ined in a similar manner, and all contained
detectable amounts of human DNA. HHW 277
and HHW 251 represent the cell lines with the
least amount of human DNA that still express
the human leuS and asnS genes, respectively. In
view of the very low reversion frequencies of the
mutant CHO Asn-5 and UCW 56 cell lines, the
possibility that some of these tertiary hybrids
are revertants that have by chance also integrat-
ed nonrelevant human DNA sequences is ex-
tremely remote. In addition, the presence of the
human leuS gene product or the human asnS
gene product has been verified in all tertiary
hybrids examined (data not shown) by using the
same in vitro heat inactivation experiments de-
scribed previously to demonstrate the presence
of the relevant human aminoacyl-tRNA synthe-
tase in primary hybrids (6, 8). Thus, these proce-
dures represent an efficient means to achieve
gene transfer into CHO cells and to quantitate
the amount of donor DNA the recipients have
retained.

DISCUSSION
DNA-mediated transfer of selectable genetic

markers into cultured mammalian cells has prov-
en to be a powerful means to enrich for and
clone certain genes (16, 18, 19, 24). However,
mutant cell lines derived from Chinese ham-
sters, which provide a large number of potential-
ly very useful strains, have proven to be very
poor recipients in DNA transfer experiments.
We have tried to transfer the genes encoding
various aminoacyl-tRNA synthetases into ap-
propriate mutant CHO recipients many times
using purified high-molecular-weight DNA, al-
ways without success. We therefore sought al-
ternative ways to achieve gene transfer into
Chinese hamster cells. Goss and Harris previ-
ously described the use of X-irradiation of hu-
man cells, followed by fusion to an unirradiated
rodent cell parent, to establish linkage maps of
specific loci on human chromosomes (11, 12).
This technique utilizes selecting for expression
of a specific gene on a chromosome of the
irradiated human cell line in the fused cells,
followed by analysis for other, unselected linked
markers on the same chromosome which had
been fragmented by the irradiation process.
Thus, it seemed reasonable that a similar ap-
proach could be used to transfer very small
chromosome fragments with specific genes into
CHO cells by using very high levels of irradia-
tion and multiple rounds or irradiation, refusion,
and selection for the gene(s) of interest.

The results presented in this report demon-
strate that the procedures we used represent a
simple and efficient means of effecting transfer
of specific human genes into mutant Chinese
hamster cells with the cotransfer of minimal
amounts of extraneous human DNA sequences.
Selection for the transfer and expression of
human genes in these experiments, coupled with
nucleic acid hybridization techniques, affords a
simple and convenient way to monitor the quan-
tity of human DNA present in the various sec-
ondary and tertiary hybrids. As discussed be-
low, the ability to distinguish hamster from
human DNA also provides a powerful means to
enrich for and clone the specific human genes of
interest. The first objective in experiments to
clone the genes encoding leucyl- and asparag-
inyl-tRNA synthetase was to construct cell lines
which expressed the human genes of interest,
yet contained very small amounts of extraneous
human DNA. For this reason, our first rounds of
irradiation and refusion were performed with
human-CHO hybrids which had one or a few
chromosomes. In these primary hybrids, only a
small portion of the human genome was present,
which represented a significant initial enrich-
ment for the human leuS and asnS genes. Exact-
ly the same procedures could be used to transfer
any human gene into mutant CHO cells, provid-
ing the transferred gene would provide the recip-
ients with a selectable phenotype. If interspecif-
ic hybrids of the type we started with were not
available for other selectable markers, human
cells could be used as the irradiated parent in the
first round of irradiation and refusion. The only
drawback would be that more rounds of irradia-
tion and refusion would probably be required to
significantly reduce the amount of human DNA
retained in the subsequent hybrids.
The next step in attempts to clone the leuS

and asnS genes will be to prepare complete
genomic DNA libraries from tertiary hybrids in a
A phage vector. These libraries will be screened
by using the Benton and Davis plaque hybridiza-
tion technique with total nick-translated human
DNA as a probe (4). As described by Gusella et
al., this procedure distinguishes phage recombi-
nants containing human DNA from recombi-
nants containing only rodent DNA, again by
virtue of differential hybridization of human and
rodent middle repetitive DNA sequences (14,
15). Since middle repetitive sequences are dis-
persed in an apparently random manner every 2
to 3 kilobases through the human genome, virtu-
ally every phage recombinant (with inserts of
-20 kilobases) that contains unique, single-copy
human sequences will most likely also contain at
least one middle repetitive sequence and will be
identified in the screening process (23). In fact, a
random sampling of a X phage human genomic
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DNA library confirmed that approximately 99%
of the phage recombinants contained sequences
that hybridized to a human middle repetitive
DNA probe (17). A complete library of all the
DNA sequences present in a mammalian cell
would represent -800,000 X recombinants with
average size inserts of -20 kilobases (7). In the
tertiary hybrid HHW 251, for example, about
0.02% of the DNA is derived from the human
genome. Thus, a complete library of all the
human DNA in this cell line should be contained
in -160 X recombinants. This sublibrary of 160 X
recombinants containing all the human DNA
sequences present in HHW 251, including those
encoding asparaginyl-tRNA synthetase, would
represent a -5,000-fold purification of the hu-
man asnS gene without having used any specific
probes. The enrichment of the human leuS gene
in HHW 277 is somewhat less, because this cell
line contains about 3.5 times as much human
DNA as HHW 251. However, we have recently
isolated derivatives of HHW 277 that were se-
lected as being resistant to 4-azaleucine, an
inhibitor of leucyl-tRNA synthetase, which have
apparently amplified the human leuS gene (S.
Dana and J. Wasmuth, unpublished data). In one
such cell line, the specific activity of the human
leucyl-tRNA synthetase is increased -10-fold,
and a subset of the total human DNA sequences
present in HHW 277 has been amplified by
approximately the same amount (Dana and Was-
muth, unpublished data). A genomic DNA li-
brary from this cell line should be significantly
enriched for human leuS sequences relative to
the other, nonrelevant human sequences. Hu-
man DNA-containing X recombinants isolated
from libraries prepared from this cell line and
HHW 251 will be screened with a variety of
different techniques to identify those containing
human leuS and asnS specific sequences. Hope-
fully, these procedures will enable us to isolate
the complete genomic sequences encoding leu-
cyl- and asparaginyl-tRNA synthetase.
While this work was in progress, two labora-

tories reported using an approach similar to the
one outlined here to clone specific human DNA
sequences after transfection of rodent cells with
human DNA (16, 24). Thus, although some
technical problems may be encountered, we
believe the cell lines we have isolated and the
approaches we plan to use will enable us to
isolate human sequences encoding asparaginyl-
and leucyl-tRNA synthetase. Using these hu-
man sequences, which will almost certainly
cross-hybridize to the corresponding sequences
from Chinese hamsters, we will isolate clones
containing the Chinese hamster asnS and leuS
sequences from genomic DNA and cDNA librar-
ies. As discussed previously, these probes
would provide valuable tools to study, in detail,

two mammalian genes that are among the most
amenable to classic genetic analyses and muta-
tional studies in cultured somatic cells.
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