Proc. Natl Acad. Sci. USA
Vol. 79, pp. 422-426, January 1982
Cell Biology

Mechanisms of DNA uptake by mammalian cells: Fate of
exogenously added DNA monitored by the use of fluorescent dyes

(gene transfer/calcium phosphate coprecipitation/pH dependency/DNA concentration)

ABRAHAM LOYTER™!, GEORGE A. SCANGOs*f, AND FRANK H. RUDDLE*$

Departments of *Biology and $Human Genetics, Yale University, New Haven, Connecticut 06511

Contributed by Frank H. Ruddle, August 12, 1981

ABSTRACT  Coprecipitation of DNA with calcium phosphate
is a commonly used method of gene transfer in mammalian cells.

We have found that DNA forms a tight complex with Ca P; and

that DNA in this complex is resistant to nucleases present in serum
or added externally. Under optimal conditions, virtually all of the
recipient mouse Ltk Aprt™~ cells take up Ca P~DNA complexes,
as determined by fluorescent dyes specific for DNA (4',6-diami-
nilo-2-phenylindol dihydrochloride) or for calcium salts (chloro-
tetracycline). However, only a small proportion of the cells have
detectable Ca P~-DNA complexes in the nucleus. Uptake of the
Ca P~-DNA complexes was highly dependent upon the pH at which
the Ca P~DNA complex was formed and upon the concentration
of DNA in the complex.

It has been known for many years that under certain conditions,
eukaryotic cells can take up large amounts of DNA and transport
it into the cell nucleus (1, 2). This phenomenon has been ex-
ploited to achieve transformation of eukaryotic cells with both
selectable and nonselectable genes (1, 2,1). Addition of poly-
cations, such as polyornithine (3) or DEAE-dextran (3, 4), to the
DNA solution or precipitation of the added DNA on the cell
surface by calcium phosphate (5) have proven useful in increas-
ing both the uptake of the DNA and the frequency of cell trans-
formation. Despite the large amount of high molecular weight
DNA taken into cells in the presence of certain facilitators (3,
6), at best only about one in 10* cells eventually becomes trans-
formed (7, 8). This has limited transfer to those genes for which
there exists a good selective system and to certain cell lines,
such as mouse L cells, that function as efficient recipients (8).

The detailed mechanisms by which external DNA is inte-
grated into a foreign chromosome and expressed in a foreign
environment are as yet poorly understood. However, a large
body of recent work (9, 10) has begun to elucidate the process.
On the other hand, essentially nothing-is known about the way
by which DNA molecules cross the cellular membrane and are
transported to the nucleus. The studies described here were
designed to study the quantitative aspects and the mechanisms
of entry of DNA into cells after coprecipitation with Ca P,. We
have used the specific fluorescent dye 4',6-diaminilo-2-phen-
ylindol dihydrochloride, (DAPI), which specifically stains dou-
ble-stranded DNA (11), and chlorotetracycline, which stains
complex salts of Ca (12). We show that virtually all recipient cells
take up Ca P~DNA complexes, which appear in the cytoplasm
in a characteristic structure, and that only a few of the cells have
detectable Ca P~DNA complexes in the nucleus. Additionally,
DNA .uptake was highly dependent on the pH at which the Ca
P, precipitate was formed and upon the concentration of DNA
in that precipitate.
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MATERIALS AND METHODS

Cell Culture. The murine cell line Ltk™Aprt™ was cultured
in minimum essential medium, a modification (GIBCO), sup-
plemented with 10% (vol/vol) fetal calf serum. In most cases,
cells were plated in 35-mm or 60-mm Petri dishes 24 hr before
each experiment, and the culture medium was supplemented
with penicillin/streptomycin and kanamycin (exceptions are
mentioned in figure legends).

Preparation of *H-Labeled DNA. HeLa cells were grown
in spinner culture in & minimum essential medium supple-
mented with 5% fetal calf serum, penicillin/streptomycin, and
kanamycin. Logarithmic phase cells (3.5 X 107) were added to
50 ml of fresh medium to which 10 uCi (1 Ci = 3.7 x 10"
becquerels) of [*H]thymidine per ml was added. The cells were
harvested 24 hr later, and the DNA was isolated as described
by Pellicer et al. (13).

Measurement of [’H]DNA Entry into Ltk™Aprt~ Cells. *°H-
labeled (or unlabeled) HeLa DNA was precipitated with Ca P,
essentially as described (14). Briefly, 80-100 ug of DNA (45-50
] of a solution containing 2 mg of DNA per ml) was dissolved
in 1 ml of 250 mM CaCl, buffered with 25 mM Hepes (pH 7.12).
This solution was added to 1 ml of 280 mM NaCl/1.5 mM
Na,HPO,/25 mM Hepes, pH 7.12. After 30 min at room tem-
perature, 0.25 ml (containing 10-12.5 ug of DNA) was added
to each 35-mm Petri dish containing 2.5 ml of medium and 2-6
x 10° cells. When 60-mm Petri dishes were used, 0.5 ml of Ca
P~DNA (containing 10-15 ug of DNA) was added to 4 ml of
medium. After incubation under CO, at 37°C, medium was re-
moved, external Ca P; was dissolved, and DNA was digested
as follows. After removal of medium, cells were washed suc-
cessively with 1 ml of Ca/Mg-free phosphate-buffered saline
(referred to as saline), 1 ml of 5 mM EDTA or ethylene glycol
bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) in
saline, and 1 ml of complete saline and then were incubated with
1 ml of complete saline containing 60 units of micrococcal nu-
clease (Boehringer Mannheim) and 60 g of DNase I (Sigma).
After 20 min at 37°C with gentle shaking, the cells were washed
twice with saline and lysed by the addition of 0.5 ml of 10 mM
EDTA/0.6% NaDodSO,/10 mM Tris, pH 7.5 (lysis buffer).
After the addition of 0.2 ml of unlabeled salmon sperm DNA
(2 mg/ml) per 0.5 ml of lysed cells, the DNA was precipitated

Abbreviations: DAPI, 4',6-diaminilo-2-phenylindol dihydrochloride;

EGTA, ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N’-tetra-

acetic acid.
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with 10% (wt/vol) trichloroacetic acid onto Whatman GF/A fil-

ters, and the amount of acid-precipitable [PH]DNA was
determined.

Fluorescence Microscopic Observations of DAPI-Stained
DNA and of Chlorotetracycline-Stained Ca P;. HeLa DNA was
added to a buffered CaCl, solution as just described, except that
the concentration of the DNA was 30-40 ug/ml; then 10 ul of
DAPI (Sigma) at 1 mg/ml in water was added to give a DAPI/
DNA ratio of 1:2 to 1:4. When chlorotetracycline (United States
Biochemicals, Cleveland, OH) was used, it was added to the
CaCl,/DNA solution to give 40 ug/ml (chlorotetracycline/
DNA ratio of 1:1). The CaCl,/stained DNA solution was added
to phosphate buffer as described. After 30 min at room tem-
perature, 0.5 ml of Ca P-DNA complex was added to 60-mm
Petri dishes containing 4 ml of medium and 3-8 x 10° cells
seeded on coverslips the previous day. After the incubation with
Ca P-DNA, the cells were washed once with 5 ml of saline and
once with 5 ml of 5 mM EDTA or EGTA in saline and were
viewed directly with fluorescent microscopy or digested with
the combination of nucleases described above and then exam-
ined. For observation under fluorescent illumination, washing
with EDTA, or preferably EGTA, alone was sufficient to re-
move detectable external DNA complexes.

RESULTS

Properties of the Ca P,~-DNA Complex. Incubation of DNA
in cell growth medium containing either native or heat-dena-
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FiG. 1. Gel electrophoresis analysis of DNA molecules incubated
in a cell growth medium: effect of serum and of Ca P;. HeLa cell DNA
(150 ug) was dissolved in 1 ml of minimum essential medium, and 100
ul was removed immediately for analysis ( lane A). The DNA was then
incubated for 6 hr at 37°C in that medium (lane B) or at the same con-
centration (150 ug/ml) in minimum essential medium containing 10%
heated (lane D) or nonheated (lane F) fetal calf serum. At the end of
the incubation period, a volume of 100 ul was loaded in agarose gel.
For precipitation with Ca P;, 150 ug of HeLa DNA was dissolved in
1 ml of CaCl, (250 mM) and mixed with phosphate buffer. After 30 min
at room temperature, 0.5 ml of the Ca P,~DNA suspension was added
to Petri dishes containing 4 ml of MEM media with 10% heated (lane
C) or nonheated (lane E) serum. After 6 hr of incubation (CO, incu-
bator, 37°C), the medium was aspirated, and the Ca P,~-DNA precipi-
tates were collected and suspended in 1 ml of complete phosphate-buf-
fered saline. The suspension was centrifuged for 15 min at 500 X g, and
the pellet obtained was dissolved in about 100 ul of lysis buffer and
loaded in the gels. Heated serum was obtained by incubating fetal calf
serum at 56°C for 60 min. Gel electrophoresis on agarose gel and ethid-
ium bromide staining of DNA were as described (15).
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tured serum resulted in rapid degradation, as monitored by the
appearance of *H-labeled hydrolytic products (not shown) and
by analysis of hydrolytic products by gel electrophoresis (Fig.
1, lanes D and F). Incubation of DNA in medium in the absence
of serum did not cause any substantial changes in its electro-
phoretic pattern (Fig. 1, lane B). DNA molecules were pro-
tected to a high degree from serum nucleases after coprecipi-
tation with Ca P, under conditions commonly used for gene
transfer (Fig. 1, lanes C and E). Degradation of added DNA by
serum nucleases also was inhibited by the addition of CaCl,
alone to the concentration used in gene transfer (12.5 mM) (not
shown).

Coprecipitation of [PH]DNA with Ca P, caused significant
quenching of the tritium emissions (Table 1). The quenching
was due to the formation of the Ca P~DNA complex because
it could be reversed by solubilization of the complex by EDTA
(Table 1). The extent of quenching was dependent on both time
and temperature, as was formation of the Ca P, precipitate. For
example, after 4 hr of incubation, only 9% of the radioactivity

present in the DNA could be detected (Table 1). Addition of

EDTA. solubilized the complex and allowed the detection of
76% of added radioactivity. Some quenching was seen after ad-
dition of CaCl, alone to the DNA but significantly less than that
observed with Ca P,.

Essentially the same phenomenon was seen when the DNA
was complexed with another common facilitator of gene trans-
fer, DEAE-dextran (Table 1). Blocking of the formation of the
DEAE-dextran-DNA complex by heparin (4) allowed detection
of most radioactivity. These two experimental systems suggest
that a tight complex was formed between DNA and these
facilitators.

Table 1. ‘Reduction in the measurable radioactivity of [*HIDNA
after complexing it to Ca P; or to DEAE-dextran

3700 Debectable
incubation, [*HIDNA radioactivity
Exp. min treatment cpm %
A 0 — 18,310 100
CaP; 11,837 64
Ca P, EDTA 14,584 80
240 — 20,631 100
CaP; 1,892 9
Ca P, EDTA 15,502 76
B 30 — 9,100 100
DEAE-dextran 3,204 35
Heparin, DEAE-dextran 8,892 98
DEAE-dextran, heparin 4,862 53

Experiment A: 25 ul of [PHIDNA (2 mg/ml) were dissolved in either
2 ml of 280 mM NaCl/1.5 mM Na P;/25 mM Hepes, pH 7.12 (control
system) or first in 1 ml of 250 mM CaCl,/25 mM Hepes, pH 7.12 and
then mixed with the above Na P;-containing solution to form DNA-Ca
P; complex. The DNA-containing solutions were incubated at 37°C, and
samples (0.5 ml) were removed either immediately or after 4 hr of in-
cubation at 37°C. The radioactivity of the [FHIDNA was determined
on samples of 25 ul either directly or after solubilization of the Ca P;
precipitate by EDTA (pH 8.0; final concentration, 125 mM). Incubation
of [PHIDNA in the NaCl/Na P,/Hepes buffer did not cause any change
in its measurable radioactivity, and the amount of cpm in these sam-
ples was considered as 100%. Experiment B: 3 ul of [PHIDNA (2 mg/
ml) were mixed with 6 ul of DEAE-dextran (Sigma; M,, =500,000; 2
mg/ml) in phosphate-buffered saline and then diluted with saline to
give a final volume of 0.5 ml. Heparin (15 ul from a solution of 2 mg/
ml) was added either before DEAE-dextran or after it. Onlg' when hep-
arin was added before DEAE-dextran could most of the ["H]DNA ra-
dioactivity be detected, indicating that heparin prevented the forma-
tion of the DEAE-dextran complex.
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Uptake of Ca P;-Precipitated [PH]DNA. Uptake of DNA by
cells has been measured by determining the fraction of added
[*H]DNA that was nuclease resistant (3, 6). Because we showed
that coprecipitation of DNA with Ca P, causes both quenching
of radioactive emissions and protection from nuclease digestion
(Table 1 and Fig. 1), it was important to determine conditions
for differentiating the amount of DNA which actually entered

cells from that which remained adsorbed to the cell surface in-

a nuclease-resistant form. As can be seen in Table 2, 30% and
38% of added tritiated. DNA precipitated onto the surface of
Petri dishes in the absence of cells and in the presence or ab-
sence of serum, respectively. Neither solubilization of the Ca
P; complex with EDTA nor digestion with DNase I or micro-
coccal nuclease completely removed DNA from the precipitate
(Table 2). Only when the Ca P, precipitate was first solubilized
with EDTA (or EGTA, not shown) and the DNA was then di-
gested with combinations of nucleases was the DNA completely
removed from the precipitate (Table 2, experiment A). When
the Ca P~DNA coprecipitate was added to Petri dishes con-
taining 6 X 10° cells, approximately 7.5% of the DNA could not
be removed by the EDTA/combined nuclease treatment (Table
2, experiment B). We feel that this figure represents the amount
of DNA that actually was taken up by the cells. If this figure
actually represents uptake, then the amount of EDTA- and nu-
clease-resistant DNA should increase linearly with cell concen-
tration. Fig. 24 demonstrates that, indeed, this is the case, and
uptake of [*PH]DNA did increase linearly with cell coneentra-
tion, whereas the level of adsorption did not. When EDTA
treatment was omitted, only partial linearity was seen (Fig. 24),

Table 2. Coprecipitation with Ca P; and uptake of *HIDNA

Cl; CCOOH-
insoluble
[*HIDNA, % of
total DNA added
With  Without
Exp. Sample Treatment* serum  serum
A (In the absence of cells)
1 — 30 38
2 EDTA 15.2 27
3 DNase 16.2 20.5
4 Nuclease 18 22
5 EDTA + DNase. 5.6 6.8
6 EDTA + nuclease 74 8.7
7 EDTA + DNase + nuclease <1 1
B (6 x 10° Ltk~Aprt™ cells)
1 EDTA 20.3

2 EDTA + DNase + nuclease 74

[SHIDNA (80 ul of DNA at 2 mg/ml was precipitated in 4 ml of CaCl,
and phosphate solutions. After 30 min at room temperature, a volume

of 0.25 ml of the DNA—Ca P; suspension was added to each 35-mm Petri .

dish containing 2.5 ml of medium without (experiment A) or with
(experiment: B) plated cells. After 6 hr of incubation, the medium was
aspirated and the DNA—Ca P; precipitate was lysed in a lysis buffer
for determination of radioactivity after the following treatments: (i)
no further treatment—after aspiration of the medium, the precipitate
was dissolved and counted; (ii) samples 2 in experiment A and 1 in
experiment B were washed once with 1 ml of Ca/Mg-free saline and
then with 1 ml of 5 mM EDTA; (iii) precipitate was washed once with
1 ml of complete phosphate-buffered saline and then incubated for 20
min with 1 ml of complete saline containing 60 ug of DNase I; (iv) as
sample 3 but with 60 units of micrococcal nuclease (Boehringer Mann-
heim); (v) precipitate was washed first with EDTA and then incubated
with DNase; (vi) as sample 5 but with micrococcal nuclease; (vii) sam-
ple 7in experiment A and sample 2 in experiment B—precipitates were
washed with EDTA and incubated with DNase I and micrococcal
nuclease.

*Of Ca P,~{*HIDNA precipitate.

Proc. Natl. Acad. Sci. USA 79 (1982)

confirming that not all external DNA was susceptible to nu-
clease digestion.

Fig. 2B shows that uptake of DNA was not linear with DNA
concentration. Optimal uptake was seen when 10-20 ug of
DNA was added to each Petri dish. Significantly less DNA was
taken up at higher concentrations (Fig. 2B). On the other hand,
adsorption of DNA increased to approximately 24 g of DNA and
then decreased only slightly.

Uptake of Fluorescently Labeled DNA After Precipitation
with.Ca P,. To determine the proportion of cells that took up
DNA, we made use of the dye DAPI, which becomes fluores-
cent after binding to double-stranded DNA (11). DNA com-
plexed to Ca P; could be visualized as a small precipitate, both
adsorbed to the cells and to the Petri dish in which the cells were
grown (Fig. 3A). In Fig. 3B, the same field is shown under flu-
orescent illumination. The precipitate is seen as small fluores-
cent spots. After removal of the adsorbed complex by washing
with EDTA or by EDTA/nuclease digestion, no Ca P; precip-
itate could be seen between or adsorbed to cells (Fig. 3C), but
many fluorescent particles could be visualized inside the cells
(Fig. 3D). The nuclei of all cells were brightly fluorescent due
to staining of recipient cell DNA by free DAPI that enters cells
under our conditions. In contrast to the diffuse and homogenous
nuclear fluorescence, the fluorescence in the cytoplasm was
confined to small spots of characteristic shape and size. These
spots represent entry of exogenous DAPI-stained DNA into
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Fic. 2. Adsorption and uptake of [PHIDNA by Ltk~Aprt™ cells.
(A) The effect of cell concentrations. Ltk~Aprt™ cells at increasing con-
centrations ‘were plated in 60-mm Petri dishes. The amount of
[®*H]DNA was determined 6 hr after incubation with the cells. x—x,
Uptake of DNA: [*H]DNA was determined after washing the cells with -
EDTA and incubation with DNase and micrococcal nuclease.
o——0, Cells were washed once with complete phosphate-buffered sa-
line and incubated with DNase and micrococcal nuclease. 0——-0, Ad-
sorption of [*HIDNA: after the incubation period, the medium was
aspirated, the. Ca P,~[°H]DNA was dissolved in lysis buffer, and the
amount of [PH]DNA was determined. (B) Effect of DNA concentration.
Increasing concentrations of DNA were precipitated b{ CaP;, and 0.5
ml was added to 60-mm Petri dishes containing 5 X 10° cells. The con-
centration of DNA in the figure represents the amount of DNA per 0.5
ml of suspension. e——-, Adsorption of [PHIDNA (amount of [PHIDNA
left on the cells’ surface after the Petri-dishes were washed once with
complete phosphate-buffered’ saline); x—x, uptake of [*HIDNA
(EDTA- and nuclease-resistant [*SHJDNA). Each point in these figures
is the average of two independent experiments.
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Fic. 3. Adsorption and uptake of Ca P,~DNA complexes by
Ltk~Aprt™ cells as visualized by phase and fluorescence microscopy:
DNA was stained by DAPI or chlorotetracycline, precipitated by Ca
P; and added to Ltk~Aprt™ cells (6 x 10° cells plated on coverslips in
60-mm Petri dishes). All samples were incubated at 37°C in a CO, in-
cubator before examination. For microscopic observation, a drop of
50% (wt/vol) glycerol in isotonic buffered NaCl was added to the cells.
(A and B) Precipitation and adsorption of DAPI-stained DNA-Ca P;
precipitates. After incubation with the Ca P—DNA, the medium was
removed and the cells were immediately examined either in phase (A)
or in fluorescent microscopy (B). Note that fluorescent precipitates in
B can be seen on the surface of the cells and also in the space between
the cells. (C and D) Phase (C) and fluorescence (D) microscopy of
Ltk™Aprt™ cells from which Ca P—~DNA complexes were removed by
EDTA/nuclease treatment. No Ca P; precipitate (C) or fluorescent dots
(D) can be seen in the space between the cells, whereas many fluores-
cent dots (DAPI-stained DNA) can be seen inside the cells. All the cell
nuclei are fluorescent due to staining of chromosomal DNA by free
DAPL (E and F) The same as C and D, but the dye chlorotetracycline
was added to the CaCl,/DNA solution instead of DAPI. Nuclei are not
stained. Many intracytoplasmic fluorescent dots can be seen. Only a
few of them appear to be in the nucleus (arrow in F). Cells underwent
partial lysis (E) because of the long exposure needed to photograph
these cells. (x900.)

recipient cells. No fluorescent spots were seen in the cytoplasm
of ATP-depleted cells or cells incubated with Ca P; at 4°C, al-
though under these conditions, the Ca P, precipitates could be
seen to be adsorbed to cells and to the Petri dishes in a fashion
similar to that seen in Fig. 3B (not shown; unpublished data).
It was of interest to determine whether the entire Ca P-DNA
complex or only the DNA itself entered the cells. To differ-
entiate between these possibilities, we made use of the fact that
the fluorescent molecule chlorotetracycline specifically stains
calcium complexes (12). Fluorescent spots of the same shape
and at similar numbers could be seen in the cytoplasm of re-
cipient cells after incubation with the chlorotetracycline-stained
Ca P, complexes in the presence (Fig. 3F) or absence (not
shown) of DNA. This result showed that Ca P, was able to enter
the cells even in the absence of DNA. In contrast to DAPI,
chlorotetracycline did not stain recipient cell nuclei, allowing
the detection of Ca P; complexes in recipient cell nuclei. Al-
though Ca P~DNA complexes were visible in the cytoplasm of
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FiG. 4. Adsorption (cells containing adsorbed fluorescent dots)
and uptake (cells containing more than 10 intracellular fluorescent
dots) of DAPI-stained DNA as a function of the pH of the Ca P-DNA
complex (A) and DNA concentration in the Ca P—DNA complex (B).
InA, a2-ml sample of buffered CaCl, solutions (250 mM CaCl,/25 mM
Hepes, pH 7.12) and of phosphate solution (280 mM NaCl/25 mM
Hepes/1.5 Na P;, pH 7.12) were adjusted to the different pHs by ad-
dition of concentrated (10 M) NaOH. HeLa DNA and DAPI were added
to the buffered CaCl, solution to give a concentration of 40 ug/ml and
10 pg/ml, respectively. The addition of 0.5 ml of the Ca P,~DNA pre-
cipitate, which was formed at the different pH values, to 60-mm Petri
dishes containing 5 ml of medium buffered with 20 mM Hepes (pH 7.12)
did not significantly change the pH of the medium. After 6 hr of in-
cubation, the medium was removed, and the coverslips containing cells
were observed immediately in the fluorescence microscope (absorp-
tion) or after solubilization of the external Ca P; with EDTA (uptake).
Increasing amounts of DNA and DAPI (DNA/DAPI, 4:1, wt/wt) were
added to a buffered CaCl, solution, which was then precipitated. The
DNA concentration in the figure represents the amount of DNA in 0.5
ml of the Ca P,~DNA complex that was added to 5§ ml of medium in
60-mm Petri dishes. In both experimental systems (A and B), the num-
ber of cells containing intracellular DAPI-stained DNA dots was es-
timated from fluorescence micrographs; 20-30 cells were counted in
each of five to seven photographs that were taken of each system.
Thus, each point is based on counting a total of 100-200 cells.

most cells, complexes were seen in the nuclei of only a small
proportion (arrow in Fig. 3F).

Uptake Is Dependent on the pH and DNA Concentration
in the Ca P~DNA Precipitate. The pH of the formation of the
Ca P~DNA complexes and the concentration of DNA in those
complexes are crucial for successful gene transfer (5, 16). Stud-
ies on the effect of pH and DNA concentration upon the entry
of DAPI-labeled DNA into cells showed that only when the Ca
P, complexes were formed between pH 7.1 and 7.5 could flu-
orescent spots be visualized in the cytoplasm of recipient cells
(Fig. 4A). Although large Ca P, precipitates were formed above
pH 7.5, no entry of these complexes into cells could be
detected.

The appearance of fluorescent spots adsorbed to cells in-
creased with DNA concentration to about 20 ug per dish (Fig.
4B). When higher concentrations of DNA were complexed at
the same concentration of Ca P;, adsorption was not affected,
whereas the appearance of cytoplasmic fluorescence was dras-
tically reduced (Fig. 4B). At high DNA concentration (50 ug
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per dish), no cytoplasmic fluorescent spots could be detected,
confirming the results of the previous section measuring the
uptake of radiolabeled DNA (Fig. 2B).

DISCUSSION

Our results clearly show that a portion of DNA previously be-
lieved to have entered cells on the basis of DNase resistance
remains adsorbed to the surface complexed with Ca P; in a nu-
clease-resistant form. Similar observations have been made
after the addition of DNA to plant protoplast—i.e., that bivalent
metals such as copper or zinc protect the DNA from nuclease
digestion (17). An accurate determination of DNA uptake can
be obtained only when the Ca P~DNA complex is first solu-
bilized by chelators such as EDTA or EGTA, thus exposing the
DNA to nuclease activity.

That we measured actual uptake is supported by our finding
that DNA can be observed intracellularly with specific flu-
orescent dyes such as DAPI. The appearance of the intracellular
fluorescent spots varied with the pH at which the Ca P, pre-
cipitate was formed and with the concentration of DNA in the
complex in a similar fashion as has been reported for gene trans-
fer (16), indicating that the uptake of DNA as measured by DAPI
fluorescence is correlated with ultimate gene expression. In-
terestingly, it was not the concentration of DNA on the cell sur-
face but the concentration in the precipitate that governed the
extent of uptake.

The use of chlorotetracycline as a probe suggested that DNA
entered the cell together with the Ca P;. The same technique
demonstrated that Ca P, alone entered cells in a similar fashion
in the absence of DNA, suggesting that there are no specific
surface groups that bind DNA and facilitate entry into cells. Out
of the many cells that had chlorotetracycline fluorescence in the
cytoplasm, only a few (approximately 1-5%) had detectable flu-
orescence in the nucleus. Also, electron microscopic data in-
dicate that DNA enters the nucleus as part of Ca P; complex
(unpublished data). Interestingly, introduction of plasmid
pTKx-1 (containing the herpes simplex virus thymidine kinase
gene) directly into cell nuclei by microinjection results in <1%
of cells that grow to express stably the TK gene (unpublished
data). Because Ca P~DNA precipitates are detectable in only
1-5% of nuclei and, by extrapolation from microinjection, <1%
of these should go on to stably express genes contained on that
DNA, the frequency of gene transfer after Ca P~DNA copre-
cipitation should be on the order of 107%. This frequency is con-
sistent with the best gene transfer frequencies (8, 10, 16). These
results suggest that movement of DNA from the cytoplasm to
the nucleus and processing of DNA in the nucleus are the most
significant barriers to gene transfer.

It is likely that Ca P, is a relatively efficient facilitator of gene
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transfer for a number of reasons. First, it increases the concen-
tration of DNA on the cell surface by precipitation. At the same
time, it protects the DNA from digestion by serum nucleases.
Also, we have obtained evidence that Ca P, induces phagocy-
tosis, thus facilitating entry of DNA into cells, and protects the
DNA from degradation by intracellular nucleases (unpublished
data). The observations that Ca P~DNA complexes formed at
high pH or with high DNA concentrations did not enter cells
efficiently suggest that the induction of phagocytosis is a specific
process dependent on the form of the Ca P; precipitate.

Thus, our data indicate that the extent of DNA uptake into
the cytoplasm is an important parameter for successful gene
transfer. However, under optimal conditions, most of the re-
cipient cells do contain cytoplasmic DNA. To increase gene-
transfer frequency, it will be necessary to facilitate entry of DNA
from the cytoplasm to the nucleus and its integration and main-
tenance in a manner compatible with gene expression.
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