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Recently, interest in RNA uptake by 
mammailian cells has been stimulated by 
studies on infectivity of viral RNA and inter- 
feron production (1-5). In  addition, a num- 
ber of types of polycations have been shown 
to enhance infectivity and interferon produc- 
tion (4--17). Studies on viral RNA infectivity 
and interferon production were aided by bi- 
ological amplification, but in the demonstra- 
tion of cellular uptake of RNA or oligonucle- 
otides which may not be amplified, more pre- 
cise biochemical assays are necessary. Be- 
cause t he possibility exists that macromole- 
cules or macromolecular segments may be- 
come useful in chemotherapy (18), the present 
study was designed to detelimine whether in- 
tact tR:NA could be taken up by tumor cells 
as a preliminary step in the delineation of the 
mechanisms of uptake, the intracellular dis- 
tribution, and possible effects of uptake 04 
exogenous RNA or oligonucleotides. Homolo- 
gous tRNA was chosen because of its rela- 
tively small size, ready obtainability and ease 
of purification. In  addition, tRNA from No- 
vikoff hepatoma ascites cells (NHACl) 
can be highly labeled. During the course 

of these studies, Herrera et al. (19) 
demonstrated that functional E .  coli tRNA 
became associated with normal and tumor 
cells after short incubation. This finding has 
been confirmed, but in the present studies, it 
was found that DEAE-D1 was necessary for 
protection of tRNA and to enhance its up- 
take into cells. 

Materials and Methods. Novikofl hepato- 
ma ascites cells (NIIAC) .  The tumor cells 
were maintained in adult (male rats from the 
Holtzman Company (Madison, Wisconsin) . 
Six days after transplantation, the ascites 
cells were harvested by abdominal drainage. 

Preparation of tRNA.  Approximately 50 
mg of unlabeled tRNA (Fig. 1) were extract- 
ed by the hot phenol-SDS method (20-22) 
from the 105,OOOg supernatant from 600 g of 
NHAC. After ethanol precipitation, the 
tRNA was centrifuged through a linear 5-40 
sucrose density gradient at 28,000 rpm in a 
B-15 rotor of a Spinco zonal ultracentrifuge 

h 

$ 5 7  

* This work was supported in part by grants from 
the DeBakey Fouadation, Eli Lilly & Co., and by 
the U.S. Public Health Service Cancer Center Grant 
CA-10893,, manuscript No. 33. 

1- Predoctoral trainee of the Public Health Service 
(GM 670). 
1 The abbreviations used are: NHAC = Novikoff 

hepatoma ascites cells ; DEAE-D = diethylamino- 
ethyl-dextran; SDS solution = 0.3% sodium dodecyl- 
sulfate, 0.14 M sodium chloride, in 0.05 M sodium 
acetate bluffer, p H  5.1; NKM = 0.13 M sodium 
chloride, 0.005 M potassium chloride, and 0.008 M 
magnesium chloride; XDC = a mixture of 2.5-di- 
phenyloxazole, 35 g ; 1,4-bis[2- (5-pheny1oxazolyl)l- 
benzene, 1.75 g ;  naphthalene, 280 g; xylene, 500 ml; 
1,4-dioxane, 1500 ml; m d  ethylene glycol mono- 
methyl ether, 1500 ml. 
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FIG. 1. Purification ob NHAC tRNA by zonal ul- 
tracentrifugation: Approximately 50 mg of tRNA 
extracted by the hot phenol-SDS method from the 
105,OOOg supernatant of NHAC (ca. 600 g) were 
centrifuged through a linear 540% sucrose density 
gradient in a B-15 rotor of a Spinco zonal ultracen- 
trifuge for 16 hr a t  28,000 rpm. (arrow) The direc- 
tion of sedimentation. 
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for 16 hr (22). 3eP-labeled tRNA was ob- 
tained by the same procedure from the 105, 
OOOg supernatant from 80 g of NHAC which 
had been incubated as previously described 
(21) with 500 mCi of carrier-free 32P- 
orthophosphate. Approximately 9 mg of 32P- 
tRNA ( 1.4 x lo9 cpm/mg) were prepared 
by this method. In  each case, the RNA 
preparation was shown by gel electrophoresis 
to contain a single band of 4s RNA ( 2 2 ) .  

Incubation and treatment of cells. All 
glassware used for incubations was acid- 
washed, siliconized, and steam sterilized to 
avoid bacterial and RNase contamination. 
Cells for incubation were purified, by the 
method of Mauritzen et al. (21), and sus- 
pended at  a final concentration of 3 X loG 
cells/ml in modified Eagle's medium from 
which calf serum was omitted2 (21). In  all 
cases, the cells were preincubated for 30 min 
at 37" prior to addition of labeled tRNA. 
After the incubations, they were pelleted by 
centrifugation for 5 min at  85Og in a Sorvall 
refrigerated RC-3 centrifuge. An aliquot of 
the supernatant was taken to determine ex- 
tracellular radioactivity. The cells were then 
washed three times with ice-cold NKM solu- 
ti0n.l To determine cell-associated radioac- 
tivity, the cells were resuspended in 0.5 ml of 
NKM and the entire suspension was placed 
in 10 ml of scintillation fluor (XDC)l and 
counted in a Packard Tri-Carb liquid scintil- 
lation spectrometer (Model 33 75). When 
sucrose density gradient centrifugation was to 
be performed to determine the degree of 
integrity of the tRNA, the cells were resus- 
pended in SDS solution (1 g of cells/lS ml) 
and whole cellular RNA extracted by the hot 
phenol-SDS method (20). In  such studies, 
an  aliquot of the phenol-SDS homogenate of 
the cells was taken to determine cell- 
associated radioactivity. 

When DEAE-cellulose column chromato- 
graphy was employed to determine the integ- 
rity of the 32P-tRNA in the cytoplasm, ap- 

2 The composition of modified Eagle's medium is a 
mixture of 22 amino acids, 0.5 mM each; L-glu- 
tamine, 3 mM; a mixture of 6 vitamins, 1 mg/liter 
each ; riboflavin, 0.1 mg/liter ; inositol, 2 mg/liter ; 
penicillin G, 50 mg/liter ; streptomycin sulfate 50 
mg/liter ; D-glucose, 18 g/liter ; Earle's salts (no 
phosphate), pH 7.4. 

proximately 10 g of unlabeled cells were 
added to the labeled cells as carrier; the cells 
were then resuspended in 6 vol of 5 %  citric 
acid, an aliquot was taken to determine cell- 
associated radioactivity, and nuclei were iso- 
lated by the citric acid procedure (22). The 
pooled citric acid-sucrose supernatants con- 
tained the cytoplasmic fraction. 

Spectral change of t R N A  in the presence 
of DEAE-D. An aliquot of tRNA solution 
(50 pg/m1) was mixed with an equal volume 
of DEAE-D (Pharmacia, Uppsala, Sweden; 
mol wt. ca. 2 x lo6; N content, ca. 3.2%) 
solutions of various concentrations. The ab- 
sorbance at  260 mp of each solution was 
measured in a Zeiss spectrophotometer, Mod- 
el PMQ 11, with a reference of each concen- 
tration of DEAE-D solution. The relative ab- 
sorbance is the ratio of absorbance of the 
tRNA solutions containing DEAE-D to those 
tRNA solutions ( 2  5 &ml) which did not. 

Sucrose density gradient centrifugation. 
For analytical runs, approximately 1 mg of 
RNA (containing 32P-RNA) was layered on 
linear sucrose density gradients ( 5  to 40%) 
containing 0.1 M sodium chloride; 0.001 M 
EDTA; and 0.01 M sodium acetate buffer, 
pH 5.1. After centrifugation at  25,000 rpm 
for 18 hr in an SW-27 rotor of the Spinco 
Model L2 ultracentrifuge, the gradients were 
fractionated with the aid of an ISCO density 
gradient fractionator. The radioactivity of 
each fraction was then determined (20-22). 

Rapid adsorption of t R N A  t o  cells. 62P- 
tRNA and DEAE-D at  final concentrations 
of 0.05 mg/ml and 0.1 mg/ml, respectively, 
were added to the incubation mixture (3 X 
106 cells/ml of modified Eagle's medium) 
which had been preincubated for 30 min at  
37" and chilled to 0". This mixture was 
immediately filtered through Whatman No. 2 
filter paper (24-mm diam) with a Millipore 
apparatus. The filter paper was then washed 
three times with 1 ml of ice-cold NKM 
solution. The radioactivity on the filter and 
that of the filtrate were determined as de- 
scribed. 

RNase  treatment. The cell pellet obtained 
after incubation was washed three times with 
1 ml of ice-cold phosphate buffer (0.05 M 
potassium phosphate, 0.14 M sodium chlor- 
ide, pH 7.5), then resuspended in 2 ml of the 



tRNA AND HEPATOMA ASCITES CELLS 83 9 

TABLE I. Effect of DEAE-D on Cell Association of tRNA." 
~ ~~ ~~~~ 

Percentage of total radioactivity 

Extracellular Cell-associated recovery (%) 

0 
0.01 
0.03 
0.1 
0.3 
1.0 

82.7 r+ 2.4 
73.8 & 2.9 
68.2 -I- 3.1 
63.1 & 2.4 
76.3 +- 5.9 
87.8 -I- 2.7 

9.4 -+. 0.8 
13.4 2 1.9 
19.2 & 2.2 
25.2 & 3.0 
15.1 2 2.1 
10.0 -I- 1.4 

92.1 4 2.5 
87.2 4 3.5 
87.4 4 3.8 
88.3 4 3.8 
91.4 4 6.3 
97.8 4 3.0 

'"HAG (3  X lo6 cells/ml of modified Eagle's medium) were incubated for  120 min at 37' 
wihh 32P-tRNA (0.05 mg/ml) and DEAE-D. The values are means of four experiments. The 
standard deviations were calculated by the following relationship: SD = (Z%2--Z%2) 3"d/(n-1). 

same buffer. An aliquot was taken to deter- 
mine the cell-associated radioactivity, and 
20 pg of bovine pancreatic RNase A 
(Worthington, Freehold, N. J.) were added. 
The cells were then incubated for 10 min a t  
3 7", chilled, and immediately centrifuged a t  
850g in a Sorvall refrigerated RC-3 centri- 
fuge. The cells were washed three times with 
2 ml of the phosphate buffer, resuspended in 
0.5 ml of the same buffer, and the radioactiv- 
ity of the entire suspension was determined. 
In some experiments, whole cellular RNA 
was extracted, subjected to sucrose density 
gradient centrifugation, and the fractions ob- 
tained were analyzed for distribution of 32P. 

DEAE-cellulose column chromatography. 
Ion exchange chromatography was carried 
out on DEAE-cellulose (Whatman DE-52) 
prepared as described by Tener (23). 
Columns, 0.5 X 30 cm, were packed with 
DEAE-cellulose in starting buffer. Elution 
was carried out in 0.05 M sodium acetate 
buffer; 7 M urea, pH 5.4; with a linear 
sodium chloride gradient from 0 to 0.3 M .  
Residual radioactivity was eluted with 2 M 
sodium chloride. The total gradient volume 
was 300 ml. Fractions of 3 ml were collected, 
the absorbance at  260 mp was analyzed with 
a Zeiss spectropholtorneter, and the radioactiv- 
ity was determined. Approximately 1.5 mg of 
torula RNA (Calbiochem, Los Angeles, Cal- 
if.) digested with bovine pancreatic RNase A 
were added as unlabeled carriw. 

Results. E j e c t  of DEAE-D on the cellular 
associa.t,ion of t R N A .  Approximately 8% of 
the radioactivity of added 32P-tRNA was cell- 
associated in the absence of any enhancing 

agent (Table I, Fig. 2). To determine wheth- 
er this amount could be increased, several 
substances were investigated for "enhancing 
activity." Of these,3 DEAE-D was most effec- 
tive in a concentration of 0.1 mg/ml. In  the 
experiments on the enhancinlg activity of 
DEAE-D, the concentration of 32P-tRNA was 
0.05 mg/ml ( 1  ODzG0 unit/ml). At higher 
concentrations of 32P-tRNA, i t  was precipi- 
tated by DEAE-D in a concentration of 0.1 
mg/ml; a t  lower concentrations of tRNA, 
less tRNA was cell associated. 

At the optimal concentration of DEAE-D, 
the 32P found in the cellular fraction at 120 
min was approximately 24% of the total 
added, i.e., approximately 3 times that of the 
control experiments in which DEAE-D was 
absent (Fig. 2 ) .  

Figure 2 shows the time course of cellular 
association of 32P-tRNA in the presence of 
DEAE-D (0.1 mg/ml) . The cell-associated 
radioactivity of 32P-tRNA reached a plateau 
(23 % at  60 fmin) . The increase in uptake in 
the presence of DEAE-D at 37" is highly 
significant (p<O.OOl ;  n = 17). At Oo, the 
cell-associated radioactivity was 6.3 % of the 
total in the presence of DEAE-D a t  zero time 
and 9.0% at  120 min. Thus, approximately 
15% more tRNA is cell associated after incu- 
bation at  37' for 120 min than at  0". 

Complex formation between t R N A  and 
3 A number of other potential enhancer& were 

tested as enhancers but were found to be ineffective 
including fetal calf serum (lo%), albumin (bovine 
fraction V) and y-globulin (bovine fraction 11) in 
concentrations of 0.1 to 10.0 m g / d  and Fetuin in 
concentrations of 0.1 to 1.0 mg/ml. 
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FIG. 2. Time course of cellular association of 
tRNA in the presence 04 DEAE-D (0.1 mg/mI): 
NHAC (3 X 10‘ cells/ml of modified Eagle’s medi- 
um) were incubated under conditions shown. The 
values for DEAE-D are means and standard devia- 
tions from five experiments. The values for the 
controls are averages of two experiments. 

DEAE-D. Since DEAE-D was found to be an 
effective enhancer of cell association of 
tRNA, i t  seemed possible that a tRNA- 
DEAE-D complex was formed. When a 
32P-tRNA solution ( 5  mg/ml) was mixed 
with an equal volume of DEAE-D solution 
(1 mg/ml), 92% of the radioactivity was 
found in the supernatant after the addition of 

5 1.05 
J 
W 

I .  
001 01 10 100 
DEAE-D (mg/ml) 

FIG. 3 .  Hyperchromicity of tRNA in the presence 
of DEAE-D: An aliquot of a tRNA solution (50 
,ug/ml) was mixed with an equal volume of a 
DEAE-D solution of the concentrations shown. The 
absorbance at 260 mp of each solution was deter- 
mined in a Zeiss spectrophotometer, model PMQ 11. 
The relative absorbance is the ratio of absorbancy of 
the tRNA solutions containing DEAE-D to 
those tRNA solutions (25 ,ug/ml) which did not. 

2 vol of ethanol containing 2% potassium 
acetate. In the absence of DEAE-D, only 1 %  
of the tRNA was found in the supernatant. 
This result confirms the conclusion of Maes 
et al. (24) that a complex is formed. I n  
addition, in the presence of DEAE-D (Fig. 
3 ) ,  12-15% hyperchromicity of tRNA at  260 
mp was found when the weilght ratio of 
DE-AE-D: tRNA was 0.5-400: 1. In the con- 
centration used in the incubations shown in 
Fig. 2,  the hyperchromicity of the DEAE- 
D-tRN-4 complex was about 13%. 

Anothcr type of evidence for complex for- 
mation is presented in Fig. 4 which shows 
the change in the sucrose density gradient 
sedimentation pattern for 32P-tRNA in the 
presence of the same relative concentration 
of DEAE-D employed in Fig. 2. In contrast 
to the control tRNA which had a sedimenta- 
tion coefficient of 4S, the label remained at  
the top of the gradient in the presence of 
DEAE-D. Since DEAE-D had no RNase 
a ~ t i v i t y , ~  this shift presumably results from 
complex formation with tRNA. 

Cellular adsorption and intracellular up- 
take of t R N A .  I n  these studies, “cell- 
associated tRNA” is defined as the total 
tRNA which cosedimented with the cells. 
Some of the tRNA may simply have been 
“adsorbed” onto the cell surface, but some 
was apparently “taken up,” i.e., i t  was in- 
tracellular. To estimate the percentage of the 
cell-associated 32P-tRNA that was “ad- 
sorbed,” three methods were employed, name- 
ly, rapid filtration, 0’ incubations, and 
RNase treatment. To avoid artifacts resulting 
from the duration of centrifugation, the rap- 
id filtration method was employed to deter- 
mine cell-associated radioactivity a t  zero 
time. Table I1 shows that 1.3 and 8.2% of 
total radioactivity were rapidly cell associ- 

4 Fetal calf serum, albumin, y-globulin and DEAE- 
D were tested for RNase contamination by incu- 
bating them with ‘”P-tRNA at 37” for 120 min. 
Degradation of tRNA was determined by ethanoI 
precipitation or Amicon ultrafiltration. Calf serum 
and the serum proteins were highly contaminated 
with RNase, e.g., calf serum produced 20.5 times as 
much degradation as in the control experiments. 
DEAE-D was not contaminated with RNase, i.e., the 
degradation was only 1.1 times the control. 
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FIG. 4. Change in sucrose density gradient profile 

of tRNA in the presence of DEh4E-D: 32P-tRKA 
(0.05 mi:) or its DEAE-D (0.1 mg) complex was 
layered on linear sucrose (density gradients (5--400/0) 
containing 0.1 M NaCI, 0.001 M EDTA; and 0.01 M 
Na-acetate buffer (pH 5.1) ; and certrifuged at  
25,000 rpm for 18 hr in an SW-27 rotor of the 
Spinco Model L2 ultracentrifuge. The optical density 
profile is that of whole nuclear RNA (1 mg). 
(arrow) The direction of sedimentation; and (nos. 
above the peaks) the approximate sedimentation 
coefficients of the RNA. 

ated in the control and DEAE-D experi- 
ments, respectively. These results agree well 
with thle values obtained at 0" (Fig. 2 ) .  The 
lower recovery in the experiments with 
DEAE-D appears to be related to some ad- 
herence of the DEAE-D-tRNA complex to 
glass (v.i.) . 

In another procedure, the incubated cells 
were treated with pancreatic RNase at  a con- 
centration of 10 pg/ml at  37" for 10 min, 

TABLE 11. Rapid Adsorption of tRNA to Cclls." 

P 

Percentage of total 
r adio,ac tivi t y 

I n  On Recovery 
Sample filtrate filter (%) 

Control 1001.2 1.4 101.6 
97.0 1.2 98.2 

DEAE-DI, 0.1 mg/ml 74.0 7.7 81.7 
79.7 8.6 88.3 

a 32P-tICNA and DEAE-D a t  final eoncentrations 
of 0.05 and 0.1 mg/ml, respectively, were added 
t o  the incubation mixture ( 3  X lo6  cells/ml of 
modified Eagle's medium) a t  0". This mixture was 
immediately fil tcred tlirougli Wliatlnaii No. 2 filtcr 
paper, wlrich was waslied three tiiiies with 1 1111 of 
ice-cold X K M  solution and tlicii aiialyzed for ra- 
dioactivity. The results of two experiments are 
shown. 

since, a t  this enzyme to substrate ratio 
( 1:5), tRNA is degraded (17, 25). Figure 5 
shows that a t  the optimum DEAE-D concen- 
tration for cell association, the amount of 
RNase-resis t an t cell-associ a ted radioactivity 
is also maximal. Furthermore, the similarity 
of the shapes of the curves indicates that cell 
association and uptake of the DEAE- 
D-tRNA coimplex are closely related. After 
RNase treatment of NHAC inlcubated with 
the 32P-tRNA in the presence of DEAE-D 
(0.1 mg/ml), 40% of the cell-associated 32P 
was RNase resistant, i.e., the RNase-resistant 
radioactivity a t  this concentration was 9.6 3- 
1.8% of the total (Fig. 5). This estimate of 
uptake by RNase treabment is not signifi- 
cantly different from that calculated from 0" 
and rapid adsorption experiments. 

Integrity of cell-associated tRNA.  To de- 
termine whether the cell-associated 32P-tRNA 
was intact, DEAE-cellulose chromatography 
and sucrose density gradient centrifugation 
were employed. Figure 6B shows that tRNA 
recovered frolm cells incubated with DEAE- 
D--tRNA complex was not degraded to oligo- 
nucleotides. In  Fig. 6, the peaks of absor- 

30 I 
T 

O L ,  ' I I I I 
0 001 003 0.1 0.3 1.0 

DEAE-D ( mg/ml) 

FIG. 5. Effect of pancreatic RNase on the cell- 
associated tRNA: The cells were incubated with the 
DEAE-D--tRNA complex under the condtions de- 
scribed for Table I. The cells were treated with 
pancreaitic RNase (10 pug/ml) for 10 min at  37". 
( 0 )  The percentage of total radioactivity which 
was cell-associated before RNase treatment ; and 
(0) the percentage found after RNase treatment. 
The values are means and standard deviations from 
four experiments. 
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FIG. 6. Chromatography of cell-associated "'P-tRNA or its degradation products on DEAE- 

cellulose (chloride form) columns: Cells were incubated with ""P-tRN.4 (0.05 mg/ml) in the 
absence of enhancers (A) ; in the presence of DEAE-D (0.1 mg/ml) (B) ; in the presence of fetal 
calf serum (10%) (C).  An aliquot (2 ml) of cytoplasmic fraction, ix., the supernatant of the 5% 
citric acid homogenate of cells, was chromatographed on DEAE-cellulose columns with approx- 
imately 1.5 mg of pancreatic RNase-digested torula RNA as carrier. Elution was carried out with a 
linear NaCl gradient followed by a 2 M NaCl wash. ( 0 )  The absorbance a t  260 m p ;  (shaded 
portions) the radioactivity (cpm) ; (- - -) the molarity of NaCl in the eluting buffer (7 M urea; 
0.05 M sodium acetate buffer, p H  5.4). Because the samples contained cytoplasmic proteins and 
other components, the columns were washed with 15 ml of buffer before the gradient was started. 
In the chromatographic system used, intact tRNA elutes a t  approximately 0.7 M NaC1. 

I 

I 
I 

I 

I 

40 80 120 
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FIG. 7. Effect of DEAE-D on DEAE-cellulose (chloride form) column chromatography of a 
pancreatic digest of 32P-tRS.4: 9'-tRNA (25 pg containing 1.3 X 10' cpm) was digested with 
pancreatic RNase (enzyme:substrate ratio, 1:ZO) for 120 min at  37" in 0.001 M EDTA, 0.01 M 
Tris-HC1 (pH 7.4), in the absence (A;B); or the presence (C) of DEAE-D (0.1 mg/ml); and 
then chromatographed on DEAE-cellulose columns by methods described for Fig. 6 .  ( 0 )  The 
absorbance at  260 ~J.L; (shaded portions) the radioactivity (cpm) ; (- - -) the molarity of NaCl in 
eluting buffer (7 M urea, 0.05 M sodium acetate buffer, p H  5.4) ; (A) 3'P-tRNA digested with 
pancreatic RNase; (B) the 9 - R N A  was digested with pancreatic RNase, then DEAE-D was 
added; (C) the "'P-tRNA-DEAE-D complex was digested with pancreatic RNase. The peaks eluted 
with 2 M NaCl contain either residual undigested tRN.4 or oligonucleotides longer than 
nonanucleotides. The height of the late peak in the control (A) is negligible compared t o  the 
overall degradation observed; and the amount of degradation is not significantly different in A, B, 
and C. 
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bance ,at 260 mp represent oligonucleotides 
produced by pancreatic RNase dige,stion of 
torula RNA. However, when "P-tRNA was 
incubated with NHAC in the absence of 
DEAE-D or the presence of calf serum, the 
tRNA was markedly degraded after 120 min 
incubation (Fig. 6A, C),  as shown by the 
high isotope content in the early peaks. Chro- 
matography on DEAE-cellulose was unaff ect- 
ed by DEAE-dextran (Fig. 7 ) .  DEAE-D 
did n'ot produce aggregation of olig- 
onucleotides, i.e., no more isotope of degrad- 
ed RNA was found in the late peaks in the 
presence of DEAE-D (Fig. 7B, C) than in its 
absence (Fig. 7A). Moreover, Fig. 7C shows 
that addition of DEAE-D to the digestion 
mixture did not protect the tRNA against 
high concentrations of pancreatic RNase. 

Sucrose density gradient centrifugation 
also showed that after incubation in the 
presence of DEAE-D, the reisolated 32P- 
tRNA 'was undegraded as evidenced by the 
peak in the 4s region (Fig. 8D, E).  Howev- 
er, in the absence of DEAE-D (Fig. 8A, B ) ,  
there w,as degradation of the tRNA as shown 
by the shift of radioactivity to the top of the 
gradient. Under these conditions, pancreatic 
RNase treawent (10 pg/ml, 37", 10 min) 
of the whole cells had no marked effect on 
the sucrose density gradient centrifugation 
pattern of whole cellular RNA (Fig. 8C, F). 

Energy  dependence. Both cell association 
and uptake of 32P-tRNA were energy depen- 
dent as shown by the inhibition by iodsace- 
tate (Fig. 9) and azide (Fig. 10). The 50% 
inhibitory concentrations for cell association 
and uptake of "P-tRNA were 2 x M 
ioldoacetate and 8 x M for azide for 
both control and DEAE-D-incubated cells. 

Discussion. These studies, which show that 
intact 32P-tRNA can be taken up into 
NHAC, support and extend earlier studies on 
uptake olf macromolecules into mammalian 
cells (1--5, 26-27). Although the enhancement 
by DEAE-D (0.1 mg/ml) of cell associa- 
tion of the isotope of 32P-tRNA was approx- 
imately thrce times that found in control 
experiments, the enhancement of uptake of 
intact 1;RNA is considerably greater since 
only 2076 of the 32P of the labeled tRNA was 
cluted with 2 M NaCl (Fig. 6A) after incu- 
bation in the absence of DEAE-D. Thus, in 

the presence of DEAE-D, the amount of in- 
tact tRNA in the cells at 120 min was at  
least 15 times that of the control. In  recent 
experiments, other polycations such as prot- 
amine and methylated bovine serum albumin 
have been found to have similar activity. 

The evidence from DEAE-cellulose column 
chromatography and sucrose density gradi- 
ent centrifugation analysis indicates that in 
the presence of DEAE-D, most, if not all, of 
the cell-associated rad'ioactivity was in intact 
tRNA. The radioactive peak found in the 4s 
region could not have resulted from break- 
down and reutilization of nucleotides of the 
"P-tRNA since, in NHAC, the synthetic 
rate for 45s RNA is higher than that of 
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FIG. 9. Inhibition of cellular association and up- 
take of 32P-tRNA by iodoacetate: The cells were 
incubated with 32P-tRNA (0.05 mg/ml) and increas- 
ing concentrations of sodium iodoacetate in the 
presence and absence of DEAE-D (0.1 mg/ml) for 
120 min at  37". After an aliquot was taken for 
determination of cell-associated radioactivity ( 0 ) ; 
the cells were treated with pancreatic RNase (10 
,ug/ml) for 10 min at  37", under conditions em- 
ployed in Fig. 5 .  The values are averages and stan- 
dard deviations from four experiments. 

tKN14 ( 2 2 ) ,  and no isotope was found in 45s 
RNA. Even when the 32P-tRNA was exten- 
sively degraded in the absence of DEAE-D, 
little isotope was found in the high molecular 
weight RNA region. The effects of tempera- 
ture and inhibitors of energy metabolism 
demonstrate that the uptake processes rep- 
resent active cellular functions. After 120 

- DEAE-D Cell-Associated - DEAE- D RNase Resistant I I 
* -0 Control Cell - Associa ted 

E o  

AZIDE 

FIG. 10. Inhibition of cellular association and up- 
take of "'P-tRNA by azide: The experiment was 
performed in the same manner as that shown in Fig. 
9. 

min of incubation in the presence of DEAE- 
D, 40% of the cell-associated tRNA was resis- 
tant to pancreatic RNase and therefore was 
presumably intracellular. Fairly good agree- 
ment was found between the estimates of 
adsorption at  0' and zero time and the re- 
sults obtained with RNase. Calculations 
based on these estimates indicate that 10-14% 
of the isotope was taken up into the cells. 

There may have been a number of factors 
involved in the enhancing effect of DEAE-D, 
including changes in the charge density of 
tRNA complexed with DEAE-D ; adsorption 
of the complex, which is probably closely 
related to uptake of the tRN.4; and the pos- 
sibility that differing cell mechanisms are in- 
volved in the uptake of the complex as com- 
pared to the tRNA alone. As shown by the 
zero time and 0' studies, and the RNase 
treatment technique, DEAE-D increased the 
adsorption of tRNA to cells. Other evidence 
for an effect of DEAE-D on adsorption of 
tRNA was provided by experiments in which 
DEAE-D and tRNA (0.1 and 0.5 mg/ml, 
respectively) were mixed in a test tube; and 
over 90% of the tRNA was adsorbed to the 
glass. 

I t  is interesting that DEAE-D protected 
tRNA from intracellular or membrane- 
associated RNase but did not protect against 
high concentrations of pancreatic RNase. 
This finding supports the proposal of Tovell 
and Colter ( 5 )  that the complex, rather than 
dissociated tRNA, is taken up. Although it is 
possible that the intracellular RNase concen- 
tration is lower than that used in cell-free 
digestions and DEAE-D is capable of pro- 
tecting against lower concentrations, it is also 
possible that the intracellular compartmenta- 
lization of the DEAE-D-tRNA complex mole- 
cules differs from that of uncomplexed 
tRNA, and accordingly there is less exposure 
to intracellular RNases. 

On the basis of these values, approximately 
5 pg of tRNA were taken up/3 X lo6 cells in 
the presence of DEAE-D. Assulming a mo- 
lecular weight of 30,000 for tRNA, 4 X lo7 
molecules/cell were taken up. Assuming 
there are 1 x 1@ molecules of tRNA/cell 
[an estimate obtained from our calculations 
and those of Weinberg and Penman (28) for 



tRXA AND HEPATOMA ASCITES CELLS 84 5 

HeLa cells], 40% of the normal complement 
was taken up (28, 29). While these studies 
were in progress, Herrera e t  al. (19) reported 
that exogenous E. coli tRNA equivalent to 
30% 0.1 the total endogenous tRNA was taken 
up by L1210 cells. Their result agrees well 
with those reported here. Since their tRNA 
was unprotected, i t  was not unexpected that 
approximately 80% was degraded in 30 ,min. 
This finding is also in agreement with the 
present study, which shows that a t  least 8070 
of unprotected cell-associated tRNA was de- 
graded at  120 min. They studied unenhanced 
cell association of tRNA at short time inter- 
vals under conditions comparable to control 
experiments at zero time in the present 
study. At short incubation times, no signifi- 
cant different was found between cell associa- 
tion of tRNA at  0 or 37" (Fig. 2), in agree- 
ment with their data, which suggested that 
the cell association they studied was not en- 
ergy dependent. However, i t  seems likely that 
there are at  least two types of phenolmena 
involved in cell association : (a) adsorption, 
which is partially energy dependent; and (b) 
intracellular uptake, which requires energy- 
linked transport. Some of the discrepancies 
betweein the results of the studies of Herrera 
et  al. (19) and those of the present study 
may be related to the cell types employed 
and to the duration of the experiments. 

The uptake of intact tRNA by Novikoff 
hepatoma ascites cells provides an opportuni- 
ty for further analysis of mechanisms of ma- 
cromolecular uptake by cells, and the disposi- 
tion of these molecules as potential function- 
al constituents in the nucleus, the nucleolus, 
and cytoplasmic elements. Moreover, the up- 
take of intact tRNA by cells sug[gests that it 
may be possible for cells to take up intact 
natural or synthetic oligonucleotides of 
defined structure. If these can be inserted 
into the genome, localized to special regions 
of the nucleus, nuc!eolus, or specifically uti- 
lized a!; components of messenger RNA, it is 
po,ssible that specific genetic information can 
be added to functional cells and thereby 
provide a basis for "genetic engineering." 

Sum;enary. Studies with "P-labeled tRNA 
indicate that intact tRNA is efficiently taken 
up into Novikoff hepatoma ascites cells in the 

presence of DEAE-dextran (0.1 mg/ml) . 
The 32P-tRNA was taken up intact as dernon- 
strated by DEAE-cellulose column chromato- 
graphy and sucrose density gradient centrifu- 
gation. The formation of a DEAE- 
dextran-tRNA complex was demonstrated by 
hyperchromicity, ,sucrose density (gradient 
centrifugation, and the lack of precipitation 
of the tRNA in the complex with ethanol. 
Although DEAE-dextran protects tRNA from 
intracellular RNases, i t  does not protect 
tRNA against high concentrations of pan- 
creatic RNase. Inhibition of uptake of tRNA 
by the cells with either iodoacetate (IC50 = 
2 X M) or azide (ICbo = 8 X M )  
demonstrated that both cell association and 
uptake of tRNA are energy dependent. To 
demonstrate that tRNA was intracellular and 
not simply adsorbed, control studies were 
made at  0' and zero time and by treatment of 
the cells with pancreatic RXase after the in- 
cubations. On the basis of these studies, ap- 
proximately 2570 of the total tRNA in the in- 
cubation mixture was cell associated at  120 
min in the presence of DEAE-D. Of the cell 
associated tRNA, approximately 40% was in- 
tracellular. 
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