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Fragments of African green monkey (Cercopithecus aethiops) DNA (3.5 to 18.0
kilobases) were inserted downstream from the thymidine kinase (TK, tk) coding
region in pTK206/SV010, a gene construct which lacks both copies of the
hexanucleotide 5'-AATAAA-3' and contains a simian virus 40 origin of replica-
tion, allowing it to replicate in Cos-1 cells. No polyadenylated tk mRNA was
detected in Cos-1 cells transfected by pTK206/SV010. The ability of simian DNA
fragments to restore tk gene expression was examined by measuring the incorpo-
ration of [125I]iododeoxycytidine into DNA in Cos-1 cells transfected by
pTK206/SV010 insertion derivatives. tk gene expression was restored by the
insertion in 56 of the 67 plasmids analyzed, and the level of expression equaled or
exceeded that obtained with the wild-type tk gene in 30 of these. In all plasmids
examined that showed restoration of tk gene expression, polyadenylated tk
mRNA of discrete size was detected. The sizes of these tk mRNAs were
consistent with the existence of processing and polyadenylation signals within the
inserted DNA fragments. The frequency with which inserted fragments restored
tk gene expression suggests that the minimal signal for processing and polyadeny-
lation is a hexanucleotide (AAUAAA or a similar sequence). LTK- cells were
biochemically transformed to TK+ with representative insertion constructs.
pTK206/SVO10 transformed LTK- cells at a very low frequency; the frequency of
transformation with insertion derivatives was 40 to 12,000 times higher.

The hexanucleotide 5'-AAUAAA-3' is an es-
sential element in the signal specifying process-
ing and polyadenylation in most eucaryotic
mRNAs (19, 40). This hexanucleotide, or one
very closely related to it, is located 10 to 30 base
pairs (bp) upstream from the polyadenylate
[poly(A)] addition site in most mRNAs from
higher eucaryotes (4, 40); deletion of this hexa-
nucleotide from the simian virus 40 (SV40) late
(19) or herpes simplex virus type 1 (HSV) thymi-
dine kinase (TK, tk; see below) (16) transcrip-
tion units results in loss of the ability to form
functional mRNAs.
Although usually confined to 3' noncoding

regions of mRNAs, the AAUAAA hexanucleo-
tide is found within the SV40 early (41) and the
adenovirus type 12 ElA (37) transcription units;
in neither case are mRNAs detected with 3' ends
immediately downstream from the hexanucleo-
tide. This indicates that either additional ele-
ments are required to constitute a functional
processing and polyadenylation signal or mecha-
nisms exist to prevent the use of these internal
AAUAAAs.

We reported previously (16) that processing
and polyadenylation signals from SV40 and
polyoma virus DNAs could substitute for the
HSV tk processing and polyadenylation signal.
A wide range of levels of tk mRNA was seen in
Cos-1 cells transfected with a series of HSV tk
gene constructs containing different processing
and polyadenylation signals. This could reflect
differences in both the efficiency with which
different signals are recognized and the stability
of the different mRNA species produced. Poly-
adenylated [poly(A)+]tk mRNA production also
occurred when the entire 3' untranslated region
of the HSV tk gene was replaced by an 88-bp
fragment of SV40 DNA derived from the middle
of the SV40 early transcription unit containing
the hexanucleotide AAUAAA. One possible ex-
planation for this observation is that an
AAUAAA alone is sufficient to signal process-
ing and polyadenylation at a nearby downstream
site.

In this report, we describe the construction
and preliminary characterization of a series of tk
gene constructs prepared by inserting fragments
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of African green monkey (Cercopithecus aeth-
iops) DNA at the 3' end of the HSV tk gene,
from which both copies of the AAUAAA hexa-
nucleotide and all downstream information had
been deleted. The inclusion of an SV40 origin of
DNA replication in these constructs permitted
their replication in Cos-1 cells and analysis of
the transient expression of the HSV tk gene (20,
32). This "functional 3'-end regulatory signal
library" was prepared to study the following
questions. Could tk gene expression be restored
if fragments of cellular DNA were inserted
downstream from tk coding sequences in a con-
struct lacking a processing and polyadenylation
signal and incapable of tk gene expression? If so,
with what frequency would functional 3'-end
regulatory signals be found? Would signals be
isolated that restored tk gene expression without
signaling polyadenylation? What range in levels
of gene expression would be obtained with cellu-
lar signals? How far into fragments of cellular
DNA would 3'-end regulatory signals be locat-
ed? Would all signals obtained function in both
simian and murine cells?
We screened the functional library for the

presence of active tk genes by measuring the
incorporation of [125I]iododeoxycytidine (IdC)
into DNA in Cos-1 cells transfected with DNA
from different members of the library. The level
of [125I]IdC incorporation into DNA was signifi-
cantly above the background in 83% of the
clones, and in 45% incorporation occurred at a
level equal to or greater than that with the wild-
type HSV tk gene. When tk mRNA production
was analyzed, a high level of TK was always
associated with the synthesis of poly(A)+
mRNA. The sizes of these tk mRNAs were
consistent with the existence of processing and
polyadenylation signals within the inserted mon-
key DNA fragments.

In addition, we measured the frequency of
transformation of LTK- cells to TK+ with the
wild-type HSV tk gene and the series of tk gene
constructs containing the processing and poly-
adenylation signals from SV40 and polyoma
virus in place of the tk signal (16). We observed a
direct correlation between the level of tk mRNA
produced in Cos-1 cells ("transient expression")
and the frequency with which these constructs
transformed LTK- cells to TK+. Transforma-
tion frequencies were also measured for repre-
sentative members of the functional library.
Whereas the TK gene construct lacking a proc-
essing and polyadenylation signal (pTK206/
SV010; see Fig. 1B) transformed LTK- cells at
an extremely low frequency (20 colonies per
ptnol of tk gene), every member of the functional
library examined transformed LTK- cells at a
higher frequency, ranging from 40 to 12,000
times that ofpTK206/SVO1O. Higher frequencies

of transformation generally were obtained with
constructs that directed the biosynthesis of po-
ly(A)+ tk mRNA and the incorporation of more
[1251]IdC into DNA in Cos-1 cells.

MATERIALS AND METHODS
Usage of abbreviations for TK. We follow the con-

vention of Ostrander et al. (36), which uses the abbre-
viation TK for thymidine kinase protein, TK+ and
TK- for the phenotype of cell lines, and tk for the
genotype or when referring to nucleic acid (DNA,
mRNA) coding for thymidine kinase.
Enzymes and chemicals. Enzymes were purchased

from New England Biolabs, Beverly, Mass., PL Bio-
chemicals, Milwaukee, Wis., Boehringer Mannheim,
Inc., New York, N.Y., and Bethesda Research Labo-
ratories, Bethesda, Md. Some restriction endonucle-
ases were a generous gift from Richard Wang, Yale
University. a-32P-labeled deoxynucleotide triphos-
phates (>800 Ci/nmol or 2,000 to 3,000 Ci/mol) were
purchased from Amersham Radiochemical Centre,
England. ['25I]IdC was purchased from New England
Nuclear Corp., Boston, Mass. Oligodeoxythymidy-
late-cellulose was purchased from Collaborative Re-
search, Waltham, Mass. Tetrahydrouridine was a gen-
erous gift from Bill Summers, Yale University.

Bacteria and plasmids. Many of the plasmids used in
these studies have been described previously (16) and
are shown in Fig. 1. Established methods were used
for transfection of bacterial cells (29), screening of
minilysates (9), and preparation of plasmid DNA (14).

Plasmid construction. pTK206SA1/SV010 through
pTK206SA67/SVO10 (Fig. 11) were constructed by
ligating BamHI-digested, high-molecular-weight CV-1
monkey DNA to BamHI-digested, phosphatase-treat-
ed pTK206/SV010 (Fig. 1B). Minilysates were pre-
pared, digested with BamHI, and examined by electro-
phoresis in 1% agarose gels. Of the 100 plasmids
examined, 67 contained inserts of cellular DNA frag-
ments ranging from 3.5 to 18 kilobases (kb). Two of
these plasmids contained two cellular BamHI frag-
ments.

Cells and DNA. The maintenance of Cos-1 cells (20)
has been described previously (16). LTK- adenine
phosphoribosyltransferase-negative (APRT-) cells
were maintained in Dulbecco modified Eagle medium
with 10o fetal calf serum (growth medium) and sub-
cultured 1:100 once every 7 to 8 days. These cells were
subcultured 1:5 and allowed to reach 80 to 90%o
confluency before being prepared for transformation
(see below). High-molecular-weight DNA was isolated
from CV-1 monkey kidney cells or LTK- APRT- cells
by the method of Wigler et al. (51, 52), with the
following modifications. Cells were scraped into Tris-
buffered saline (TS; 25 mM Tris-chloride [pH 7.5], 137
mM NaCl, 5 mM KCI, 0.6 mM Na2HPO4, 0.05 mM
MgCl2, 0.7 mM CaC12) and centrifuged at 1,000 x g for
5 min. The pellet was suspended in 1 ml of TNE (10
mM Tris-chloride [pH-8.0], 150 mM NaCl, 10 mM
EDTA) per 100-mm dish, and sodium dodecyl sulfate
and proteinase K were added to 0.2% and 200 Fg/ml,
respectively. This lysate was incubated for 12 to 18 h
at 37°C and then extracted sequ.entially once with
buffer-saturated phenol and once or twice with phenol-
chloroform (1:1). After two volumes of 95% ethanol
had been carefully added, DNA was spooled with a
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glass rod, transferred to a clean tube, and dissolved in
TEN (10 mM Tris-chloride [pH 7.5], 1 mM EDTA, 10
mM NaCI). DNA sequence analysis was performed by
the method of Maxam and Gilbert (30).

Transformation of LTK- APRT- cells. Biochemical
transformation was done by the procedure of Wigler et
al. (51) with the following modifications. One day
before transformation, cells were seeded at 5 x 105
cells per 100-mm dish. A solution (2x CaCl2-DNA)
was prepared that contained high-molecular-weight
carrier DNA (10 ,ug/ml), plasmid DNA (form I), 250
mM CaC12, and 25 mM HEPES (N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid). The pH of this
solution was tested routinely and found to be 7.0 ±

0.5. The 2x HEPES-buffered saline contained 280 mM
NaCl, 25 mM HEPES, and 1.5 mM sodium phosphate.
The pH was adjusted to 7.1 ± 0.05. After direct
addition of the calcium phosphate-DNA coprecipitate
to the growth medium (1 ml per plate), the cells were
incubated for 18 to 24 h at 37°C. The medium was then
replaced, and the cells were incubated for an addition-
al 18 to 24 h before the medium was replaced with
medium containing hypoxanthine (14 ,ug/ml), aminop-
terin (0.2 jj.g/ml), and thymidine (4 ,g/ml) (HAT) and
10%/ fetal calf serum.

Transfection of Cos-1 cells with DEAE-dextran. Con-
fluent dishes of Cos-1 cells were subcultured 1:4
(approximately 2 x 106 cells per 100-mm dish) 24 h
before transfection by a modification of the method of
Sompayrac and Danna (44). The next day, the growth
medium was removed, the cells were washed twice
with TS, and the DNA-DEAE-dextran mixture was
added. This mixture was prepared by diluting plasmid
DNA (unless stated otherwise, 1 Rg of DNA purified
in CsCl-ethidium bromide gradients) in 0.75 ml of TS
per dish, followed by addition of 0.25 ml of a 2-mg/ml
solution ofDEAE-dextran (molecular weight, 500,000;
Pharmacia Fine Chemicals, Piscataway, N.J.) per
dish. This mixture (1 ml/100-mm dish) was added to
the cells, which were then incubated for 4 h at 33°C.
The dish was tilted every 30 to 45 min to ensure
constant exposure of the cells to the DNA-DEAE-
dextran mixture. After 4 h, the inoculum was removed
by aspiration, the cells were washed once with TS,
fresh growth medium containing 5% fetal calf serum
was added, and the cultures were incubated at 37C.
TK assay with ['2IJIdC. Cos-1 cells in 35-mm dishes

were transfected as described above. After 24 h, the
growth medium was replaced with growth medium (1
ml per dish) containing 0.4 to 1.0 ,Ci of ['25I]IdC and
150 Fg of tetrahydrouridine per ml (46). After 24 to 48
h, the medium was removed, and 1 ml of 5% trichloro-
acetic acid (TCA)-1% sodium pyrophosphate per dish
was added. After 10 min, each dish was washed twice
with 5% TCA-1% sodium pyrophosphate, and 0.1 N
NaOH (0.4 ml/dish) was added; after 10 min, the
sample was transferred to a scintillation vial, acidified
with 0.1 ml of 0.5 N HCI, mixed with 4 ml of Aquasol
scintillation fluid (New England Nuclear), and assayed
in a Beckman scintillation counter.

Analysis of DNA replication in Cos-I cells. DNA
replication in Cos-1 cells was analyzed as previously
described (16, 39), except that DNA was digested with
MboI endonuclease before electrophoresis.

Analysis of tk mRNA and densitometry. Cytoplasmic
RNA was prepared as described by White et al. (50);
poly(A)+ RNA was obtained by chromatography on

oligodeoxythymidylate-cellulose (2). RNA was ana-
lyzed by electrophoresis in 1% agarose-2.2 M formal-
dehyde gels (21, 27), followed by transfer to nitrocellu-
lose (45, 47) and hybridization with 32P-labeled
pTK206/SVO10 (16). Quantitative analysis of tk mRNA
with S1 nuclease was performed by established proce-
dures (7, 18). Densitometric tracings of autoradio-
grams were obtained with a Beckman spectrophotom-
eter equipped for densitometry; the area under each
peak was determined by triangulation.

RESULTS

In a previous report (16) we described the
resection of the HSV tk gene from its 3' end and
the isolation of a series of plasmids lacking
different amounts of information downstream
from the tk coding region. One of these,
pTK206, lacked both copies of the hexanucleo-
tide AAUAAA and retained only 27 bp of the 3'
untranslated region. This 3' deletion mutant was
transferred to pSVO10, a vector containing the
SV40 origin of DNA replication (35) and, there-
fore, capable of replication in Cos-1 cells. When
Cos-1 cells were transfected with pTK206/
SVO10 (Fig. 1B), tk mRNA was not produced
(16). tk gene expression was restored when
DNA fragments containing the processing and
polyadenylation signals from SV40 and polyoma
virus were inserted into pTK206/SVO10. The
experiments described below were conducted to
see with what frequency, and by what mecha-
nism, tk gene expression could be restored when
fragments of African green monkey DNA were
inserted downstream from tk coding sequences
in pTK206/SVO10.
Maximal tk gene expression in Cos-1 cells after

DEAE-dextran transfection of a wild-type tk gene.
The detection of HSV TK in cells transfected
with tk gene constructs requires an efficient
method of introducing DNA into the cells and a
sensitive assay for the presence of the HSV TK.
Unlike the cellular TK enzyme, the HSV TK is a
deoxypyrimidine kinase and can utilize a wide
variety of deoxypyrimidines as substrate (11-
13). Only the successful introduction of an ac-
tive HSV tk gene into cells allows the incorpo-
ration of [125I]IdC into the DNA (46), providing
a rapid assay of tk gene transfection efficiency.
Recently, Sompayrac and Danna (44) reported
conditions that allow the transfection of 10 to
50% of CV-1 cells with SV40 DNA. We adopted
this method to introduce tk gene constructs into
Cos-1 cells. Optimal transfection conditions
were determined by measuring the amount of
[125I]IdC incorporated into the DNA after each
parameter was varied independently. The first
parameter tested was the time that cells were
exposed to the DNA-DEAE-dextran mixture.
Maximal labeled IdC incorporation was ob-
tained when cells were exposed to the mixture
for 4 to 6 h at 330C (Fig. 2A). Substantial
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FIG. 1. Diagram of HSV tk gene derivatives. (A) pTK2/SVO10, containing the HSV tk PvuII subfragment,
which includes the entire tk coding region and all essential 5' and 3' flanking sequences. (B) pTK206/SVO10, a 3'
deletion construct which lacks all HSV sequences distal to nucleotide 1,676 (16), including both copies of the
AATAAA hexanucleotide. (C through G and I) Insertions into the BamHI site of pTK206/SVO10. (C)
pTK206SVE/SVO10, 237-bp BamHI-Bcll fragment of SV40 (nucleotides 2,514 through 2,751 [48], inserted so that
the early viral strand is fused to the tk transcription unit (5'-.3'; 0.189 to 0.144 map units [mu]). (D)
pTK206SVL/SVO10, same as C but opposite orientation (late viral strand fused to tk transcription unit; 5'-.3',
0.144 to 0.189 mu). (E) pTK206PyE/SV010, 622-bp Sau3A fragment of polyoma virus (nucleotides 2,763 to 3,384
[43]), inserted so that the early viral strand is fused to the tk transcription unit (5'--3', 22.7 to 35.4 mu). (F)
pTK206PyL/SVO10, same as E but opposite orientation (late viral strand fused to tk transcription unit; 5'- 3',
34.5 to 22.7 mu). (G) pTK206/88/SVO10, 88-bp BstNI fragment of SV40 (nucleotides 3,230 to 3,318 [48]), inserted
with BamHI linkers so that the early viral strand is fused to the tk transcription unit (5'- 3', 0.297 to 0.280 mu).
(H) pTK206Pyalt/SVO10, 369-bp Sau3A-EcoRI fragment of polyoma virus (nucleotides 1,192 to 1,560 [43]),
inserted into BamHI-EcoRI-digested pTK206/SVlO10 so that the early viral strand is fused to the tk transcription
unit (5'-.3', 93 to 100 mu). (I) pTK206SA1/SV010 through pTK206SA67/SVO10, random BamHI fragments of
African green monkey DNA. SAl through SA67 refer to the 67 different members of this library. Abbreviations:
P, PvuII; R, EcoRI; S, SmaI; B, BamHI; H, HindlIl.

detachment of cells from the dish occurred when
they were exposed to the inoculum for more
than 6 h. The amount of DNA required to give
maximal tk gene expression was then optimized
(Fig. 2B). Between 50 and 100 ng (0.02 to 0.04
pmol) of tk gene construct per 35-mm dish
resulted in maximum incorporation of [125I]IdC

into DNA; the addition of more than 1 F.g (0.4
pmol) was slightly inhibitory.

All subsequent experiments used 0.04 to 0.08
pmol of tk gene per 0.2 ml per 35-mm dish.
These plateau levels of DNA ensured that small
differences in the amount of added plasmid DNA
would not result in measurable changes in the
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FIG. 2. Optimized transfection of Cos-1 cells with

tk gene constructs by using DEAE-dextan. (A) Effect
on tk gene expression of time that Cos-1 cells were
exposed to the DNA-DEAE-dextran mixture. Two
dishes were assayed at each time point. (B) Effect on
tk gene expression of varying the amount of DNA in
the DNA-DEAE-dextran mixture used to transfect
cells. Cos-1 cells were exposed to the mixtures for 4 h.

level of tk gene expression. Furthermore, even
with the largest plasmid examined in these ex-
periments (22.5 kb), cells were not exposed to
amounts of DNA which would have inhibited
maximal tk gene expression.

Sensitivity of [12'IIdC incorporation assay. To
determine the sensitivity with which tk gene
expression could be detected, we transfected
Cos-1 cells with several of the tk gene constructs
listed in Fig. 1. tk gene expression was measured
in two different ways: (i) incorporation of
[125I]IdC into DNA in transfected cells and (ii)
determination of the level of tkmRNA present in
transfected cells by quantitative nuclease SI
mapping (7, 18) (Table 1). For method ii, total
cytoplasmic RNA was extracted from cells
transfected with DNA from different tk con-
structs, and Si nuclease analysis was done. In
each case, cells were cotransfected with a plas-
mid containing the human a-1 globin gene (32) as
an internal control. The amount of tk mRNA
present in cells transfected by each construct
was quantitated by densitometry and normalized
by using the amount of a-globin mRNA present
in the same sample (Table 1).
Comparison of the results obtained with these

two assays showed the sensitivity of the
[125I]IdC incorporation assay. Although tk
mRNA could be detected by nuclease Si analy-

TABLE 1. tk gene expression in cells transfected with tk gene constructs containing processing and
polyadenylation signals from SV40 and polyoma virus

Relative Transformation frequencyb
Cu[1IIIdC Relative tkConstruct incorporation mRNA

(%) levels Colonies/pmol Relative frequency
(mean ± SD)'

pTK21SVO1O 100 1.0 5,600 1.0

pTK206/SVO10 2 ± 0.84 0.0 20 <0.01
pTK206d 20 <0.01

pTK206/881SVO10 46 ± 15 1.2 1,980 0.4
pTK206SVE/SVO10 173 ± 25 12.3 24,500 4.4
pTK206SVL/SVO10 197 ± 20 14.8 26,000 4.6

pTK206Pyalt/SVO10 25 ± 7 0.1 740 0.1
pTK206PyL/SVO10 49 ± 4 0.4 11,000 2.0
pTK206PyElSVO10 114 ± 5 6.6 97,000 17.3

a Each construct was examined in three to eight experiments. All constructs in each experiment were analyzed
in duplicate. The values were normalized to incorporation levels in cells transfected by pTK2/SVO10. The
background was defined as the level of incorporation in mock-transfected cells and was subtracted from every
value. When cultures in 35-mm dishes received 1 RCi of ['"'IJIdC, cultures transfected by pSVO1O and pTK2/
SVO10 routinely incorporated 3,000 and 50,000 cpm, respectively, in a 24-h labeling period.

b Values are expressed as colonies per picomole of the HSV tik gene to normalize for the size ofeach construct.
Values are based on 5 to 40 dishes of cells transformed with each construct. Most constructs were examined in
two to four separate experiments. Relative frequency was determined by normalization to the frequency
obtained with pTK2/SVO10, which was assigned a value of 1.0.

I In every experiment, pTK206/SVO10 samples contained slightly more TCA-precipitable radioactivity than
pSVO10 (see footnote a).

d pTK2O6 lacks the SV40 origin of replication and was not examined in Cos-1 cells.

A
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sis in cells transfected with pTK206Pyalt/SVO10,
an exposure time of 11 days was required.
Overnight exposure was sufficient to detect tk
mRNA in cells transfected with pTK2/SVO10,
pTK206SVE/SVO10, pTK206SVL/SVO10, or
pTK206PYE/SVO10. The detection of TK with
the IdC assay, however, was rapid, highly repro-
ducible, and capable of detecting TK levels as
low as 3% that of the wild-type tk gene. The
actual amounts of TK present were very low;
the enzyme could be detected in extracts by
standard assays only in cells transfected with
pTK206PyE/SVO10, pTK206SVL/SVO10, or
pTK206SVE/SVO1O (unpublished data). This
may reflect inefficient translation of tk mRNA in
these cells.

Analysis of tk gene expression in Cos-1 cells
transfected by pTK206/SVO10 derivatives con-
taining fragments of monkey DNA inserted at the
BamHI site. African green monkey DNA was
digested with BamHI endonuclease, and the
fragments were inserted into the BamHI site of
pTK206/SVO10 (Fig. 1). These plasmids were
designated pTK206SA1/SVO10 through
pTK206SA67/SVO10. The in vivo IdC assay was
used to screen them for the ability to synthesize
HSV TK. Cos-1 cells were transfected with each
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FIG. 3. Histogram of relative levels of tk gene
expression in Cos-1 cells transfected with tk gene
constructs containing fragments of monkey DNA.
Minilysate DNA was prepared (9) from stationary
cultures of Escherichia coli HB101 containing
plasmids carrying inserts of monkey DNA in pTK206/
SVO10. Cos-1 cells were transfected, and 24 h later 0.5
,uCi of [1251]IdC was added to each 35-mm dish. After
another 48 h, the amount of label incorporated into
the DNA in each sample was determined. Cultures
transfected with pTK2/SVO10, pTK206SVL/ SVO10,
pTK206/SVO10, or pTK206PYalt/SVO10 served as
controls. The plasmids containing inserts of monkey
DNA were grouped together based on the amount of
[1251I]IdC incorporated. Group A contains those plas-
mids with inserts that did not increase the amount of
label incorporated over that for pTK206. Arrows indi-
cate the relative levels of [1251]IdC incorporation for:
1, pTK206/SVO10; 2, pTK206PYalt/ SVO10; 3, pTK2/
SVO10; and 4, pTK206SVL/ SVO10.
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FIG. 4. Replication in Cos-1 cells of tk gene con-
structs carrying inserts of monkey DNA. Cultures
were transfected with different constructs and harvest-
ed (24, 39) 1, 2, or 3 days later (indicated at top). Each
culture also received 3H-labeled M13 bacteriophage
RFII DNA (20,000 to 30,000 cpm, about 20,000 cpm/
,ug; a generous gift from A. Wu and R. Kahn, Yale
University). The 3H-labeled phage DNA was included
to allow correction for loss of material during the har-
vesting procedure. After progeny DNA were isolated,
a sample was precipitated with TCA to calculate the
percent recovery of [3H]DNA. Samples with identical
3H counts were digested with MboI restriction endo-
nuclease. mixed with sample buffer, and loaded onto a
1% agarose gel in TBE buffer (89 mM Tris-chloride
[pH 8.3], 89mM boric acid, 2.5 mM EDTA). The DNA
was transferred to nitrocellulose (45, 47) and hybrid-
ized with radiolabeled (42) pSVO10 probe.
(A) pSVO1O; (B) pTK206SA1/SVO10; (C) pTK206SA2/
SVO10; (D) pTK206SA4/SVO10; (E) pTK206SA9/
SVO10; (F) pTK206SA13/SVO10; (G) pTK206SA16/
SVO10. The bands in the lower half of the figure
represent progeny DNA.

plasmid (as minilysate DNA); pTK206/SVO10,
pTK206SVL/SVO10, pTK2/SVO10, and
pTK206PYaltISVO10 were used as controls.
Based on the levels of [1251]IdC incorporation,
the plasmids were divided into groups as shown
in the histogram (Fig. 3). Incorporation signifi-
cantly above background levels was observed
for 83% of the isolates, ranging from 2 (group B)
to 12 (group E) times background. For compari-
son, the level of [125]IdC incorporation with
pTK2/SVO10 was equal to the lowest levels
obtained in group D; the level obtained with
pTK206SVL/SVO10 was equal to that obtained
with the single isolate in group E. All members
of group D showed levels of incorporation equal
to or greater than that of pTK206PYalt/SVO10.

Several plasmids that restored tk expression
to a high level and a few that did not were
chosen for further study. The replication of
these representative plasmids was examined af-
ter Cos-1 cells were transfected with plasmid
DNA. At various times, low-molecular-weight
DNA was isolated, digested with MboI restric-
tion endonuclease to allow the separation of
progeny DNA from DNA in the inoculum, sub-
jected to electrophoresis, transferred to nitrocel-
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lulose, and hybridized with radiolabeled
pTK206/SVO10 DNA. The autoradiogram (Fig.
4) indicated that these plasmids replicated in
Cos-1 cells but to a much lower extent than did
pSV010 (Fig. 4A). In general, plasmids up to 6
kb replicated as well as did pSVO10 (16), but
larger plasmids replicated to a lower copy num-
ber. Plasmid pTK206SA2/SV010 (Fig. 4C) had
an insert of 3.5 kb and replicated considerably
better than did pTK206SA1/SVO10 (Fig. 4B),
which had an insert of 10.0 kb. Plasmids
pTK206SA4/SV010 (Fig. 4D) and pTK206SA13/
SVO10 (Fig. 4F) replicated to a level intermedi-
ate between those of pTK206SA1/SV010 and
pTK206SA2/SVO10; they contained inserts of
6.0 and 4.5 kb, respectively. It is not known
what level of replication is required for efficient
expression of the tk gene.

tk gene expression in transfected Cos-1 cells
was measured by the [1251]IdC incorporation
assay (Table 2). In addition, poly(A)+ mRNA
was isolated form Cos-1 cells transfected with
several members of the library. After being
electrophoresed in denaturing formaldehyde-
agarose gels, the RNA was transferred to nitro-
cellulose and hybridized with radiolabeled
pTK206/SVO10 DNA. The autoradiographic

TABLE 2. tk gene expression in cells transfected
with tk gene constructs containing inserts of monkey

DNA downstream from tk coding sequences'

Relative Transformation

Ainpsperot [1 5I]IdC frequency
Construct size incorpo-
Ckb)b ration Colonies Relative

(kb) (%) pmol frequency

pTK2/SVO10 100 5,600 1.0
pTK206/SVO10 2 20 <0.01

pTK206SA17/SVOl 5.5 107 30,000 5
pTK206SA13/SVO1 4.5 84 30,000 5
pTK206SA16/SVVO1 10.0 79 240,000 43
pTK206SA10/SVVO1 7.0 74 230,000 41
pTK206SA8/SVO10 5.5 56 40,000 3
pTK206SA4/SVO10 6.0 53 28,000 5
pTK206SA7/SVO10 13.0 49 13,000 2
pTK206SA14/SVOl 18.0 47 140,000 25
pTK206SA11/SVO1 7.0 44 240,000 43
pTK206SA12/SVVO1 17.0 38 19,000 3
pTK206SA6/SVO10 15.0 36 16,000 3
pTK206SA5/SVO10 6.0 31 27,000 5
pTK206SA3/SVO10 5.5 23 11,000 2
pTK206SA9/SVO10 7.0 15 3,500 1
pTK206SA1/SVO10 10.0 8 1,300 0.3
pTK206SA2/SVO1O 3.5 8 800 0.2
pTK206SA15/SVO10 8.0 5 1,200 0.3

a See Table 1, footnotes a, b, and c for explanations.
b The size of each inserted fragment was estimated

from electropherograms of BamHI-digested plasmid
DNA in 1% agarose gels, using AvaI fragments of
bacteriophage lambda DNA as size markers.
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FIG. 5. Northern hybridization analysis of tk-spe-
cific mRNA in cells transfected by tk constructs
containing inserts of monkey DNA. The distance from
the origin to the position of each peak (in millimeters)
is indicated where appropriate. All densitometer trac-
ings were done at the same speed and optical density
setting. Only the relevant portion of each tracing
is shown. (A) pTK206SVL/SV010; (B) pTK206SA8/
SVO10; (C) pTK206SA10/ SVO1O; (D) pTK206SA6/
SVO1O; (E) pTK206SA14/SVO10; (F) pTK206SA17/
SVO10; (G) pTK206SA1/SV010; (H) pTK206SA15/
SVo1o.

data were analyzed by densitometry; repre-
sentative tracings are shown in Fig. 5.
No discrete tk-specific mRNA was detected in

Cos-1 cells transfected with pTK206/SV010 (Ta-
ble 1) (16), but a discrete 1.5-kb poly(A)+ tk
mRNA species was detected in Cos-1 cells
transfected with pTK206SVL/SVO10 (Fig. 5A).
The wild-type tk mRNA had a size of 1.5 kb,
including the poly(A) tail (31, 49). The insertion
into pTK206/SVO10 of fragments of monkey
DNA that contain processing and polyadenyla-
tion signals should allow the biosynthesis of tk-
specific poly(A)+ mnRNA of discrete size,
whereas genomic fragments lacking a polyade-
nylation signal should not. pTK206SA6/SVO10,
pTK206SA8/SV010, pTK206SA10/SV010,
pTK206SA14/SV010, and pTK206SA17/SVO10
produced major discrete poly(A)+ tk mRNA
species of approximately 1.4, 1.5, 1.5, 1.9, and
2.3 kb (± 0.25 kb), respectively, including the
poly(A) tail (Fig. 5); in three cases (Fig. SB, C,
and D), there appeared to be two discrete

VOL. 3, 1983

-cli



650 SANTANGELO AND COLE

poly(A)+ tk mRNA species, perhaps reflecting
the presence of multiple processing and poly-
adenylation signals within the cellular DNA
fragment and the failure of the first signal en-
countered to function with 100% efficiency. All
five displayed relatively high levels of [125I]IdC
incorporation into DNA in transfected Cos-1
cells (Table 2). There was no correlation be-
tween the size of the transcription unit and the
level of tk gene expression. We concluded that
the inserted fragments of monkey DNA in these
constructs contained sequences that restored
processing and polyadenylation. In contrast, no
discrete poly(A)+ tk-specific mRNA was detect-
ed in Cos-1 cells transfected by
pTK206SA1/SVO10 or pTK206SA15/SVO10
(Fig. 5), and the level of [I251]IdC incorporation
was very low (Table 2). We conclude that these
inserts either lacked a processing and polyaden-
ylation signal or contained such a weak signal
that discrete mRNA species could not be detect-
ed by Northern hybridization analysis. In all
cases examined, the restoration of tk gene
expression, as measured by the IdC incorpo-
ration assay, was always associated with the
production of poly(A)+ tk mRNA.

Transformation ofLTK- ceUs to TK+. Each of
the tk gene constructs (Fig. 1) was used to
transform mouse LTK- cells by calcium phos-
phate coprecipitation of construct DNA, fol-
lowed by HAT selection. Since there was a
linear relationship in all cases between the
amount of plasmid DNA added and the number
ofTK+ colonies obtained per dish, it was neces-
sary to use different amounts of plasmid DNA
when transforming with different constructs.
The total amount of DNA (plasmid plus carrier)
added to each 100-mm dish was always 10 p,g.
The frequencies of transformation are listed in
Table 1. The constructs were grouped by the
source of the processing and polyadenylation
signal (either polyoma virus or SV40). Within
the two groups, there was a direct correlation
between the level of transient expression in Cos-
1 cells ([1251]IdC incorporation into DNA or
relative level of tk mRNA) and the transforma-
tion frequency in LTK- cells.
LTK- cells were also transformed with repre-

sentative gene constructs containing fragments
of monkey DNA. The transformation frequen-
cies are listed in Table 2. Transformation fre-
quencies 40 to 12,000 times those obtained with
pTK206/SVO10 were observed. Constructs that
showed background levels of [1251]IdC incorpo-
ration into DNA and no discrete poly(A)+ tk
mRNA were nevertheless able to transform
LTK- cells, but with a frequency only 20 to 30%
of that obtained with the wild-type tk gene
(pTK2/SVO10). Most of the other constructs
transformed at frequencies between one and five

times that observed with pTK2/SVO10. Four of
the constructs (pTK206SA10, -11-, -14-, and
-16/SV010) transformed cells at 25 to 43 times
the frequency of pTK2/SVO10. There was no
correlation between the size of the tk mRNA
produced in Cos-1 cells (Fig. 5) and the frequen-
cy of transformation of LTK- cells. The results
obtained in this experiment are consistent with
the existence of processing and polyadenylation
signals within the monkey DNA inserts in those
constructs that transformed LTK- cells to TK+
at a frequency equal to or greater than that of
pTK2/SV010.

DISCUSSION
In this communication, we described an ap-

proach to the isolation of cellular regulatory
sequences that are required at the 3' end of
genes for gene expression to occur. We began
with plasmid pTK206/SVO10, a tk gene construct
containing the complete tk coding sequences and
the tk promoter but lacking any processing and
polyadenylation signal. We previously reported
that the insertion into pTK206/SVO10 of DNA
fragments from SV40 and polyoma virus that
carry known processing and polyadenylation
signals restored its ability to produce TK and
poly(A)+ tk mRNA (16). In addition, poly(A)+ tk
mRNA synthesis was restored to a low level
after the insertion of an SV40 DNA fragment
containing the hexanucleotide 5'-AAUAAA-3',
which is not normally involved in processing and
polyadenylation in SV40.

Processing and polyadenylation signals from
fragments of African green monkey DNA. In the
experiments reported here, fragments of African
green monkey DNA were inserted into
pTK206/SVO10 downstream from tk coding se-
quences. tk gene expression was assayed both in
Cos-1 cells (transient expression) and by trans-
formation of LTK- cells to TK+. In 83% of the
clones with inserts of monkey DNA, tk gene
expression was restored (Fig. 3), suggesting that
most fragments of cellular DNA contain infor-
mation that can direct the formation of a mature
3' terminus for tk mRNA. The insert sizes in
these clones ranged from 3.5 to 18.0 kb. The
frequency with which tk gene expression was
restored is consistent with a hexanucleotide
(AAUAAA or a similar sequence) being a suffi-
cient signal for the 3'-end maturation of an
mRNA.
The level of tk gene expression obtained with

these constructs showed a wide range. Measure-
ments of the incorporation of [12511IdC into
DNA in Cos-1 cells ranged from background
levels (equal to incorporation in cells transfected
with pTK206/SVO10) to a level equal to that
obtained with pTK206SVL/SVO10 (Fig. 1),
which showed the highest level of tk gene
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expression in Cos-1 cells of any construct test-
ed. More than half of the tk constructs had
greater activity than the wild-type tk gene
(pTK2/SV010; Fig. 1). There are several possi-
ble explanations for the different levels of tk
gene expression observed.

(i) Cos-1 cells transfected with different tk
gene constructs contained different numbers of
tk genes (Fig. 4). All constructs were present at a
lower copy number than pSVO10, the wild-type
tk gene pTK2/SVO10, or tk gene constructs
containing processing and polyadenylation sig-
nals from SV40 and polyoma virus (16). There
was no correlation between the amount of repli-
cation (Fig. 4) and the amount of TK, as mea-
sured with the [125I]IdC incorporation assay
(Table 2); plasmid copy number was inversely
related to plasmid size. Thus, the specific activi-
ties of the tk gene constructs containing frag-
ments of monkey DNA were considerably high-
er than their measured relative activities (Table
2) when compared with the wild-type gene,
pTK2/SVO10.

(ii) Different cellular inserts may contain proc-
essing and polyadenylation signals that function
with different efficiencies.

(iii) The tkmRNA species produced from each
tk construct would be expected to have different
stabilities since they differ from one another in
the sequence of the 3' untranslated region, the
portion of the mRNA which is most labile (5, 6,
10, 28). The length of the 3' untranslated region
varied from 0.1 to 1.1 kb in the mRNAs exam-
ined by Northern hybridization analysis (Fig. 5);
however, there was no correlation between the
length of the 3' untranslated region and the level
of tk gene expression.

(iv) Some of the cellular fragments could
contain intervening sequences; the efficiency of
excision and transport could then affect the level
of tk mRNA.

In all cases examined, a relatively high level of
[1251]IdC incorporation into DNA was correlated
with the biosynthesis of discrete poly(A)+ tk
mRNA, whereas poly(A)+ tk mRNA was not
detected in cells transfected with the two con-
structs that showed near-background levels of
[1251]IdC incorporation (Fig. 5, Table 2). In some
cases, there appeared to be more than one
poly(A)+ tk mRNA species.
DNA sequence analysis of the monkey DNA

fragments will be required to determine the
sequence of the processing and polyadenylation
signals they contain; preliminary sequence anal-
ysis of the first 200 bp of the monkey DNA
fragment in pTK206SA8/SVO10 indicated that
the hexanucleotide AAUAAA does not occur,

but the sequences AUUAAA and AAUUAAA
each appear once. These sequences are found in
place of AAUAAA in some genes (22, 26). An

unspliced tkmRNA of 1.5 kb (Fig. 5) would have
its 3' end within the first 200 bp of the monkey
sequences. Therefore, it is likely that one or
both of these sequences signals processing and
polyadenylation for the tk gene in
pTK206SA8/SVO10.
Some histone genes produce nonpolyadeny-

lated mRNAs (1, 23, 25). The production of the
discrete 3' terminus of histone mRNA is thought
to be dependent on the presence of a specific
sequence distal to sequences appearing in the
mRNA and capable of forming a specific, or-
dered secondary structure (8). From our studies,
it appears that none of the constructs examined
contained signals for the production of nonpoly-
adenylated tk mRNAs. Alternatively, nonpoly-
adenylated tk mRNAs could be sufficiently un-
stable that the level of [125I]IdC incorporation
into DNA would be extremely low and tk mRNA
might not be detected. Since most mRNAs are
poly(A)+, signals for the production of the 3'
termini of nonpolyadenylated mRNAs may be
extremely rare, and the isolation of these could
require the preparation of a much larger func-
tional 3'-end signal library. It is also possible
that genes that normally give rise to poly(A)+
mRNA cannot function with signals for the
production of nonpolyadenylated 3' termini.

Transformation of LTK- cells with tk gene
constructs. Gene expression was also assayed by
transformation of LTK- cells to TK+. All of the
constructs examined, including those which did
not produce detectable poly(A)+ tk mRNA,
transformed LTK- cells at levels substan-
tially above background (Table 2). Whereas
pTK206/SVO10 had a transformation efficiency
below 20 colonies per pmol of tk gene, con-
structs with cellular inserts transformed at effi-
ciencies of 800 to 240,000 colonies per pmol of tk
gene. Examination of the data (Table 2) allowed
the constructs to be placed into three groups.
Group 1 (three constructs) transformed LTK-
cells at frequencies below that of pTK2/SV010,
the wild-type gene. Cos-1 cells transfected with
group 1 constructs incorporated [125I]IdC into
DNA at a level only slightly, but reproducibly,
above background and produced no poly(A)+ tk
mRNA. These three either contained a weak
signal or lacked a specific signal entirely. Most
of the other constructs (group 2, 10 constructs)
transformed LTK- cells at frequencies between
one and five times that observed with
pTK2/SVO10. All group 2 constructs examined
produced poly(A)+ tk mRNA; therefore, the
monkey DNA fragments in these constructs
contained processing and polyadenylation sig-
nals. Four of the constructs (group 3;
pTK206SA10/SVO10, pTK206SA11/SVO1O,
pTK206SA14/SVO1O, and pTK206SA16/SVO10)
transformed LTK- cells at frequencies 25 to 43
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times that of pTK2/SVO1O. No constructs were
isolated that transformed LTK- cells at frequen-
cies intermediate between those of group 2 and
3. It is possible that the cellular DNA fragments
in group 3 constructs contained enhancer se-
quences in addition to a processing and poly-
adenylation signal. The transformation frequen-
cies of group 3 constructs also exceeded those
for all constructs containing processing and
polyadenylation signals from polyoma virus and
SV40 (Table 1), none of which contained en-
hancer sequences. Additional experiments will
be required to determine whether these group 3
constructs contain cellular enhancer sequences.
The process of DNA-mediated gene transfer is

thought to involve the formation of a very large
structure (38) that contains carrier DNA se-
quences, selectable gene sequences, and any
cotransfected DNA sequences in a large cova-
lent array. Both simian (Table 2) and murine
(unpublished data) DNA sequences were capa-
ble of restoring processing and polyadenylation
to the tk transcription unit. The frequency of
transformation by pTK206/SVO10 was extreme-
ly low (Table 2), suggesting that the association
of the tk sequences in pTK206/SVO10 with carri-
er DNA sequences did not occur soon enough to
allow the tk gene to function and the cells to
survive HAT selection. In these experiments,
selection in HAT medium was initiated 48 h after
DNA was first added to LTK- cells.

Correlation between transient expression and
biochemical transformation. The HSV tk gene
can be expressed either episomally or from an
integrated copy. The former is defined as tran-
sient expression (3, 17, 32-34) and the latter as
stable transformation. In this study we reported
a direct correlation between the level of tk gene
expression in Cos-1 cells (transient expression)
and the frequency of biochemical transformation
of LTK- cells for two sets of derivatives
of pTK206/SVO10, one containing the SV40 and
the other the polyoma virus processing and
polyadenylation signals (Table 1). We conclude
that the fraction of cells that survive HAT
selection is determined by the level of TK in
recipient LTK- cells during a critical interval.
Presumably this critical interval, during which
the tk gene is transiently expressed, requires
factors present only in the nucleus. Therefore,
the critical interval begins after the transforming
DNA reaches the nucleus and continues at least
until the selective agent is added. These conclu-
sions rely on the assumption that the level ofTK
in Cos-1 cells can be related to the complex
phenomenon of biochemical transformation of
LTK- cells. These plasmids attained a similar
copy number in Cos-1 cells (16), eliminating
replication as a factor in the quantitation of
cytoplasmic RNA levels. The species difference

between mouse L cells and monkey CV-1 cells
does not affect the correlation, since both poly-
oma virus and SV40 insertion constructs showed
the correlation between level of expression in
Cos-1 cells and transformation frequency of
LTK- cells. The normal host species for poly-
oma virus and SV40 are murine and simian cells,
respectively. It is likely that any DNA element
that acts to increase the level of selectable gene
mRNA will increase the transformation frequen-
cy.
By using the approach followed in the experi-

ments presented in this report, it should be
possible to isolate processing and polyadenyla-
tion signals from virtually any source. The as-
says used are sensitive to both very low levels
and changes in the level of tk gene expression.
Therefore, this approach should help in deter-
mining what types ofDNA sequences or second-
ary structures are capable of increasing the
efficiency of processing and polyadenylation or
altering the stability of the mRNA. In addition,
the same methods can be used with different tk
gene constructs (e.g., lacking promoter activity)
in attempts to isolate cellular DNA fragments
containing promoters or enhancers.
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