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Conditions have been developed for reverse transcription by detergent-dis-
rupted virions of Moloney murine leukemia virus which permit synthesis of
molecules that appear to be complete transcripts of the 35S RNA subunits. At
limiting Mg2+ concentration, DNA is synthesized in good yield, up to a maxi-
mum size of about 2.4 x 106 daltons. DNA larger than 2 x 106 daltons, taken
from alkaline sucrose gradients, has no detectable self-complementarity and
was protected from digestion by S, nuclease to an extent of 90% by annealing to
70S RNA. All size classes ofDNA made in these reactions are primed with RNA,
because all are initiated with a pApdAjunction. To produce such long molecules,
it is necessary to keep the concentration of Mg2+ in the reaction mixture below
the total concentration of deoxyribonucleoside triphosphates. Under these condi-
tions, degradation of the RNA template is minimized. The rate of DNA synthe-
sis is also slowed by 30 to 50%, but products longer than 5,000 nucleotides, which
are not found otherwise, are completed between 3 and 6 h of reaction.

An increasing body of evidence indicates that
the RNA-dependent DNA polymerases of RNA
tumor viruses (18) are competent to synthesize
high-molecular-weight DNA transcripts of the
viral RNA genome without the involvement of
cellular factors (2, 10, 14). These large mole-
cules are made by detergent-treated virions of
murine leukemia virus (MuLV) when the con-
centration of each deoxynucleoside triphos-
phate in the reaction is at least 10-fold higher
than the reported Km of purified reverse tran-
scriptase (6, 12). Even at very high substrate
concentrations, however, we were previously
unable to demonstrate synthesis of full-length
transcripts of the MuLV genome (14), in con-
trast to results of Junghans et al. with Rous
sarcoma virus (10).

In this paper, we report that DNA molecules
of increased length can be synthesized by viri-
ons of Moloney MuLV in the presence of rate-
limiting concentrations of Mg2+ ion. The prod-
ucts are made in significant yield up to a de-
fined limit-length, which is large enough to
represent transcription of an entire 35S subunit
of the 70S RNA genome. All size-classes of
DNA synthesized in these reactions are initi-
ated with a pApdA bond. Thus, a common
mechanism of initiation appears to exist for the
limit-length DNA transcripts as well as the
smaller DNA products previously shown to ini-
tiate at an unique site (W. A. Haseltine, D.
Kleid, A. Panet, E. Rothenberg, and D. Balti-

more, J. Mol. Biol., in press). At least part of
the effect of restricting the Mg2+ concentration
is to stabilize the RNA template during the
course of the incubation.

MATERIALS AND METHODS

Virus. The virus used in these studies was the
clone 1 strain of Moloney MuLV (5). Both virus
harvested at 3- to 4-h intervals and virus harvested
after 12 h were used, with interchangeable results.
Virus and viral RNA were purified as described
previously (14).

Endogenous reverse transcriptase reaction. The
endogenous polymerase reaction conditions were es-
sentially as described previously (14). Detergent-
disrupted virions of Moloney MuLV were incubated
at 37°C in the presence of 100 gg of actinomycin D
per ml, 50 mM Tris-hydrochloride, 10 to 20 mM
dithiothreitol, 60 mM NaCl, and 0.01% Nonidet P-40
(Shell). Deoxyribonucleoside triphosphates (dNTP's)
and magnesium acetate were added at the concen-
trations indicated in the text and figure legends.
All unlabeled dNTP stock solutions were neutral-
ized, treated with Chelex 100 resin, and quanti-
tated by absorbance at Xma,. [3H]dCTP and [a-
32P]dATP were obtained from New England Nuclear
Corp. The reaction products were purified as de-
scribed (14), except that the Sephadex G-50 chroma-
tography step was omitted for all but preparative
samples.

Alkaline sucrose gradients. Alkaline sucrose gra-
dients and samples were prepared as described pre-
viously (14). Conditions of centrifugation were as
described in the figure legends. For direct soluble

168



REVERSE TRANSCRIPTION WITH LIMITING Mg2+ 169

counting, fractions were diluted, neutralized, and
counted in Handifluor as described (14); for prepara-
tive gradients or for acid-precipitated samples, 0.36-
ml fractions were neutralized with 0.5 ml of 0.1 M
Tris-0.2 M CH3COOH.

SDS-sucrose gradients. RNA samples were cen-

trifuged through 15 to 30% sucrose gradients con-

taining 0.5% sodium dodecyl sulfate (SDS) as de-
scribed previously (4). Viral 70S RNA was dena-
tured by heating to 78°C for 2 min in 10 mM Tris, pH
7.5, 2 mM EDTA, and 0.5% SDS, and quick-chilling.

Polyacrylamide gel electrophoresis. Preparation
of samples and conditions for electrophoresis were as
described (Haseltine et al., in press).

Agarose gel electrophoresis. Samples to be sub-
jected to electrophoresis through agarose gels were

first ethanol-precipitated in plastic Brinkmann mi-
crotest tubes. The pellets were dried in a lyophilizer,
dissolved in 15 gl of 0.1 N NaOH, and incubated for
10 to 30 min at 37°C to denature double-stranded
nucleic acids and to partially degrade residual tem-
plate RNA. They were then chilled on ice and di-
luted with 30 ,ul of ice-cold 2 mM EDTA. Five to ten
microliters of bromophenol blue tracking dye in 60%
sucrose or 50% glycerol was added to each sample
immediately before loading onto a 3-mm-thick slab
gel of 1.4% agarose in 40 mM Tris-acetate, 50 mM
Na acetate, 1 mM EDTA (pH 8.3) (E' buffer). The
upper buffer chamber of the gel apparatus was filled
just before loading with E' buffer that had been
chilled to 0°C. The samples were initially run into
the gel for 5 min at 100 V while supplemental ice
was added as needed to the upper buffer chamber to
keep it cold. Then electrophoresis was carried out for
10 to 12 h at 20 V (about 2 V/cm) with recirculation
of buffer. Under these conditions, single-strand
DNA migrated as a linear function of the logarithm
of its molecular weight (Fig. 5; unpublished data
of D. Donoghue and E. Rothenberg; also refer-
ence 8). The denatured double-strand DNAs used as

markers appeared as doublets in some cases, but the
error contributed was not more than 5 to 10% in
most cases. Uniformity of salt concentration among
the samples was, of course, crucial for accurate com-

parisons of their mobilities.
Tritium fluorography was carried out as de-

scribed (11). Unincorporated dNTP was eluted from
the gel in the course of the fluorography procedure.
For the preparative gel shown in Fig. 9A, a 1-mm-
thick agarose slab was cast on a plug of 15% acryl-
amide-0.75% N,N-methylene bisacrylamide in E'
buffer. Glycerol was added to 10% concentration in
the thin slab to improve handling. The DNA of
appropriate size was located by autoradiography,
and the slices containing the DNA were excised with
a razor blade. DNA was eluted from the gel as

follows. The gel slices were placed in Brinkmann
microtest tubes and weighed, and 1.25 ml of 5 M
NaClO4 was added per g of gel, in this case 0.2 to 0.3
g. The tubes were then incubated 7 min at 67°C,
which was sufficient to dissolve the agarose. Sodium
phosphate buffer at neutral pH was then added to a

final concentration of 10 mM, and approximately 30
,ug of hydroxylapatite (Bio-Gel HTP, Bio-Rad) was

mixed with each sample and incubated for 30 min at

37°C with occasional agitation. After a brief low-
speed centrifugation, the hydroxylapatite pellet was
washed twice with 1 ml of 10 mM phosphate buffer,
and nucleic acid was finally eluted from the pellet
with two 0.5-ml washes of 0.48 M phosphate buffer
at 67°C. The DNA was desalted by passage over a
Sephadex G-50 column in water and concentrated
by lyophilization. The yield was 50 to 70% of the
radioactivity in the excised gel band.

Alkaline hydrolysis and high-voltage electropho-
resis. The RNA moieties of reverse transcriptase
products were hydrolyzed to mononucleotides by in-
cubation in 10% (vol/vol) piperidine for 24 h at 55°C.
The samples were then lyophilized to dryness, redis-
solved in 20 to 25 p.l of 0.1 mM EDTA with the four
2',3'-ribonucleotides as markers, and applied to a
sheet of Whatman 3MM paper. The samples were
subjected to electrophoresis for 1.5 h at 2,500 V in
pyridine-acetic acid buffer (pH 3.5) (22). The
markers were located by visualization under short-
wave ultraviolet light.

Preparation of DNA markers. Conditions for
cleavage with EcoRI restriction endonuclease (13)
were 10 mM Tris-hydrochloride, pH 7.6, and 10 mM
MgCl2 and with or without 100 mM KCl at 37°C for
20 to 60 min. Supercoiled simian virus 40 (SV40)
DNA labeled with ['4C]thymidine was isolated by
cesium chloride-ethidium bromide banding. The
SV40 marker shown in Fig. 4 was the product of an
incomplete digestion; single-strand circles are visi-
ble as a band of lesser intensity above the doublet of
the linear strands. In other cases digestion was com-
plete. DNAs from the bacteriophages Xgt-XC (19;
molecular weights as revised in 20) and P22 were
generous gifts of Daniel Donoghue, who performed
some of the endonuclease digestions. A fragment of
molecular weight 4.5 x 106 (9), obtained by EcoRI
digestion of P22 DNA, was found to contain a single-
strand breakage such that it produced fragments of
2.3 x 106, 1.6 x 106, and 0.7 x 106 daltons upon
denaturation (D. Donoghue and E. Rothenberg, un-
published data). These molecular weights were veri-
fied by electron microscopy with single-strand OX
DNA as a standard.

Nucleic acid hybridization. Conditions were es-
sentially as described previously (14). Samples were
boiled for 3 min to denature before addition of LiCl
to a final concentration of 0.9 M. The extent of
hybridization was determined by resistance to SI
nuclease (4).

RESULTS
Effect of Mg2+ concentration on DNA syn-

thesis. The kinetics of reverse transcription by
detergent-disrupted virions of Moloney MuLV
were measured in the presence of different con-
centrations of Mg acetate, 0.2 mM [3H]dCTP,
and 5 mM each dATP, dGTP, and dTTP. The
maximal rate of DNA synthesis occurred when
the concentration of Mg acetate equaled or
slightly exceeded the total nucleotide concen-
tration of 15.2 mM (Fig. 1). With Mg2+ present
at 12 mM, the incorporation of [3H]dCMP was
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FIG. 1. Effect of magnesium acetate concentration
on the kinetics ofDNA synthesis by virions ofMuLV.
Virions were incubated in 200 p1 of endogenous re-
verse transcriptase reaction mixtures containing 5
mM each of dATP, dGTP, and dTTP and 0.2 mM
[3H]dCTP. Magnesium acetate was present at 9, 12,
15, 18, and 21 mM in the different mixtures. At the
indicated times, portions of 20 p were taken and
diluted into 0.5 ml of 0.1 M sodium pyrophosphate
containing 20 mMEDTA and carrier RNA. Trichlo-
roacetic acid-precipitable material was collected on

filters and the radioactivity was determined by scin-
tillation counting.

reduced to about 70% of maximum; at 9 mM
Mg2+, the rate of DNA synthesis was reduced
by more than 50%.
When the sizes of the DNA products made at

different Mg2+ concentrations were analyzed by
electrophoresis through 1.4% agarose gels, it
was found that DNA made in the presence of
lower concentrations of Mg2+ was significantly
longer than DNA made in conditions of Mg2+
excess (Fig. 2). The DNA made with limiting
Mg2+ after 5 h not only had a greater maximum
length, but also showed a reduced proportion of
molecules smaller than about 300,000 daltons
(arrow on Fig. 2). Net elongation was so slow,
however, that the longest molecules only ap-
peared reproducibly after 3 to 6 h of synthesis.
Because the total amount of DNA synthesis
with limiting Mg2+ was less than that made in

Mg2+ excess, it appears that an initiation event
at low Mg2+ concentration was more likely to
yield a long DNA molecule than an initiation
event in Mg2+ excess.

In previous work (14), extremely high con-
centrations ofdNTP had been found to promote
the synthesis of long, but still incomplete, DNA
transcripts. To compare the effects of varying
both the dNTP concentration and the amount of
free Mg2+, virions were incubated at different
Mg2+ concentrations with dATP, dGTP, and
dTTP each at 1 mM or at 5 mM and [3H]dCTP
at 0.01, 0.2, or 5 mM. DNA was purified from
the reaction mixtures after 6 h of synthesis and
analyzed by electrophoresis through agarose
slab gels. The Mg2+ concentrations tested
spanned the incorporation optima for the 3.01
and 3.2 mM dNTP reactions, but were all below
the nucleotide concentrations and incorpora-
tion optima for the 15.2 and 20 mM dNTP reac-
tions (Fig. 3). The sizes of the products shown in
Fig. 4 thus reflected three effects: the enhance-
ment of the rate of DNA synthesis by high
substrate levels, the slowing of DNA synthesis
in limiting Mg2+, and the increased length of
DNA molecules made at limiting Mg2+ concen-
tration.
The highest proportion of very large DNA, as

well as the largest absolute amount, was made
in the reaction mixture containing the highest
nucleotide concentration (20 mM) and the least
severely restricted Mg2+ concentration (15 mM;
Fig. 4, lane 15). Further reductions in Mg2+
concentration appeared to decrease the propor-
tion of very long DNA products, probably be-
cause elongation was so sluggish (Fig. 4, lanes
13, 14; also cf. lanes 10 to 12). On the other
hand, high nucleotide levels were not abso-
lutely necessary for the synthesis of very large
DNA: as long as the Mg2+ concentration was
slightly below that of the substrates, long DNA
was made even at moderate dNTP concentra-
tions (lanes 1 and 5, Fig. 4). In the reactions
analyzed in lanes 1 through 4, Fig. 4, although
.dCTP was sharply limiting at 0.01 M and over-
all DNA synthesis was very inefficient (Fig. 3),
molecules as long as 1.0 x 106 to 1.2 x 106
daltons could be found when the Mg2+ concen-
tration was kept below the nucleotide concen-
tration (Fig. 4, lane 1). This was in contrast
with previous results in Mg2+ excess (14), when
products longer than 0.4 x 106 to 0.5 x 106
daltons were not detectable in low-substrate
reactions.

Limit-length product. The longest DNA mol-
ecules synthesized at 12 mM Mg2+ and 15.2 mM
nucleotides were examined by alkaline sucrose
gradient sedimentation and electrophoresis in
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FIG. 2. Effect of magnesium acetate concentration on the size ofDNA made by virions ofMuLV. Samples
from the reactions described in the legend to Fig. 1 were taken after 5 h of synthesis. Portions of each
containing 20,000 to 24,000 3H cpm were denatured and subjected to electrophoresis through a 1.4% agarose
slab gel for 10 h at 20 V. From left to right, the samples are the products ofreactions containing 9 mM, 12 mM,
and 15 mM Mg2+, respectively; EcoRI-cleaved SV40 DNA; and products of reactions containing 18 and 21
mM Mg2+. Some reassociated SV40 double-stranded DNA is visible above the major doublet. A nonradio-
active fragment ofP22 phage DNA cleaved with EcoRI of single-strand molecular weight 0.7 x 106 (9) was
run as an additional marker. For fluorography, the film was exposed at -70°C for 3 days.

2 4 6 9
mM Mg*
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1.4% agarose gels with markers of known size.
Agarose gels were used because they could re-
solve single-strand DNA molecules larger than
the RNA tumor virus genome and provide accu-
rate sizes for them (8). The pattern of bands of
reverse transcriptase products was, however,
less sharply defined than on polyacrylamide
gels (Haseltine et al., in press). Under the
electrophoresis conditions used, the mobility of
single-strand DNA was linearly related to the
logarithm of its molecular weight (Fig. 5). As
shown in Fig. 2 and 4, the largest DNA prod-
ucts made by the MuLV polymerase migrated
at a defined limit size. This band contained 4%
of the total radioactivity of the sample shown in
Fig. 4, lane 15, as calculated from a scan of the
fluorograph. The molecular weight of the larg-

FIG. 3. Effect on DNA synthesis of varying both
Mg2+ and dNTP concentrations. Virions were incu-
bated in endogenous reactions containing Mg2+ at the
indicated concentrations and the following concen-

trations of nucleotides: 1 mM each dATP, dGTP, and
dTTP with [3H]dCTP at 0.01 mM (3 + 0.01 mM
dNTP) or 0.2 mM (3 + 0.2 mM dNTP); or 5 mM
each dATP, dGTP, and dTTP with [3H]dCTP at 0.2

mM (15 + 0.2 mM dNTP) or 5 mM (15 + 5 mM
dNTP). Five-microliter portions of the reaction mix-

tures were acid-precipitated after 6 h of incubation.
Incorporated radioactivity was converted to pico-
moles ofDNA synthesized using the known specific
activity of the precursors and assuming equimolar
incorporation of all four dNTP's.
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FIG. 4. Size of products made at different dNTP and Mg2+ concentrations. DNA was purified from the

reaction mixtures described in the legend to Fig. 3. Portions of each sample containing 10,000 to 13,1000 3II

cpm were denatured and subjected to electrophoresis through a 1.4% agarose slab gel. Electrophoresis was for
10 h at 15 V. Lanes 1-4: DNA made at (3 + 0.01) mM dNTP with 2 MM, 4 MM, 6 MM, and 9 MM Mg2+,
respectively. Lanes 5-8: DNA made at (3 + 0.2) mM dNTP with 2 MM, 4 MM, 6 MM, and 9 MM Mg2+. Lane

9: EcoRI endonuclease-cleaved SV40 DNA, including some circular molecules, due to incomplete digestion,
migrating slower than the doublet of linear strands. Lanes 10-12: DNA made at (15 + 0.2) mM dNTP with 6

MM, 9 MM, and 12 MM Mg2+. Lanes 13-15: DNA made at (15 + 5) mM dNTP with 9 MM, 12 MM, and 15

MM Mg2+. Unlabeled markers of denatured P22 DNA of 2.3 106, 1.6 106 and 0.7 X 106 daltons were

located by ethidium bromide staining. Fluorography was at -70'C for 7 days.
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FIG. 5. Sizing of limit-length polymerase product
on agarose gels. The product of a 3-h reaction as

described in the text was freed of unincorporated
substrate by Sephadex G-50 chromatography, dena-

tured, and subjected to electrophoresis through an

agarose slab gel. Identically treated markers ofSV40
['4C1DNA digested with EcoRI, nonradioactive bac-

teriophage Xgt-XC cleaved with EcoRI, and a nonra-

dioactive EcoRI fragment of bacteriophage P22

DNA, as described in Materials and Methods, were

also analyzed on the gel. Nonradioactive DNA and

est material was estimated to be 2.4 x 106 dal-

tons (arrow in Fig. 5). Thus, the molecules

appeared to have achieved a limit-length,
which may be long enough to represent com-

plete transcription of a 358 RNA subunit of the

viral RNA.

On alkaline sucrose gradients, the product of

a 3-h endogenous reaction contained some DNA

sedimenting faster than linear SV40 DNA (Fig.
6A); this represented 4% of the total. Resedi-

mentation of this DNA through alkaline su-

crose (Fig. 6B) showed that it was truly larger
than the SV40 DNA, with a mean calculated

molecular weight of 2.3 x 106 to 2.5 x 106 (16).

The longest DNA molecules were shown to be

faithful transcripts of the RNA template by
annealing them to 708 Moloney MuLV virion

RNA. Portions of the pooled limit-length

SV40 DNA were visualized by ethidium bromide

staining. Radioactive DNAs were located by fluorog-
raphy. Distance migrated was plotted against molec-

ular weight for the marker DNAs. The position of the

limit-length polymerase product is indicated by an

arrow.
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FIG. 6. Maximum reverse transcriptase product
size on alkaline sucrose gradients. (A) A portion of
the endogenous reaction product described in the
legend to Fig. 5 was centrifuged through a 5 to 20%
alkaline sucrose gradient for 17 h at 35,500 rpm in
the SW41 rotor at 4°C. Fractions were neutralized,
and 1/8 portions of each were counted in 10 ml of
Handifluor with 1 ml of water. The 14C-labeled DNA
marker ofSV40 cleaved with EcoRI was centrifuged
in a parallel gradient. The direction ofsedimentation
was from right to left. (B) The fractions indicated in
(A) were pooled and ethanol-precipitated. One-halfof
the pooled DNA was subjected to centrifugation on a

15 to 30% alkaline sucrose gradient, for 18 h at
35,000 in the SW41 rotor at 220C. SV40 [14CIDNA
was run in a parallel gradient.

[3H]DNA from the alkaline sucrose gradient
shown in Fig. 6A were denatured at 100°C and
then incubated at 67°C with and without viral
RNA. More than 90% of the [3H]DNA was re-

sistant to digestion by S, nuclease after anneal-
ing with viral RNA, whereas less than 1% was

resistant when annealed without RNA (Table
1). Thus, at least 90% of the limit-length DNA
was complementary to the virion RNA, and no

self-complementarity was detectable.
Initiation of DNA synthesis in limiting

Mg2+. It is known that the initial sequence of
DNA copied from the Moloney MuLV template
under conventional polymerase conditions is
the sequence d-AATGAAAGA, which is cova-

lently linked to the 3'-terminal riboadenylic
acid of proline tRNA (W. A. Haseltine and D.
Baltimore, in A. S. Huang, D. Baltimore, and
C. F. Fox, ed., Animal Virology, in press).
Therefore, the mechanism of initiation of the
synthesis of long DNA molecules made at low
Mg2+ concentration could be studied by examin-
ing the fate of 32p from [a-32P]dATP in a pulse-
chase experiment. Virions were incubated in

TABLE 1. Hybridization of limit-length DNAa

cpm Fraction
Ilnu- (acid- (%)SSample cleas pre- resist-cipita-

a

ble) ant
[3H]DNA, incubated - 368 (100)
[3H]DNA, unincubated + 18 1.3
[3H]DNA, incubated + 14 0.2
[3H]DNA, incubated with + 336 91
RNA

Filter background 15, 12
a [3H]DNA (approximately 0.3 ng) from the

pooled alkaline sucrose gradient fractions shown in
Fig. 6A was incubated for 3 h in 0.9 M LiCl at 68°C in
the presence or absence of 4 gg of 70S Moloney
MuLV virion RNA per ml. Equivalent Crt value
attained with RNA was 0.75. The hybrids were ana-
lyzed by resistance to S1 nuclease.

appropriate salts and detergent at 37°C for 15
min with only 4 to 5 AM [a-32P]dATP present.
The label was then chased by diluting the sam-
ple into a fivefold larger reaction volume con-
taining a 5,000-fold excess of unlabeled dATP as
well as the other dNTP's, actinomycin D, and
Mg2+. During the chase, incorporation of fur-
ther 32p was drastically reduced (Fig. 7).

All of the label incorporated during the pulse
migrated with the tRNA fraction during elec-
trophoresis through a 10% polyacrylamide gel
(Fig. 8). For unknown reasons, the label ap-
peared as a diffuse doublet. During the chase,
all the 32p originally attached to tRNA was
moved into larger molecules. The first and ma-
jor species ofDNA into which label was chased
was the 135-nucleotide "strong stop" DNA
linked to its tRNA primer, which was previ-
ously characterized by Haseltine et al. (in
press). As the chase period was extended, in-
creasing amounts of radioactivity were found in
DNA that could not penetrate the 10% gel, but
even after 90 min, one-half of the labeled mole-
cules migrated as "strong stop" DNA.
To further characterize the longest DNA mol-

ecules labeled by this pulse-chase protocol, mol-
ecules labeled after 25 and 200 min of chase at
limiting Mg2+ concentration were fractionated
by electrophoresis through agarose gels after a
brief alkali treatment to degrade the template
(Fig. 9). 32P label appeared in all size-classes of
DNA including limit-length DNA. Molecules of
different sizes were eluted from the gel, and the
RNA moieties were completely hydrolyzed with
piperidine. The hydrolysate was then analyzed
by paper electrophoresis to detect any 32p that
had been transferred to ribonucleotides. As
shown in Fig. 9B, transfer of the 32p initially in
[a-32P]dATP to rAMP was demonstrable in all
size-classes of reverse-transcribed DNA.
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FIG. 7. Incorporation of [a-32P]dATP in a pulse-

chase experiment. To pulse-label the viral polymerase
product, virions were incubated in an endogenous
reaction at 370C with only one substrate, 5 1.M [a-
32P]dATP, and 6 mM Mg2+. No actinomycin D was
present initially, and the reaction was supplemented
by 10 mM creatine phosphate and 5 pg of creatine
phosphokinase per ml in a final volume of 0.5 ml.
After 15 min, the label was chased by increasing the
reaction volume fivefold to 2.5 ml and adjusting it to
5 mM each dATP, dGTP, and dTTP, 0.2 mM dCTP,
100 pg of actinomycin D per ml, and 12 mM Mg2+.
Incubation was then continued for 200 min. At the
indicated times, 5-p] portions were taken from the
"pulse" mixture and 25-pl portions were taken from
the "chase" mixture, and acid-precipitable radioac-
tivity was determined.

It may be noted in Fig. 9B that the ratio of 32P
in rAMP to 32p in DNA at the origin decreased
with increasing length of the DNA. This was

not unexpected, since in such an experiment
longer DNA molecules are more likely to con-

tain in internal positions any 32p that was in-
corporated after the chase. Furthermore, a cer-
tain amount of material at the origin may have
been trapped there nonspecifically. These ef-
fects make precise quantitation difflctilt, but it
is clear that every size-class of DNA synthe-
sized in the low Mg2+ polymerase reaction con-

tained molecules with an initial pApdA link-
age, consistent with the tRNAPr° initiation
mechanism demonstrated in more limited reac-
tions.

Effect of Mg2+ on nucleic acid stability.
Because the long DNA molecules synthesized
under limiting Mg2+ conditions appeared to be
initiated in the same way as shorter molecules

made in Mg2+ excess, it appeared that excess
Mg2+ somehow inhibits complete transcription
of the 35S RNA subunit. This might be due to
destruction of the product or template in excess
Mg2+ or to some other mechanism, such as al-
teration of the template conformation or of the
binding of the polymerase to the template.
To study possible activation of DNase inside

the virion by free Mg2+, excess Mg2+ was added
during the course of an endogenous reaction
and the size of the resulting DNA was analyzed
by sedimentation through alkaline sucrose gra-
dients (Fig. 10). After 90 min in limiting Mg2+,
the largest DNA was about 5,000 nucleotides
long, or 1.6 x 106 daltons (Fig. 10A, closed
symbols). If incubation was continued, some-
what more large DNA was formed (Fig. 6A). In
a sample incubated 90 min in limiting Mg2+ and
then 90 min more with excess Mg2+, the longest
molecules made before the shift remained in-
tact; the additional radioactivity incorporated
was almost all in molecules shorter than 1,000
nucleotides long (Fig. 10A, open symbols). In-
cubation with excess Mg2+ for the entire 180
min yielded only molecules shorter than SV40
DNA (Fig. lOB). Therefore, the effect of the
high Mg2+ concentration was not to destroy
DNA that was already made, but to stimulate
synthesis of molecules that could only be elon-
gated to a limited extent.

In an attempt to explain the formation of
short DNA in excess Mg2+, the stability of the
template RNA in the presence of different con-
centrations of Mg2+ was examined. Virions la-
beled with [3H]uridine were incubated with 5
mM each dATP, dGTP, and dTTP and 12 or
18 mM Mg acetate. The fourth nucleotide,
dCTP, was omitted so that DNA could not be
made and the template RNA would not be de-
graded by the RNase H activity of the polymer-
ase (21). After 0 or 4 h of incubation, RNA was
extracted and subjected to neutral sucrose gra-
dient centrifugation. The sedimentation pro-
files of the native RNA samples were identical
(data not shown). RNA pooled from the 70S
region of each gradient was then denatured by
a brief heat treatment and then centrifuged
through a second sucrose gradient (Fig. 11).
Both incubated samples (Fig. 11A) were more
degraded than the control (Fig. llB), but the
extent of the degradation was clearly greater in
the sample incubated in excess Mg2+. In limit-
ing Mg2+ some full-length 35S RNA was still
present at 4 h, but in excess Mg2+ virtually no
full-length molecules remained intact. There-
fore, it appears that at least part of the effect of
excess Mg2+ was to promote the degradation of
the template. Mg2+-activated degradation of
the template may, however, not be a complete

J. VIROL.
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FIG. 8. Size of pulse-labeled material on 10% acrylamide gels. Pulse-labeled DNA was made as in the

legend to Fig. 7, with the following differences. Initially, 3.7 pM [a-32P]dATP was present in a reaction
volume of0.25 ml; after the chase, the reaction contained 5 mM each dATP, dCTP, and dTTP, 1 mM dGTP,
and 26 mM Mg2+ (excess Mg2+) in a final volume of1.25 ml. Portions of 0.2 ml were taken from the reaction
mixture at 0, 10, 20, 40, 60, and 90 min after addition of the chase mixture. DNA was extracted, freed of
unincorporated nucleotides by Sephadex G-50 chromatography, and subjected to electrophoresis on a slab gel
of9.5% polyacrylamide-0.5% bisacrylamide as described by Haseltine et al. (in press). Electrophoresis was for
3 h at 400 V in a water-cooled EC-140 apparatus.

explanation of the effect of Mg2+ on DNA size,
because increased Mg2+ seemed to limit DNA
size more severely (Fig. 10A and B) than would
be predicted from its effect on RNA (Fig. 11).

DISCUSSION
Detergent-disrupted virions of Moloney

MuLV are competent to synthesize transcripts
of the 35S subunit of the virion RNA up to a

defined limit-length. At least part of the cause
of abortive transcription is the degradation of
the template RNA in the course of the reaction.
This degradation is minimized if the concentra-

tion of Mg2+ in the reaction mixture is lower
than the concentration of nucleotides, so that
essentially all the Mg2+ is chelated into 1:1 Mg-
dNTP complexes (17). The kinetics of DNA syn-

thesis are slower when Mg2+ is made limiting,
but longer products can ultimately be made.
Molecules up to half the maximum length are

made even in very low dNTP concentrations
(Fig. 4, lane 1). The mechanism of the Mg2+-
enhanced RNA degradation is not known; con-

taminating RNases in the virions may be acti-
vated, oxidative breakage, perhaps involving
dithiothreitol (1), may be accelerated in the
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REVERSE TRANSCRIPTION WITH LIMITING Mg2+

o- 4 24mM Mg*
B

180 min
20SV40,/d;V4

10 20 30
Fraction number

FIG. 10. Effect of Mg2+ concentration on reverse
transcriptase product stability. Virions were incu-
bated in endogenous reactions with 15.2 mM nucleo-
tides, [3H]dCTP limiting, at 12 mM Mg2+ for 90 min
(A, closed symbols), at 12 mM Mg2+ for 90 min, and
then at 24 mM Mg2+ for an additional 90 min (A,
open symbols), or at 24 mM Mg2+ for 180 min (B).
DNA was extracted from each and centrifuged
through alkaline sucrose gradients for 17 h at 35,000
rpm, 24°C, in an SW41 rotor. Linear SV40DNA was
centrifuged on a parallel gradient as a marker. Frac-
tions were acid-precipitated for scintillation count-
ing.

presence of free Mg2+, or a combination of ef-
fects may be responsible.
The effect of Mg2+ on the rate ofDNA synthe-

sis may be partly due to changes in the level of
available Mg-dNTP substrate (3), but this can-
not be the sole factor. In Fig. 3, less DNA was
made with 20 mM dNTP and 6 mM Mg2+,
where the concentration of Mg-dNTP was about
6 mM, than in the reaction containing only 3.2
mM dNTP and 6 mM Mg2+, where the concen-
tration of Mg-dNTP was no more than 3.2 mM.
It is probable that the enzyme needs a small
amount of free Mg2+ either to maintain its own
conformation or to bind the template effl-
ciently.

In the polymerase reactions with slightly

limiting Mg2+, the products have a defined
maximum size. The limit-length appears to be
2.4 x 106 daltons, by alkaline sucrose gradient
sedimentation and agarose gel electrophoresis.
This number is probably accurate to about 10%:
in the case of the alkaline sucrose gradient
centrifugation, it reflects the weight-average

A 28S 18S 4hr at 37°C

'5-
8mM Mg

101 0

12mMMg*'

a.
o B Unincubated
If) 28S 18S

30_

20-

10-~~~~~~-

10 20 30
Fraction number

FIG. 11. Size of template RNA after incubation
at excess and limiting Mg2+ concentrations.
[3H]uridine-labeled virions were incubated in endog-
enous reactions with 5 mM each dATP, dGTP, and
dTTP and 12 or 18 mM Mg2+. After 4 h at 37°C, RNA
was extracted from the incubated samples and an
unincubated control by the SDS-phenol-chloroform
method (4) and centrifuged on 11-ml 0.5% SDS-
sucrose gradients for 2 h at 35,000 rpm, 22°C, in an
SW41 rotor. The fractions containing 70S RNA were
pooled, ethanol-precipitated, denatured at 78°C, and
centrifuged on 11-ml 0.5% SDS-sucrose gradients as
before for 4 h at 40,000 rpm. The nonradioactive
internal markers of HeLa 28S and 18S RNA were
located by absorbance at 260 nm. Fractions were
counted directly in Handifluor. (A) RNA incubated
for 4 h in 12 mM Mg2+ (a) or 18 mM Mg2+ (0). (B)
Unincubated control.

FIG. 9. Covalent linkage of pulse-labeled DNA to an RNA primer. (A) Autoradiogram of preparative
agarose gel. DNA was prepared from 0.5- and 2.0-ml portions of the reaction mixture described in the legend
to Fig. 7 after 25 min and 200 min ofchase, respectively, and passed over Sephadex G-50. The samples from
the 25- and 200-min incubations were denatured and diluted to 50 and 100 p.l, respectively. The 25-min
sample was subjected to electrophoresis in lane 1, and the 200-min sample was divided between lanes 2 and 3,
with denatured linear SV40 DNA as a marker in another lane. After electrophoresis at 20 V, the marker was
located by ethidium bromide staining. (B) High-voltage electrophoresis ofpulse-labeled DNA after alkaline
hydrolysis. Portions of the agarose gel indicated with brackets in (A) were excised from lanes 2 and 3, except
for fraction I, which was taken from lane 1. The approximate molecular weights ofthe material in the fractions
were: I, <2, x 105; II, 3-4 x 105; III, 8 x 105; IV, 1.7 x 106; and V, 2.4 x 106. The nucleic acids were eluted,
treated with piperidine, and subjected to high-voltage electrophoresis on Whatman 3MMpaper atpH 3.5. The
2',3'-ribonucleotide markers were located under UV light and their positions were marked in radioactive ink.
A utoradiography was for 5 weeks.
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sedimentation rate of the population of all mol-
ecules larger than linear SV40 DNA, and in the
case of the agarose gel analysis the migration
rate is somewhat subject to effects of base com-
position (20) that have not been taken into ac-
count. The expected molecular weight of a com-
plete single-strand transcript would be about
2.7 x 106 daltons, based on electron microscopy
and gel electrophoresis of the closed-circular
and linear infectious proviral DNAs made in
vivo (7, 15).
The limit-length product is more than 90%

complementary to virion RNA, by S1 nuclease
resistance after hybridization, and has no de-
tectable hairpin structure that would self-hy-
bridize with zero-order kinetics (Table 1). Fur-
thermore, limit-length as well as shorter mole-
cules can be initiated on a polyribonucleotide
primer, presumably tRNA"ro (Haseltine and
Baltimore, in press), to give an initial pApdA
bond.

Thus, the longest DNA molecules appear to
be faithful copies of the template initiated by a
specific mechanism. Given the uncertainty in
sizing, the limit-length product would appear to
be the transcript of a complete 35S RNA sub-
unit. This interpretation is supported by the
recent demonstration that polymerase products
synthesized under similar in vitro conditions
contain infectious DNA molecules (Rothenberg
and D. Smotkin, manuscript in preparation).
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