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Summar

_ RNA dependent DNA polymerase from Mo—MSV(MLV) was purified by DEAE-

ce11uldse, phospho-cellulose, poly rC-agarose and G-100 Sephadex
chromatography. Further purification and analysis by polyacrylamide
gel and glycerol density gradient isoelectric focusing revealed
afheterogeneous mixturevof eniyme activities including an acid
focUsing activity that utilized only (rC)n-(dG)12;18-as template- ..
primer.__The‘uniqueness of the exc]usiveV(rC)né(dG)lz_ls.actiVity,
which is descriptive of viral DNA po]ymerase,"hay be a resu]i of |
fhe interaction of endogenous protein kinase and "DNA binding"
proteins with the DNA polymerase. These interactions most likely
contribute fo the heterogenity of the isoelectric focusiﬁg profile.
During purification, the (rC)n-(dG)lz_18 activity of the DNA po]ymerase
was diminished compared to (rA)n°(dT)12-]8 from an original ratio
of 0.2 to less than 0.05 in some cases. Addition of fractions
“that did not bind to phospho-cellulose and low molecular weight
fractions from G-100 Sephadex chromatography partially restored
the decreased (rC),-(d6);,_1g activity. "DNA binding" proteins
isolated %?om the virus on single-stranded DNA;ce1]ulose-stimu1ated
the purified enzyme activity for both templates.

The enzyme most likely exists as a comp]ex with protein_kinase,
nucleic acid binding proteins, nucleic acids and possibly othe} factors
which have a considerable effect on eﬁzyme stability and the_témp]ate

specificity of the enzyme.



Introduction'

RNA tumdr virus_RNA-depehdent DNA polymerases have been shown to
copy the synthetic templates (rA) -(dT);, ;o and (rC),-(dG)y,_ ;g preferenti-
ally over DNA templates or 70S viral RNA. :The-ab11ity of viral DNA
polymerase to copy (rC)n-(dG)l'z_18 and methy1ated-(rC)n—(dG)12_18 is
: regarded as descriptive fof dietinguishing vifa] DNA polymerase from
polymerases of ce]]ufar brigin2.>'Furthermo}e, after purification,”mouse
viréT DNA polymerase does not copy ifs own 705 viral RNA very efficiently
aﬁd it has been postulated that factors present in crude extracts to
promote endogenous Syntheéis are missing in quified preparations
of the enzyme3’4. Also a role for cellular transfer-RNA has beeh :
proposed for the interaction with virus bo]ymerase5’13’14.

Recent reports show that RousvSarcoma virus (RSY) reverse transcriptase
is stimu]eted by prbtein kinase and by cytoplasmic proteins with DNA- |
binding activitiesl’ﬁ. We would like to eonfirm,and extend these reports

bby showing that viral. DNA polymerasé from Mo-MSV(MLV) can be affected

by ATP dependent protein kinase present in crude extracte of mouse virus
and by protein which binds to sfng]e-stranded DNA-cellulose. “In addifibn,
we report that mouse viral DNA polymerase preparationé contain informatien
to copy (rC)n-(dG)lz_18 exclusively as evidenced by an acidic factor -
detected bylisoe]ectric fecusing in polyacrylamide gels and glycerol
density gradients. When Mo-MSV(MLV) DNA polymerase was purified away
from ATP dependent protein kinase_and DNA-binding_proteins, much -

of its activity was lost and the template specificity that deseribes- '
(rC)n-_(dG)lz'_l8 was severely diminished with respect to

(rA)n-(dT)12_18 synthesis. The indication is that viral DNA polymerase

activity and perhaps its jg;vivovfunction is determined by cellular and

viral factors which interact with viral DNA polymerase and perhaps play
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a regulatory role in imparting viral-like character to the DNA polymerase

found in RNA tumor viruses.

Materials and Methods

Rauscher leukemia virus‘grown in JLS-V9-cells and supplied as a
sucrose density gradient cehtrifugation purified suspension at
1.5 x 1011 particles/ml was obtained as a générous gift of Jack Gruber

from the Office of Program Resources and Logistics, National Cancer _ ’ L

Institute, Bethesda, Maryland.

Moloney murine sarcoma and leukemia virus, Mo-MSV(MLV), was obtained
from the medium of Balb 3T3 A3l cells grown in culture. Medium was
centrifuged at 2000 x g for 10 min to remove cells and then centrifuéed
at 141,000 x g for i h in a Ti;14 zonal rdtor.' The virus contéining
materia] was scraped from the wall of the rotor into 5 ml of virus disrup-
tion buffer (VD3; 50 mM Tris-HC] pH 8.0, 500 mM KC1, 50 mM NaCl, 0.1
mM EDTA, 0.25% Triton X-100, 10 mM dithiothreitol, and 10% glycerol).

The virus extract was a]]owed to stand for 2 h before centrifugation

at 39,000 x g for 1/2 h in a SW 50.1 rotor. The supernate was stored

at 4°c until use. On some occasions crude virus wés further purified |
by'sucrose density gradient centrifugation and particles banding at
1.6-i.17 g/?m3 were used as the enzyme source. However, results of

the enzyme purification'were substantially the same.whether the sucrose
gradient centrifugation step wégbincluded or not, except that'purifying -
the virus greatly redutéd the.amount.of enzyme activity in the starting |
" material. o

Virus extréct was put throﬁgh DEAE-cellulose and phoépho-ce]]u]bse
according to methods used Ey Verma7. Virué extract (10 ml, 0.5-1.0
mg/m1) was dialyzed against Buffer A (0.05 M Tris-HC1 pH 8.0, 10% glycerol,
1 mM 2-mercaptoethanol, 0.05% Triton X-IOO).overhight and passed through

a8 4 m) DEAE-cellulose column. The column was washed with 10 m1 of 0.2 M KC1
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in Buffer A. The flow through and 0.2 M KC1 wash were combined and
loaded onto a 5 m1 phospho-cellulose column and waéhed with 5 m] of
0.1 M KCY in Buffer A. The enzyme was eluted with 50 ml of a 0.1-0.5
M KC1 gfadient in Buffer A and 1.7 h] fractions were collected at 0.85
ml/min. The peak of enzyme acfivity eluted from phospho-cellulose at
0.24 M KXC1. The peak fractions were pooled and dialyzed againsthuffer
A before applying to a 2 ml poly rC-agarose éo]ungI. Poly rC-agarose.
chromatography was performed at a flow rate of 9.5 ml/min and 1.5 ml
fractions were collected. The column was washed with 2.5 ml of Buffer
A and then eluted with a 25 m1 0-0.5 M KC1 gradient in Buffer A; The
major peak of (rC), -(d6);, g activity eluted at 0.25 M KC1. Pooled
fractions were dialyzed (volume 8 m]) énd 2 ml was put on a 2 x 25 cm
Sephadex G-100 column and eluted With Buffer A. One ml fractions were
collected at a flow rate of 0.2 ml/min. Peak fractions were pooled
and 2Q5°m] was subjected to glycerol density gradient isoelectric focUsihg.
Enzyme activity focusing near pH 5.8 was collected and stored at -70°C.

‘Glycerol Density Gradient Isoelectric Focusing. A 5 ml 5-55% glycerol

density gradient was made in a 0.7 x 15 cm glass tube that composed
one arm_of a U-tube. The other arm of the U-tube and the tygon tubing
that formed the apex which connected the two arms was filled with 60%
glycerol in 0.74 M H3P04. The U-tube was fitted in a Hoefer Scientific
Model EF-801 electrophoresis appératus (San Francisco, CA) with the |
gradient arm fitted in the rubber o-rings and the dense arm projecting
up through the center well to achieve hydrostatic equilibrium. The
U-tube was clamped at the apex before the 60% g]ycero_l-H3P04 solution
was put in the center‘Well arm and apex, and the density gradient pumped
into the other arm. The 24 fractions (0.23 m1) that composed thé 5

ml. stepwise density gradient were made by mixing decreasing amounts
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of dense solution (75 ul of 40% carrier ampho]ytes pH 3-10 (LKB),
1.375 ml glycerol, 250 pul- prote1n sample and 0.8 HZO) w1th increasing
amounts of light solution (50 ul ampholytes, 125-u1 glycerol, 250 ul
sample and 2.075 ml HZO) in separate holes. of g plastic mini-well culture
dish. The 24 fractions were pumped in the ofder of decreasing densify
onto thé 60% g]ycero]-H3PO4 solution. The clamp was transferred
to a piece of tubing above the center well arm and 0.08 M NaOH\was
placed in the upper reservoir over the top of the gradient and 0.74
M H3P04 placed in the lower reservoir and center well to the same
level as the upper reservoir solution. fhe upper clamp was removed
and focusihg was performed at 49C at 250 V and 1 mA for 16 h.- After
focusing, the tubing was clamped at the apex and the 60% g]ycefo]-
H3P04 solution was replaced with 70% glycerol. The gradient arm
was stoppefed with a serum cap punctured with a #16 gauge needle
attached to a pump and fraction collector. The clamp was removed
and the gradient pumped out the top at 0.25 m]/m1n, 125 ul fract1ons
were collected. During fract1onat1on, 70% g]ycero] was continuously

added to the dense arm to prevent inversion of the gradient.
RDP Assay. 'Asséy of RNA-dependent QNA polymerase (RDP) activity

“was done by the usual methodsg’lo.

Reaction mixture components (0.1
m1) included 50 mM Tris-HC1 pH 8.0, 50 mM KC1, 10 mM 2-mercaptoethanol,

0.02% Triton X-100, 0.02 mg/ml of (rA) ~(dT)q,_jg or (rC) ~(d6);, 14

or 125 pg/ml “activated" salmon sperm DNA,vl mM.MnCl,, MgCl,(lmM

with rA-dT, 5mM with rC-dG and DNA as tempTate),‘and 0.02 mM [?H]

TTP or.[3H] dGTP (500 cpm/pmole). The complementary deoxynucleoside
triphosphate (0;1 mM each) were also present when DNA served as template.
Activity is expressed as pmoles of'[3H] dXMP incorporated per h for

10 ul enzyme e::: act.
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Polyacrylamide Gel Isoelectric Focusing. A variation of the procedure

used by Catsimpoolis was used to focus proteinss. The gel was polymerized
in the presence of 3.4 ul of n,n,n*,n'-tetramethylenediamine (TEMED),

1.4 mg of ammonium persulfate, 50 ul of 40% carrier ampholytes

(pH 3-10), 0.66 ml of 22.5% acrylamide solution (22.2 g acrylamide and
0.3'9 methylene-bis-acrylamide in 100 ml H20) and 1.30 ml ofbprotein

solution. Each sample (2;0 ml) was added to 5 mm i.d. x 130 mm giasé

. tubes designed to fit a Hoefer Scientific gel electrophoresis apparatus.

After polymerizatior (45‘min), 0.08 M NaOH was used to ff11-the lower

reservoir and 0.74 ¥ H3P04 filled the upper reservoir.

Focusing was performed at a constant current of 2.5 mA per tube
until the voltage reached 250 V, whereupon the voltage was allowed to

remain constant and the current was allowed to decrease. Total time

of focusing was 16 h at 4°C.

After focusing, gels were removed from the tubes by syringe-forced
water extraction and either stained for protein in a frich]oroacetic
acid-methanol-acetic acid sclution (10% : 20% ; 7% : 0.01% Coomassie

blue) or sliced into 2 mm sections for assay of RDP activity or pH

~ measurement.

The 2 mm sections of the gel (vol. 40 y1) were each incubated in
100 ul of ;tandard reaction mixture for 3 h at 37°C. A]iquots
(60 u1) of each assay mix were then added to 10% trichloroacetic acid
so]utions‘and the precipitable radioactivity measured as for the usual
assay.

Determination of the pH profile'wasvdone after overnight incubation

- of each slice in 0.2 m] of distilled H20 at room temperature.

 Isolation of Polymerase Stimulator on DNA-cellulose. Binding protein

activity was isolated by a similar method to that employed by Alberts
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11. The virus preparation (12 mg in 10 ml of VDB) was made

et al.

1.7 M NaCl and 10% polyethylene glycol (6-7000 Mr) by addition of»30%.

polyethylene glycol in VDB. After mixing, the so]htion was allowed |

to stand_for 30 ﬁin before centrifugation. - The supernate was dia1yzed

against Buffer A overnight to reduce the salt and glyco]lbefore_applying

it to a 2 m) single-stranded DNA-cellulose column (P-L Biochemicals).
The column was washed successively with 5 ml of 0.2 M KCl1, 5 ml

of 0.5 M KC! and 5 ml of 2 M KC1 in Buffer A. The fractions eluting

at the different sa]t.concentrations were dialyzed in Bfoer A to remove

the salt. o

Protein Kinase Aséay. Phosphorylation of substrate prdtein by

an endogeneous brotein kinase present in the crude virus preparation

was done as described by Lee 53_31.1. Protein kinase activity was measured
for 15 min at 37°C in crude virusvpreparation with and without added

Hy histone (0.2 mg/ml, Sigma Chemical Co., St. Louis MO). The total
‘reaction mixture (1.0 m1) contained 50 mM sodium glycerol phosphate

(pH 7.0), 5 mM NaF, 10 mM MgC]z, 5 mM 2-mercaptoethanol, 2 mM theophy]]fne
and 2.4 \M [y-S2P]ATP (9.26 Ci/mmole). Aliquots of fractions from glycerol
density gradient isoelectric focusing (20 ul) were assayed by the above
prdcedure for 30 min at 37°C. Precipitable radicactivity was collected
~on Mi]lipére filters after the feaction was terminated by the addition

of 10% trichoroacetic acid. Afterkphosphory]ation of endogenous protein
by the above procedure without H] histone, a 0;2 ml sample was po]ymerizedl
in a 2 m1 gel and focused as usual. The gel was extracted from the

tube, sliced into 2 mm sections and the 32

P was counted in a toluene
based liquid scintillation fluid.

Estimation of Protein. Estimations of purity were made by ge]

focusing and determining relative amounts of protein(by Coomassie blue
staining procedures. The 1imits_of detectability of stained bands .

visually after focusing were approximately 0.5 ug of protein in a focused band®.
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Since the amount of virus used as starting material was smai],
conventional method§ of protéin estimation cou{d not be made and the
amounts of enzyme present in fhe_purified extracts could not be accurately
‘determined. Con;idering a proteih of 70,000 daltons is responsible for
catalysis and using estimates of activities for the purified enzyme

7,15,18 for the standard conditions for the

obtéined by other workers
. (r-A)n-(dT)lz_18 assay, the amount of protein responsible for this activity
can be estimated. Estimates indicate that 2.2 ug/ml of.enzyme was present
ih the G-100 Sephadex preparat%on assuming a pure enzyme. ther workers
have shown that the enzyme was greater than 90% pure after the phospho-
cellulose stage15 and it is assumed that even gréater purification was
achieved affer G-100 Sephadex (See Table 1).

" The effects of stimulators and the appearance of particular modifiers
including the acid focusing activity were variable from one preparation
to dnother. It shou]d be noted that the variationékof experimental

results experienced from repeated runs were similar to those encountered

by other investigators.

Results

chusing of Purified Enzyme and Detection of Template-Specific

Focusing Activity. After purification of DNA polymerase from murine

leukemia virus by DEAE-cellulose, phospho-cellulose, po]y rC-agarose
and Sephadex G-100 chromatography, a considerab]e loss of
(rC)ﬁ~(dG)lé_18 template activity relative to (rA)n—(dT)lz_18 was observed
(Table 1). In some cases (rC)n-(dG)lz_18 activity relative to
'(rA)n-(dT)lz_la decreased from an original.value of 0.2 down to 0.05.

The loss,of template activity for (rC)n-(dG)iZ_ls, the template _

regarded as descriptive for'DNA polymerase of viral origin, has led

us to investigate what factors may be affécting the activity of the -
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enzymg in the crude and the purified state. The known complex interaction
of nucleic acids, protein kinases and phosphatases, and the recently

described DNAVbinding proteins has prompted us to consider their effect
1,5,13 '

on enzyme activity Other workers haye éxperienced variations'
during purification and have suggested that soluble fractions obtained
during purification which did not contain the enzyme wére capable of
stimﬁ]ating the po]ymerasea. In addition most reports had neg]ected :
to include a rigorous analysis of (EC)nQ(dG)lz_18 activity of the purified
enzyme and may have over looked the diminishea transcribing ability of

the pure enzyme for this template.
| lFigure 1 shows the glycerol density gradient isoelectric focusing
profile of crude detergent disruptea RLV. DNA po]ymerase activity focused
at several pHs with the main peaks of ‘activity at pH 5.5 and 6.6. Unexpeéted]y,
additional peaks of activity that were expressed with only
(rC)h-(dG)lz_ls.occurred in the acid region of the gradient. Similar
results were obtained by subjecting the enzyme to focusing after purification
through the poly rC-agafose'chfomatography‘step (Fig. 2). The results
presented are for Mo-MSV(MLV) as the enzyme source but are essentially
the same as for RLV. Focusing'aftér purification reflected the reduced
(rc)n’(dG)12-18 activity of the purified enzyme, as is evidenced by the'
decreased'rC/rA ratio. Polyacrylamide gel isoelectric foéusing offered
better resolution than glycerol density focusing and an almost comp]ete
separation of the major peaks Was achiéved (Fig. 3). The acid focusing
activity elicited with only (lr'C)n-(dG)lz_18 was very labile and variable
from different preparations but_was expressed in varying amounts
in 19 out of'24 trials on gels. The total activity in the acid region
ranged. from amounts barely detectable over background to in some

cases almost all the (rC)n-'(dG)lz_18 directed activity observed23. The
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reason for this variability is not clear but the variability was
also seen in 12 out of 18 trials in density gradients. E..coli and
M. lEESEE DNA polymerase ! produced onJy.single,'sharp peaks of activity

and no activity was produced in the extreme acid region with the above gel

focUsing techniques. Other methods and experiments also showed the

_curious (rC—)n-(dG)lz_l8 specific template activity (see below and

Fig. 7).

~ Protein Kinase Effect on DNA Polymerase.: Since the variability

of expression. of the acid focusing activity and the diffefences in
the main peaks might be a result of the action of phosphatases and
protein kinases*present’in the viru5'preparation1’12, endogenous

protein kinase activity and the endogenous products of the kinase

reaction were examined by'the focusing techniques. Using H] histone

as a receptor and EY32P]ATP as substrate, we found fhat protein kinase
activity was present in our extracts and focuéed on g]ycerbl density
gradients mostly at pH 5.8 (Fig. 4). The brodugt of the kinase reaction
when endogenous material acted as receptor focused predominately at pH 5.5

32

with some P detectable at pH 6.6 (Fig. 5). The endogenous kinase

in crude extracts incorporated 10 pmoles of phosphate per mg of

. protein in 20 min at 37°C. Since this would amount to approximately

21,000 dpm of phosphorylated products present in the 0.2 ml sample
of crude extract that was put on gel focusing and the amount of radioactivity
detected in the pH 5.5 and 6.6 peaks did not reflect this amount, |
it is péssible thatrthe phosporylated species were.largély eliminated

by a.phosphataSe known to be present in crude extracts.! lternatively,
the major phosphate receptor might be the acid focusing species'detected
in the gel slice assay for DNA polymerase activity (Fig. 3). However,
this species probably could not be detected over the high background

of radioactivity due to the unreacted [32p] _ATP that migrated to the
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acid region. Attempts to remove the ATP and phosphatase before
ana]ysis have so far been successful. Further analysis of more purified
preparations and,_in particular, the pH 5.5 and;6.6 peak;lhas bgen.
hampered by small amounts of starting material and limited stability
of the activities. )

Protein kinase was Iargely‘removed from the enzyme preparation
after phospho-cellulose since the majority of the kinase activity
was found in the phospho-cellulose flow throu,gh.' Addition of the
phéspho—ce]]u]ose flcew through extracts back to purified DNA bd]y-
merase resulted -in the stimu]atioﬁ.of the (rC)n-(dG)lz_18 activity
(Table II). After subjecting phospho-cellulose flow thfough extracts
to g]ycéro] density focusing, additions of fractions to purified
enzyme showed that a major fractfon of stimulator focused at pH 5.6.
This 6brresponded closely with the protein kinase focusing position
(Figf 4).' In addition, another stimuiator species was present in
the acid region that acted only on (rc)n'(dG)lé-18 template activity
(data not shown). |

Since DNA synthesis activity of crude extracté was stimulated
by ATP whiie purified enzyme was not (Table III), it was desirable
to see what effect‘ATP produced on the focusing brofi]e of preparations
that contained the protein kinase, the kinase receptor and the DNA
polymerase. Therefore, crude virus preparations were treated with
cold ATP for the endogenous kinase reaction as described in Materials
and Methods and subjected to gel focusing. An increése in the amount
of enzyme activity that focused at pH 5.5 in the ATP treated sample
occurred with a concoomitant reduction in the neutral _pH region

(Fig. 6). E. coli éika]ine phosphatase treatment of the preparation

resulted in an increase in the activity in the neutral region accompanied
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by a decrease in actfvity at pH 5.5 suggesting’that the usual profile
of the enzyme consists of a mixture of partially phosphorylated

species.

- It is uncertain whether the DNA polymerase itself or another
associated protein that interacts with the enzyme. and regulates
enzyme activity is phosphory]atedl. It has been shown above that
phosphofylated proteihs focused at pH 5.5 and 6.6 in gel focusing.
Tthé‘coincide with the enzyhe.activity peaks, and is an indjcation
that the enzyme might'be the phosphate receptor and the multiple
peaks are the result of different states of phosphorylation of the
enzyme.' However, add1tiona1 experiments Suggest that avprbtein.in
intimate assoéiation with fhe enzyme may be thé receptor and that
the refative amounts. of binaing of this protein wfth the enzyme are
resbonsib]e for the different focusing pofnts of the activity.

" Detection of DNA Binding Protein in Virus Preparations. - Disrupted

‘virus extract was subjected to high NaCl concentrations and po]yethy]ene’
glycol treatment (to disrupt complex interactiﬁns) before chfomatography
on a single-stranded DNA-ce]iulose column. Most of the enzyme was
eluted from the column at 0.5 M KC1 or less. However, a fréction

that eluted from the column with high salt (2 M KC1) stimulated purified
DNA polymerasé slightly after the 2M KC1 eluate was dialyzed

(Table ITI). Although high degrees of stimulation were never achieyed

by addition of this pkeparation to purified enzyme, this factor was
reminiscient of the DNA binding or unwinding proteinll. The stimula-
tion could not bé'exp]ained by other well-known effects such as salt,

divalent metal ion or detergént effects10’24;, The stimulation was

non-specific in that it inc}eased synthesis with all the templates
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- tested and the 2M KC1 eluate stimulator was not stable to storage.

32P in the protein kinase

Thé 2M KC1 eluate served as a receptor for
assay since 0.86 pmoles of phosphate were inédrporated into acid
precipitable material in 20 min/ml of 2M KC1 é]uate with the protein

kinase assay described in Materials and Methods. The protein concentration
in the 2M KC1 eluate was extremely low, much less than 2.5 ug/5 ml

/,

of eluate according to gel focusing and subsequent staining procedures

32P'assay above.

and around 10 ng/ml as determined by the
'Considering the limited complexity of the virus and since the
only detectab1e phosphorylated Tow molecular weight polypeptide from

murine 1eukem1a virus has been shown to be the pl2 protein (Mr 12 OOO)20

which Sen et al. have described as having RNA binding propertieslg,
our jsolated 2M KC1 eluate from DNA-cellulose is most likely a similar
species. Also, in referring to the possibility of the enzyme being
the phosphorylated species instead of the biﬁding'protein,vthe amount
.of DNA po]ymerase.present in this virus is small and a phosphecrylated
ponmerése would be difficult to detect with even the mdst sensitive |
labeling technfques. Therefore, a phosphory]ated DNA polymerase

probably would not have been detected by Pal et 31.20

using his methods
and this §ame conclusion can bg draQn'concerning our work since e§en
less starting material was used. A dgtectab]e phosphory]atgd species
- therefore probably is not the polymerase but is a species that most
likely exists in Higher proportional amounts thanbthe enzyme such
as the pl2 protein. _It has not beén possible yet to directly compare
phosphorylated species from the 2M KC1 eluate with the pH 5.5 and
6.6 peaks seen in phosphorylation experiments.of crude exffacts (Fig.
5); _

The 1interaction of the binding proteins with enzyme and nucleic

acids in other systems is a strong and specific one and would most
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likély withstand the strong electrophoretic separation effects of iso-
electric focusing. »The existence of a binding protein therefore is the
most likely explanation for both the ATP dependent stimulation of DNA
polymerase activity and the cause of the heterbgeneity of enzyme activity
observed in. isoelectric focusing. '

An fnteraction of viral RNA with the.po]ymerase must also be Conéfaeréd
since tritiated uridine that was incorporated into viral RNA de novo
by the method of Fan et 51.17 was detected at pH 5.5 Whenvcrude labeled
viru; was density focused. Other labeled peaks oﬁcurred.in the more
acid region where one would expect uﬁcomp]exed RNA to focus (data not
shown).

Other Exper1ments Ind1cat1ng the Ex1stence of Temp]ate speC1f1c

Act1v1ty After treating the crude virus extract with R1bonuc]ease

A and Tl'and then'performing gel isoelectric focusing, the '
(rC)n-(dG)lz_lg activity profiTe of tﬁe treated sample increased compared
to the control. The ribonuclease treated sample also produced more acid
focusing-activity specific for (rC)n'(dG)IZfIB' The (r‘l\)n-'(dT)lz_]8
activity profile was almost unchanged compared to the control (manuscript

in press)23. This result cou]d be explained by assuming that a complex

of RNA, binding protein, andMJNA polymerase was degraded by the ribonuclease
and the liberated binding protein including ones specific for
(rC)n-(dG)12_18'were made avai]éb]é'for the exogeneousiy added template
. after focusing. | |

Other experiments not related to focusing techniques also produced
the template specific activity. As observed severa1 times during Sephadex
G-100 chromatography runs, a low molecular weight speéies expressed |
small amounts of only (kc)n-(qe)lz_18 activity (Fig. 7). When this

fraction was added back to the main peak of activity that eluted close
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| to the void volume, only the (rC)n-(dG)lz_18 activity was enhanced (Table
III).- Experiments‘are in progress to determine if the low molecular
weight species from G-100 Sephadex and the acid focusing activity, both
of which are specific for only (rC)n-(dG)lz_18 syhthesis, have some |
properties in common and if they contain a class of pl2 binding proteins‘
that regulate a specific function for DNA synthesis. Characteristics
common to both phenomena were that the activity was low, unstable and
éXiStedfin vafying amounts from one preparation to»the other.

The importance of such a factor is emphasized by the fact that
viral DNA polymerase utilfze (rC)n-(dG)lz_18 as temblate characteristi-
cally and that rC-rich regions have been proposed for specific initiation
sites for other DNA polymerases from bacterial systemsls; The Toss
of this factor during purification may be the explanation for the
decreased (rC)n—(dG)lz_l8 activity in purified samples and perhaps
for the inability of the purified enzyme to utilize its own 70S RNA

efficiency as template to 'support the endogenous reaction4’18.

Discussion:

~ According to the results presented above from isoelectric focusing
experiments; the vira] DNA po]ymerase.from murine tumor viruses interacts
with other yiral éompbnents which cause‘a change in its electrophoretic
behavior and the specificity of the template-directed DNA synthesis. |
The results suggest tHat a complex interaction hight exist in vivo
which is necessary.for.fu]] expression of enzyme activity and perhaps
for the»abilitx of the enzyme to copy endogenous viral RNA. This
selectivity might provide a species specific methdd of expressing
virus function. The exact mechanism of initiation of copying viral

sequences is unknown but the }evelatiOn of a template-specific synthesis

as evidenced by the unique (rC) -(dG);, ;4 directed synthesis implies
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thaf a specific site for tumor virus initiation Qf.reﬁ]ication might
ekist. 'Thié ihcreases_the probabifity'that a specific inhibitor
‘Cbuld be found to interfere with the,initia]vStages of viral rép]ication.

" Since this template-specific function wés associated with the
enzyme throughout the purification (albeit in lesser amounts in the
. finalIStages of purification as evidenced by the reduced'ability
of the enzyme to copy (rc)n'(dG)IZ-IB)’ it is assumed that a stable,
undissociated enzyme complex is necessary for optimal activity and
'that't@e comp lex cén be dissociated by dilution or by'remova] of
stabilizing proteins. “The initial concentration of factors present
or the state of activation of the>modifiers may.be responsible for
the variability observed in different preparations of starting material.
These factors could be either of cellular or viral origin13 and include.
~cellular transfef.RNAzz. Isoelectric focusing also showed that the
protein kinase activity might be intimately attached to the enzyme
since the kinase actfvity coincided with thg polymerase activity.

| "The  stimulation observed can be sumﬁaﬁzed into two categories:
a) avgenera] stimulator that was found in phospho-cellulose flow
through (focused at pH 5n5), that was present in .the 2M KC1 eluate
from DNA-cellulose, and that was activated by the addition of ATP
to crude extracts; and b) an (rC) -(d6);, 14 specific stimulator
that was detected in the acid focused fractions after gel focusing
of crude extracts and whose effect was enhanced’by ribonuclease treat-
mént, was detected in the phoépho-cel]uiose flow through as én acid
focused spécies; andeés still associated with enzyme after rC-agarose
 since it was detected as a low molecular weight species after the'
‘GQIOO Sephadex step. Since two kinds of'étimu]ation were observed,

1.19

the proposal of Sen et for the existence of at least two sub-
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_populations of pl2 binding protefns would be an attractive hypothesis. .
In our system, maximum stimulatioh was achieved When ATP, protein
kinase from phospho-cellulose flow through:and the 2M KC1 eluate
were added to the purified enzyme. Optimal éctivity was produced -
for (rC), -(dG);,_ ;4 when fraction 33 from G-100 Sephadex was added
to the above mixture. |

Even though the catalytic function of the enzyme is carried
out by a polypeptide of 70,000 da]tqns, an integratéd replication
‘comp lex éonsisting of the ancillary proteins for binding to the
témp]ate-primer, the kinase that regulates the specific activity
of the enzymé, and perhaps other factors not yet known is necesgary:for
thimal enzyme activity4. Thgsé.factoné can conceivably determine the specifi-
city of the reaction4. It was therefore necessary to look at the
behav or of the enzyme more ciose]y in the crude, unpurified state.
The evidence presented sﬁggests that ohe of the major virus constituents,
_the pl2 phosphoprotein, is reéponsible for modifying the énzyme activity.
This promotes the idea that other virus constituents, which previously
were thought to have only a structural function, may yet turn out
to have important regulatory functions in the fep]ication comp lex.

Thé intriguing result of the isoelectric focusing profilé is
fthe apéearance of enzyme activity'that uti]ﬁied only (rC)n-(dG)lz_lg.
This raises the possibility that an rC-specific initiatién sife exists.
It has been reported that a rC-rich region forming a hairpin double-
stranded loop is synthesized and used as a primer for DNA synthesis

16 1f the ability of viral DNA

initiatioﬁ in some bacterial system
po]ymefase to copy (rC)n-(dG)12_18 while other cellular DNA polymerases
cannot readily copy this template is an indication of the existence
~of a specific recoghition signal for initiation of DNA synthesis

by viral DNA polymerase, a site wou]d be available for directing:



. =17-

1nhibitor; for regulating viral replication in mammalian systems.

In analyzing and interprefing our data for the viral DNA
po]ymerase'and the template-specific activjty, weehave drawn largely
on the considerable informatioh accumu lated for becteria] DNA'polymeraSeS
and the large number of factors found in those DNA replicatijon systems,
tncludinglbinding protein fractions, specific initiation sites and other
factors needed during fep]ication. Since we were unabTe to work with
sﬁfficient quantities of material to cérry out the depth 6f research
that bacterial DNA polymeraee has suggested is needed, we are using the
inferences gained from our research ane information about othef systems
to develop-methods of inhibition and regulation of virus function.

One of the approaches is to look for an inhibitor of initiation of viral
replicétion mdch like the rffampicih inhibition of E. coli RNA polymerase.
It is hoped that in the future the reason for the variability Qf

the acid}focusing activity and its function might be more completely
understood aﬁd provide a specific handle for the control of vires replicat-
~ don. This might allow a specific ihhibition of viral DNA polymerase

without inhibition of normal cellular DNA replication.
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DEAE-cell
Phospho-cell
rC-agarose

G-100
Sephadex

density
isoelectric
focus
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Table I Purification of Viral DNA Polymerase

vol(ml)
20

15

0.4

pmo le dXMP(l)

rA

720

830

1040

318

268

rC

190

480

520

48

33

Toﬁal enzyme

rA. rC |

114400 3800
12500» 7200
8320

4160

5120(2) 760(2)

2080(2) 330(2)

115

100

66

% recovery(z) rC/rA
" rA .

rc
53 0526;“%"
100 0.59
57 0.5
105 0.167
4.2 0.1

1 Enzyme activity expressed as pmoles 3H-dXMP polymerized/10 ul/hat 37°¢..

The template-primers used for assay are (rA)n-(dT)lz_18 and

(rC)n-(dG)lz_lé desigrated respectively, rA and rC.

2'Percent recovery expressed as the total amount of enzyme recovered

in pooled peak fractions, assuming that all the recoverable enzyme

was used for the following step. The purification procedure used was

described in Materials and Methods. The protein concentrations of the

fractions are as follows: 2 mg/ml before applying 10 ml to DEAE;CG!!U]0$6,

approximately 5 ug/ml after rCﬂgarosew This represents at least. a

720-fold purification through poly rC- agarose step.

After G-100

Sephadex,- the protein concentration was undetectable by conventional

means and the limited quantities of material prec luded accurate

determinations of purity.
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Table II Stimulation of Purified DNA Polymerase by Phospho-cellulose

Flow Through Extracts

cmp dXMP incorpOréted using:- - -

(rA)-(dT)yp 18 (rC),-(d6)y5 18
6-100 Sephadex purified enzyme!!) gs,182 . 5,087
P-cell flow throuch extract(z) 58,712 9,081

Both of the above reacted together 102,584 29,529

1The G-100 Sephadex preparation was obtained after purification

of enzyme using the purification procedure outlined in Materials
and Methods. The enzyme was purified from the main peak of material

that was bound to the phospho-cellulose.

2The phospho-cellulose flow through contained some residual -
DNA polymerase as a result of overloading but represented only-a

small fraction (5%) of the total polymerasé put on the column.
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Table III Stimulation of DNA Polymerase Activity in Crude and Pdrified

Enzyme  Preparation

Purified enzyme(z)
3 i

_ » Crude Enzyme(])
Additions pmoles of 3H-dXMP incorporated pmoles of “H-dXMP incorporated
' with ' with

(FA),=(dT) 5 qg  (rC)=(d6) 15 g (rA)-(dT) 15 15 (rC)-(dG)yp 1g -

none 196 55 180 - 34
ZM KC1 eluate : ' . |
DNA-cellulose - 196 55 - - 232 44
G-100 fract 33 o196 f 55 - 172 52
2M KC1 eluate and o - |
6-100 fract 33 196 55 214 52
ATP 240 83 180 34
ATP and 2M KC1 244 90 S 230 a5
eluate

1The crude preparation was detergent disrupted and dialyzed Mo-MSV(MLV).
2The purified preparation was obtained after the purification scheme oUt]ined in
Materials and Methods was followed through the poly fC-agarose step. Subse-
quent purification through Sephadex G—lOO produced fraction 33 which when added
to the main peak of enzyme from G-100 (fraction 22, see Fig. 7) or po]y
rC-agarose purified enzyme produced simi]ar.resuits. Enzyme activity is
expressed as pmoles of acid precipitable radicactivity. Additions were 10 yl
of the dialyzed 2M KC] eluate from the DNA-cellulose chromatography of 10 ml
of detergent disrupted and.po]yethy]enevg]ycol treated crude Mo-MSV(MLV) as |
described in Materié]s and Methods; lu-p] of frac{ion 33 of G-100 Sephadex
chromatographed enzyme; and 10 gl of 0.2 mM ATP to complete the reaction mix
(0.1 ml). Adjustments were made to account for the small amounts of DNA
polymerase activity present in the 2M KC1 eluate and fraction 33 samples. Crude

enzyme protein concentration was determined to be 0.60 mg/ml. Poly rC-agarose

protein concentration was estimated to be 5 ug/ml by staining procedures after

s
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gel focusing. The protein concentration of the 2M KC1 eluate was estimated

to be bé]ow 0.5 ug/ml by the same method.



24~

Figure Legends

Figure 1.

Figure 2.

Figure 3.

Glycerol'density gradient isoeieetricefocusing of dielyied
detergent disrupted RLV. Focuéing was performed with

a 0.5 ml Samp]e applied in a 5 ml gradient according

to the pfocedure outlined in Materials and Methods;

After'focusinngo ul aliquots of each 125 ul fraction

were assayed as usua]'for (rA)nT(dT)12-18 (0----0)

and (rc)n'(dG)12-18 (@—me-8) template activity. An acid
focusing material that expressed DNA qpolymerase activity
with only (rC)n-(dG)lz;18 was repeatedly seen in the acid
region of the gradient to various extents in 12 out of

18 attempts.

Glycerol density gradient focdsing of purified Mo—MSV(MLV)
after rC-agarose chromatography. Conditions were,the same
as for Fig. 1 except that 2.5 ml of the peak.fraction from
rC;égardse were'added to the 5 ml gradient. The assay

conditions and symbols used were the same as for Fig. 1.

Polyacrylamide gel isoelectric focusing of Mo- MSV(MLV)
obtained after phospho-cellulose chromatography. A
dialyzed 0.2 ml sample was added to the 2 ml gel solution
before po]ymerizafion{ Focusing was performed according
to the procedpre in Materials and Methods. The symbols for
enzyme activity are the same as for Fig. 1. The pH

gradient is shown by the thin line and the characteristic

(rC)n-(dG)lz_lg peak in the acid region is shown at
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thé lower left hand corner. It should be ndted'that
the acid focuging.activity was.extremelymvahiab]e and was
notvexbressedvin él]‘the'exper{ﬁents...The amount of acid
- focusing activity detected ranged from 90% of all the
(r€)-(d6);, g activity seen to.amounts fhat were barely
detectable above backgroupd. However, in 24 experiments on

gels the acid peak was detected 19 times in varying degrees.

Figure 4. Protein kinase activity profile after glycerol density
focusing of dialized crude Mo—MSV(MLv)i After _

" focusing 0.5 ml of crude Mo-MSV(MLV), aliquots (20 ul) were
.assiyéd‘for'protein kinasé_activity as described in Materials
and Methods with Hy histone as substrate. The major peak of
kinase activity focused at pH 5.8 while a.small'peak of .
activity appeared in the neutral'regioh.

Figure 5. The gel focusing profile of the 32

P labelled products
of the endogenous viral protein kinase present "in crude
Mo-MSV(MLV). Crude dialyzed virus was incubated
with [732P] ATP as described in Materials and Methods
without added Hl histone. After incubatioq)aliquots
of the reaction mix (0.1 ml, Bwem=®d, and 0.2 ml, 0----0)
were added to gel solution and focused a$ usual.

After focusing and'slicing intb 2 mm sections,

"thr slices were put into toluene based liquid

scintf]lation solution and counted. The unreacted

[ P]ATP was not removed from the preparation before

vfocusing'and therefore the ATP migrated to the extreme



Figure 6.

Figure 7.
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acid region of the pH gradient which accountéd for
the large amduﬁts'qf radioactivity in the gel length
up to'about 30 mm. The pH préfife‘ié represented
by the thin solid line. Thérpfoducts of the kinase
re%ction focused at pH 5.5 and 6;6.

Gel.fbcusing of crude, dialyzed disrupted Mo-MSV(MLV)

“after incubation with ATP or E. coli alkaline phos-

phatase. For ATP preincubation (0----0), 0.2 m)

of virus extract in virus disruption buffer was

~ heated to 37°C for 15 min in the presence of

0.2 mM ATP. For phosphatase reaction (#—§),

0.2 ml reaction mixture contained 45 ug phosphatase
(Sigma), and 5 mM MgCl,. The samples were then run
in identical fashion as described in Materials and
Methods. Enzyme activity was measured with
(rA)n-(dT)lz_ls; The stippled area (pH 5.5 peak)
represents activity enhanced by ATP treatment. The
area represented by the horizontal bars (pH’7.5) is -
activity enhanced by the phosphatase treatment.

f

Sephadex G-100 chromatography of Mo-MSV(MLV) polymerase

after poly rC-agarose. Enzyme activity was measured

(0~—0). Fraction 33 exhibited activity with only
(’C)n‘(dG)12-18 but not with other templates. When

aliquots of tube 33 were added to the main éctivity
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peak, the (r'C)n-(dG)lz_18 activity was stimulated specifiéally.
Again the (rC) -(d6);, 14 activjty expressed fnvtube 33 |
was variable but was seen in 5 out of 7 runs with

enzyme in various_stages of purity. The activity in

tube 33 was very unstable and‘was not amenabfe to

further characterization{_
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