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“The inner nature of science within the scientist is both
emotional and intelfectual. ~The émotiomal element must not
be overlooked, forwithout it there is no sound research on
however odd and dull-seeming a subjéct. As is true of all
of us; an, emotion shapes and- forns the scientdst's life; at
the same time an-intellectual discipline molds his thinking,
Stamping him with a character as a seaman's although much
less widely understood." * )

"La natura interna daZZa $c1_enza in uno scienziato contiene
sia 1", che. 1'intell L' non st devoho * ¢
sovraguardare, perché senza d1. esso non c'é nessuna ricerca
effettiva pu qualunque soggetto, strano o noioso ch’esso
possa sembrave. Un'emozione fmvmz ¢ madella la vita di
thtti,noi e fa la co! r lo ; allo

. stesso tempo, 1d disciplina mtebicstmate oottt o
pensieri marcandolo con un carattere da mannm_o, .pero. com~
ipresso molto di meno. 4%

* Prop "Scientists Are Lohely Men" by Oliver La Farge in
A Treasury of Science”, ed. by H. Shapley, S. Rappdrt, and
. Wn_gm:, p- 21, Harper and Row, New York, 1963.

% The author wishes to express his sincerest gzautude tb T
' Miss Pompea ‘Maiolo for.providing-the Italian cranslaudqv
to the above passage.

.’\
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' ABSTRACT i
. “ W N ,‘. °

R i RNA-deperident DNA

lymerase (FD-DP) has been detectéd in all rat

4 ¥ adea einiued; dnd e pertisl Parifisatlon sod! lisragtariation cereied
* : out. The relative distribution per unit weight of tissue in order of
2 decreasxng amount of activity'is as ‘followsi ‘thyms, spleen, brain, liver,
kidney , testis, heart, plasma, and red blood cells. The a::tivity' ir; crude .

was found to'an te sensitive to RNase.

. After partial or camplete eimmatmn of “the endogenous tmnplate, this
enzyme was found to respond to externally added templates such as yeast
Lo 1654235z £ron £. coli and QBRNA. The rRNA and QBRNA were more
effxc).ent tEﬂplateS than yeast RNA. RNase .trear.mex;t prior to fraction-
ation was found to abolish a portion of the endogenous tehplate without
L bgreei'nq the enzyme from the high molecular weiqht;'(uw) compléx.. Pro-
longed Riase ‘treathent was found to shift 30-80% of the RO-0F act.ivity.t‘o‘
o Lowat M £410T 6n k) GAL Lltra e L6H POLIS, FASALENG 15 & sapurstion.
Pf the activity from thi X of the D¥A-dependent and endogerious; DNA
polymerase activifies. The characteristics of the low M To-pe “aifter
SN __substantially from those Of the DNA-dependent. miA polymerase, Mn'' yrévea

to be twice as efficient as Mg'' for the RNA—dependent acc—_mty with an

b
optimun concentration one-fifth that of g™, whereas the DNA-dependent

" polymerase preferred Mg'' to Mn't. A MW of approximately 120,000 has been
= estimated for-the RD-DP eluting in the lower M region. The.activity, . -

_versus emyme concentxation curve ‘for the Xp-Dp was sigmoidal, 'and that

 for the Dﬂﬂ—de;:erd_ent DNA polyméfase linear, in the concentration e

. examined. The effect of the rifamycin derivatives on the RD-DP paralleled



their effect on the, RD-DP fxom RNA cm:ogenm viruses reported -in_ ‘the

literature. An interésting ubservacmn was the’ effect of N-ethylmale:unide
and o<chloromercurxbenzoate, the FDDP was relatively unaffected compared

to——&l\sz!nh_\_bicion effect on the BNA-dependent activity. Some of the later,

exp revealed a de ent enzyme eluting in the same region as ,

the low MW RD-BP. - As to whether.these two activities originate from the

same or different ‘enzymes remaing to be determined. ' . . !
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LITERATURE-REVIEW -
" ” TR
- A. RN, DNA P FROM RNA VIRUSZ';‘S:
(1) Indirect Evidence for an'RNA: DNA

' " The quest for an enzyme capable of synthesfzing DNA on an RVA.
- template was perhaps the outcome Of an attempt to explain how an
RNA tumor virus could-possibly produce a st;ame genetic trait
(that is the malignant transformation) thaf’could.be transmitted
linearly from cell to cell. Due to a numl;er of ‘observations it
was suggested (1) :that this Linei;r transmigsion occurred via a
P _DNA provirus, representative of the viral inﬁ;matiun,‘ that
l;ecamenil;tegz:aced with the host chromosome. The early e¥idence,
‘was largely indirect and based on the following observations.

(i) The antibiotic actinomycin D inh:

the synthesis of
‘RNA made on a‘nmi templdte, but not the synthesis of RNA
made on an ‘RNA template (la). However, u‘pon adding the

. antibiotic to cell, cultures infected by RNA viruses, it
was found that all- RNA ‘synthesis was inhibited,

*

Pe suggesting that the virus might replicate, through a DNA

internediate (1, 207N ! )

(417 Experingats using statiohary cells exposed to Rous sarcona
virds (RSV) in.the é!eseunce of. inhibitors’ of'DN)\"synthesli-s ‘
sagested that infection of cells by RSV requires the
synthesis of DNA different from that synthesized in the.

¥ s-phase of the cell cycle (3, 6). °
¥ : !




(ui) Cells r_ransfomea by -RSV con:am new"DNA, which™ hybndizes with
viral RNA, while untransformed cells do not (5).
The DNA complementary to the viral RNA came to be known as the
provirue and is an essential feature of the provirus hype:h;sis formu-
"lated by. Temin (4) (see Scheme I). However, the evidence for this ’
hypothesis was indirect and it was ot widely ac'capned until more direct "
e e VALTANTE, In agdition, such an information transfer
(£rom RNA to DNA) demanded the existence of an enzyme capable of synf.he—
sizing DNA on an RNA tamplate, which was believed by many molecular
biologists to violate the Central, Dogma of molecular.biology proposed '
~

by Crick in.1958 (7)..

#(2) Direct Evidence for an RNA-dependent DNA Polymerase = . -

1£ stationary cells are exposed to RSV in the presence of inhibitors
Of protein synthesis), the cells still become malignant, suggesting that
the enzyme necessary for the synthesis of DNA frot;\’an RNA témplaté was *
already in existence (Mizutani, as communicated by Temin in ref. 8).
- Consequently, a search was initiated to £ind such an activity, and'in °
1970, Temin and Mizutani (9), and Baltimore (10) reported such’ an enzyme
i virions of RSV (9, 10) as well as in Rauscher mouse: lpukenia virus
" (R-NLV) (10). These finr.;ings weré inmediately confirmed by others (i1,
12) who in addition found the agtivity to be present in the mammary
o vizhs' (TV) GEilos (1), and 1 six QiEféent IR oncogenic
viruses (12). 8

3 Method of Assay for the RNA-deEndent DN Polymerase

“an essential. first step in making RNA-dependent .DNA polymerase

<



| ' Transformm
s bmad | }Provuus—-ﬂ—- g

, Protem
I i T NEW
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sccessibile for assay 15 to distrupt the viral core through the usé 6f

1% Levelsof mnienic its (12).  Such ‘markedly in-
crease the level of activity; however, the acceptable rénge of deter-
gent concentration is very narrow, since high concentrations (>0.2%)
inhibit the activity. Assays have been Qirected tovards measuring
both* the endoqenous tmplatep zeacuon that was sdnsxtive to RNase A
and ar exogencus templated reaction utilizing an added RNA template.,

Both hatural and synthetic polyribonucleotides have been used to direct

i ~ .
, the synthesis of ¥ DNA; the synthetic.templates, however,
are less specific in distinguishing viral and sellilay polyaecasss hon

are the natural ones. Vaziuus criteria need to be met befo!e a DNA

can be as (13,733) (§) if the
activity is endogenous, it Qust be sensitive to Riase, (ii) the enzyme
__ must require all four dmy::hdmclmida; for optimum activity (to. - )
eliminate the possibility of terminal-addition); (iii) the prodict mist
be -shovn to be DNA, .(iv) the product lll;t be shown _to be complementary ’

to the RNA and (v)the activity banding at a

demsity characteristic of the virus, should be'dependent on detergent
°  trea€ment.

(4) Distribution of Viral RNA-dependent DNA polymerase .
9 ., An up-to-date list of all the RNA viru:

containing RD-DP activity
may be found in the review article by Gallo (13). The activity is,
present in 33 out of 40 RNA viruses, 31 of which are thought to be onco-

genic. In addition, the activity was also found in the Visna virus

which was previouly d'to be' ic, but et



and Stone (14) have found that this virus'could\transform cultyred

r .- mouse cells, hence extending the list of oncogenic viruses. At

present the only ic virus containjng RD-DP activity is the

Simian foamy virus. In addition, RD-DP Fas been ‘found in hoth "type B"
: i . s
. particles from human breast cancer (15) and "typé C' partidles of human

origin, suggesting a relationship between RNA viruses and

n cancers
[ (16). Furthermore, Spiegelman et al. (17) have found,the actiVity in a
8 series of h)‘m leukaenic cells. Its distribution in all RNA ondggenic

viruses examined to date and in some malignant cells, has led to RD-)

being used as a marker for determining oncogenicity.

RNA-dependent DNA polymerase has been extensively purified from 1

avian myeloblastdsis virus (aMV) (18, 19), from Rauscher murine leukaemia'*
- virus (MuLv) (20, 21), RD-144 cells (20), Schmidt-Ruppin strain of RSV

. «(22), and from human acute leukaemic cells.(23). Xacian et al. (18) have -~
] B ~

purfﬁJ: AMV RD-DP by a ' of column y (DEAE-
Y

cellulose, 1lulose, hydroxylapatite, and DNA-cellulose chroma-.

tography) and gel filtration methods (CM Sephadex), and have shown it

f» to ‘consist off two subunits. The enzyme preparation vas free of RNA and

DNA endonuclease activities and was ‘active with RNA-, DNA-, ang hybrid-
templates/ The subunit nature Of. the enzyme has been confirméd by

Grandgenett et al. (19) by purifying the AW %-0g by phosphocellulose

chromatography. Faras et al. (22) have purified the activity 500-fold

from RSV and obtained two active fractions by phosphocellulose chroma-

+ These ‘i i s 1y reduced RNase contamination
4 R P 3

a great deal by gel filtration chromatography on Sephadex G 100 .(22).
Other workers have purified the activity by affinity chromatography on &



12 la—celluluse columns, (20) , and on a solid phase immunoadsorbent

consisting of antibody, directed against Mulv, bound to Sepharose 48’

-o(21).  The it column was ‘essful in purifying all

RD-DPacti ,5,_{:515 antigenically felated to the MULV RD-DP activity.

“The ar;, jg-cellulose column on the other hand was very successful ,

in separating viral DNA polymerases from cellulax DNA polymerases.

(6) Characterization

After .the RD-DP activity was detected in RNA nnmgenic viruses, %

mumber of workers directed their research towards characterizing this

ity. s ted for a DNA

‘the ‘enzyne required the *

for maximum

presence of’all four deoxyribonucleoside

activity (9, 10, 12, 24, 25). The enzyme did not polymerize ribonucleo-

tides (9, 10, 12, 25).

With regard to divalent caticn requirements, both Mg'' and Mn'* may

serve as activators although to different extents (9-12, 18, 22, 24, 25)

e » B . “
whereas Ca  could not (9). The relative efficiency of the two cations

has varied depending on the viral system from which the RD-DP was

isolated, as well as its extent of purity. Leis and Hurwitz (24) have

shown that in the case of AMV RD-DP, the optimum Mg

A \ ¥ = '
10 mM, and could be only partially replaced by Mn' "

parations were contaminated with RNase, however, the activity with Mn

+ i
concentration was

When enzyme pre-

4

N 4+ % i
was greater than with Mg . Furthermore, ‘the presence of both cations

displayed a synergistic effect, In the case of RSV.R-DE (9, 22), it has.

been observed that both cacmns stimulate identically, and the Eregaies

of both had no syne:glstlc effect on the activity.
P i




fold (22). Monovalent cations enhance the activity from AMV (12,318, "

-25), whereas in the case of the activity from RSV (9, 22) contradictory

='RSV RD-DP requires the pxesence of dx.th).uthzextol (m) or

mercaptnet’hanol for maxunum activity (9) 10, 18, 24) apd 15 highly
sensitive to sulfhydryl reagent’s. (26). The presence of bovine serum

albumin (BSA) (200 umg/ml) was found to stimulate the RSV RDDP two-

observations have been made. Temin and Mizutani. (9) observed a 1%

stimulation by 20 mM KCl and an inhibitory effect at higher concentrat-—

_ "ions, whereas Faras et'al!’(22) found that monovalent cations-iniribited

the activity at all concentiations. _These contradictory results may be -

due to aiffe ces in-fonic s of their ion conditions.

The activity from AMVghad a broad pH optimum (pH 7.8-9) with a
maximum at pH 8.2 (24), wHereas the optimun for RSV lay between pi 89.5 -
(sii v 'Thg temperature optimm for RSV RD-DP lay between 40-50°C (9).

Duesberg et al. (27) have estimated an ‘isoelectrid point below 6 for
the’ RD-DP from RSV, on the basis of the ionic strength required to elute
the enzyme Froma Dm—celmxasg column. Molecular weights have been’
estinated EoE enzymes from the various soﬁx‘c_es, -and have varied somewhat.
RD-DP £rom human leukaem.:ic cells has a MY ®f 130,000 (23), that from
RSV 110,000 (27) ;that ‘From AMV 110,000 (18) and 160,000" (24, 26) , and
that from Murv 707000, (28), and’ 90,000 (24, 26). ,

Below a critical ‘concentration, the enzyme was found tolose all
perceptible activity (22, 24)' suggesting that the enzyme may be inactivated

by dissociating into constituent subunits. This has been shown to be the

case (18, 22, . 3
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With regard to'kinetics, Spiegelmdn et al. (12, 25) have observed”
'that' the RD-DP activities from RSV, and Rauscher lqukaemxa virus (RLV)
maintnin. linear sym—_hesis for time pezi‘ods extending up to 8 hours,
whereas that £rum AMV, Feline 1eukaanla. virus (Felv), ‘alnd MTV tend to
slow dowr after approxinately 90 minutes. -y & L ™

' Perhaps one of the most xntezesunq propettles Df the NIIV RD-DP

is its relatively high frequency of errors fan: copyinq poxy (xa). poly(d'l‘)

NERE -Ba polymex‘ases from human leukaemic: lymphotytes also ared to
' be more mutagenic than the activity from normal onés (29): These observ-

ations have led the authors to sugg'esf_ that! mutagenicity’ may be a key “Factor

for tunor progression since i coila lead to the'eventual production of

. faulty enzymes, including o polymezases, = o WA .

(7) Template SEciﬁcxtx : : o - s T

LY numbe:Qf workers ' (28, 31-36) have examined the ahxlxty of Vl.tal

* DNA polymerase to utilize & series uf, both’ riatural and synthetlc templates

‘for the Eynthesis Of DNA. These stud.les had the follawing"bbjectxves.

[E8] attempt to detect a DD-DP which wculd explaxn the. double-sttanded
7

nature of the final prodnct (31, 32)., (ii) (:o es:abllsh a diffexence Be-

" tween gmplate specificity. of ceuuxa; and viral DNA polymerases (33, 35),

and (iii) to make available a‘highly sensitive assay ‘for the viral DA,
‘polymerase which wuuld at the same tine dj‘,st\_/zih’ ‘between viral and the

cellular enzymes (28, 33-35). B C

Spiegelman et al., (36) have examined the éfficiency with which single-

" - &
and doublé¥stranded RNA as well as double-stranded DNA and DNA-RNA hybrids

Were used as templates by the RD-DR, from AMV. OF ‘the double-strinded




synthetic templates, the ribohomopolymers were superior. to the
corresponding deoxypolymers;, whéreas of the DNA-RNA hybrids poly dt.rG

and paly at.rc’ were the best templates. In general, single-stranded

homopnlymezs were :ound to be popr templa;es unless a complementary

legumer was added, and douhle—strandgd humopmlymers were qenerally
™ aadit-

better t mnlar than the ing smgl ones.

, don, DNA £xom chlcken amhryos vas ‘Eound 'to be @ much bé¥ger template

than the endogenous . 'S).mllarly szutanl ‘et al. (32) have observed

that- native DNA from both calf-thymus-and'E. coll was used as a tem-

plate for DNA synthesis by A vizal DNA polymerase. However, the)activity

was reduced two-fold upon denaturatlon of the DNA template

With reqard to natural RNA templates, Mizutani: et al. (32) have

fqund that AMv RD-DP could medxate synthes]_s of DNA complementary to

OBRNA, Malcney sarcoma vu:al RNA, and"AMV RNA. Slmilaz‘ly, Duesberg et

(28) have found that RSV RD-DP used polyrlbunucleatldes from RSV,
In addition they

aI.
f)nfluenza virus, ‘tobacce mesaic vu-us, and ribosomes.

found 'that if the '60-70S RSV RNA was heat dissociated, there was a 5-10-

fold decrease in its efficiency‘as a template. * chevet. if oligo (AT) or

01190 (dE) was added to (:he heat dissociatdd RNA, the actlvxty was

|
*. enhancked 20—30—{01(1. A 155 fold sl:.ul\ulation has also been obse!'ved upon *

addition of ofi‘g'o @) || to the AMY 705 RNA (35). These results suggest
that a'primer is required for templa(:_e activity. . vv -

Goodman and Spiegelman (33) gind RobesE 6t AL, 135) "h.ave. ‘éamparéﬂ
the re;ponse to various templates by both viral and cellular DNA polymer-

ases. It was fomnd that the viral enzymé in addition to’responding to
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* sing: ibonucleotides, greatly preferred poly(a).

(d’r)m as a template whereas the E. coli polymerase used poly(da). (dT) 10
¢ v B

' with an efficiency equal to or greater than the efficiency with poly(A) .

@n Vit sieved no activity with the sing1a—stranae§ polyribonucleo-
tides QBRNA, and 70S viral RNA. Robert et al. (35) compared the . .
activities from AMV and Masod-pfizer monkey \;irds to those of ncvr‘malv
hunan:lymphocytes and E. coli DNA polymerase T. Both viral and
collulax enzymes responded equally well with the ‘non-specific dpuble~
stranded template pu1y<m) .poly(dT) . The viral enzyme showed a prefer- |
ence for poly (ra). olxgu(aw)lz - whue the cellular enzymes preferred )

poly (dn) .oliqo (ar) A distingtion between. viral and cellular

12-18°

enzymes can thus be made on the basis of template specificities if a
nimber of synthetic 3nd- natural templates are used.

(8) Other Activities, Associated with RD-DP

A necessary prerequisite for the i fion of the DNA compl y

tosthe viral RNA into fhe host cell genome is that the DNA must be of a
3 :

double-stranded nature. This, however, requires, the presence of a DNA-

" dependent DNA polymerase. (DD-DP) as pointed out by Spiegelman (25). Hence

various, workers (31, 32, 37, 38)have examineq a Series of RNA oncogehic

_viruses and have indeed found sich an activity. In addition they have
4 Kl .oa

N
shown it to prefer double- to single-stranded DNA (37). The activity from
AMV prefers a DNA template rich in G and C residues (31). In addition to

a DD-DP activity, an endonuclease activity has been found (32) and th@se

_ same vorkers have also speculated on the existence of a ligase. Smoler
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et aIM(69), however, have failed to detect the 11qase acnvx\:y. In
addition various other mrkers {19, 39-43) have, iound a RNEEE H° (Hybridase) '
it activity in a nunber of vituses sim-llaz to the one founﬁ by Hausen and
Stein (44) in calf-thynus. Gfandgenett et al. (19) have attributed ‘this
activity to a single subunit possessing RNA-dependent activity as vell.
Both the RiNA-depéndent and Du;\—dependen: Sctivities are believed to
, e originate fronthe same catalytic site “(@8). This is based on r_he observat—
ion tha: when partially purified RLV:polymerase is saturated thh RNA - template,
there is no increase in the activity when D‘NI\ is added (unpublished results

of Reitz, M., Sarin, P., and Gallo, R., communicated by Gallo ir ref. 13)..

*(9) Inhibition Studies
° NG A;ltibiotics. The effect of inhibitors on the viral RD-DP has been
studied by a lafge number of workers. Such studies were carried out for a

(i) specific inhibitors of RD-DPmight be used to deter-

variety of reason:
mine the biological function of RD-DP (see bllows (i1) they may provide an
important group of drugs for the chemotherapy of viral diseases‘ar;d cancer,
“and (iii) they may provide information concerning the nature of the active

site of the enzyme.

. One of the most extensively studied group of antibiotics are the
rifanyein detivatives (45-48). Gurgo et al. (45) have examined the effecy -
of 180 rifamycin derivatives oh the RD-DP £rom MSY, and have noted that_
lengthening of the 3-side chain of rifamycin by either aromatic or ali-
phatic substituents rendered the inhibitors more ef?ic;ent. 'In addition

- they have shown that the ansa ring (the naphthoquinone ring) (for structure

‘ see Appendix I) is required for inhibition, since the polymerase is not
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by the free aminopi i to side chains of
active derivatives. These P .s'xqgest that the ansa ring structure
xecoqn‘izes a structural feature of the RD-DP. Smith et al. (47) and’
Yarg et al. (48) have also examined the effect of a spectrum.of such
derivatives on viral RD-DP, and have classified them according to their
poteniys Suok sEtIBbECIon Dt han ved 0 SLSSIHFULEE MetH GeL1a1EE

and viral

polymerases (47, 48) and to determine the biological role

3 ”
of RD-DP (4t

. Another class of antibiotics, the m‘:erﬂxie‘ms. have

150 been used to dete _the ‘enzyme's 1 fusktion (49). Other

inhibitors which possess a significant inhibition capacity towards viral

‘RD-DP are the 3 line e (50) + and i bromide (51,

52). On a molar basis, ethidium bromide was a more effecdve inhibitor

of RD-DP than the most active xlfamycin ﬂaxi.vativzs (52); it lacks

specificity, however, and-acts by binding to nucleic acids, and not to

“the enzyme (51, 53, 54) . : 2
() Antibodies. Antibodies against viral RD-DF have pidnwearto !

exallxne t:he telationsh'np among RD-DPs from various.RNA oncogenic vxiuneﬁ
2s well as their relationship to cellular DNA polymerases (55, 56k
Aaronson et al. (55) have prepared an antibody against murine RD-DP and

have shown it to cross react with polymerases fram some pammalian "type C"

RNA virused (i.e. feline, fat, and hafster), but mc \d(:h polymetases
frull avian "type C" or any "type B" RNA viruses. ’rhe antxbody did not:

- cross Ieéct u(t? cellular DNA polymerases. To'duo.and Gallo (56) have
shown that an RD-DP from human acute myeloblastic leukaemic cells was, ~.
immunologically related to ;.hu RD-BP £rom known "type C e —_—

’




and in particular to the enzyme from primate "type C" virus. Gerwin et

al. (57) have made use of an antibody against RD-DP £rom MSV.to localize
. s

the RD-DP in the nucleoid. . - T .

(10) Nature of Product - -

The product of the RD-DP resction vas' clearly shown to be-Difk by'
various criteria: susceptibility to DNase, resistence to RNase and
alkaline hydrolysis (9, 10, 12, 24, 25, 37) and solubilization by heating
in 1N HCL (24). Nearest neighbour frequency analysis has revealed it to
be heteropolyneric (12, 58), and annealing experiments complementar§ to
the RNA template (12, 23, 25,32, 34, 38). In Cs,80, density gradients,
the product of a long reaction time migrated to a density somewhat greater

"(1.450) than the density of DNA from mouse embryo fibroblasts (1.420)
(12, 25). 1In general, early reaction times have yielded a product ‘that
"banded in tha RNA density regjon indicating it to be complexed to the tem-
él;te. whereas longer reaction times generally gave a series of hybrid
structires banding between the RiA and DN density regions (12). Donatur-
ation of the pretiict s, G1elfad vaz1ius YesuTts: depending’sn tHa wethots
used: If heat was used, some of the product remained attached to the
RNA; however, if alkali was used the product was found e_ptlrely in the
region of DNA on a 5,80, densu—.y gradient (23, 59, 60). Heat Flus RNase
" treatment also feledsed the prnduct to the appropriate region (58).
" Ihese results suggest acovalent link as well as hydrbgen bonding betveen
the DNA product and the RNA template.

Some workers also studied the nature of t(\e' secondary structure of.

. . % 3 ' 5
the product. 'Generally, ‘two approaches were taken: the first consisted of
B 3y . ¥ B B

.
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fraccxonacmg the product on hydtoxyapatite after digesting away all RNA,
and ths second was treaf_ment of ithe product with a single strand-speclfic
nuclease (exanuclease ) of Neurospora crassa. In the first appzoach a\
large portion of the product was retained on the iolumn, indicating a
double-stranded DNA (38, 58), The second approach confirmed this since - -
8 mienss BARUHG SLTESE BF te product unless it was first denatured
(38, 58). The size of the product was also estimated (23, 24, 25, 59) ita
it was: Bound Foshie versisaaly relative to-the viral R¥A template used.
Indeed, L‘eis and Hurwitz (24) haw_le shown it to represent only 3% of the

added RNA.. However, under different conditions Duesberg et al. (61, 68)

have found that betweeh 70 and 80% of the product was homologous to the

-RNA teémplate when an excess of DNA product :was used for hybridization,

indicating that most of the RNA genome is represented in the product.

Varmus et al. (63) arrived at a similar conclusion by studying the re-

- 2 3 .
association kinetics of the product which indicated that the ptcduct re-

- presented approxinately 70% of the-template. The dowble stranded nsbure

of the pxoduct has made hyhtld)zaticm axpe_r)ments difficult, hence
Riprecht et al. (62) have devised a withod in'whish only DNA complementary

to RNA would be synthesized. This consists essentially of carrying out

in'the of high tions of actinomycin D in.the

case of Gerich tanplates, and in the presence Of distamycin A in the case of

T-rich templates. These dnibitora prevent the synthesis of double-strqnded

DNA hence assuring synthesi® Gf only DNA complementary to mm




(11)-Biological Function of RNA-dependent DNA-Polymerase
The Very fact that the enzyme was present in the RNA oncogenic
viruses, and its ability to transfer information from RNA to DNA,

suggested that it might play a role in the initiation of neoplastic

ion u and Ha (64) have i direct

evidence that this is the case by isolating a RSV mutant [designated

5 RSV, (0)] that was noninfectious and could not transform susceptible

chick cells. Upon ex€mining this mutant. fgy RD-DP actiyity they fo‘und
that it was absent, hence providing airect evidence for 'its) biological
function. “Furthermore their results:suggested that the enzyme in RSV
‘particles is ot a host cell erizyme which is incorporated into virions
as they mature. The simultaneous addition of RSV, (0) with # :
leukosis virus (ALV) which replicates -in but does not transfem chick

cells, ‘resulted in ttansfutmed flbroblasts. The Xesults were- 1ntetpreted

as meaning that the 1nab1uty of RSV, (0) to zeplicate and transform chick

“es11aT4s e vor e matatton in the gene(s) specifying RD-DP. . the

presence of ALV, the ESV, (0) ‘was able to use the ALV RD-DP and consequently
able to transform the cells. Noninfectious viruses were also produced by
the transformed cells suggesting that the polymerasé is required for trans-
fomation but not for the maintenance of the transformed state.

‘Anoth.el approach taken in establishing the biological function of

RD-DP was the use of specific inhibitors. Carter et al. (49) have made

use of the RD-DP_ inhibitor, str icin to block ion of mouse
fibroblasts by MS¥. In addition other workers (65, 66; 67) "have,'es\‘:ablisheﬂ

a direct correlation between inhibition of RD-DP activity through-the use of
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rifanycin derivatives and the ldss of the capacity to transform rat
cells. :
. .

A schene of the possible ways in which RD-DP from RNA viruses may
garry out its biological function is"depicted in-Scheme . The "schene
ot £ A1L EhE activities believed to be present in such viruses
and represents them as P ing &is‘tinct, although some of .the activities
AFaTISLIeVeATLS SEIGLNNER ErOT A SAmARaA, TN (ENEt. JSON 0TS
reactions may be co;:e'ztaa. The scheme is based on the observation of
ORI N Y TR a— the. products formed

(see part 8 and 10-of this section).
{4

RNA-DEPENDENT DNA POLYMERASE FROM NON-MALIGNANT CELLS:

(1) Introduction .

The' £inding of an RD-DP in RNA oncogenic viruses and its apparent’

presence’ in normal cells u\ade it tempting for a number of workers (see

for example 70, 71) to speculate on the possible functions of meh an
activity in norfal'cells, The nature of the reaction catalyzed made
this activity a likely candidate for the possible amplification of genes
(86-90) , cell differentiation (77, 94-97), antibody formation (126), and
memory (70, 71). Consequently a number of workers have attempted to
detect such an ac:ivu;y'in various biological systéms. In addition, the
poténtial use of such an.enzyme as a marker for oncoqemmcy maﬂe it
necessary to examine whether its presence was Linited to fNa oncogenic
viruses, or whether it was more widely distributed (72).

(2) Assay Methods Used in Detecting RD-DP

The general approach in detecting RD-DP activity in normal cells is
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essentially the same as that used in assessing viral RD-DP activ‘ity.
Like the assay for the viral enzyme, RD-DP activity £rom ‘some t;,ucaryutic &
systens has been confimed through its sensitivity to Rvase (77, 79, 80},
its response to maturally occurring polygibonucleotides (72-76, 81+83)
and mainly to synthetic rikohonopolymers (92-104). Unlike the viral
enzyme, treatment with x’m‘niunic detergents is not essential to make the
acti\-u'.ty,ar:cessihls, a.nd a number of uth.e reported aotivities havé not
been found to respond to natural ‘RNAs altheu‘qh they do respond to syn-
thetic ribohomopolymers (92-104) . This phenomenon raises the possibil-
ity of two different classes of RD-DF activities in eucaryotic cells,
one capable of réspondinq to heteroribopolymers and the oé\er to homo-
‘:ibopo‘lymers. It is pc_ssihle however that the lack 'of ;eswnse to
natural RNAs may be an in vitro phencmenon, and that ir; vivo the enzyme
does 'in fact use heteropolyribonucleotides. ) : i

1t is now apparent that labels such as "RNA-dependent” and "o
ASpesAaET BEe RO £OALY SpEapviate Fon Asssstiity specetd EneeE

because pure DNA-polymerases have been shown to use both RNA and DNA

* templates (81-83), although with-different efficiencies. These terms :

$ desgribe an enzyme

Jde rather than unique enzymes.

The'problens associated with synthetic templates, such as the lack
; g o
of specificity of enzymes. towards- such templates, is greater than that

due to nonspecificity towards natural RNAs.. For this reason theRNase-

s and bomcleotid activities will be
considered ly from those on synthetic templates:
- ~
- ,
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(3)" RN and Activities

(a) Distribution. DNA activities, " on externally

added natural RNAitemplates, have been found in the following biological
7
systems: PHA-stimulated normal human lymphocytes™sing yRNA as the

template (72, 73, 75, 85), chick embryo brain using

fied RNA from

ick nic skin (74),

£rom rat liver and cérebral cortex
uking rat liver RVA (75), 'and in E. coli using 55 RNA and XNA from rat
liver (81), E. poli.xRNA (83), 28S. rR¥A f£rom Drosophila and tobacco

mosaic virus RNA (83). In addition, an activity from chick embryo has

been discovered which uses globin NRIA and’60-708 ANy RvA; however, only
‘the poly rA ugxéns of these 'tanplgtas were transcribed (76). ‘
The endogm.ua (or RNase-sensitive) activity has been ;fcqhd in
chicken enbryos (77), uninfected rat cells (79), and in PHA-stimulated
normal human’ lymphocytes (80). Purified enzymes from these systems,
however, were incapable of using &xternally added natural RNA templates,
although they were capable of usfng howribopalymecs as temlates.

o o) puxi on. Initial at ng RD-DP activity in

crude extracts’of PHA-stimulated normal human imphocy tea were unsucce
£l (66, 72, 85); Howavet; upon partial puriﬁcation,for exa-ple by
isoelectric focusing, the activity becaie apparent (72, 85). -In
addition it was resolved from the DD-DP activity (72). In contrast to

this, the acti‘;‘vlty in a mitochondrial preparation from rat liver and

“cerebral cortex (75) was detected without further purification.: Very

little addigonal work with regard to purification has been reported,
although Sordano (74) has partially purified RD-DP from chick embryo

brain (mitochondria and nuclei) by sulfate fractionati
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oOfie line evidence,. the’ ﬁnqu of oI acdvn:y in B, eoli
DNA poly-rase ) pxepaxauuns (81-83) puruud essentxally to homogenei ty
(83), suggests that the FD-DP activity may be due to the same enzyme that
uses DNA as ; template. ilhadlax this will also turn out to be the cﬂ:a‘
in eticaryotic cells is not known. )

The RNase-sensitive DNA polymerase (RS-DP, or endogenous activity)
from chick embryos (77) and nomsal hunan lymphocytes (80) have been
turified By either density-groiient (80) or a sembimtion of denaity- and ’
velocity-gradient centrifugation (77). In both studiss this activity g
appeared to be present in a'pasticulate fraction, in uontr:ast to the
DD-DP, the bll‘lk of uhlch ranained in the soluble fraction.

(c) Characterization. All RD-DP nctivitieu usirq natﬂxal RNAS as

templates, Whether or ,mvebeanahmm:equue

all four ’ for maximm activity (75, 77,
80, 81, 83). The only exception to this was the RD-DP activity reported
by Rougeon et al. (76) in chick embryo. This activity only copied the
poly (A) region of globin mRNA and 60-70S AMV RNA. E

With regard to divalent metal requirements, the reported activities

were activated by the presence of elhher ng or Mn'™" (77, 79%81) , of

.‘lere completely dependent on Hq (75 83) . T‘he E. cpli activity had a

o !
Mg™ optimum at a concentrationof & mi (83), ki the, endogencus activity

from chicken embryo at 15 mM (77). . ?

" The extent oWPEgnthesis for -the E. coli RD-DP activity was proport-

ional to the amount of RNA:template irt the assay ' mixture, and was linear

" for approxinately one hour, and plateaued by two hours (83).

y

/\-\‘vA R ,V »4'
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: With regard to the endogenous activitiés; evidence that the tems .
» L -
plate )5 RNA is as follows: The-activity was sensitive to RNase' §77-60) ,

resistant to DNase (77), and the chicken embryo endogenous.activity (77),

and that frém stimulated normal human lymphocytes (80) was partially
resistant to actinomycin D. The properties of these RNA-dependent poly- I

merases differ from those of viral enzymés. For example, the chicken ”

-embxyo enzyme (77) vas shown to be resistant to an antibody directéd .
against AMV RD-DP. The,RD-DP £rom uninfected rat célls Vi woE Gtz
by Nenidet (99) ‘as-viral enzymeslard, “and N-denethylrifanpicin had no
effect on the activity from stimulated norial human lymphocytes, (80) .
(;3) Template Specificity. T’he Laxqe variety of DNA polymerase
" sanigitias Slscoverd n muntis systens, as well as the discovery of
RD-DP in RNA oncogenic viruses, has resulted in a nomenclature for DNA

polymerases based on the natire of the template used. Censequently, the

P of DNA to variolid templates has been desdribed in a

nunmber of recent reports. . ’ ’ &

Many of the enzymes that use naturdl RNAs as templites. (72-75, 81-83)

also accept i ides as Both single-

stranded homopolymers in the.presence of compl&nentazy oligomers, and

double-stranded polynucleotides have displayed activity. The addition

of oli ko natural RN . has had different effects dépend-
" ing’on the tenplate (and chzymes) 1uvolved, For examole, the aldition:
. of oligo (am 6o to 265 RNA fiom Drosophila did not enhance the activity -
using E. coli RD-DP, whereas its addition to tobacco mosaic virus RNA

. enhanced its activity (83). . s
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alkali, or heat. In_addition, that part of the pznggct (35%) which .

gradient analysi

F SN BRI T

A1l of the endogenous activities reported (77,.79, 80) haVe Been'. .,
Al .

_shown to be sensitive to RNase, sugges-:"inq that ‘the template was RWA.

The possibility that.RNA served as a pn.mer "for the DD-DP was ’D\vex-

coned by hybridization [ 7, 79) . preer puri\ficanon, how- .

‘ever, none of these enzymes were capah],e‘of using externally added

polynucleotides’(i.e. natural RNA templates) other than DNA. Like x;ne

exogenous activitian fhesa enzyn';ne§ —r c:spaf:l'e of using synthetic
! 5 e

templates.

"(e) Nature of Product: The product’ of ithe’ RD-DP ,aceuuues from’
-eicarygtic and bacterial cells, like that of the Vitdl enzyme, was shown
to be DNA on the basis, of acid x.nsolubxlxty, resistance to'Riase and
alkali, and susceptibility to DNase (75, 77, 81, 83). The uutlal— product
behaved like a BN Su Jybedd (81, 83) wiile longes reaction s resulted
in & DNA-like pzcdur:t completely susceptlhle to DNase (81). Bpbrow ef al.
(80), however, could not detect the RNA-DNA hybria internediate with the
activity from FHA—stunulated nnrmal human lymphocytes. 'n-.eu failure to

do so was’ probably due toan ngtivies T ths dnxine prepsration (whose

p:esence they ccnfimed) 1dent1nal to RNase H, which degrades such hybrids,

hence explaining the absence of the hybrid.. The product of chick embryo -

RD-DP is a mixture of single- and doublé-stranded DNA (77-79). Kang and

Tesiin (77, 78) have also a'na1yzed in detail the product of a reaction

‘that was carried out in the presence of actinomycin D. Sucrose density
IS

5\evaalaq sedimentation coefficients of 30S and 6S. The

nting product, however, disappeared when treated with RNase,

- a i o 2 -22.-
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banded in the RN region, on.a CsCl gradient, disappeared upon treat-.
; lel\t with alkali, and subsequently banded in the densi:y range betwéen

. - 1.40 and 1.55 g/cm’ (i.e. the density zange\for Wl)-, When it was

P hgited for 10 minutes at 100 c, ‘l\l:h of the peak in the RNA region -

-

Qisappeared; however, some remained and if this was subsequently treated

‘with Riase A and T it di . This, both and
covalent-bondirig between the template and the product (78). When the

e % b r " %
‘oduct was treated with S  nuclease the density profile had two peaks,

dne in the RNA region, and one in the DNA region, suggesting that the

product’ contained both DNA-RNA hybrids, as well as double-stranded DNA..

) ¢ e density of the RNA-DNA hybrid after treatment with S, nuclease may
N *  be the resilt_ of b : R res tachied te—tht;A hybrid
! 8, L . @

wu:n regard to tha size of ‘the groduct using E. coli yolylerase 1,
v !nab et al. (83) have observed that it sediments in the re;ions of 3-6S
and 125, 10 a sucrose gradient. - In' addxtnn s Wikess Bave’ oW that
85% of it - hybridized to_the template.. Kang and Temin (77) have found
. ! that the product of the- endogenous chicken embryo activity:hybridized 40%
- with thé RNA from the. chmken cell fncuon, but did not hybridize to
'RNA from ALV and RSV. . N .
(£) Bola in Gene Amplification. The process of ribosamal gens
amplification may occur through‘two possible distinct routes. The ®irst

»of these and the simplest, postulates that the entire riposomal DNA

. complement of the chromosomal mucleolar organizer is used as template for -

DNA replication, in the ¢lassical semi-conservative manner (see Scheme .
III A). *An alternate route has been prnpos:ed by Tocchini-Valentini and

o y i : ; a
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_ “crippa (86, 87) who.suggest that the first step in the amplification —
process is the formation of an RNA transcript of the entire ribosomal

DNA unit which then serves as a template for the RD-DP, yielding an

RNA-DNA ‘ntermediate which yould subsequently be converted to a double
stranded DNA. E‘inally., polycistronic ribosomal DNA would be linked
sngether by & Ligass (sse Schions TIT B)s T;lr hppotiudie s Bad oo b
series ofobservations made with Xenopus ocytes at the pachytene stage

(when gene amplification occurs) . & v

(i) When DNA,from Xemopus oocytes at the pachytene stage (labelled .
. with Mc-thynidine) is extracted and analyzed in CsCl gradients
two, distinct bands are obserVed. The heavy band corresponds to =+

ribosomal DNA [because of its high G-C content (123)] and the 5

‘Hghter one to chromosomal DNA. When the Socytes are incubated
in the presence of both “H-uridine and -’c-thymidine, a ‘peak of 31-1,‘-
uridine incorporation bands in the region of ribosomal DNA. This
- naterial is resistant to Riase unless first denatured, suggesting i
that the p‘roduct is an RNA-DNA hybrid (86-88).
(ii) Additional evidence came from :h;‘obsexva:ion that thé rifampicin
derivative 2'5'-dimethyl-N(4')benzyl -N[desmethyl]gfamgicin i
(Me2BzRif') whicix is-known to inhii)it'RAD—DP. (127) inhibited form-
ation of the heavier peak but not the lighter one (86, 87). This
¢ was confirmed autoradiographically by Ficq and Brachet (89) who
Have shown that the amplification of rDNA which takes place in the
extrachromosonal "caps”, was inhibited by the ‘same drug.
(ii1) The isolation of an RNA-DNA hybrid complex (88, 90) as well as
the discovery of an er;zyme capdble of using the rRNA from the

- complex, as a template for DNA synthesis (88), further substantiated

b : )
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Although the series of papers that have just Beart mentioned'in
relation to gene amplification provide substantial evidence that RD-DP
may bé involved in gene amplificatiod; Bird et al. (91) Have been upable
tT R LT results. They have not P s detect either ‘the
RNA (475) template, ‘or, the hybrid intemediate. In addition these .
workers have shown that'the raticactivity after uridine labelling 15\'\ .
attributable to the conversion of ‘uridine to deoxycytidine and subse-
quent incorporation into DNA. This explanation is not satisfactory,

however, since it had been shown that 95% of the uridine counts were

sensitive to alkali (90) and furthermore were sensitive to RNase.A after

heat denaturation (88, 90) suggesting that in the system of these ‘workers
uridine was not converted to deoxycytidine. It is conceivable that these
contradictéry observations are a result of the two groups looking at

different stages of the amplification process. .
(4) Synthetic muA-dependent DNA polymerases ,
Essentially all biological systems wﬂc@ exanined contain
DNA pul;}mezas.es ::ayable of using synthetic RNA or FNA-DNA hybridvte;npla‘tes
(92-104) . It is not known whether these synthetic RD-DPS represent a néw
class of DNA polymerases \::z merely an'activity of known DD-DPS;. Both are
probably cﬂx:r;zg‘t Sloee soin Of His desteibel SEtIVISins e DA, 48 8 Eans
plate while others do.not. Certainly th:separatic;n o /poly easaepandant
DNA polymerase from the DD-DP activity in chick embryo (94, 96) WI cells:
(human em.bryoni‘c lung tissue culture, 98) and rat tissues (100) is con-

sistent with.this being a new class of enzymes..
b i o el

v ..
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The activity £rom chick embryo (94) failed to use the natural RNA
templates: E. coli . 165 RNA, rat liver RNA, QBRNA, and chick embryo RNA.

A'similar failure to use natural RNAs was reported by Bolden ef-al. (102)
for poly rA-dT nden s in several ic systems.

P
‘Rougeon et al. (76) have found that the activity from chick embryo

transcribed only the poly. rA region of globin mRNA and 60-708 A .
Pey and Wesesback (90) HaVe Showh that even"tha addition of: the oligomer
(@m), to a series of natural CeipLEEES BL8.HOL RGN LhE eREve £ron
cultured mux'ine’cells to use these_R(NRS as templates.

* Bolden et al. (102) have pointed out that the enzyme preparation

from Hela cells may conbtn an inhibitor preventing Tt from using. r‘\’atux'al
RNA templates, since the preparation stxunqu xnhxblted the ability of

AMV RD-DP to copy QBRNA. Furthermére, they.have shown that this inhibitor

is not a nuclease for if QBRNA is i with the pr and
. o .
the inhibitor in the ion is 31 by heating at

6%, the QBRNA is still used as a template by AMV RD-DP,
¢ Different groups of workers s sesarenmantus m‘:h’e‘r character-.
istics of the synthetic RD-DPs. L T ra—
hampered by the fact that different enzymes capable of uging syhthetic
cmpiaces were probably described. In general, horwever, it appears that
- #n™ is a more effective metal cofam:or than ug** (92, 98, 100, 103),
Aithiothreitol is required to stabilize the énzyme (92, 98) and the W

is probably quite low [50,000 (94) -and 27,000 (96) have been reported

for the enzyme from chick ‘embryol.
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PURPOSE OF, AND APPROACH TO THIS STUDY - . 3

Since the finding of an RNA-dependent DNA polymerase in »
oncogenic RNA viruses, Various workers (72-83, 85, 88, 90, 92-104) have
déscribed such an activity in animal cells. The possible functions that
such an enzyme may be mvolved g\ (gene amplexcation, differentiation,'
memory and antibody fomatlon), needless to say, has stimulated j%ns
present work in which the characteristics and distribution of .this enzyme ’
activity have beon studied. ' ' o

At the time this study was undertaken there only appeared o
several reports in the literature (72, 92) that suggested its presence in

untransfomed mammalian’'cells.. One of these reports (92), as has heen

pointed out earlier, was based on the cbservation Ehat poly rA-4T vas

capabie, of acting is.a template for DNA synthesi

. This evidence however,
encompassed several weaknesses, the first being the non-specificity of

 synthetic templates (i.e., DD-DP might also be capable of using such
synthetic templates), co that in effect a novel enzyme might not be jn-

volved at all. Secrmdly, ‘the nature of the template itself (poly rA'dT) *
presented a situation quite diferent from,vhat might actually occur
i pivo;-and thirdly, the work was: carried out with cultured cells which
nay. Hot be Bintlds o nonal or uitranstomed cells; alttionh they o
resemble cancerous;cells in’ certain aspects (1. e, fapid growth). Further-
more, due to the wide distribution of oncogenic RNA viruses such as type
C viruses, the use of cell culturés iivolves the risk of infection by such

viruses, and conseqnently casts some doubt ds-to the source of the enzyme.

‘Hence, ‘such systens must be looked upon critically and for this reason

freshly tissue have an
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On the other hand, the work of Penner et al. (72),'although

4 5

having the same weakness associated with the use of cell cultures, did
have the edvam:aqe of making use of YRNA as a template for DNA synthesis,
although it has been suggested (13) that this RNA may have been contamin-
ated with DNA.- In any case their work did demonstrate a separation of

the RNA- from the e activities, and

suggested the type of system that'would most likely prove successful in %
carrying out initial experiments. C
“The system used by Penner et al. (72) consisted of an actively
proliferating human lymphocyte culture that had been stimulated with PHA.
1t _became apparent e the ob‘serva'tions made by these workers that an
actively proliferating in vivo system consisting of lymphocytes or similar,
immunocompetent cells might be most suitable. Such a system was ’prwided
"y e rat-thynns; Wide inaddttion'ts othar/oall types consiatsro
. lymphocytes, or thymocytes ds they are known in this organ, and which is

actively engaged in iesis. (109). this project was

initiated with the thymus as a possible source of the enzyme and, as ten-
pm-.es, YRNA and later rRNA from E. coli were used ‘in ordet to ovércome

the pmblan assocxated with synthetic templates.

This system having proved successful, various s:uaxes, such as

the efficiency with which various palyn.bcmucleotxdes from different’
_sources are copied by the enzyme, as well as the characteristics of e -
enzyme itself, were undertaken and, in addition, some of its properties

were ct;;!!paxed to those of the bu—up. Furthemmore, the RD-DP actlvu:y has -

been partially purified from the DD-DP, ‘and its presence extended to a1
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rat tisstes examined. In’ addition, the current interest in the use of
"specific in.hibiwrs of v).ra]. RD-DP for cancer ChEll\DtheXapy ‘has led to

an investiqation of the:.x‘ effect on the mammalian RD-DP ..

o T NDMEIVL'LAMRE . ~ b
The term emiogenous activity has been used to refer to acnucy
sensx.t;ve to RNase A, abserved in the absence: of an externally added RNA
template. The term hagfbeen used 1nterchanqeably with the temm RNase-

se'nsitwe DNA paZ rase (RS—ﬂP) The tem RNA-depeMent DNA pplymemse

v - (Rp-pP) d activity d in the ce of an externally
added RNA template, such as yR-;!A or 165+23S rRNA. The low MY RD-DP is
€he activity eluting.in the 120,000 MW region of a Sephadex. G200 column,
and thd High Mi RD-DP is the activity eluting in the void volume. owa-
dependent DNA polymevase (00-DF) zefors to activity observed in the

presence of "activated" DNA.
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. B - MATERIALS AND METHODS ’

A IM.’I'ERI‘.M - it : ..
) am:.s BIOCHEMICALS, AND' ENZYMES ) :

= ', a. ANIMALS: Fqlll: rats (100 - 150 qu) of the Sp:aque-bawley strain
were used for all experiments, and were obtained from either the
Arggal Unit, Faculty of Medicine, Memorial University of

Newfoundland, St. John's, Newfoundland, or from Canadian Breed-

*  ing Farm and L jes Ltd., sé.  Quebec.!

o

+ DEOXYNUCLEOSIDE TRIPHOSFMATES (AATP, dCTP, dGTe, abé arTe) were
% L obtained as their sodium salts,® from Sigma Chemical Co., _;e.
Louis, Mo. §:§ck solutions of 50 mM were preparéﬂ‘ in distilled
o . 3 * water, and stored at--20°C until required.

. - 3 5'-TRIP

salt (10-20 ci/
- mmole) was purchased from New England Nuclear, Boston, Mass.
‘Excess alcohol was removed either by flash-evaperation or by

directing a gentle stream of nitrogen gas over the surface of

- the solution.. The thymidine triphosphate concentration was

adjusted to 0.1 mM by the addition of an

ot "cola® tri The vas_stored at
2% antid required.
- : < de TWMTESI YEASE RNA was obtained from Hotthlngton, Freehold,
N.3., and a stocksolution of 1 mg/ml in distilled water was pre-

. pared \/ stored at -20°C until use. The other RNA templutea. BT

- . . QBRNA, ‘and 1554-'2% rRNA from E." coli, were obtained from Miles
5 | Laboratories Inc.. Elkhart, Indiama. Solutions of various con-

centratiis (as indicated in the legends to the figures) were
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prépared and stored at -20°C until needed:

“Activated" eald thymus DNA was-a gift from Dr. L:A. Loeb,

prepared as described by laeb (105 hy subjecting the DNA -fo a
linited digéstion with pancreatic DNase until maximum priming
ability with sea.urcHin DNA polymerase was obtaifed.

- "CARRIER" DNA: Calf thymus DNA purchased from Worthington or

- Sigma was stored at a concentration of 1 mg/ml in distilled
: y O, O,
water at either -20 C or 0-4°C.
-£. RIBONUCLEASES: Both bovine paricreatic RNase A, and RNase Tl 2 '
£, from Aspergillus oryzae wezé wbtained from Sigma.  stock sdl-
utions of either 2 mg or 4 mg/ml, ‘o pancreatic Rase A were

prepared in distilled water, and heated for 10 minutes at 95°C

to destroy any contanu.nat.\ng DNage. RNase T, was used. as an @

sulfate ion at a ion of 0.54 mg

protein per ml. - &
q'. DEOXYRIBONUCLE!SE I: Bovine pam:xeatic DNase I irom Sigma, was

prepared at™ concentra&on of 1 mg/ml in water and stored. at

-20° until required. — : " ”
h. CLELAND'S REAGENT: Dithiothreitol (DTT).was purchased’from Sigma,

‘and a 0.2 #'solution was prepared and stored at -20°C until

needed. -

1. INHIBITORS: Ethidium Bromide (2,7-diamino-10-ethyl-9-phenyl-

bromide) was p from Calbiochem,sLos'

Angeles, California. Rifampicin (3-[4—methy1piperaziny1-iu_zino<

@

[CRL
4

methyl] ~rifamycin SV), actinomycin D, N-ethylmaleimide, and .,

p-chloromercuribénzoic acid were from Sigma. =
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he Flfanycin derivatives (for chimical nomenclature see
% . Appendix I), rifamycin SV, AF/AP, AF/O13, “ar/oNFI,
; AF/ABDP-Cis, and M/14, were a gift of Dr. G. Lancini, Gruppo
Lépetit, Milan, Italy. Solutions were freshly prepared in
the app:cpriate solvents at the ‘concentrations “indicated in

" ; the legend to the appropriate figure. L »

OTHER CHEMICALS: Trizma base (tris-[hydroxymethyllaminomethane),

v wam EDTA (ethylenediamine-tetracetic.acid), bovine serum albumin,

lfoxide, and ic acid were obtained fgum

. .
i Sigma. Glycine was from Canalco, and maleic acid, perchloric

acid, agd sodium pyrophosphati-were from J.T. Baker. . Sucrose

.. ) as obtained from the British Drug House, Toronto, Canada.
. : S 5

- L2 BUFFERS mm SOLUTIONS -,

a. BUFFER Ap Ccns.(.sts O£ 20 mM Tris-HC1, pH 8.0-(at® zsi'c), 40 L
KCl, 1 mM EDTA, and 0.5 mM DTT.

. BUFFER B; Consists of 20 mM glycine-NaOH, pH 9.0, 40 mM KC1,

o

1 mM EDTA, and 0.5 mM DTT. -

a

. STOPPING SOLUTION; Consisfs of 1M perchloric acid, and.0.05 M

2 o . -
- sodiuni pyrophosphate. !

= ’ d. WASHING SOLUTION; Consists of:0.5 M perchloric acid, and 0.025 M
sodiun Pyrophosphate.
e. MEp'mM A; (for the p:epan{:ion of puclei) Consists of 0.25 M
sucrose in 0. 05 Tris-HE1, pH 7.5 (at 25 °C), 0.025.4 Kel, and

0.005 M Mgcl (TRM b\{ffer) .
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METHODS *aa .

" o \ v g e

. £. MEDIUM B; (for pregafation of nuclei) co'n:sists of 2.3 M

) ‘sucrose %n TKM buffer. - ° L o ﬁ
g. ELECTROFOCUSING ELECTRODE SOLUTTONS: N !
LOWER ELECTRODE 7. Consists of 120 gm suc 140 m1
of distilled water,and 2 ml of concentrated p‘hosphoric acid.
UPPER ELECTRODE SOLUTION: C(;nsis‘ts of 1 percent NaOH i{\
: aistilled water. : ' ;
L k. EEc USING

DENSE GRADIENT. SOLUTION;  Consists of 30 ml glycerol and 1.8 ml,
PH 3-10 ampholines {40% solution) made up to 50 ml with water.
LIGHT ‘GRADIENT SOLUTION: Consists of 0.6 ml ampholine, pj 3-10

(40% solution) and 49.4 ml water..,

(1) PREPARATION OF TISSUE HOMOGENATES ¥ o
Female Sprague-Dawley rats (100-150 gm) were first stunned and then
sacrificed by cervical dislocation. The ‘appropriate tissue was B

and quickly immersed in several volumes of ice-cold isotonic KC1

.solution. The fissue was then blotted, weighed, minced with scissors,

and homogenized i three or four volumes, as indicated, of Buffer A.
1

The homogenization was carried out in a Dounce glass lomogenizer

(Kontes' Glass Company, Vineland, N.J.) using three strokes of the loose-
: 5 7 =

fitting pestle (pestle A) followed by three strokés with pestle B., To

enhance the. ion of DNA fase, the’homog was further
7 v

frozen and thawed twice, after which it was centrifuged at 39,000 g for-

30 minutes in an International centrifuge.  The 39,000 g sufernatant

served as the Source of the enzymes examined.
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(2) "PREPARATION OF THE RAT LIVER NUCLEL

Rat liver nuclei'were prepared essentially by the method of
Blobel and Potter (109. Rats were sacrificed as dedcribed above,
the livers were excised and chilled mm\edia:ely in several volumes
of ice-cold Medium A. They were then blotted, veighed, and ninced
with scissors in two volumes of Medium A. This was followed by

homogenization in a Pottel‘—Elvehj_em homogenizer with a motor-driven

teflon pestle using 13-15 strokeS. The homogenate was filtered -
. E ;
. ; .
through four layers of cheese cloth and 3 ml volumes were thoroughly

nixed. with & ml volumes of Medium B in polyallomer tubes that £it the.

SW 36 Spinco rotor. ly the sucrose ion of the

homogenate was raised to 1.62'M, yielding aYdensity just sufficient

to float mit ndri and zouq;i dopl iC reticulum. ‘The mixture
Vs then underlaid with 3 ml of Medium B using a syringe with a
13-guage needle; e tip éf,the;‘medm was placed at the bottom of
iy eiibe aHA LN HaNVY SiCHORS SAIEIEN YAEFSANE AR, SR i tie
1xghtez tomogenate upward. ) ' )

After centtifugation for 30 minutes at 35,000 rpm in a Spinco SW36

" rotor, at 0-4°C, the supérnatant was decanted atid Ll BALETiaT adhering

to the wal‘lls of the tubes was removed with a spatula. Thev tube wall '
)
vas then wiped dry with tissue paper. wrapped arowd a pair of —
The whife . peliet was taken up in 0.5 ml Of either 0.14 M KCL
for aca‘mination of -the nuclei'by phase contrast mx’czoscop‘y ussﬁg a
carl Zeiss photomicroscope I (Carl Zeiss, Oberkochen, West G;many),
or Buﬁfer A for further frazr.mnatmn and enzyme assay. Phase contrast»,
EXCI‘OSCOW ‘was used as a cn.tenon fclx the pll!l.ty of the nuclear pre-

paration. _ .-




(3) SEPHADEX CHROMNTOGRAPHY L -
one il of the 39,000 l; soperiatant! cfStEe tidss extratior

1 -1 of the nuclear sxtrast, theated an fodfoated 1n the’ 1egend.s. . »

_vas applied to either a  Sephadex G150 column (1.5 x 30 caf,

. equilibrated with Butfer A or to a Sephadex 6200\column equilibrated

vith either Buffer A or/Buffer B as indicated. The samgic vas

eluted vith the samp butfer used to equilibrate the l:el , ana g,

£:<:txnns of either 0. 5 or 1 Ml, as )ndicated. were collected.' Blua

-

Dextran was usad as a marker for detemi.ninq the void volume. ALl

es for were from Ph ia'Fine
_cha&icaﬁ, Monreal, Canada.” N | .
(4) ISOBLESTRIC FOCUSING : =

Blectrofocusing was carried out using the LXB 8101 column ‘and

LXB carrier mphcliteu, pll 3-10. The method ﬂxffe!d frull that’

" described by Vesterberg'and Svensson, 407) ‘in that the column was pre-

eth.bzamd by app!ying a 1uqh vultaqe for 24 hours prior to r_lm

. agslication of the ssaplo. The eoxu;n was set up as described in the,
: \ -

mxnstzuction manual.~ . - v R T

The lwex 20 hl) was aﬂded. lnto

the lower electrode chanber. The density qtadi.ent (0-60% "gigsesal

with ampholines in the pl-l 3410 zanqe was prepared with a linear

qx‘adxent mixer, using the light and densa solutions described in the
¥

Eecti.cn a’n “Bn!faxa lmi Solutlans" This was -folloLed by the\ addition

of suffic i 2 electxede j1 tion to reach a evel nﬂ about one

o a.bqve the dppex guct.rody After p;e.quumx tion of ‘the column
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‘ was_inserted into the' gradient through a thin tibe. Bquilibration

© was continued at 800-1000 vclts for a further 18-24 hours, after which

the ‘contents of the colump were collebted £rom-thd bottom in 1. 5.ml

a-

'fractwns by pumping distilled water i:hxcuqh the top.

. (5) ENZYME'ASSAYS : . L

3 NI
RNA-DEPENDENT DNA POLYMERASE: : s
The assay for RNA-dependent DNA polymerase s sinilar to
that reported by Spiegelman ot al. (36), and Soolnick et als
(93). The stindard reaction iixtue consists of tha following

components 'in a tgtal volume of 50 u1

RNA template (usually 1.2 mg/ml 16S # 23S rRNA) 10 ul

Tris-HCl (1M), pH 8 1.33 ul
daTP (5 mM) 0:67 ul .
RNA buffer mix ( dCTP (5.mM) = 0.67 pl 5 ul
¥ N .| 4GTP (5 mM) 0.67 pl )

v (mger, 01w 1.67 ul
Dithiothreitol (0.2 M) . . . 1p
Sp-arre (01w F e : 82y

2 . < g 23 B oE
®cold" dTTP (0:1 M) ' = 2l
distilleéd water ., o 5'ul
enzyme preparation 5 o 251 7

The assay consisted of incubating the reaction mixture
(containing 25 ul of the enzyme preparation)for,30 minutes,”

‘unless otherwise lnﬂlcéted, at BM At the end of the

xncuha on penod e reac:ion wes stopped by fx.zst cooling

the, tubes in ice-water, followed by, the addxtlnn of 1 mi
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and 0.2.mg "carrier” DNA. The mixéuxe was then vortexed,

follnwed by centrifugation at 4,000 rpm for 15-30 mxnutes
. " ina sorvall RC 3 centrifuge with a swinging bucket rotor.
The supernatant, containing the bulk of the unincorporated
label, was then removed by aspiration. The pellet was . °
dipsolved in 1 ml 0.2 M NaOH at oo temperature, and répre-.

-cipitated by the addition of 2 ml ice-cold stopping solution.

. The@ﬁd insoluble product was collected by vacuuy £iltration
on a Wnatnan GF/C glass fiber dist, washed with three 2-3 ml
§ anqua:s of ice-cold distxlled water; two 2-3 ml aliquots of
" washing solution for1omsa by -another “two 2-3 ml aliquots of
water. Finally,.the fiiter dtseivas vashed with an aliguot
Of 95% ethanol, dried under an infra-red heat lamp, and the
raamacuvxty 1ncoz‘pmrated determined with a Beckman LS 233
liquid sc;nullatmn ccum:ex. The scxntxllatmn solution ,
consisted of 6 gm of scmuuamon grade PPO (2, 5~d)pheny1—
_— “oxazole) (Packard, Downers Grove, Illineis) per liter of
‘toluene. Either glass scintillation counting vials £rom
Phckard, of diapostils prastie lals Fran New England Nuélear
! were used. o T :

b. ENDOGENOUS DNA-POLYMERASE AGTIVITY: %

e = . The assay for the endogenous activity was the same as
that for the RNA-dependent DNA polymerase activity except
that the RNA template was deleted and replaced by distilled

water. -




< crystalline bovine serum albumin as standard.

C. DNA-DEPENDENT DNA POLYMERASE:

The DNA-dependent DNA polymerase ‘assay is

Y nmethod described by Loeb (105). The standard reaction mix—

based on a

P

ture consists of the following components, in a total volume®

of 50" ul. ‘

"Activated" calf thymus DNA (1.2 mg/ml)

* Tris-maleate (0.5 M) pi
i AT, (50 mM)
DNA Buffer Mix )dCTP (50 mM)
¢ dGTP (50 mM)
~ ; MgCl, (1 mM)

5 Dithiothreitol (0.2 M) .
Cuearre (0.1 m)
distilled water ~ <

enzyne preparation

. 2
e rest of the assay was as described for the

dependent DNA pelyme'xase activity.

£
. (6) “ PROTEIN DETERMINATION

RNA-

Protein was measured by the method of Lowry et al. (08), using
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14) DETECPION AND PARTTAL PURIFICATION OF THE RNA-DEPENDENT DNA™ * .

POLYMERASE ACTIVITY FROM RAT THYMUS

- . ) ]
(1) ACTIVITIES<IN THE SOLUBLE FRACTION OF THYMUS EXTRACT
The-linitial experiments, in attempting to detect an RNA-
. . : -
dependent, DNA polymerase in mammalian tissues, were carried out with the
39,000 g supernatant of a 20% (w/v) rat thymus homogénate, using yeast

RVA (yRNA) as the template (Fig. 1). The incorporation of radicactivity

+ (*u-TMP) was proportional to the concentration of tissue extrict at’low

coricentrations (up to 5% w/v), after vhich the incorporation became non-
Mnsar, ank in fact Sbcressed at. the highest, conventretiod (08 wiv)
Not all of the - sisyie activity wis depsndent on: added tefplate
(yRYA); that is, the endogenous activity (without added template, Pig. 1)

accounted for about two-thirds of the activity observed.in the presence of

YRNA. For example, at a 4% w/v concentration of extract, 72t of the total

actixi'ty was dué_w the endogenous template.

The ;maoqamus RD-DPs from oncogenic RNA viruses '(9, 10, 12),
chicken embryos (77), uninfected rat cells (79), and human lymphocytes.(80),
are sensitive to RNase A. This was'also the case with the endogenous
‘acﬁ‘lity from rat éhymus. The results Qh'wn +in Fig. 1 (bottom npe‘)
indicate that at least.77%. of the endogenous activity in the'ds extract
was sensitive to RNase A.° The remaining activity is either due to a DNA

'tsnplatg or else due to inefficiency on the part of RNase A itself in .

the The second possibility is supported

by the n that RNase A ¢ is more efficient in elininating



Fig. 1. DNA POL ACTIVITIES FROM RAT THYMUS.
A 208 (w/v) rat thymus homogenate was prepared in Buffer A

as described in Methods. It was then centrifuged at 33,000 g for 30

minutes! in an International entrifuge and the sup was

. retained and used as the source of enzyme. Aliquots of supernatant
were diluted to various concentrations (as indicated) by the addition
of appropriate volumes of Buffer A. Reaction conditic;ns\ for the i
FD-DP and endogenous activities werd as described in Methods, with'

' YyRNA (5 ugm/assay) as'the tem?.late or the RD-DP. Unlabelled dTTP

was not added to either the RD-DP or endogenous DNA polymerase
&

assays (i.e., SH-TTP sp. act. was 4,750 cpm/pmole). The reaction

, and the radio-

mixture was then incubated for 15 minutes at 37

activity i was ined as describe Aén Methods .

In the case 'of the RNase A treatment, 100 ul of the enzyme

»
ion of various was treated with .10 pgm of

RNase A, for 30 minutes at room temperature, after which assays for

the endogenous activity were repeated as above. All assays were

carried out in duplicate, and the average plotted.
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P

-hibitor of RNase A activity (111).

. e - A% = F
the endogenous activity at the lower extract concentrations (Fig. 1). .
For example, in the case of a 2% extract, about 90% of the endoqencus
activity was eliminated, whereas an equdl amount of RNase A eununated

only 77% of the activity in a 4% extract. These results ccu§ pbssx.hl.y

indicate the presence of some factor or factors in the extract that

interfere with the RNase A activity. For example, .purine nucleoside di-"

and tri-phosphates (ADP, GDP, and ATP) are known to inhibit RNase A
activity significantly’ (110). In addition, dithiothreitol, which is
present in the homogenizing medium, has been shown to be a potent in-
The problem associafed with studying crude extracts indicated

the necessity of looking for some purification method. Furthermore,’ the

pre: g of l:he i s itive DNA (RS-DP) activity'
made it unpcrtant to understand the relationship between this activity

and the exogenous (RD-DP) activigy.' Therefore, an attenpt was made to
partially purify the enzyme activities by séphadex gel filtration chroma-

‘tography, before examining some of their properties.

(2) GEL FILTRATION CHROMATOERAPHY OF DNA POLYMERASES:

(a) Endogerious ammy =

Fig. 2 111ustrates the Sephadex G 150 elution profile of the
endogenous activity frem a rat thymus extract. The enzyme’eluted »in the
void volume, in the same fraction as Blue Dextzan, suggesting a very high

molecular weight. Futchemor‘e, over 90% of this endogenous activity

- could be eliminated by treating the individual fractions with pancreatic




Fig. 2. 2 G 150 GEL FI OF THE
SENSITIVE DNA POLYMERASE FROM RAT THYMUS | )
A 25 {w/v) rat thymus bc;ogonlt. was prepared and 1 ml of
the 39,000 g supernatant vas applied on a Sephadex G 150 column,

. eq\uubraced with Bitfer A, The sample vas eluted £rom.the column - °
with the same buffer, and 0.5 ml fractions were collected. Two 100 ul
aliquots were taken from each fraction, and to one set was added 10 ul
of a 50 ugm/nl RNase A solution, ard to the other 10 pl of distilled
water to act as a'c'oncrol. " They were then incubated, for 30 minutes
at rodm temperature and subsequently assayed for the endogenous activity

- as .ﬁzczihgd for Fig. 1. = : %

untreated (e—————) . - RNase .t:eand fractions D———‘ol

Sp. act. of “H-TTP was 4,750 l:pn/ulule.
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gél filtration compared to the sensitivity in the crude extract; con-

£ims' the presence of .some interfering factor which'may have been

removed through this £: i e, and

RNase A more efficient.

(b) RWA- and DNA-dependent activities

' iie £1nding of /DNA polyierasy capable‘of topying, an RNA
B LT L —— Whether this enzjme is physically the

* same as one of the known DNA-dependent DNA polymorases, or whether it is iy
enzyne with a‘unidue specificity for RNA. - To answer this question, an®
attempt was made to separate c;;e two activities by gel f’ugzatxon chrama-
tograpny ;n a Sephadex G 150 column. The elut}on profile of ﬁhl‘: RNA“ and

" DNA-dependent DNA pou}merase activities is illustzaéea in Fig. 3. As can
g P figure,. the peaksuof activities ‘cuinci;ie almost exactly

suggesting that possibly only one enzyme is irfelved which can use both

’ RNA and DNA as_templates for DNA synthesis, although with much different *

“efficiencies. These activities, however, eluted in the void volume,
in'a nolecular weight range where Sephader G 150 does not provide: any
resolution: hende this data does not indicate whether the activities are
associated with the same,enzyme speci;as. ‘or different el.'AlzymEsL The
observation that most .of the RD-DP is associated wiﬂ; an endogenous ten~

) 9 s .
plate that is sensitive to RNase A (Fig.'2) suggests that this enzyme

may be part of a nucléic -p3 complex. Fur i judqinq'from
fhe known molecular welghts for eukhryotis DD-DPs (112), it appears that
the activity observed in the present experiments is associated with
nucleic acids in a high molecular weight conplex ‘as has been reported
'gn; E. eoti (113, 114) and PHA-stimulated normal human lymphocytes (85).

,



Fig: 3. PROFILE DP.T\E m)l—DP ang DD~DP ACTIVITIES' FROM A RAT .THYMYJS
’ EXTRACT FI;AL‘I‘IONATED ON A SEPHADEX/G 150 COLUMN . - )
1ml of a 25% rat thynus 39,000 g supernatant in Buffer A ,
was fractionated on a Sephadex G 150 -column, 0.5 ml-fractions were
collected and -assayed for RD-DP as weil as DD-DP activiti.es. The
SOuh Wka adseRsel e dtasEibel LiknG legend to Fig. 1. Reaction
-conditions for the DD-DP were as described in Methods, except that
the reaction was carried Gt ge s iten RE308, 1, SEOTH6E,

3gliMe incorporated is equivalent to 4,900 cpm.
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" (3) BFFECT OF RIBONUCEEASE A PREATMENT :

(a) Initial espeviments -

)

The ibl of the RD-DP as a high ™

" .+ mplecular weight complex-containing an internal RNA template suggested’
an experimental approach that might achieve two objectives. ;The approach

. I. Which consisted of treating'the thymus extract with RNase A prior to e

f:actxonatwn would presunably result in thésdesrxuctxon of the endogenous

| tenplate, thireby convextmg the enzime o Fors capsble of utiliz ng an
¥ externally added naturally-occurring’ RNA as, .template, and would also b
perhaps convert the activity to'a low molecular weight form which. could

allow it to be sepuaced from .the major DNA-dependent 'm pclmerase.

The thyll\us extract was therefore treated with exther 50 pgm

(qu 4a) or ZOD uqul ‘(Fig. 4B) pancreatic RNase A for 30 nu.nutes at room

o 0 e T ' before fractionation. The profiles of the endogenous and

RD-DP activities (Fig. 4) indicate that l;he RNase A treatmgnt prior to .
fractionation eliminated part of the endogenous activity, although not

as efficiently as'the treatment after fractionation (Fig. 2). This'is g

with previ rvations (Sections A 1, and A 2(a) of
Results) . . Furthermore, the activity eluted in appfoximately the.same
region as the activity’ in the untreated extract (ca:;pq;e to Fig. 3).°
Henoe the RNase 'A- treatment only partially destroyed the endo$enous tem-
plate and vas unsuccessful in releasing the enzyme from the high mSlecular
d weight complex. . . Er
" (b) Eatensive Riase 4 treatnent - « P g

since Sephadex G 150 gel Exl\:raf.xen chronatography did not offer

o p a good < i in ing the ivities, it. was - decided to fractxonate




: ¥ .
FIG. 4..SEPHABEX G ‘150 GEL FILTRATION CHROMATOGRAPHY OF. Bz ro-pp

AND) THE HDOGENOUS, ACTTVITY APTER. RNese: A ZREATHENT
5 1 ml.of the 39,000 g supernatant of a rat thymus homogenate,

was, t.reated for 30 minltes at-rdom temperature thh enher 50 pgm’ (a)

oz 200 4 yam (8) of c RNase -and 1y fracti 4 on
N & * " . B . . )
a Sephadex G 150 column. Activities were assessed’as described in

the legand to Fig. 1. 1 pmole of TMP incorporated is equivalent to .

4,900 cpm, Fon . i .
4 RD-DP activity (e— ——@ L o w i T B
_ endogerous - (0-<——-0) 1 ‘..
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. the enzymes on & Sephadex G 200 column after extensive Riase A treatments
(Fig 5) . The profile of the DNA polymerases obtained from such a column
' when the thymus extract was not treated in any way (Fig. 5A) was-similar

to the result obtafned with'Sephadex G 150, except for the relatively

"low, level of endogenous activity. With regard to this, I wish to nention
that the level of this activity has been cbserved to vary considerably from
preparation ¢ preparation. Wy "this is so is not yet known, although
physiological factors may be involved. The endogenous 'activi:y may also
i 556 o Th e experul\em:, compared to the Ariier studies
because E. coli rRNA (which is more efficient th%n YRNA) was used as the

template. 4 ; : Ne

Pprolonged Rﬁage A treatment shifted part of thé RD-DP activity
to d lower molecular weight position on a Sephadex G 200 column (Fig. 5)
but had almost no effect on the Df<DP a_cti.“lity.m The profilé of the
activities aftér 3 or 6 hour treatments (Fig. 5, B and ¢ respectively)
is ;;‘muar, although there is a more heterogenous distribution of the
RD-DP actlvxty after the 6 hour treatment, whl:h may represent nucleic

3 acm-enzyme complexes .ot ° ‘various molecular weights being eluted from the .

oY,  oheTadKiGE a, clearly defined peak may also.be dub to a loss of
activity on the part of the enzyme. The amount o s YalmesER 1es
vafied in different preparations from a ratio of 1 to 3 (of low MW i
high MW enzymes), mbst often observed to as much as an equal.distribution °
-\t both peaks: nouiu'mg “the amourit of RNase A for the 3 hour treatnent
_did not increase the amdunt of low MW RD-DP released. -’ '1\
" 1£ 'the yhymus extract yas allowed to stand at room temperature



oy

INCORPORATION (pmoles)

g

RELEASE QF DNA SE

A25%(w/v) rat’thymus extract was prepared, and two 1 ml aliquots were treated with 200 ygn of pancreatic

s

Nl T T T of o T .
FRACTION NUMBER - FRACTION NUMBER FRACTION NUMBER E e

RNase A for 3 ‘hours {8), and 6 hours (C) at room re followed by on a G 200
column, eq'luhhxated with Buffer Av a third 1 ml nliquet was lzlctiomted on the same:column Wl.tho’llt any
treatment whatsoever (A). “rhe enzyme activities. were assayed as described in Wethods, using 13.5 ugm per assay
of 165+23S:MA as the template for RD-DP. The sp. act. for 5 S0P (e——0) and endogenous activity (o-2'=0 )
was 3,500 cpus.per puole, whereas that for the DD-DP ( o = -0) vas 6,000 opm. per pnole of Jy-mep incorporated.

. " . p s
2 . ©



- for ﬁhz;ee {xonrs without_any treatment whatsoever, the enzyme, ai_é not 5
" shift to the lower molecular weight position irdicating that the‘shift
is not merely 3 spontaneous dissociation process but rather is ardo
the hydrolysis of RNA-associated with the enzyme. This conclusion is
supported by the specificity of the effect of RNase A. The DD-DP

dctivity was not noticably shifted by this extensive RNase A treatment,

suggesting the activities to be distinct. Furthermore, the concurrent

loss of part of the eidogenous activity, and the appearance of the lc:ﬁt
molecular weight RD-DP activity suggests’ that the’two activities may be

due to the same enzyme. The purity of this low molecular ‘weight RD-DP

is also two-fold (as determined by the Lowry et al. (108) method) -higher '
than that of the high melecular weight enzyme and has a much lower ‘DD-De
activity. The'lack of any low MW peak of activity in the earlier experi-
ment using Sephadex G 150 (Fig. 4) is probably due to the shorter time

of RNase A ‘treatment in that experiment (30 minutes) compared to the
present experiment (3 hours) . h

*(4) EFFECT OF RNase A PLUS RNase T.Z' TREATMENT :

« As reported above; i ic RNase A'was € 1 in releasing

orily part of the RD-DP from the’ high to the low MW region. However, this

| Rase preferentially cleaves the pyrimidine ribonucleoside 3'-phosphate
ester bond, and because of this specificity its action on RNA 4s Limited.
“In fact, it has been claimed (115) that an undigested core rich in pirine
bases is formed during its action on RNR. For this reason an experiment

. was cartxed out wherehy the thymus extract was treated not only°‘with RNase .
R but also with R.Nase Tl which is specific for breaking internuclect).de

bonds between 3'guanylic acid dnd 5'hydrcxyl groups of adjacent micleotides



FIG. 6. "G 200 OF DNA PO FROM RAT

THYMUS AFTER RNase A AND RNase"’I‘l TREATMENT =~ ° &
- " a 25 rat thymss homogenate’ vas prepared in Buffer Aas i
escribed in Methods ‘and 1 ml was treated for 3 hours at room
temperature in‘the presence of 400 ugm of RNase A and 27 ugm. of . B i
Riase T). This was followed by fractionation on Sephadex G 200.
1'ml ‘feaskibus wirs sbllected, and. dasayad for BDLDB, ndoganous
DNA polymerase, and DP-DF activities as described in Methods. The

specific activities were the same.as described for Fig. 5.
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" (ibid p. 214). The rddults of thls sxperiment (Pig. 6) indicate that

a larger quantity of RP-DP activity can in fact be shifted to the lover

MW region by the join{ RNase A and Tl treatment, than by RNase A alone.

_{compare to E‘,iq. 5). This further supports the conclusion that the low

MW RD-DP activity is derived from the high MW activity.
(5) DNase I TREATMENT:

DNase I treatment had almost no effect on the endogenous RD-DP

activity (Fig. 7)., although the peak fraction of DD-DF was shifted

‘toward'a lower MW position than the peak Erac:ion Of the RD-DP. This

does suggest that there are at least two aistinet enzymes, although they
.are not well separated from each other's activity on this column. ' °

since prol d RNase A had been 1 in.

7eleaﬁlng the RD: DP, a contzul .expeximent usmg extensive DNase I treat-
ment was carried out (200 ugm/nl for 3 hours).  large amount of |
preclpltate was formed during this treatment, whicH was necessary to

remove by centrifugation before applqu the extract to the Sephadex column.
It was found that almost 90% of the DD-DP activity was lost although a )
lower proportion of RD-DP activity had been lost (Fig. 8B). This phenomenon’

P .
can be: explained in several ways; either the enzymes were precipitated and/

or inactivated during the DNase I treatment or some of the DNase I may have
adsorbedl to-the r;iqh MW complex and destroyed a large portion of the product’
formed. . Tn a control expériment (Fig. S G5 SLIGUCE R e S SREEAEY,
was treated with an equal quantity of HgC1, as used in the DNase T treat-

ment. In this case a smaller quantity of precipitate was observed, and on

fractionating the supernatant the usual levels of activity were recovered,



FIG. 7. SEPHADEX G 150  GEL FILTRATION CHROMATOGRAPHY OF THE RD-DP,

i DNA_BC RASE' AND NT DNA P
" aPTER DNase -bnzmmam
a 25% rat thymus extx;act was prepared as described in B
Methods? 1 ml was, treated with'25 ‘wgm of DNase I and 50 ul of a
¢l M MgCl, solution, for - 30 minutes at 37°C. It was then fraction-

atad on a Sephadex G 150 column a.nd 0.5 ml fractions were collected

and assayed for RD-DP. ( O- +- +-B), endogenous DNA polymérase

(o-.- -0 ), and DD-DP ( - Y i onditions were
identical to those described in the legend to Fig. 1 (for the RD-DP
and endogenous activities) and. in Methods (for the DD-DP). 1 pmole

4 Of TMP incorporated is equivalent to 4,900 cpm.
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e : FIG. 8. SEPHADEX G 200 GEL PILTRAT.ION CH‘RDHJ}TOGRA}"HY OFV THE DNA
e POLYM;ZR‘ASES FROM R};T THYMUS AFTER AN EXTENSIVE D}lése I‘
k 'TREATMENT
: A 25% (w/v) rat‘ thymus homogenate was prepared in Buffer A
ds aeséribed in Methods. () 1 ml of the extract dje incibated at Foon
. temperatute in the presence of 20 mM Mgcl for 3 houxs. It was then

centrifuged at 2,500 g for 10 minutes to remove any preclpltated

E material, and the £ i on a Sephadex G 200 column.
(B) 1'ml of the extract was PEEGHESA L EHI200/ i 6F! DRASE THAN e
presence of 20 mM MgCl, for thtee hours at room- tal\petatute. The

‘ ;.azqe quantity of precipitate fotmed was then renoved and the, sample
fractionated-as described above. Activities were assessed as '

" gescribed in Methods. The sb. act.oof 3 e oor the RD-DP and endo-
genous reaction m).xtures was 3,625 cm/pmcle and that for the .DD—DP
‘6,000 cpm/pmole. Note the 10-fold dxffexence in scales for the DD-DP

activity between Figs. A and B.,.
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vl ingicating’ that, DNase T and not the' increase in ionic strength had been -
) responsible for the loss of activity. ‘A comparison of sthe levels of '
RD-DP and DD-DP activities recovered under the tvo treataents,, shoes, that
apprux.jn?ately 88s Of the DD-DP activity was lost Quring DNase I treatment’
compared to 69% of the RD-DP activity. This aifferential loss of activity

‘is consistent with the idea that different efizymes are 'responsible for .

S the"two activities: . e .
-8 W@ ®

BAT T1I SSZIEF

(1) RELATIVE ACTIVITIES IN VARTOUS RAT TISSUES ’ 4 b

It is ¢lear from the data presented until now that an RNA-

dependent DNA polymerase activity is indeed present in rat thynus.’ Previous

reports in the literature have indicated the activity to be present in a,

variety of systems such as lated hpman lymphocy (2, 7, rat
liver (100), E. coli (81-83), and chick embryos (77), which have been
discussed in the Literature Review.

. ' Having availablé an appatently reliable and sufficiently sensitive

assay System for the RD-DP, it was decided to screen various fat tissues

to deter‘mine the.distribution ni this activity in the rat. The results

s wee of this study '(Fig. 9) 1ndicate that all of the tissues exalﬂined contain

the activu:y .‘Table I lists :hese tissues in order of decreasmg amounts '.
of FO-DP activity ‘present in each (based on the activity £ found 4n thymus)

2
, and/also indicates the amount & soluble DPD-DP ohtamed from the individual &

tlSS\leS, under theé same preparative conditions. . These results leave little

doiibt in regatd to'the ublq‘ux ous distribution of Ro-pP in.rat nssues




FIG." 9., DNA POLYMERASES FROM VARIOUS, RAT TISSUES i
25% (wfv) -zat tlasue hamogenates were prepared in Buffer A

L . as described in Methods, and 1 ml of each of the 39,000.g supernatants

were fractionated separately ori 4.Sephadex 6,150 columnequilibrated. with !

- the same buffer. The DR, endogencus, dnd BD-DP actwitles were assessed

as. ﬂescx)hed in Hethods using rRNA as the template for “the RD-DP. The !

3

sp.-act.’ of SHoTTP for the RD-DP, and endogenous actxvxtias was 3,625

8 s,
) o cpm/pmole and that for the DD-DP, 6, oon cpm/pmole. B

* @————e rRNA-dependent activity

e

-D DD-DP.
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"mz 100% activity is squul to .T,l pmoles of 3u-mup 1ncorpoxnted the spaciii:

® ol 'y W VARIOUS MT TISWES 2 @ *

E 8 Activity
‘missie -\ | ¥ il o ) Aim-;u:‘ , bo-pe "

: o R o
Thymus . . 53.4
Séleen : 4 30.2
Brain X 35.8° 10,3 - 152
Liver * @ 25:6. ‘6.3 . - * A0
Lung ‘ f @ik 6.7 148 ¢
Kidney - 1773 4.3 . 133
Testis | - <L © LT g .38, o -168
v

mesrt . - ; s RO 6.7 e N
Plagha © V- ) 28 , 0-003
Red Blood.Cells .. : 2.3 ' 0.002

The values are based-on the average of all the active fractions eluting

.£xoi the Sephadex G 150 column (Fig. 9)after subtrasting the background.

/

1 1008 activity is equivalert to 0.58 pholes of'THP inca:porated pex assay,

the ‘specific activity being 3,625 cpm per pmole.;

activity being, 6,000 cpm/pmo e




= . g, e S Ko L TABLE IT

% 5 . . Tt
. RELATIVE ABUNDANCE OF -RD-DP AND DD-DP.ACTIVITIES IN VARIOUS :
RAT TISSUES AFTER STORAGE FOR VARIOUS LENGTHS OF TIME'
o : . DD=DP / RD-DP ' 2 -
o el . i o : &
Number of weeks stored at -20°C . :
¥ R 1 6 10 .

Tissue .
o T piver : L1660 6.5 . .2 63,

" spleen e S 4B 198 2.9 9.5
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Penner et al. (72, 93) have previously shown that the leyel .

Of-RD-DP ‘activity increases during PHA-stimulation of cultured human

lymphocytes from normal patierits. The low level of activity in the

plasma of rat n)ay be explained by(the fagt thatthe cells are in a

_quiescent ‘state.

+ In most ‘tissues the profiled of the RD-DP gnd DD-DP from a N

Sephadex G150 column coingided t& a large extent (Pig. 9, although

the ratios of these activities varied widely (Table I)- . B

(2) STAEILITY GF RD~DP AND DD-| DP AT 20°C and ACTIVATION OF RD op UPDIV $ g

.«  FREEZING . 5 < - ' i

. The next experi.ments were directed towards determining the

stgbility of the two activities’in some of the tissues exammed at -200¢.

’ A differential stabx.lx.ty was .detected for'the two activities (Fig. 100.

‘Assays were cax‘xied cut after 1, 4, 6p and 10 weeks of storags * In,the

case of the RD-DP an mq;ease in activity was ‘observed for all tissues | -
1

_-week. After four weeks oF sém:aqe the activity ‘began to decrease. - In

Except the lung, at the fcurth week .of sturage, as compared to the fxrst :

iihe cade ofthe DD-DP no activation at’ 811 was observed; and the enzyme
lost actwlty at a faster rate than the RD-DP. . . Lo

. g
Table 1T ccmpares the ranus of the Igvel of Dn—&ﬂhe RD-DP
P 3
actuuues wnaming after various lenqths of .

ine. The ratio betugen

the two activities has varied from &s high as 45.1:1 in spleen to as low

as 1.6:1 in brain. Rat;os of abou't 200:1 have been ebscwed xn the case’

o -

of the thyn\us (data not shown in Table H),

In one particular expez:unent condicted with the thymus extract,

it was observed that  a four-fold §tnnulat:mn of poth the endoqenous and

. i 5 p i % s




FIG. 10. STABILITY WITH stofacE oF DNA POLYMERASES FROM RAT TISSUES

7.0 Themost ac:we fractxons £rom some of the ‘gél tiltration

expen.ments shown in Pig. 9 were pooled and Stored at -209 for various g

[,‘ e _‘ lengths of time, after whi::h the RD-DP and’ DD-DP activities were ‘assessed
. 3 under the cofiditions described in Methods. Reactions were car/ied out

for 30 nu.nutes at 37 C as descxlbed 1n Methods 1008 act).v:.ty xn tems

¢ - of cmm ‘(after subtract1ng backtj'z'ound) for'the ‘various tissues are listed

below:
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= Iung | E 484 < . 23 /936 ;¢ E >
2 ' / © ., Sxidney o6 T 11 "
Brain NG ' 5,848 g T
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’may oceur during stazaqe.

- liver has a relatively Iow level of DD-DP activity.

-62 =

"RD-DP activities occurred upon overnight. storage of the enzyme prepar-

atxon at -20 C (data not shown) -although as a rilé.snaller activations
were observed. The smqni‘fxcance of. these results is uncleaz, although
several explanacions do come to mind. . one possibility is that ‘the

enzype undergoes a conformational.change upon f:eezing.' Alternately,

the actxvatxon may be due togdoss of an inhihitor of the polymerase, which

N

(3) SUBCELEULAH EDCALIZATZON OF IJIVA FOLMRASES FRQM RAT LIVER

© Having- established the presence nf RD-DP in most rat tissues,’

1t becan\e of interest to dtterminé whete the activity was actually located
wiﬂnn the dell; speclf),cally, whether it was “of cybuplasmlc or of nucléar, .
origin: Such an investigation wqu;d perhaps indirectly make availablean
&nzyme preparation more fiee of DD-DP and in additipn the enzyme's location
might sugges: scmel‘{nqi with regard to its function. Rat li;rer was used.

in zms study for. several geasons: first; an 1solation pzocedur& for obcam—

ing, veéry ¢lean ‘nucle:. from this tissue was available (106), and second, rat.

Phase cohitrast microscopy was used for identifying- (e muclel
and- shiowing, their purity ‘(Fig. 11). As éan be seen £rom! s this micrograph,

the n ccnslsts eritiall of nuclel, some of which (a yvery luw

pementage) appeax to be broken. The activities of the JDNA polymerases m

", ‘the riaclear abd cytoplasmic fractions as well as in the crude liver homo-

genate were assessed (Table III). The various, activities have been

expresSed’in terms of total units (pmoles of THP 1nc0:pozated) of activity

as wéll as in tems of specxfu: aenucy (anits/mg of protexn) The

specific ac(:).vu:y of the RO activxty in the nuclear fractxon was about]
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“FIG. 1\ PHASE CONTRAST chRosccPY OF RAT LIVER NUCLEI

fat. Liver nuclei were prepared s described in Methods.

nuclex obtained from a § ml 33. 3\ (w/v) hver hm\uqenate were taken'up
in 0 5 ml of isotonic /l‘(Cl and examined and phutoqraphed by phase con-

trast microscopy using a ‘carl Zeiss photnuu.croscope IT
? £ )

¢ Magnification factor X 1,230

- 63 =







. 3 TABLE: ITT o . ) s )

- g o o
NUCLEAR AND CYTOPLASMIC DISTRIBUTION OF DNA POLYMERASES FROM ‘RAT LIVER

Retivity - ' Fraction: . 'Tuta;,uﬂitsl mq"g[—‘:: % vield
By ; _c:udé Sreion o7 B B o~ e Ee T 100
. Cytoplasmic Eeiten o “2 e 1':3 . G4
s . Miclear fraction . 23 . a8 . . 01
. ' Endogencus . . cru;efaxtract ’ X N 14.7 R 255 . 100 ) .
R : "Cytoixlagmic fraction T - 8.2 "o u " ss.e .
2 ; g 4 mcleaz}nccm. ¥ . 2.0 - 4.2 ‘ R 1 . :
. o - Crude extract ¢ 10.5 % g s, ¥ W
AT U 0T ¢ gytbplasmic fraction - 8.6 L. 2_ .‘9( T a3
: }: : Nuclear extract EIR ] 353 N M

Fat livet nuc1e1 were prepared as described in Medwds by the methcd of Blobel an/:l Pattez (106) . The nuclear

the cy i ard the crude extract were assayed for RD-DB, endogenous and DD-DP actxvxt).es

as described il Methods, after makmg appropriate dilutions with Buffer A to assure.that the’ activities were

assessed in a rangegwhere it was proporticnal to the ensyme concentration. The crude éxtragt représents the fil-

trate obtained aftex £il the homogenate through cheese c,lcr.h: Proteins were, estunated by the method of Lowry

4 F.t.gl (108) . The specific activity ~£ox the endoqenous and RD-DP was' 3 625 cpm/pmole of TMP incorporated, and that
)
_ for the DD-DP, 6,000 cpm/pmole. ‘i - N S

- v9

1 unit is equal to i pmole of TP’ incorporated:




5 L - L X
- 3.7 times as high aé in the cytoplas'mic fraction; however, in tems of

) . total activity theré’ appears to 'be 7, times as much m the cytoplasm as

in’ the nuclear s Eath the > and ‘DD-DB activities

‘aispisfea parallel results, although the ratios 1nmthe two fractions

were not identical to those for the RD-DP.

Some exp_epimencs cop§uoted in the_presence’ of, insoluble material

e

e (i.e., msm':zane'fzagmencs), after freezing and thaying chﬂ:clei, ‘revealed
‘much higher lévels of DNA” ac ies ag

to,the Tevels

ramaining after sedimenting this mater:.al (Table ). Hence, the next
Experunents vere dn:e:ted towards attemptinq to solubilize the accuur.xes

associated wlth this Ansc].uhle matenal, and decxyl:holate ‘(DOC)  was uséd as,_\

the solubilizer.

Fig. 12 showsthe amount of PNA polymerases solubilized by

various entrations of DOC.  C ions. above 0125% of the detergent
caused coagulation. The supernatants of “the’ nuclear prepax:atlons treated-

|
with various quantities of deterqent were assayed for the actwities after,

&
dilutin; to 1/5,the original concentrations. Suhsf:,antx.al. amounts of the

activities were found to be sclu}nlized by 0 25% lw/v) of ‘the detergent

The soluble RD-DP was increased mofe than l0-£old; the endogenous actwity
more than 8-fold, and the DD-DP. more than 5-fold. These results indicate
that the level of the activities within the nucleus is higher than reported

in Table ‘III. As to whether the activities are associated with the nuclear

membrane, or with rapidly i ifg nu Sted ompl is not known..
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Nuclear vsupefmtaﬁtz - §

o™ 8 % e = v RS 1
X TABLE TV - -
DNA POLYMERASE ACTIVITIES IN RAT ‘LIVER NUCLEL. ~ =
* - . . ., RD-DP. ‘Endogenous ‘BD-DP

,883 . 505 7. 6,093
A

341 360 L 4,103

Rat-liver nuclei were prepared,‘and ac

- "Méthods. ©

Specific activities were 3,625%pm pgr pmole of T incorporated
PO 9 4

for .the RD-DP and endogenous activities, and 6;000 cpm for the DD-DP

& v B
1 Nuclei were fx‘ozen ard thawed twice, and the act).v)t)es assessed in
the presence. of/insoluble material. i )
2 The' £refien aud thawed muclei weré centrifuged at 7,000 g for 20 ninutes
and fe sugernatant used for assays.,




“FIG. 12: SOLUBILIZATION OF DNA :PblfYMERASES‘FRDM RAT LIVER NUCLEI .BY

-’l‘he supernatants were f.hen dlluted .to 1/5 the uxigxnal concentrat:

< bRovyCHOLATE B J

Rat Liver nuclei were preparedas described ‘in Methmis, and

the nuclei ‘from 18 ml of liver homoqenate were taken up in 3 ml of

Buffer A. 360 ul aliquots were then treated witl varics cunceqtra:—

* ions of dedxycholate in final volumes &f 400 ul, for 15 minytes at

o - 4%, after whxch they vere centrxfuqed at 7,000 g for 20 mxnutes.

n .
and the - Ro-Dp, endogefious, and DD e actxvxtx.es assessed in a'upucace )

as desznbea in Methods. The specific’activity for the'RD-DP and

’ endoqenous activities was 3,625 cpm/pmole of TMP incorporateds-and that

for DD-DP, 6,000 cm/pmole.” ;-
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() L‘HAR{IL'TEI%IZATION OF DNA_POLYMERASES FROM RAT -THYMUS

The results of the distribution study (Fig.' 9 and Table I)

showed that the thymus had the “emount qf DNA

. polyherase per gram of tissue. The thymus was therefore selected o ¢

further cha;acéerizatio; of :he'ac:'ivi’ty. N R

{1) IS0BEECIRIC POINTS oF THE DA POLYME'RASES . :
Electrofocusing is a high casaSeion protein separation technique

which opexates on'a @iffertht principle than gel filtration chromatograghy.

This apprcach was therefore used, both to obtain the isoelectric points

of the enzymes being studidd, as well as to possibly separate the different

activities. The electrofocusing profile of the DNA polymeraST& from rat ’

th}nu'i (Fig. 13) shows one main peak containing both RNA- and DNA-dependent

DNA polymerase activities at an isoelectric paint of 4.6} In -addition, the.

RD-DP also ‘gavesa series of other peaks SRR G ST TGS

point of 5.3 Whether these various peaks representdifferent R

different enzyme-nucleic acid complexes is not known.. It should be noted,

g ) g .
however, .that ‘the electrofocusing results closely parallel thdse obtained

with Sephadex chromatography. :- o

.
(2) " MOLECULAR VEIG}{T DETE‘RMIIVATI@IL:" OF THE DNA POLYMERASES

Fij. 14 (top) shows the elution profile of thé DNA polymérases

from a Sephadex G 200 column. The column was calibratéd with several

th-ctei.nAs of known Mi [R;lase A (13,700), ovalbumin (‘45,000), and ‘aldolase
(158,000)], (Fig: 14, bottom) allowing an approximate MW o:'ﬂ;zc,uou N
to be estimated for the low MW RD-DF.- The size of the high MW complex ,
- cannot be obcam;d_fzqm this data heqausé it el{ﬁes very near the void

volume. "



2 5 i ¥ A
: %5 g i 5
s g ! : . :
= s gy s B g - .
= . FIG. 13. OF THE A 3 FROM RAT THYMUS' s
g Isoelect.nc tocusxng was carued out inthe P 3 - 10° ange,

Aas described in mf.hmdl. A 20% (w/v) thymus extract in Buffer A was®

- prepared and to 1.2 ml.were addéd 250 Ul of glycerol before it was
s
introduced ints ¢he column. Focusing wg carried out for-approximately

8
-24 HouEn catter which 1.5 ml fractions were collected %nd assayed for

tha RD-DP (B-ememel ) axg endogenous (o~ - -0)" activi'ty as described

. in the legend to Fig. 1, and the DD-DP(e——s) as described.in Methods.

% _Reactions were can—i;d eu\‘for 15 minutes at 37°C. The specific activity.
was 3 500 cxm/amole of ™P incnrporated.
5 . iy, .
3 % 2 . .
/ \{ - )
e 1 , S
i S . ' ‘s e
s ) . = -
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PIG.‘ 14. MOLECULAR WEIGHT DETMTNATION OF THE RD-DP ACTIVITY ELUTING IN
T}D‘J LOW MOLECULA\R WEIGHT REGION OF A SEPHADEX G 200 COLUM.N
® 1 ml of:a 25\ thymus ‘extract was treated for 3 hours at xoom
temperature’ with 400 ugm of Rjase A and subsequently frac:mnated on ‘the
sal{e column. The activities (RD-DP, ‘endo_genous, and DD—DP) were det_er—
mined as desé:ghed in Methods. THe M of the dow MW RD-DP estimated

from the calibration curve (lower graph) was approximately 120,000:: The

MW of the othey activities could not be determined since they-¥luted (in

the void colume. ~  ° & ¢ 3

A Sephadex G 200 column was ca&hmatqd using gtandard proteins

© of known molecular weights such as RNase A (MW 13,700), -ovalbr

» L s ol g
(MW 45,000) and alc‘olase (MW 158,000), each at a concentration of 1 mg

per ml. Theéir elution position was' i A ically by

‘reading the absorbance of each.fraction at 280 mm.
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(3) g oF. THE § AND RD-DP ACTIVITIES: - o 5 10

" () Bndogenous activity > P .

Flg. 15 iunscra,:es“ the tm\e dependence of the RS-DP or ‘endo- -

- ¢ genous DNA polymerase activity at twu dxfferent tamperat\xzes (30° ana
. " 37%), and demongtrates the reaction o be sonlinear after thefiwst,

ten minutes. - This nonlinearity may be due to one or more factdrs, the

most likely being depletion of the templaté itself. It is not liKely .

_ that the su leosid i ) are being depleted .

since they were present at, high concentrations and also, in other experi-
ments with a DNA ta‘nplate, at. least 100-£61d greater . incorporation wis

_obtained, using sunuax substrate concentrat:.uns (see Fig. 3) Another

¥ ' possibility is that -the enZyme preparatlon was still contmpnated “with

some type of nuclease responsible for the breakdown of either the template

or the product. In any case the.non—linearity of the'reaction has made
) the characr.erization "of this activity difficult.- . )
Ly (b) rRNA~dependent neactwn - e

The rBNA—dependent DN} polymerasé zeaction ‘fron the T My

zagxon is Linear with time for at least 30 minites (Fig. 16)-after which
‘the rate ddcreasés slightly, but the amount 'of incorporation Sont st .
to increase within the range of time examxned (so minates) . akmg these

data together with r.hose .in the preceding expenment (rig; <13, time-

dependence of thé endogenous acuvxty) in which reaction condltions were

identical except for the absence of 'exogenous te;nplate, we can conclude

L 2 that the lack of linearity for the endogenqus activity is due to insuf-

: f}?t endogenous template. N




FIG. 15.

fract:mns were pooled and assays for the endogenous

TI)

E OF THE RIBONUCL

Am‘lvnlz

SEPHADEX G 150 COLUMN

The supernatant of a 25% tu/v) rat thymus

fractionated as:

‘escmbed in the leqend to Fig.

FROM RAT THYMUS EXTRACT PARTIAL!.Y PURIFIED ON A.,

extrack was
NG
2. The most active

activity were,

o then xepeated in duph.:ate rcz various mcubar.mn times at r.wo

. tmperacures (37 , tp, 30° bottom) .

cpn/ynole.

Sp. Act of -TrP was 3, 500

E DNA POLYMERASE : :
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FIG. 16. T : E OF THE DNA

Lo . Y
o The low MW RD-DP eéluting from a sephadex 6200 column was

used as the ;&uce of activity. Reaction. cundx.t:.ons were as described

in Mer.hads thh 13.5 pgn 165 + 235 rENA per assay, and cold" dTP

\)une at

. i g . . :
37°C and each point represents the average of duplicates: The specific

deléted. The reactions Viexe incubated for various lengths

activity of 3yotrp is 7,140 cpm/pmole.
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\( 4) EFFECT OF ENIYME CONCENTRATION ON INCORPORATION

of the enzyme preparation, after which it plateaued. Assays were '

.0,

o -’74‘

The effect. of enzyme cor ‘on the ity'of the
reaction (rig. 17) displays a sigmoidal relationship for the -DP,
sugginting the pssibility of a sbunit structire for the emsyme.. on

the other hand, the DD-DP activity was found to be linear up to 25 pl

‘normally carried out in the linear range.

" (5) IZEQULMNTS OF THE MDOGENOUS AND RD-DP ACTIVITIES:

(a) E‘ndngsnnua nctw;ty - X . = %

e The teq\likgment! of the endogenous activity are shown in
¥

Table V. arﬁcma for-a“ DNA polymerase, maximum activity depends on

-Rlase A was found

the presence of All four de id : The del

of all three unlabelled deoxynucleoside triphosphates results in_
approximately one-ninth of the activity observed in their presence,

while the deletion of each indivi 1ly is less i i *

95% of the activity, suggesting

that an RNA template is required fof the ion. An

requirenent for s dtvalent :ar.;{m was evident. Both ¥g'' and Mot were .
used by the enzyne although with different afﬂciem:xes. u't, ata
s ™,

concentration one-tenth that of Mg' ' ,-proved to be twice as efficient as
++

¥5'™". since less reproducible results vere chtainied with 't Mgt

preferred to Mn'' in carrying out any further experiments. This irrepro-

)ucibility with HnH as thé activator is consistent with the findings of

other workers (100). N ]

The need for all four deoxynucleo@ trlphnsphates for maximum

: activity suqqesu that a terminal nucleotidyl umsferase smlar to the
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T 3 ACTIVITIES FROM RAT THYMUS y )
E . “The mos't active fractions from the low MW peak were used
. ‘ for the RD-DP and the active fractions eluting in the high MW region
i for the DD-DP. * Assay conditions were’as described in Methods, except -
% . that the 3mounf Of enzyme preparation was varied. All assays were
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| -aarp
+=dCTP
-deTp

Complete
A

st

“Mg

- complete?
: +RNase A§

++

complete 1.
-dATP, -dCTP, -4GTP

4

’ ﬂmws

Reaction Mixture

___OF_RAT THYMUS

REQUIREMENTS OF THE RI

" TABLE V

IVE DNA

5 Divalent catjon requirement:

Thcorporation of |

H-TMP (%)

100

11.6%7

28.60
45.67

47.76

80:61
5.17

100,
8 i

212.87

<76 ~

The enzyme p!eparatlon was ohtained dsfescribed in the legend- to Fig. 2.

The Téagtions were caijea out as described in the legend to Fig. 1 under

the cond;f,tmns denoted in the first column: A background of 70 cpm has _

heen subtracted

%1008 activity is requivatent %o 1,388 cpn/assay.

.~

Watez was added (10 wl HZO/IDQ ul enzyme pzeparatmn) and the” e,(zyme pre-
paration incibated 30 minutes at room temperature to serve asra control
£for RNAse treament 4

3m-ase A treatmént [10.41 Riase A (2 mg/nl) per 100 Ul enzyme prepazatxun]

“ug™ (gipal concentration of 5 m) vas reglac.ed

for BO mxnutes at room’temperature.

1004 activity is ‘equivalent to 833 cpm/assay. b

0.5 m4 Ma*t.
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one reported in calf thymus (116), is not the activity that i& being

and , an heterogeneous region, and not a-poly A

region of a template sensitive to RNase A, is being copied. :

¥ i s ——"

Table: VI shows the requirements of the low MW RD-DP as well as

b . some of the properties of the product and the template. ALl e deoxy~
nucleoside tx‘:\.phosphates are required for maximum activity. ‘Deletion

of dATP, dCT‘P, and’ dGTP, resulted in only 13.3% of the activity obsarved

B
in’ the of all four eosid i ,*while del tion
E—

of each one xndlvldually resulted in a smaller decrease in actx.vity. If
o template rRNA is treated with RNase A pnm_— to carrying out the,
assay, 66.8% of the maximum activity is recovered. However, on being
’ btreated with both Riase A and T, the activity decreases to only 13:4% of
| thé naximun; indibating thet RNA is necesssry Tordensyne activity. Teav-
ing- the templateé out of the reaction pool, y;eléea only 4.3% of the

. % 3 . »
maximum activity. If DNase I was added to the réaction hixture after 30 .

minutes, no i was , indicating the product to be DNA.

Furthermore, the product/was stable to RNase A, added after 30 minutes Lo

and further incubating/for another 30 minutes (89.4% remained of the
activity observed aftpr a one hour incubation). Assays for the DD-DP

activity in the same fractions as the RD-DP yielded'36.96 times as mug]

actx.vity as the RD-DP. As to whether this represents the activify of d
contamlnatan enzyme or whether the RD-DP enzyme also uses DNA as a

template is still not.known, although there have been certain prepar-

i : ations in which €he #atlo G RD-DP o DD-DP has been as high as 1 to 5,

suggesting that at’least some of (;1.15 DNA ditect;d.activity is due to a

" contaminating enzyme.
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. REQUIREMEN{S OF THE'RNA-DEPENDENT DNA-POLYMERASE FROM RAT THYMUS

o

5 ¥ Incorporation of .
Reaction conditions P - 3-mup (%)

\ Experiment T -

CcmPletellv 2 . - - . 100
-dATP, -dCTP, —gsﬁw 4 . " © 3353 "“
-anre A g ) : ) a5
~dere E I | sae '
-dere A W B C T a0t >
s . ’ 4.4

. < 20 g W .

W, . Riase A treated rRNA : 66,8
RNase A + Ritase T)-treated o T -> 13 -
+"activated” calf thymus DNA® C 3696.0

Ei:rpezimen? II - : ) 5 ' o z

complete® ' 100
+ DNase T (intzoduced at 30 winaean® L o,
+ R.Nase A (1ntzodnceﬂ at 30 nunutes) . . 89.4 &

" “Bxperinent III = '
complete® S E ) » .o+ 100
heated ) - ; ' L 722 100

. © X
DNase I treated r&nAl® .. . ° E _ 1395
5 : . ; ;
The low molecular weight RD-DP peak‘ was used for all dssays.. Reactions -

were carr;ed out under the conditions denoted in thp: first column, and
incubated for 30 minites in the case of E:xperiments I and III, and for
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one hour in the case of Experiment II. ‘A background of 60 cpm has been

tracted from all values.

1 Reactionfconditions were as described i Methods. '100% activity is ,

‘equivalent to 773 cpm, 2
7

2 100 ulL 'of a 1.49 mg/ml rRNA solution was incubated for 15 minutes at

37°C in the’ presgnce of 40 pgm of RNase A, 10 pl of this rRNA per x .
assay was used to assess RD-DP activity under conditions described in
-Methods . 400% activity was equivalent to 894 cgln/assay. -

3 200 u1 of rRNAwas treated with 40 ugm of RNase A and 1.08 ugm of
RNase Tl, for '15 minutes at 37°C. .Assays were carusd out as descr:‘.hed
in 2. 4

% pp-Dractivity was assessed as descx‘lbed in Methods, using the same
enzyme préparation as in 1.

i . [)
5 Reaction was carried|out for 1 hour. 100% activity is equivalent to
2,109 cpn/assay.. s ¥ p

© 5 ul of DNase I (1 mg/ml) .and 19l of 0.1 MgCly. were added to the
assay after incubating for 30 minutes, followed by a further incubation
of another 30 minutes. )

7 10 ugn Ruase A vas added after 30.minutes of incubation, followed by a
further 30 minute incubation. .

8:100% activitd is equivalent to 670 cpm/assay.

&
9150 ugm of rRNA wos incubated for 30 minutes at 37°C after which it was
heated for 15 minutes at 70°C: *

101'51: ugm of .YRNA was treated with 0.1 ygm DNase ¥ in the presence of 5 mM
MgCly for 30 minutes at 37°C, after which it was heated at 70°C for 15
minutes to destroy the DNase I. The rRNA-dependent activity using the
template heated in the absence of DNase, (see 9 above) was taken as “d