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A bstract. Maize RNA polymerase utilizes heated deoxyribonucleic acid more effectively
than native deoxyribonucleic acid as a template for ribonucleic acid synthesis. A ribenucleic
acid-deoxyribonucleic acid hybrid accumulates in the presence of 'heated deoxyribonucleic acid.
The amount of product formed with either native or heat-denatured deoxyribonucleic acid does
not exceed the amount of deoxyribonucleic acid added as template.

The itemplate requirement of several RNA poly-
merases ('Nucleoside-Htriphosphate: RNA nudleotidyl
transferase, EC 2.7.7.6), isolated and purified from
microorganism's (5, 7, 11, 41 ) anid mamtmals ( 13, 32),
is best satisfied with native DNA. Heat denatured,
calf thymus DNA actually inhibits the polymerase
isolated from bovine lymiphosarcoma tissue (12).
In characterizing the partially purified enzyme from
maize seedllings we have shown that, lat relatively
high levels, native or denatured DNA from several
species satisfies the template requirement of the
maize enzyme (42). The data presented here
demonstrate thait at rate limiting concentrations,
denatured DNA from maize seed1lings or calf
thym'us is 8 times more effective than native DNA
in satisfying the template requirement. Further-
more, an RNA-DNA hybrid, analogous to that
formed by Azotobacter vinelandii RNA polymerase
(44), accutmulates u'pon incuLbation of the enzyme
with 'sub'stra'te and denatured DNA. The hybrid
is not found w'hen native DNA is used as template.

Materials and Methods

Enzyme Preparationt and Assay. Soluble RNA
polymerase was isolated f'rom 5-day-old maize seed-
lings as described previously (42). The am'monium
sullfate precipitate was desalited on Sephadex G-50
ra,ther than by di,a)lysis prior to column chroma-
tography on diethylaminoethyl-(DEAE) cellu'lose.
The enzyme had a specific activity of 1870. Spe-
cific activity is def'ined as rnLmoles of AMP incor-
porated in 10 minutes at 300 per milligram prote'in.
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Stou't was supported on a United States Public Health
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from the National Cancer Institute.

2 Present address: Biology Department, Virginia
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RNA polymerase activiity was assayed as the
incorporation of a-32P-labeled ribonucleotides from
ribonucleoside triphosphates inito acid-insolulble
product at 300. A standard reaction mixture con-
tained 40 wmoles tri's-Cl '('pH 8.4), 0.5 jxmoles each
of ATP, GTP, and UTP, 0.45 ,umoles a-32P-CTP
(specific activity 17.4 mc/mmole), 5 ,umoles mag-
nesium acetate, 5 1kmoles dith'iothreitol, 20 ,umoles
(NH4)2S04, 50 jg DNA, and 50 jug of Fraction IV
enzyme (42) in 0.2 ml. Samples were removed
during incubation and acid-insoluible radioactivity
was determined by the method of Boillum (2) as
modified by Mans and Novelli (26). Products were
isolated a,fteir the addiition of carrier yeaist RNA
and HCl04. Base analyses were performed on
DEAE-celtlulose paper 'by the method of Jacobson
(20) as des-crilbed previously (42).

Biological Materials and Reagents. Calf thymus
DNA and synthetic poilydeoxyribonucleotides were
generously provided by F. J. Bollum. Maize DNA
was prepared from 5-day-old seedlings by the
method of Bolton (3), including treatment with
RNase. A,ll other materials were pu.rchased from
commercia4l sources. Maize grain (Zea mDays L.,
WF9 X Bear 38) from Bear Hybrid Seed Company,
Decatur, Illinois was germiinaited and the seedlings
utilized for all preparations. Uniform germination
and preparations of reproducible activities have
been obtained with this grain for -more than 5 years.
Pancreatic RNase (polyribonucileotide 2-oligonuoleo-
tide-transferase, 2.7.7.16) 5 X crystallized from
General Biochemicals, w;as heated for 10 minutes
at 800 to inactivate DNalse. Pancreatic DNase (de-
oxyribonuicleate oligonuic,leotide-hydro!lase, 3.1.4.5)
electrophoretically pu.rified and firee of RN'ase was
purchased from Worthington Biochemical. Corpora-
tion. The unlabeled rilbonuoleotides were obtained
from the following companies: P-L Biochemicals,
Generall Biochemical's and Schwarz BioResearch,
Incorporated. Labeled ribonucleotides were pur-
chased, exclusively, from Schwarz BiooResearch,
Incorporated.

All experimenits reported here were conduticted
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wiith a single preparation of ithe appropriate DNA
and indiv,idually 'frozen 'ajliqtuots of this preparation
to avoid change in DNA template activity owing
to storage, salt efifeots or pH (21). Simi,larly,
individually frozen a,liquots of 1 RNA polymerase
preparatioin wvere ui.tilized. However, several dif-
ferent 'preparations of DNA and RNA polymerase
exhibit all of the activities reported here.

Experimental Results

Temnplate Activity of Heat Denatured DNA.
The characteritices of the reaction catalyzed by
ma,ize RNA polylmerase are illustraited in figuire 1.

T.he synthe,sis of RNA was dependent tll)Ol naitive
or hea,t clenattired DNA from cailf thymus or maize
seedlings since no incorporation of rilbonticleotides
wvas detected in the 'absence of DNA. The amountt
of RNA formed in 10 minltites inculbation was a
linea.r fuinctioni of 'the concentration of native DNA
(1-10 tug) of either spe,cies. T'he amoulnt of
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FIG. 1. Temiiplate activity of native anid heat dena-
tured DNA's. RNA polymerase activity was measured
ats described in 'Materials and Methods with tle indi-
cated amounts of calf thymus DNA (paniel A) or maize
seedling DNA (panel B) and incubated for 10 minutes.
Onle ,u,mole CVIP incorporated is equivalent to 31 CPMI.

RNA formed with heated DNA of eit,her species
was greater than that formed with native DNA.
Howeve,r, ithe co-ncentration dependence on heated
DNA was not linear. Xkt 1 1ug DNA per inctubation
mixture, 8 times as much RNA was synthesized
with heated DNA as wvith naitive DNA. The
enzyme was saturated with heated DNA at a^pproxi°
mately 10 ,Fg DNA at standard assay conditions.
Other experiments (42) have shown that the enzyme
was sattirated with native calf thymus DNA at 50
,ag per incubation miixture at which con,centration
bo.th native and( heate(d DNA served equally- as
template.

The incorporation of CI\IP by the poly-merase
was more efficient in the presen'ce of low am,ounts
of calf DNA as compared with co,rn DNA (fig 1).
Nearest neighbor anialyses of RNA's synthesized ill
the presen,ce of native calf or maize DNA's (table
I) indicaite, bult do not prove, that the p)ro(ldlc'tRNA's were com'plemniitary with their respective
templaite DNA's. The fidelity of the copyilngI
process was 'investigated with svnlthetic polydeoxy-
ribonucleotide templates. See table I. Poly dA :dT
is a straind of polydeoxYril)oadleny,la,te associate(l
with a strand of 'polythymidyla'te (24), aind poly(IAT is an alternaiting copolymer of polydeoxyribo-
adenylate and polvthymidvlate (35). The product
synthesized in the presence of poly dA :dT from
a-"2P-ATP and the other 3 ribonutcleoside triphos-
p)hate's conitained 87.5 % of the incorporated radio-
activity as ApA sequeniices (tab)le I). Therefore,
the major labeled prodtlct formed was polyribo-
adlenylate. In a comparable experiment with poly
flAT as t,he tem,plate, 99.8 % o'f the radioactivity
incorporated from ac-32P-ATP was recovered as

uridylic acid after alkaline hydrolysis (itable I).
These data strongly indicate th'at ma'ize RNA poly-
merase copies poWNdeoxyribonucledtides to produce
the p}rodtlut ex-pected in accordance with standard
Watson-Crick base pairing (6). Since the base
composition of calf thymtis DNA i,s 22 % guaniine
(8) and that of maize DNA 'i,s 22.8 % (10)-essen-
tially the same-the CAMP incorporated into RNA
shouild be essenltialily eqtal. Furnthermore, if we

assulme that, once positiotned oln the template, the

Table 1. Analysis of Products
Product; were ftormied by inicubation of the indicated template in a standard reaction imiixture with a-32P-ATPas the lal)eled precursor. Alkaline hydrolysates of the acid-precipitated products were analyze(d by DEAE-paperchromatography as described previously (20, 42).

Template

Maize DNA
Calf thymtus DNA
Poly dA:dT
Polv dAT

Total counts/min
incorporated into

RNA ApA

185,400 0.272
105,150 0.308
20,700 0.875

183.400 0.002

Dinucleotide frequencies
GpA CpA
0.230
0.228
0.030

<0.001

0.223
0.208
0.028

<0.001

RNA DNA
A + U A+T

UpA G + C G+ C

0.275
0.255
0.069
0.998

1.21 1.1711.30 1.292

I See Ergle and Katterman (10).
2 See Chargaff (8).
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Table II. Dentatur-ationi of DNVA

Hvperchromicity
DNNA DNasel Heat2

Calf tlivmnus 30.8 17.0
Mlaize seedliing 30.0 8.3

' 42 ,ug calf thymmus DNA or 46 pg maize seedling
DNA was incubated for 15 minutes with 100 pg
RNase free DNase in 0J1 M sodium acetate (pH 5)
xvith 15 ,mmoles magnesium acetate at 300 in a final
volume of 3.0 ml. The change in absorbancy at 260
nm was followed with time (23).

2 A stoppered tube containing 42 pkg calf thymus DNA
or 46,ag maize seedling DNA in 1 ml SSC (28) at
pH 7.4 was placed in boiling water for 10 minutes
and then pluniged into crushed ice. The change in
absorbancv at 260 iim was measured at room temper-
ature.

rate of polymerization for each of the ribonuc,leo-
tide precuirso.rs i!s the same, we caniniot account for
the more efficient utilization o,f DNA observed for
one species over that of anoither sipecies.

The differen,ce in template activity of the 2
DNA's is correlated with a difference in response
of the DNA'is ito heat denaturation. Data in table
II show thalt denaturation of DNA of either species
by trea'tment with deoxyribonuclease (23) reisulted
in 30 % hyperchromi,city at 260 nm. However,
heating the DNA of either species in a boiling water
bath followed by rapid cooling (the treatment tused
to prepare the theated DNA's uised in the experi-
men.ts -of figure 1) resutillted in twice the hyper-
chromicity (43) of callf DNA as seen with maize
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FIG. 2. Time course of RNA synthesis with native
and heat denatured DNA's. RNA polymerase activity
was measured as described under Materialis and IMethods
,vith 1 pg of calf thymus DNA (panel A) or 1 pg
maize seedling DNA (panel B). One /qu,mole CMIP in-
corporated is equivalent to 31 CPM1.

DNA (table II). It is Inot known how much of
the difference in hyperchromici'ty between the 2
heated DNA's is a function of the separation of
the 2 strands (29), ithe random reassociation of
portions of the separated strands on cooling (9)
and weakening oif the internucleotide stacking
forces (1). However, the greater susceptability of
the calf DNA to heat denatuiratioin does correlate
with greater template activity of the calf DNA
(,fig 1). These data suggest that -the RNA poly-
merase from maize requires single-stranded DNA
as temipla'te. The activity seen with high levels of
native DNA (42) may represen't a response of the
enzyme to ,ow lev-els of contaminatiing denatured
DNA or to a slow denaturation of native DNA
during the incubation period.

Rate and Amnouint of RNA Synthesized. The
reaction rates of maize RNA polymerase on heated
DNA's are significantly faster than on native
DNA's. The reaction slowed appreciably in 20
minutes in the presence of heated maize DNA
(fig 2B), whereas, the rate of CMP incorporation
remaiined constant throughout the 30 minutte incuba-
tion in the presence of naitive maize DNA. Essen-
tially the same restult was obtained wilth calf DNA
(ifig 2A). Hiowever, incorporation of CMP con-

tinued, butit at a reduced ra,te, throughouit the ilncuI-
bation with heated calf DNA. Calctl.ating from
the total radioactivity incorporated, the specific
activity o'f the a-32P-CTP laibeiled prectursor ulsed,
and t.he base composiition of 'the product formed in
this incuibationi (fiig 2A and table I); 0.41 ,ug of
RNA was synthesized in the presence of 1 -g heated
calf DNA in 30 miniutes. U'poIn longer incubationi,
the amount of RNA synithesized did not exceed the
amotlilnt of DNA templaite added. The slowing of
the reaction rate, as the concentration of the produict
approached that of the heated telmiplate, suiggested
that an RNA-DNA hybrid (4, 14, 17, 33, 36, 38) was
accumulating. The formation of an RNA-DNA
hybrid would also explain the faillture of pancreatic
RNase to completely inhi'bit maize RNA polymerase
wxhen inc'luded in the reaction mixtutre or 'to com-

pletely digest the acid-insoluible product (27) since
RNA-DNA hybrids are resistant to pancreatic
RNase ( 18).

Formation of RNTA-DNA Hybrid. Evidence
was sought for the accumuflation of aIn RNase re-

sistant hybrid as a product of the maize RNA
polymerase re.action. -More -than 90 % of the RNA
synthesized with native ca,lf or maize DNA was

suscepitilble to digestion with pancreatic RNase
(table III). However, in the presence of heat
denattu-red DNA's more 'than half (73.2 % with calf
and 58.6 % wi.th maize) of the radioacti-ve product
formed in 45 minuttes was resistant to RNase di-
gestion. These ressults are analogous with those of
Warner et al. (44) who demonstrated 'the formation
of RNA-DNA hybrid with single-stranlded DNA
and purified RNA polymerase from A-otobacter
vinelandii. Early in the inculbation of the maize
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Table IIJ. Hfvbrid Foriatiol1
Standard 0.2 m.l reaction mixtures containing 5 ,ug

of the indicated DNA were incubated at 300 for 45
minutes. 50 ,umoles of sodium acetate (pH 5), 5
/hmolles EDTA and 20 gg of DNa.se-free RNase were
added and the incubation continued for an additional
30 minutes. Changes in acid-ins-oluble radioactivity
were followed throughout the first and second incuba-
tion periods. The data reported wvere calculated as:
Total insoluble 32p rem-naining (2nd ilncubation)

X 100
Tota.l 32p incorporated (Ist incubation)

Template DNA

Calf thynmuts
M\a,ize see(llinig

RNase resistant product
Naltive Denatured

8.1
4.2

E

(0~o
U0.5z
o

0
C,)
ED

73.2
58.6

enzyme with denatuiredl DNA, mlore than 90 % of
the product was RNase resistant.

Additional evidence in suipport of the acctlnlti1a-
tion of an RNA-DNA hybrid in the presence of
heated DNA was obtaine(d by suicrose density
g-radient centrifugation of the plro(llict. The acid-
insolulble, radioactive procduict wvas di,stributed
throuigho-ut the lower two-thir(ds of the ttibe with
a major com,ponent having a sedimentation coeffi-
cient of approximately 14 to 16S (fig 3A). The
distribution of radioactivitv correlated with the
dlistribuition oif the template DNA on the gradien't
as indicated by abso:rbancy measuirements at 260 nm.
Essen,tially all the added: DNA was accounted for
by the absorbancy in fractions 1 throutgh 11. The
total uiltraviole't absorbancy recovered from the
gradielnt was 2.2-fold that calculated from the
amotunt of DNA added to the gradient. Therefore,
the major portion of the absorbancy exhibited in
fractions 14 through 16 Nvas ascribed to tinincor-
porated ribonucleotides not removed from the
product by dia,lysis. (The absorbancy (lata repre-
sent acid-soltuble as well as acid-insoluble materialis.)
After the product was heated for 10 mintuteis at
100° and *then centrifuiged in the suicrose gradient,
all the radioactive product NN'as conlcentrated in the
uipper one-third of the ttube peaking near the posi-
tion of a 4 to 6S component (fig 3B). Similarly,
the ultraviolet absorbing mnaterial of tihe heated
product was concentrated in the upper one-third of
the ttibe. All of the ultraviolet absorbaincy observed
in fractionls I throuigh 11 of the uinheated prodtict
(fig 3A) wa(s accotinted for as the increa!se in
absorbancy in fraction,s 12 throulgh 15 of the heated
product (,fig 3B). The changes in the sedimenta-
tioIn behavior and senisitivity to RNase of the 9P-
labheled product after heating is consistanit wi,th the
behavior of an RNA-DNA hyNbrid (44). Proof of
hybrid formation will require physical and chemical
characterization of the product isollated from an
RNA polymerase incuibationi miixture containiing
heated DNA.
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FIG. 3. Effect of heating on sedimentation of RNA
polynmerase prodIuct. A reactionl imiixtutre. 6-fol(d larger
thani standard, conitaining 300 ug of heat denature(d
calf thvi-mu:s D.NA was incubated at 300 for 30 minutts.
The reaction was stopped by dilutioni to 0.1 M with cold
sodiumii acetate (pH 5) an(d to 0.4 % sodium dlodecy l
sulfate. The mlixtulre was dialyzed for 6 houirs against
cold. flowxing 0.01 \i sodium acetate (,pH 5) and thell
aigainst runnllilng distilled water for 18 houirs at 230. The
dial-zedl solut.ion was adjutsted to 0.1 X SSC (28)
(pH 5). ail(l approxinmately one-half (80,632 CPMI) was
layered over a 2.5 to 15 % sucrose gradiemit in 0.03 Mr
tris-Cl (pH 7.3) and; 0.1 \i NaCl (panel A). The
remainiing portion of thle dialyzed product (64,656 CPM\I)
was heatedl in a boiling water bath for 10 minutes,
chilled in ice andl theni lavered as ab)ove ( panel B).
After centrifugation at 39,000 rpmi for 3.5 hours in
the SW 39 rotor at 20, fractions w-ere collected bv
dropping from the bottom of the tubes. The fractioius
x-ere anal ized for aci-idnsoluble radioactivitx anld tot-1l
absorbance at 260 nim. Ninety-nine percent of the
radioactive products w ere recovered fromii thil gra(lilt s.

Discussion

The reaction catalyzed by the R-NA po)olymerase
isola,ted from maize differs in several resl)ects from
the reactioni catalyzed by the microbial enzymes.
A) Tl'he plant enzyme uises (lenatllre( I)NA more
efficiently than native DNA \vhereas .he microbial
enzymes are more efficient ott natve 1)N.A .
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11,41). In its temiplate requiirement the maize
RNA polymerase more nearly resembles the DNA
polymerases isolated from calf thymtis (2) and
bacteria (34) than the microbial RNA polymerases.
B) The inakility of ithe plianit enzyme to utilize
RNA or synthetic oligoribonucleotide templates
(42) is in contrast with their utiilization by micro-
bial enzymes (16, 22, 30, 40). C) The formation
of homopolymers in the presence of he!ated DNA
is catalyzed by the microbial enzymes (6,40),
wherea,s the formation of a homopolymer is not
detected with the maize polymerase. D) RNA
polymerases isolated froim microbial cells (6, 19, 31,
39, 45) are fo-und associaited with a DNA-rich frac-
tion of celil homogen;ates. The bulk of the RNA
pollymerase from maize seedlings is fouln(d in the
DNA-poor, soluble portion of tissuie homogenates
(27).

These differences in template requirement be-
tween -the plant and microbial enzymes are in accord
with the suggestion (25) that the enzymatic ap-
parattis required for RNA synthesis in cells having
their temiplate material (DNA) in an organized
chromosome (e.g., fliowering plants) (Iiffers from
that in cells in which the DNA is not integrated
inito the classical chromosomal configuration (bac-
teria). The more effective reversal of aictinomycin
D inhi'bikt'ion of the RNA polyme-rase from He/a
coldls by heat denatured DNA compare(l with native
DNA or RNA (15), also fits into this pattern.
However, data from stfill another tisstue having
organized chromosomes is not consistant with this
notion. Furth and Ho (12) 'have demonstrated
that healt denattured DNA inhi'bits RNA synthesis
by the soluble polymerase isolated from bovine
lymphosarcoma cells. Experimental verif cation of
the hypothe.sis put forth 'by Lin et ail. (25) must
await a more extensive survey of the temiplate
reqtlirements of RNA polymerases isolated from
diverse biological species.

The inability of the maize polymerase to cata-
lytica,lly utilize either denatured or naltivre templiates
suiggests that the transcription process in this plant
requires additional enzym,ic activiities (37). De-
naituration of t'he native template seems to be the
rate limiting process. We suggest that a template-
denaturing activity may be required for t'he cata-
lytic use of DNA in the synthesis of plant RNA.
This activity woulld prepare the native template for
transcription by locally opening or weakening the
forces holding the 2 stranids of DNA together.
RNA synthesis by the polymerase wo-uld then pro-
ceed alonng 'the DNA strand( by way of a transient
hybrid of a few nucleotfides. Release of the product
from the template strand may also involve an
enzymic process. This fiinal step in RNA syn-
thesis may be catalyzed by the postulated tem,plate-
denatuiring activity or by sitill another enzymic
protein. The results presented in this paper suiggest
that these postuilated activities may have been lost
in purifying the "soluble' enzyme from the DNA-

poor fraction of the maize seedling homogenates
(42).
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