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SUMMARY.

Wheat germ RNA polymerases I, II and III form stable, heparin-resistant
binary complexes on CaMV DNA in vitro. The proportion of stable complexes is
increased by preincubation with ATP and GTP. RNA chains are initiated with a
greater frequency in GTP than in ATP, this preference for GTP being particular-
ly marked for enzyme II. RNA synthesised has an average length of 100-200 nucleo-
tides for enzymes I and III and 550 nucleotides for enzyme II. This RNA hybridi-
ses to all regions of the CaMV genome, although one region is overrepresented
in transcripts with enzyme II. Our results are compatible with an initiation of
RNA synthesis at single-strand nicks, in which RNA polymerase II Initiates syn-
thesis more efficiently at a specifically-located single-strand interruption on
the CaMV genome.

INTRODUCTION.

It has been shown that Escherichia coli RNA polymerase holoenzyme is ca-
pable of forming specific initiation complexes on homologous DNA in vitro at si-
tes at which transcription is initiated in vivo (1). These complexes are resis-—
tant to polyanions, such as heparin (2, 3), which greatly reduce non-specific
complex formation (4, 5). Among eucaryotic RNA polymerases, heparin-resistant
synthesis has been demonstrated for class III enzymes (6, 7). Wheat germ RNA po-
lymerase II, in contrast to its animal counterparts, forms relatively stable
binary complexes on superhelical SV40 DNA (8) and on Adenovirus DNA (9) in the
presence of polyanions. In the latter case, the localisation by electron micros-
copy of the sites of formation of some of the binary complexes at positions which
could correspond to in vivo promoters leads the authors to conclude that these
complexes may functionally correspond to those formed by the procaryotic holoen-
zyme.

More recently, however, several reports have raised the possibility that
the heparin-resistant RNA synthesis observed by SEIDMAN et al. (9) may be prefe-
rentially initiated at single-strand nicks (10, 11, 12). As the RNAs transcribed

on Adenovirus DNA have not been characterised, the correspondence of complexes
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formed, in this case, by wheat germ RNA polymerase IT to those formed by the pro-
caryotic holoenzyme has not been demonstrated.

The combination of wheat germ RNA polymerases and cauliflower mosaic
virus (CaMV) DNA provides a more homologous system for the study of in vitro
transcription. CaMV DNA is double-stranded, has a molecular weight of about
5x106 daltons (13) and possesses three single-strand interruptionsat specific
sites (14). We have previously shown that wheat germ RNA polymerases I, ITI and
III are capable of heparin-resistant RNA synthesis on this template in the pre-
sence of Mn2+ (15). In this study we have investigated the stability of com-
plexes formed by the 3 enzymes on CaMV DNA and characterised heparin-resistant
transcripts by labelling of the 5' end of the RNA chain, determination of the
average chain length and hybridisation of the transcripts to restriction frag-

ments of CaMV DNA.

MATERIALS AND METHODS.

Propagation of CaMV and extraction of virion DNA have previously been
described (16, 17). Integrity of the DNA was estimated by densitometry of pho-
tographic negatives of denatured DNA separated on agarose gels (10). We estima-
te that our DNA preparations contain less than 0.2 single-strand nicks per mole-
cule in addition to the 3 specifically localised interruptions.

DNA was digested |6 h with restriction endonuclease Bgl 1I (a gift from
G. ROIZES, MONTPELLIER) in 6mM Tris-HCl, pH 7.5, 6mM MgCl,, 6mM B-mercaptoetha-
nol, followed by Eco RI (Boehringer-Mannheim) as describeg by the suppliers.
Restriction fragments were separated on neutral agarose gels (18) and transfer-
red to nitrocellulose filters (Millipore HAWP, ref. 19).

Wheat germ RNA polymerases I, II and III were prepared as described (20,
21). Specific activities were 48, 128 and 83 units/mg respectively. One unit
corresponds to the incorporation of 1 nmole UMP in 30 minutes at 35° on incuba-
tion of enzymes with 15 ug native calf thymus DNA in a standard buffer: 39mM
Tris-HCl, pH 7.8, 1.5mM NaF, l.lmMdithiothreitol, !.25mM MnSO,, 5mM MgCl,, 100mM
(NHA)ZSOA’ 1.25% glycerol, supplemented with 0.5mM each of AT?, GTP and “CTP and
0.04mM {3ﬂ]UTP (specific activity 150 cpm/pmole). Conditions of synthesis for
individual experiments are given in figure legends.

RNA was hybridised to DNA on nitrocellulose filters in 4xSSC, 407 forma~
mide, 0.2% SDS for 24 h at 40°C. Filters were washed three times in 4xSSC, 0.2%
SDS, dried, impregnated with 20%Z PPO in toluene and fluorographed at ~ 70°C using
Kodak RP Royal X-Omat X-ray film.
RESULTS AND DISCUSSION.

Formation of stable, heparin-resistant complexes. The stability of com-

plexes formed between wheat germ RNA polymerases I, II and III and CaMV DNA was
measured by the method of SARAGOSTI et al. (8) by observing the residual heparin-
resistant RNA synthesis after various times of incubation in the presence of the
polyanion at 0°C. Fig. 1| shows that the dissociation curves for all three enzymes

are biphasic, with a fraction of the complexes dissociating in less than 2 minutes
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Figure 1.- Stability of heparin-resistant complexes between wheat germ RNA

polymerases and CaMV DNA in the absence and presence of ATP and GTP.

Enzymes and DNA were incubated in standard buffer at 37°C for 10 mn
in the absence (a) or presence (b) of 0.6mM ATP and GTP. Heparin was added
to a final concentration of 100 ug/ml and the incubation continued at 0°C.
At the times indicated CTP was added to the medium, with ATP and GTP if ne-
cessary, to 0.5mM each and 3}ﬂ UTP (specific activity 1500 cpm pmole‘l) to
0.04mM. TCA-insoluble radioactivity was measured after 30 min. synthesis at
37°C.The divalent cation was Mn2* at 2mM final concentration. Enzyme : DNA
ratioswere 4 for enzymes I and III and 7.4 for enzyme II.

The figure shows the results for polymerases I (o), II (a) and III
(#) in the absence (a) and presence (b) of ATP + GTP.

The stable fraction represents 147, 637 and 35% of complexes formed for enzy-
mes I, IT and III respectively. The average half-lives of these complexes are
about one hour for enzymes I and II and two hours for enzyme III. For enzyme

II this stability is comparable with that reported by SAGAROSTI et al. (8)using
superhelical SV 40 DNA and SEIDMAN~ et al. (9) with Adenovirus 2 DNA. These re-
sults demonstrate, in addition, that wheat germ RNA polymerases I and III form
complexes with similar kinetic properties on this template in the presence of
Mn2+. A comparison of the absolute levels of synthesis at time t = O shows that
RNA polymerase III forms the greatest number of stable complexes with CaMV DNA,
enzyme I forming only a small number of such complexes.

In the presence of ATP and GTP in the preincubation medium the propor-
tion of stable complexes formed increases for the three enzymes. These complexes
now represent 607, 1007 and 547 of all complexes for polymerases I, II and III
respectively.

RNA synthesis initiation with ATP and GTP and length of RNA chains syn-

thesised. Despite the observed similarities, measurement of the ratio of initia-
tions with GTP and ATP shows clear differences in the initiating nucleotide for
the three enzymes.

The 5'-terminal nucleotide of in vitro synthesised RNA was labelled using
E—32ﬂ ATP and[B-Bzﬂ GTP as precursors. In the same experiment internal residues
of the RNA were labelled with 3ﬁlﬁWP allowing us to calculate the average length
of the RNAs synthesised.
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Table I shows that, independent of the nature of the cation, RNA polyme-
rase II preferentially initiates RNA synthesis with GTP, as has been observed for
the same enzyme using A (10) or SV 40 DNA (12) as template. This preference for
GTP is much less marked for enzymes I and IIT in the presence of Mn2+. A shift
towards GTP starts is observed for enzyme III using Mg2+, although this figure
may be over—-estimated due to the low level of[324 ATP incorporation.

The molar ratio of incorporation of P}JUMP to incorporation of[324 ATP
and GTP provides an estimate of the average lengths of RNA chains synthesised,
which again varies with the enzyme and divalent cation used. In all cases, these
chains are very short. RNA polymerase II catalyses the synthesis of RNAs with an
average length of about 550 nucleotides under these conditions, while enzymes 1
and IIT synthesis chains of less than 200 nucleotides on average, and less than
100 nucleotides for enzyme III in the presence of magnesium. It should be noted
that, at the low triphosphate concentrations used in these experiments, the incor-
poration of [3H] UMP is reduced, particularly for RNA polymerase III, as compared

with synthesis in standard conditions. This probably reflects a reduction in the

number of initiations rather than a change in elongation. Indeed, for enzymes

I and III the average size of the RNA synthesised in standard conditions measu-
red by electrophoresis in denaturing conditions (results not shown) is similar
to that estimated by the ratio [34 / [32ﬂ using low triphosphate concentra-—
tions. For enzyme II the average chain length measured by electrophoresis is
lower than that estimated by the ratio [3ﬂ / [32& . This could be due to the
fact that this enzyme is able to perform scme synthesis primed by the 3'hydro-
xyl end of DNA at nicks (12).

Regions of the CaMV genome transcribed. We have determined the regions

of the CaMV genome transcribed by the three wheat germ RNA polymerases by hybri-
dising in vitro synthesised RNA to the separated fragments of CaMV DNA obtained
by double digestion with the restriction endonucleases Eco RI and Bgl II. Fig. 2
shows that the short RNA chains synthesised in vitro, in the presence of heparin,
by the three enzymes hybridise to most, if not all, of the CaMV genome. The sup-
plementary bands visible on the autoradiographs correspond to the products of
partial digestion, which are present at very low levels in our digest. These re-
sults suggest that RNA chains are initiated at many dispersed sites on CaMV DNA.
Evidence has recently been presented that wheat germ RNA polymerase II, in the
presence of heparin, preferentially forms complexes and initiates at nicks rather
than at specific double stranded regions of the DNA (10, 11, 12). The numbdr of
random nicks in our preparation is less than 0,2 nicks per molecule. CaMV DNA ex-
tracted form virions possesses 3 single-stranded interruptions localised at map

positions O (strand 1), 20 (strand 2) and 52 (strand 2). Although the results pre-
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Table I.- RNA synthesis initiation with ATP and GTP in vitro by wheat germ RNA

polymerases on CaMV DNA and average length of RNA chains.

Enzyme and | pm [B—BZI] ATP or [8—3211 GTP | pm [3l-ﬂ>UMP Average length of RNA
3 incorporated | G/A
cation incorporated/ug ADN X 10 ug ADN chains
ATP 3,01
I Mo 0,286 1,33 163
GTP 4,01
ATP 2,83
I1 Mn 0,995 2,96 546
GTP 5,45
ATP 0,41
II Mg 0,225 2,83 566
GTP 1,17
ATP 1,71
III Mn 0,195 1,51 181
GTP 2,60
. ATP 0,25
III Mg 0,039 5,55 96
GTP 1,39

Enzymes and DNA were preincubated for !0 min at 37°C in standard buffer
containing 2mM Mn2+* (polymerases I, II and III) or 5mM Mg2+ (polymerases II
and IIT; no significant RNA synthesis is detected using enzyme I in the presence

of MgZ* (15) ). Either[8- 32B] ATP or (8- 32P] GIP, with the other unlabelled pu-
rine nucleoside triphosphate, were included in the preincubation medium. Heparin
was added to 100ug/ml. After 15 min. at 0°C, CTP and FﬁﬂUTP were added and in-

fubation continued for 30 min. at 37°C. To obtain a high specific activity for
32g] purine nucleoside triphosphates (24,500 cpm pmole"), the concentration of
ATP, GTP and CTP were O.lmM each. [3H UTP (0.04mM) had a specific activity of

6,000 cpu pmole~!,

sented in Fig. 2 indicate that there are no obvious qualitative differences bet-—

ween the RNAs synthesised by the three polymerases, scintillation counting of | mm

bands cut from the nitrocellulose filters used in hybridisation shows that there

are quantitative differences (Fig. 3). For enzymes I and III there is no overrepre

sentation of the sequences near the precisely localised discontinuities
in vitro transcripts, suggesting that these interruptions do not play a
role in the in vitro transcription by these two RNA polymerases. In the
enzyme II a region of CaMV DNA localised near the interruption at O map

overrepresented, suggesting that the complexes formed by this enzyme at

among the
prominent
case of
units is

this site

initiate more efficiently. It has recently been shown that this interruption dif-

fers from those at 20 and 52 map units, being either a single-strand nick or a gap

of very few nucleotides, while the other discontinuities consist of overlapping

structures containing three DNA strands (22). It is interesting to note that a
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Figure 2.- Pattern of transcription of CaMV DNA by wheat germ RNA polymerases.

RNA was synthesised as described in the legend to Table 1 and purified
according to Hossenlop et al. (7). Hybridisation conditions are described in
Materials and Methods.

Ethidium bromide-stained gels (left, EtBr) are shown with fluorogram-
mes {right, fluoro) for RNA polymerases I (a), II(b) and III (c¢). Figures in
(a) show molecular weights of fragments in daltons x 107°.
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Figure 3.- Quantitation of hybridisation levels of in vitro synthesised RNA to
different regions of the CaMV genome.

The nitrocellulose filters used for fluorography shown in Fig. 2 were
cut into lmm strips which were counted in a toluene-based scintillation fluid.
(a) Polymerase I, (b) polymerase II, (c) polymerase III.
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Hind III fragment of CaMV containing this discontinuity is also preferentially

transcribed in vitro by E. coli RNA polymerase (23).
Thus, our results suggest that the ability of wheat germ enzyme I, II,

IIT to form relatively stable heparin resistant complexes on CaMV DNA does not
reflect the capacity to initiate RNA synthesis at specific sites but rather
initiations occuring essentially at random nicks on the template for enzyme I

and III, a nick at a fixed position (O map unit) being more efficiently reco-
gnised and transcribed by enzyme II. As with RNA polymerases of animal origin,
one must therefore look for factor(s) which confer the ability to initiate trans-

cription at iniation sites which are used in vivo.
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