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Ribosomal Ribonucleic Acid Synthesis by Isolated Yeast 
Ribonucleic Acid Polymerases t 

C. P. Hollenberg: 

msiRA(-r: RNA products have been synthesized with iso- 
lated yeast (Succ~zarom~~ces rerrcisiue S41) RNA polymerase 
IB, 11, and I11 on purified yeast nuclear DNA and the per- 
centage of ribosomal RNA (rRNA) in the purified products 
has been determined by competition hybridization experi- 
ments. RNA polymerase IB product contained 3%, polym- 
erase 11 product contained 4 x ,  and polymerase 111 product 
cmtainect 6-X7< rRNA. The RNA products contained at 
least 33 (IB-RNA), 21 (11-RNA), and 48% (111-RNA) sym- 
metric RNA as determined by ribonucleasc resistance after 
extensive self-annealing. The RNA products made in a polym- 
erization reaction that was stimulated twofold by the T fac- 

I t has been shown in in citro bacterial transcription systems 
that the ribosomal RNA genes can be transcribed selectively 
(Haseltine, 1972; Pettijohn, 1972). 

Yeast is a eukaryotic organism whose DNA harbors only a 
few times more genetic information than a bacterium (Ogur 
et ul., 1952; Bicknell and Douglas, 1970). It was an interesting 
question whether in this simple eukaryote such a strong prefer- 
ential transcription exists for one of the multiple polymerases 
(Adman et id., 1972; Brogt and Planta, 1972) present in this 
organism. Measurement of the level of rRNA1 synthesis by 
each of the yeast RNA polymerases in c i t w  could give the 
mswer. Moreover, if the levels of rRNA made in an in citro 
tcaction are known, it is possible to determine whether these 
levels are affected by the presence of the T factor (Di Mauro 
P r  tri.. 1972), a low molecular weight protein fraction that 
stimulated yeast RNA polymerases. 

Under conditions used in this paper none of the yeast poly- 
merases had the high preference for rRNA transcription dis- 
played by the bacterial system. In contrast to what we es- 
petted, polymerase 111 product contained a two- to threefold 
higher proportion of rRNA than did in citro products syn- 
thesized by polymerase IR and 11. The 7~ factor had no in- 
fluence on the levels of rRNA products. 

Methods 

RN,4 Po/i,rner.uses. Yeast RNA polymerases IB, 11, and I11 
were isolated essentially as described (Adman et a/., 1972). 
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tor, a small heat-stable protein that stimulates yeast RNA 
polymerases, contained the same levels of rRNA as products 
made in the absence of ?r factor. The presence of 7 factor 
led to  a higher level ( 6 2 7 3  of symmetric transcription by 
polymerase I1 but did not affect the asymmetry of trans- 
cription for polymerases IB and 111. Under the conditions 
used yeast RNA polymerases IB and I1 synthesized the pro- 
portions of rRNA expected for random transcription of both 
strands and the enzyme 111 produced a level two-three times 
higher than that. The T factor did not influence the reading of 
rRNA genes of any of the enzymes. 

Late log phase cells (40 g) (Strcchtrror)i),ces cerecisiuc. strain 
S41) were disrupted by agitation for 2 min in a Braun homog- 
enizer in a mixture of 1 part cells, 1 part glass beads (0.45 mm 
diameter), and 1 part extraction buffer containing 0.1 hi Tris- 
HCI (pH 7.4 at  4'1, glycerol ( 2 0 x ,  v/\) ,  20 mhi MgCI,, 0.8 51 

(",)SO4, 1 mhf EDTA, 1 m v  dithiothreitol, and phenyl- 
methylsulfonyl fluoride (0.6 mg,'ml, freshly added from stock 
solution containing 6 mg/ml in ethanol). The resulting super- 
natant was sonicated for 1 min at setting 50 in a Branson J17-V 
sonicator and then centrifuged at  48:000 rpm for 90 min in a 
Spinco type 60 Ti rotor. The resulting crude extract was 
diluted with 7 vol of TGED buff'er (50 mal Tris-HCI (pH 7.4 
a t  4'), glycerol (25%. v k ) ,  0.5  ~ i i ~  EDTA, 0.5 mk.1 dithio- 
threitol. and phenylmethylsulfonyl fluoride (0.3 mg,'ml) and 
applied on a DEAE-Sephadex column (A-25, 2.5 cm s 37.5 
cm) equilibrated with 0.05 hf (NH,i)2S04 in TGED buffer. 
The colunin was washed with 250 in1 of 0.05 ?vi (NH4),S0, in 
TGED buffer and eluted with ii 2.4-1. linear gradient of 0.05 
0.45 n (NH ,),!SO4 in TGED buffer. The flow rate was 50 ml/hr. 
Enzymes were concentrated on small DEAE-Sephadex 
columns. 

Tenipl~re U.V.4. Yeast nuclear DNA was isolated from 
protoplasts of petite mutant R D l B  (Hollenberg et d., 1972) 
lacking mitochondrial DNA by a slightly modified method of 
Smith and Halverson (1967). According io boundary sedi- 
mentation analysis (Studier, 1965;  Eigner and Doty, 1965) in 
:I Spinco Model E the DNA consisted of three classes: 2 5 %  
(by weight) with a double-stranded mol wt of 100 X 10" 
daltons, 50% of 2.3 x IO6 daltons, and 25% of 2.3 X lofi 
I00 Y, IO0 daltons. The singlestranded molecular weights, 
determined by alkaline sedimentation, were lower by a factor 
of 10. 

Rib~s0~7uL K 8 A .  C-.ells were grown in 100 ml of low-phos- 
phate medium to which 0.5 ml of carrier-free 32P0.i (in 0.2 hi 
HCI) and 0.4 nil of 0.2 M NaOH were added. Low-phosphate 
medium contained (per liter): 6 g of (NH4)2S04, 0.5 g of 
MgSO,. 7H,O, 0.5 g of CaC12.6H?0, 20 g of glucose, 1.2 mg of 
KHrPO,, and a mixture of 5 g of peptone and 2.5 g of yeast 
extract from which phosphate was removed by the following 
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treatment. The pH of 1 1. of H 2 0  containing 66 g of peptone, 
34 g of yeast extract, and 15 g of MgS04.  7Hz0  was adjusted to 
p H  8 with concentrated NH40H. The precipitate was removed 
by centrifuging for 10 rnin at  10,OOOg and 2 M HCI was added 
until pH 7 was obtained. 

Ribosomes and subunits were isolated according to Martin 
et al. (1970). RNA was isolated from separated 40s and 60s 
subunits by three phenol extractions and precipitated over- 
night at - 20" in the presence of 0.1 M sodium acetate by 2 vol 
of ethanol. The precipitate was washed with 70 % ethanol until 
free of phenol. The dried RNA pellet was solubilized in 0.1 X 
SSC and the salt adjusted to 2 X SSC. The solution was 
layered on a 10-30z sucrose gradient containing 10 mM 
sodium acetate (pH 5.2), 0.1 M NaC1, and 1 mM EDTA and 
centrifuged for 21 hr a t  26,000 rpm in a SW-27 Spinco rotor 
at 4". The 25s and 17s peak fractions from, respectively, the 
60s and 40s subunit RNAs containing gradient were pooled 
separately and dialyzed against 2 x SSC. For hybridization 
experiments the two RNA species were mixed in equimolar 
quantities. 

Unlabelled rRNA was isolated by the same procedure from 
cells grown on YEP-2 % glucose medium. 

Hybridization. Hybridization was performed according to 
the method of Gillespie and Spiegelman (1965). DNA (1 pg/ 
ml) was denatured in 0.25 M NaOH for 15 rnin at  room tem- 
perature, cooled, neutralized, and adjusted to 3 X SSC. The 
solution was slowly passed through Millipore filters (47 mm, 
GS 0.22 p ,  prewashed with 100 ml of 3 X SSC) that were then 
washed with 40 ml of cold 3 X SSC. Filters were dried over- 
night at room temperature and heated for 2 hr at 80". Discs at 
8 mm diameter were used for hybridization. More than 80% 
of the loaded DNA was retained on the filters. Before adding 
the filters, the hybridization solution (RNA in 3 X SSC) was 
heated for 5 rnin at  100". During the hybridization 30-40z of 
the DNA was lost from the filters. After 18 hr at 65" the filters 
were batchwise washed with cold 3 X SSC and incubated with 
5 pg of pancreatic ribonuclease and 0.5 unit of ribonuclease 
TI  per ml for 30 min at 37". Filters were washed extensively 
with 3 x SSC, dried, solubilized in 1 ml of ethyl acetate, and 
counted after the addition of 10 ml of LiquiAor (New England 
Nuclear Corp.) in toluene. Assays were performed in duplicate 
and did not differ more than 10%. In most series of assays 
standard r[ 32P]RNA was hybridized to record hybridization 
efficiency. 

RNA Products. Polymerase IB (3.4 mg of protein), TI (2.5 
mg of protein), or 111 (2 mg of protein) was incubated at 30" 
with 50 mM Tris-HCI (pH 7.4 at 4"), 0.5 mM ATP, 0.5 mM 
CTP, 0.5 mM GTP, 0.1 mM [3H]UTP (100 Ciimol), 1.6 mM 
MnCI2, 4 mM MgCI2, yeast nuclear DNA (47 pg/ml) in 4 ml 
for, respectively, 35, 60, or 35 rnin ((NH4)?S04 concentrations 
in reactions IB. 50 m M ,  11, 60 mM, and 111, 180 mM). 

After cooling, 10 mM MgCI?, Escherichia coli 4 s  RNA (25 
pgiml), and deoxyribonuclease (50 pgiml) were added to the 
mixture and incubated 15 rnin at 37". At 0", 1 Sarkosyl and 
0.2 M NaCl were added and the RNA mixture was extracted 
with 4 ml of phenol saturated with 2 x SSC. The phenol phase 
was reextracted with 1 ml of 2 X SSC. The combined water 
layers were applied on a Sephadex G-50 column (2.5 cm X 50 
cni) in 0.1 X SSC. The RNA in the excluded volume was con- 
centrated by evaporation and stored in 2 x SSC. Yields were 
14 pg of IB-RNA, 12 pg of 11-RNA, and 30 pg of 111-RNA. 
Recoveries were over 80 %. 

The RNA product reactions plus T factor contained 0.5 ml 
of polymerase IB (2.1 mg of protein), 0.3 ml of polymerase I1 
(0.8 mg of protein), or 0.3 ml of polymerase I11 (1.5 mg of 

Time (m in )  

FIGURE 1 : Time curves of RNA synthesis by yeast RNA polymerases. 
Isolated yeast RNA polymerases, 20 p1 of IB (4.2 mg of protein/ml), 
20 pI of 11 (2.5 mg of protein/ml). or 10 pl of I11 (4.9 mg of protein/ 
ml) were incubated at 30" with 50 mM Tris-HCI (pH 7.4 at 4"), 
0.5 mhi ATP, 0.5 mhl CTP, 0.5 mM GTP. 0.1 mM [3H]UTP (100 Ci/ 
mol). 1.6 mhf MnCl?, 4 mM MgC12, and yeast nuclear DNA (58.5 
pg/rnl). (NH&SO4 was present in the following concentrations: 
I B ,  50 mht; 11. 60 mM; 111, 180 mh.1. The final volume was 0.1 ml. 
At indicated times 20-4 aliquots were cooled and 100 pg of bovine 
serum albumin and 10% trichloroacetic acid were added. The 
precipitates were washed on glass fiber filter and counted: (W) 
polymerase I B :  (0) polkmerase 11: (0) polymerase 111. 

protein), T factor (300 pg/ml), yeast nuclear DNA (78 pgiml), 
and ("&SO4: 60 mM for polymerase IB, 90 mM for polymer- 
ase 11, and 120 mM for polymerase I11 in a final volume of 5 
ml. Other conditions are as in the reaction performed in the 
absence of the B factor; reaction 30 rnin at 30". RNA was 
isolated as described above. Yields were 3 pg of IB-RNA, 3 pg 
of 11-RNA, and 6 pg of 111-RNA. Recoveries were 30 for IB- 
RNA and 11-RNA and 40% for 111-RNA. 

The amounts of RNA product were determined on the basis 
of 3H radioactivity. 

Results 

RNA Polymerase Products. In preliminary assays performed 
in the presence of 1.6 mM MnCI2, we found that polymerase 
IB did not show any activity on the yeast DNA template, 
while it was active on calf thymus DNA and polymerases I1 
and I11 were fully active on this yeast template. The addition 
of 4 mbi MgC12 to the polymerase IB reaction gave an activity 
normal compared to the other enzymes. In the presence of 
MgC17. MnC12 was not required. In order to get RNA prod- 
ucts made under identical conditions, the polymerization 
reactions of all enzymes were performed in the presence of 
both Mnz+ and MgzL. 

Figure 1 shows the kinetics of RNA synthesis by yeast RNA 
polymerases IB, 11. and I11 under the conditions used for 
preparing in citro RNA products for hybridization experi- 
ments. The product reactions were run for 35 rnin for polymer- 
ases IB and I11 and 60 min for polymerase 11. Product RNA 
was isolated (see Methods) with a yield of 80% or higher. 

To get an impression of whether the transcription is syrn- 
metric or asymmetric, the products were self-annealed and 
subjected to ribonuclease dlgestion (Figure 2). Enzymes IB, 
11, and 111 synthesized, respectively, at least 34, 21, and 43 
symmetric RNA. These figures should be regarded as rough 
minimum estimates for the extent of symmetric transcription, 
since studies of percentage ribonuclease resistance us. RNA 
concentrations and annealing time were not made. 
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FIGURE 2:  Ribonuclease sensitivit) of annealed RNA products. 
Isolated RNA products were self-annealed for 18 hr at 65" in 2 X 
SSC at the following concentrations: IB-RNA. 14 pg/ml: 11-RNA, 
12 pg/ml; and 111-RNA, 30 pg/ml. After annealing, pancreatic and 
TI ribonuclease (5 pgjnil and 0.5 U/ml, respectively) were added 
and the samples were incubated at 30'. At different times aliquots 
were cooled and the acid precipitable counts determined (see Meth- 
ods). An aliquot of each RNA product was heated for 5 min at 100'. 
and incubated for 45 min with the ribonuclease mixture. The 
nuclease resistant single-stranded RNA (16-RNA, 3 7;; 11-RNA. 
9%;  111-RNA, 4%) was subtracted as background: (M) IB-RNA: 
(0) 11-RNA; (V) 111-RNA. 

Nybridizarion Suturation Currr of' Nuclear D N A  and r[ "PI- 
R N A  and Coniperition between r["P] RN.4 and Unlabeled 
rRNA.  Figure 3 shows the hybridization of yeast nuclear DNA 
with increasing amounts of a mixture of 17s and 25s (equi- 
molar amounts) r[3*P]RNA. The curve levels off at  ,-1.5z 
DNA saturation, a plateau value lower than those reported in 
the literature (Ret61 and Planta, 1968; Schweizer et d., 1969) 
(see Discussion). 

At an RNAiDNA ratio of 0.1 the DNA was just saturated. 
Addition of increasing amounts of cold rRNA to such a hy- 

RNA/DNA a 
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FIGURE 3:  (a) Hybridization of yeast nuclear DNA with increasing 
amounts of in riro rRNA. Conditions: 1.2 pg of [3H]DNA (7400 
cpm/pg) per filter incubated with purified r[.'*P]RNA (equimolar 
mixture of' 17.5 and 25s;  spec act. 258 cpm/ng) in 0.2 ml of 2 X SSC 
for 18 hr at 65'. Other details are given under Methods. (b) Hybri- 
dization competition between r["*P]RNA and cold rRNA. ["HIDNA 
(1.2 pg)  was hybridized with 120 ng of r["P]RNA plus indicated 
amounts of unlabeled in cico rRNA (equimolar mixture of 17s 
and 25s) under the conditions of Figure 3a. 
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F l G U R t  4: Competition of RNA products with hqbridization ut 
r[ "F'IRNA [ HIDNA ( 1  2 pg) \\as hqhridized under standard 
conditions ~ i t h  120 ng of r[ 21']RNA (285 cpm,ng) p l ~ c  indicated 
amounts of unlabeled rRNA (e), 490 ng of IB-RNA (m). 520 ng of 
11-RNA (O), or 480 ng of 111-RNA (A). Other details are given 
under Method\ 

bridization mixture led to a monotonic decrease in the per- 
centage of DNA in hybrid with r['TP]RNA due to the isotope 
dilution (Figure 3). The addition of as little as 20 ng of un- 
labeled rRNA resulted in a detectable decrease in r[:j2P]RNA 
hybridized. 

Comprrition Power u/'  RNA Products with Rihosotnai [ 32P]- 
RNA.  Hybridization competition experiments were used to 
determine the amount of rRNA present in the RNA products. 
In hybridization reactions at  an RNAIDNA ratio of 0.1. the 
competition by increasing amounts of cold rRNA or product 
RNAs was determined. The extent of competition obtained 
with each level of unlabeled rRNA was used to construct a 
standard curve (Figure 4), relating competition to input rRNA. 
Competition mlues obtained with a given amount of in citro 
RNA (490 ng for IB product, 570 ng for I1  product. 480 ng 
for 111 product) were placed on the standard curve io detcr- 
mine the apparent amount of rRNA present. The IB, 11, and 
111 products gave extents of competition consistent with rRNA 
contents of 14,22, and 38 ng of rRNA, respectively. Therefore. 
the proportion of rKN.4 transcription appeared to be 3 7; for 
enzyme IB, 476 for enzyme 11, and 8 %  for enzyme 111. E .  ctdi 
4s RNA up to 2 0  pg did not compete with hybridization of 
r[ :T ]RNA.  

To exclude the possibility that competition by the RNA 
products was due to aspecific inhibitors of the hybridization 
reaction, polymerase 111 product RNA (111-RNA) was hy- 
bridized to nuclear D N A  and the amount of the hybridized 
RNA which could be competed out by added unlabeled rRNA 
was determined. In this assay r['<2P]RNA, which was used as 
an internal marker, was hybridized with 40 efficiency in the 
absence of competitor. With 250 ng of competitor added, the 
quantity of rRNA competed out (Figure 5 )  is 70% of that 
hybridized, or 7 8 %  (70 x 40%) of the input r[32P]RNA. 
The competition curve obtained with unlabeled rRNA C.S. 

III-[3H]KNA can be corrected for the known efficiency of 
rRNA (from the ,'"P data) to calculate the percentage of 
r["H]RNA present, The amount of [3H]RNA competed out 
by 250 ng of  rRNA is 5 ny (sp act. is 50,000 cpm/pg). If 
one assume, that r['H]RNA and I ~ ~ ' P ] R N A  behave identi- 
cally, then this 5 ng of r[:'H]RNA competed out should repre- 
sent 19 ng of the input r["H]RNA. Thus, of a total input of 
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FIGURE 5 :  Enzyme 111 RNA product hybridization challenged by 
rRNA. Unlabeled yeast nuclear DNA (2.5 gg) was hybridized under 
standard conditions with 20 ng of r[3zP]RNA (174 cpm/ng), 310 
ng of 111-RNA (50 cpm/ng), plus indicated amounts of unlabeled 
rRNA. Other details are given under Methods: (0) 32P cpm; (0) 
3H cpm. 

310 ng of 111-RNA, 6% (19 ng) appears to be rRNA. The fact 
that the value of 6 %  rRNA determined in this more critical 
assay (Figure 5 )  does not differ significantly from the 8 %  
assayed in the first type of assay (Figure 4) indicated that com- 
petition of 111-RNA, and most likely of the other identically 
isolated products IB-RNA and 11-RNA in Figure 4, is mostly 
due to rRNA. 

Product R N A  Made in the Presence of 7r Factor. Product 
RNAs were made with the yeast R N A  polymerases in the 
presence of a twofold stimulating amount of n factor. Results 
of the annealing reactions in Table I show that the 7r factor 
increased the self-complementarity of RNA made by poly- 
merase I1 considerably and that of the other products 
slightly. If in cico transcription is asymmetric these results 
indicated that the n factor not only did not increase the 
reading specificity, but actually decreased it in the case of 
polymerase 11. 

rRNA Content of R N A  Products Made in the Presence of 7r 

Factor. Purified products made by yeast R N A  polymerases in 
the presence of the 7r factor were added to a hybridization 
reaction of yeast D N A  and r[32P]RNA to determine the rRNA 
content (Figure 6). As a control, the competition of a concen- 
tration series of unlabeled rRNA and two concentrations of 
111-RNA made in the absence of the 7r factor and previously 
tested for rRNA content (Figure 4) was determined. Sur- 
prisingly, the R N A  products made with z factor had a com- 
peting power which indicated they contained as much as 25- 

TABLE I : Self-complementarity of Yeast R N A  Polymerase 
Products.' 

CICCOOH Precipitable Counts (%) 
Enzyme - 7 r  + a  

IB 
I1 

111 

33 
21 
48 

35 
62 
60 

' See Figure 2 for conditions of annealing and ribonuclease 
treatment. RNA synthesized in the presence of the 7r factor 
was annealed at  the following concentrations : IB-RNA, 
8 pg/ml; 11-RNA, 10 pg/ml; 111-RNA, 16 pgml .  

.E I 
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FIGURE 6: Competition of enzyme products made in the presence of 
the A factor with the hybridization of r[32P]RNA. [3H]DNA (1.2 pg) 
was hybridized with 120 ng of r[32P]RNA (165 cpm/ng) plus the 
indicated amounts of unlabeled rRNA (a), 410 ng of IB-RNA (m), 
440 ng of 11-RNA (O), 385 ng of 111-RNA (A), 450 ng of 111-RNA 
made minus the A factor (A), or 1350 ng of 111-RNA made minus the 
?r factor (& Other details are described under Methods. 

3 2 x  rRNA. For both concentrations of 111-RNA made in 
the absence of 7r and used in this experiment 6 %  rRNA was 
calculated, a figure in good agreement with previous determi- 
nations (Figures 4 and 5). To determine whether the z-stimu- 
lated in uitro RNA products actually contained the high 
level of rRNA indicated by their competing ability (Figure 6), 
the labeled product RNAs were hybridized to nuclear D N A  
while challenging the hybridization of each of them with 
increasing amounts of rRNA. The results in Figures 7 and 8 
showed that products IB, 11, and I11 contain, respectively, 4, 
4.5, and 10% rRNA. This suggests that the competition ob- 
served with n-factor stimulated RNAs in Figure 6 can only 
partially be due to the presence of rRNA. Most of the com- 
petition is probably an aspecific inhibition of the hybridization 
reaction by DNA or 7r factor present in the R N A  products 
(see Discussion). 

We conclude that under the experimental conditions used 
in this study the n factor does not preferentially stimulate 
rRNA transcription. Stimulation of transcription of other 
classes of RNA by the presence of the z factor cannot be ex- 
cluded. 

0 
Unlabelled rRNA (1101 

FIGURE 7:  Hybridization of polymerases IB- and 11-RNA, synthe- 
sized in the presence of the A factor, challenged by rRNA. Present 
are 40 ng of r[32P]RNA (26 cpm/ng), plus 205 ng of IB-[3H]RNA 
(m), 220 ng of II-[3H]RNA (0); (0) [32P]RNA in hybrid. Other 
details are as described in Figure 5.  
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FILCKE 8 Hq bridization of polqmerase 111-RNA, synthesized in 
the prehence of the T factor challenged bq rRNA. Present are 40 ng 
of r[ "]RNA (164 cpin ng) and 230 ng of III-[jH]RNA (O) ,  (0) 
[ *P]RNA i n  hshrid Other details are a i  described in Figure 7 

Disctishn 

One of the aims of this study was to determine the effect of 
the 7i factor on transcription specificity of yeast R N A  poly- 
merases. The only yeast RNA species that can readily be 
assayed for are the stable RNAs: rRNA, 5 S  RNA, and tRNA. 
\Ye decided TO look for the e t k t  of 7i factor on the synthesis 
of rKNA since this would include an investigation of the level 
of the transcription of these rRNA genes by the diferent RNA 
poly merases. 

When E.  c d i  DNA and RNA polymerase are incubated 
under the proper conditions, the rRNA genes are preferen- 
tially transcribed (Haseltine, 1972; Pettijohn, 1972). Most 
iikcly this  means that these genes arc equipped with a very 
hirong promotor. By determining the amount of rRNA syn- 
thesized by each of the isolated yeast polymerases we could 
estahli5h whether yeast a s  one of the more simple eukaryotes 
would have preserved the strong rRNA promotor--polymerase 
interaction present in bacteria and whether a particular poly- 
iiicrae \ b o u l t i  he in\ol\tid in this. 

I'ht. rcsul[s iiidica:z that none of the yeast polymerases has 
high preference for rRNA transcription shown by 

the E .  ( o l i  systcni. As compared to the level of 2x rRNA LX- 
p(:ctetl for uniform transcription of all regions of yeast DNA, 
polymerasrs I B  a n d  I [  synthesized rRNA pi.eferentially by a 
fac to r  of 1 io 2 and, >urprisingly, polymerase I I I  did so by ;I 

Ear t o r  of 7 t o  5 .  -1 hcsc data \uggest that polymerase 111 could 
lit. imoiicii in rRNA \ynthcsis in r i r o .  Although the corrc- 
hponding polymerax I is located within the nucleolus of ra t  
l i i c r  cells (Roeder and Rutter, 1970) i t  should be stressed that 
there i h  no direct proof that it is responsible for rRNA syn- 
hynthcLis. Of ;oursc i \ c  realize that O L I ~  results depend strongly 
on the c\pcrimental conditions used. 

I n  another eukaryote s>steiii. Xenopiis luecis, RNA poly- 
iiicrzws I and 11 did not show any preferential transcription 
of rihosomal D N A  r s .  bulk DNA. With purified Xenoipcrs 
rihosomal D N A  template. the homologous polymerases 1 
and I I  produced RNA that hybridized to scparated rDNA 
strands i n  the satnc ratio iis did thc product made by E. roli 
polymerase on ii denatured rDNA template. Roeder et a/. 
(1970) i,onclLitied that accurate iri ritro synthesis of rRNA in  
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Xenopus may require additional specificity facrors in addition 
to only DNA and R N A  polymerases. 

The self-complementarity of the RNA products can givt. 
only an approximation of the degree of syninietric transcrip- 
tion since the efficient) of the annealing reaction is not knoivn. 
In comparing the l e~e l s  of ribonucicass resistance of the an- 
nealed products, the different RNA conccntrations i n  th,: 
annealing reaciion should he considered. 

In our system the h e 1  of DNA saturation with rRNA 
(17s . A ~  2 5 s )  w;is 1.5-.1.7u;, a value lower than reported 111 

the literature (1.9-2.3 :<) (Retkl and Planta. 1968; Schwcizer 
et d., 1969). We found this level for DNA preparations from 
the same yeast >train purified in difkrent ways and for DNA 
preparations from different strains. Two likely explanations 
arc that ( I )  ue  isolated our rRNA from ptirilied subunits. 
while others purified rRNA from m i d c  ribosomal pe l l e t s ;  
(2) we always observed a considerable loss of DNA from the 
filters during hybridization. Selecti\ e loss of hybrid wotild re- 
duce the saturation Irvel. In attempts to preient thc DNA 
from coming olT the filter, wc tried other types of filters (SS 
B-6; Millipore HA 0.45 p ) .  wL> tieriatiired the DNA 1,. heat or 
heat p1ir.s alkali, \ t c  t i d  DNA !jrcperation.j isolaied 1.h i l i f -  
fcrent methods, and we hylxidizccl in 3 0 ~ ~  formamitie i i t  37.. 
but none of these changes gave improiemcnt. The D N A  loss 
from filters made from the same large filter was a l ~ v a j s  identi- 
c d  A s  our DNA was labeled. we \\ere able whcrc nccdctl 
to measure how much DNA \+as pre~cnt on the tiltt:r. 

The strong competition ohser\ cd \cith the K N A  products 
made in the preseniL: of the ii fa,toi' (Figiir~. 6 )  coulci only 
partially be attributed to the pw,cncc of r R N A  (F-igurcs 7 

and 8). Since this strong competition \\as: not obscr 
the RNA products m a d e  in thi .  aliscncc of i h ~ .  
(Figure 4) and the products wcw iwlatcd 1)) idcniiciil pro- 
cedures, this mnpetition nlust be caused hq the prc\encc of 
the ii factor. The 7i factor could lead to : s k i  ar:ifactb. ( I )  
During the  pIoiiiict isolation thc D N A  wrnpkitc I \  broken 
down by dco~yribonticlea~e. Thc ii factor hinil\ io DNA and 
could protect i t  against complete degradation. so Ihti t  undc- 
graded D N A  ends t i p  in rhe R N A  prociuL,t. P r i o r  i t )  h q -  
bridization the RNA mixturc i \  heated for 5 ni in  at I00 
to melt out annealed symmctric R N A  and bring all RNAs to 
cq ual niolec LI la r u ci ght . I n  t h i 5 h ca ti 11 g \ t cp . con t a n I inti t i n g 
DNA ~ o t i l d  be dcnatured, sub~ccluently acting i i \  ii ~uinpeti-  
tor for rRNA hylxkiization. ( 7 )  'The ;T facror could hind also 
to RNA and not Lie removed dtiring the piirificatioii. !n thc 
heating step thi. protein is rcl d and inicrfcrch directly 
uith hybridization. 
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A Carbon- 13 Nuclear Magnetic Resonance Study of Binding 
of Copper( 11) to Purine Nucleotidest 

George Kotowycz* and Osamu Suzukit 

ABSTRACT: The influence of paramagnetic Cu2+ ions on the 
proton-decoupled 3C nuclear magnetic resonance spectra of 
purine nucleotides has been studied. For 5’-AMP and 2’- 
AMP, the C-4 and C-5 resonances broaden first, followed by 
the broadening of the C-8 resonance upon the addition of 
Cu2- ions. The C-2, C-6, and ribose resonances are unaffected 
over the metal ion concentration range studied. These results 

T he interactions between nucleosides, nucleotides, and 
polynucleotides with Cu?’ ions have been extensively studied 
and more experimental work has been reported for the inter- 
action of these ligands with Cu2+ than with any other single 
metal ion (Izatt et al., 1971). Cu2& ions have an influence on 
the melting temperature of DNA (Eichhorn, 1962) and the 
effect of Cu?’ ions on DNA denaturation has now been ex- 
tensively studied (Eichhorn and Clark, 1965; Hiai, 1965; 
Coates et al., 1965; Venner and Zimmer, 1966; Eichhorn and 
Shin, 1968; Liebe and Stuehr, 1972a, b;  Holman and Jordan, 
1972; Richard et al., 1973) and occurs because the Cu2+ ions 
sever the bonds between the double helix. Recent work on 
Cu?+-DNA denaturation (Liebe and Stuehr, 1972a) implies 
that Cu2+ ions bind to both phosphate and base moieties of 
DNA simultaneously. Cu 2+ ions have significant and different 
effects on polyribonucleotides which are degraded into small 
oligonucleotides when heated with copper ions by the cleavage 
of phosphate bonds (Butzow and Eichhorn, 1965). 

31P Nuclear magnetic resonance (nmr) studies confirm the 
binding of ions to the phosphate portion of the nucleo- 
tides (Cohn and Hughes, 1962; Eichhorn et a/ . ,  1966; Kan 
and Li, 1972; Missen et a/., 1972). Metal interactions with the 
base portion of the nucleotides have also been extensively 
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indicate that the metal ion is held near the N-7 position of the 
base, irrespective of the position of the phosphate group on 
the ribose ring. Possible models for a complex between 5 ’ -  
AMP or 2’-AMP with Cu2+ are discussed. With 5‘-GMP and 
5’-IMP the C-4, C-5, and C-8 resonances are nearly equally 
affected by the Cu2+ ions, indicating that the metal ion is also 
held near the N-7 position of the base. 

studied. Proton magnetic resonance studies indicate that the 
H-8 resonance is much more strongly affected than the H-2 
resonance for D 2 0  solutions of ATP (Cohn and Hughes, 
1962; Schneider et a/., 1964), 5‘-dAMP (Eichhorn etal. ,  1966), 
5’-AMP (Berger and Eichhorn, 1971a; Missen et al., 1972), 
and 3’-AMP (Berger and Eichhorn, 1971a) indicating that the 
metal ion interacts with the adenine base at the N-7 position. 

In 1958, Frieden and Alles (1958) proposed that Cu2+ ions 
form five-membered ring complexes with guanosine deriva- 
tives by coordinating with N-7 and the carbonyl oxygen 0-6. 
The H-8 proton resonance is broadened in 5’-dGMP by Cu2+ 
ions indicating that the metal ions are bound at N-7 (Eich- 
horn et al., 1966). Tu and Friederich (1968) by means of 
conductometric, potentiometric, and spectrophotometric 
titrations found that Cu2+ ions combined with guanosine, 
5’-GMP, inosine, and 5’-IMP on a mole to mole basis. In- 
frared spectra indicate that the oxygen atom at C-6 was also 
involved so the pentacyclic complex involving the C-6 oxygen 
and the N-7 nitrogen was favored. Sletten (1971), however, has 
shown by X-ray analysis of the 9-methylhypoxanthinecopper 
crystal that the N-7 nitrogen is the only binding site and the 
chelate structure involving N-7 and 0 - 6  is not observed. 

Cu2+ ions broadened the H-8 and H-2 resonances of 5 ’ -  
IMP equally and simultaneously (Berger and Eichhorn, 
1971b) indicating either chelation to N-7 and the 0 -6  posi- 
tions or binding of Cu?+ ions to nitrogen atoms on both rings. 
In the polymer poly(I), the H-8 proton resonance is prefer- 
entially broadened indicating that the metal binds to N-7 only 
(Berger and Eichhorn, 1971b). These studies were extended 
(Berger and Eichhorn, 1971~)  to CuZ+ ion interactions with 
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