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SUMMARY - An enzyme, ribonucleotide polymerase, isolated from the yeast phase 
of a fungus, HistoplaslM capsulate has been found to stimulate the incovr- 
ation of d?Mp in the reaction catalysed by DNA polyrterase from H. capsulatum 
andE.& The stimulation is dependent on the amount of riboucleotide 
poly%erase added. The data indicate that protein-protein interaction is re- 
sponsible for the increase in DNA synthesis. It is suggested that ribonucleo- 
tide polynerase may be involved in supplying short RNA primers for DNA poly- 
nerase. 

INTRCDUCTICN 

We have recently described a novel ribonucleotide-~lymrarimerizing enzyme 

from the yeast phase of a dtirphic pathogenic fungus, Histoplasma capsulatum 

(1) - This enzyme, which we have called rtinucleotide polymerase, is not 

dependent on DNA template, and produces short oligonucleotides (5-6 residues 

per average chain). The enzyme contains a very tightly bound RNA primer 

(l-3 residues). In this cmication we describe soma additional properties 

of ribonucleotide polymerase and show that the enzyme stimulates the incor- 

poration of nucleotides into DNA in the reaction catalysed by DNA polynerase 

from H. capsulatum and E. coli. - -- 

MATERIALS AND METrHoDs 

Unlabeled ribonucleoside triphosphates and calf thymus DNA were purchased 
from Sigma Chemical Co. A 2O:l ccmplex of p~ly(dA).p(dT)~,, deoxyribonucleo- 
side triphosphates , and DNA polymerase (E. coli B) were obtain& frcan P-L 
Biochemicals. 3H-labeled UTP and dTTP were from New mgland Nuclear and 
S&war-z/Mann, respectively. 

RNA polymerase, ribonucleotide polymsrase, and fraction II of histin (an 
RNA polymerase inhibitor) were prepared and assayed as described previously 
(1,2). Glycerol gradient centrifugations were also performed as before (1). 

Activated calf thymus DNA was prepared as described by Uyemura and Lehman (3). 
DNA polymerase activity was assayed in a final volume of 125~1. The reaction 
mixture contained the following: 1.25~1 of Tris-HCl (pH 7.85); 0.75~1 of 
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Fig. 1. Glycerol gradient centrifugation of ribonucleotide plyma rase, RNA 
plym rase, and DNA polymerase from the yeast phase of H. capsulatum. A 
sample of crude extract (19mg of protein) was applied G a 36-ml glycerol 
gradient (15-30%, V/V), and centrifuged and fractionated as described (1). 
Each fraction was assayed for the three activities (30Pl/assay). Native 
calf thyrms DNA was used in m polymxase assays. Activated DNA was used 
in DNA polymarase assays. 

Mgcl ; ~.O)JI~KII~ of NaCl; 0.025~1 each of dAW, dCP, and dGTP; 0.0075~1 of 
unlabeled dTIP; and 2uCi of t3HldrrP (specific radioactivity l!Xi/ml). The 
native, activated, or heat-denatured calf thymes DNA (lOuq/assay) was used as 
a template, as indicated. The volumes were adjusted with water, and the re- 
action started by enzyme addition. After 60 min at 23V the reactions were 
terminated by pipettinq 100~1 aliquots on DEAE-cellulose discs (Whatxan DE81). 
The discs were processed and radioactivity measured as described (1). 

DEAE-cellulose chrcmatcgraphy of DNA polynxarase and ribonucleotide ply- 
merase was performad as follows. The resin was equilibrated with 0.05M 
ammnium sulfate in a buffer containing 0.05M Tris-HC1 (pH 7.85), 25% (v/v) 
glycerol, O.~IKWXY!JA, and 0.5n@! dithiothreitol. A sample of crude extract was 
applied to the column at the rate of 1 column volume per hour. Thecolmmwas 
washed with 2 volmes of the equilibrating buffer, and then with 2 volumes of 
0.4OM ammonium sulfate in the sama buffer. 
to 50% glycerol and stored at -25OC. 

The active fractions were adjusted 

Glycerol gradient centrifuqation and DFAE-cellulose chrmtcqraphy - The 

heavy species of ribonucleotide polymarase can be easily and reproducibly 

separated from both RNA plymerase and DNA polymerase of the yeast phase of 

Histoplasrm capsulatum (Fig. 1). However, the light form of rilmnucleotide 

@ymarase and DNA plymerase of the funqus sediment& at the sama position in 
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Fig. 2. DEAE-cellulose chrcmatography of DNA polymerase and ribonucleotide 
polymarase frcxn the yeast phase of Histoplasma capsulatum. A sample of crude 
extract (32mg of protein) was applied to a 10-d DES-cellulose column 
(0.8 x 5un) and the enzym activities eluted as described in MATERIALS AND 
Ml?rHcDs . FYactions @ml) were collected and 30~1 samples assayed for DNA 
polymrase (M ) and ribonucleotide polyrrerase (O-----O) activity. The 
arrm indicates buffer change from 0.05M to 0.4OM ammnium sulfate. 

Fig. 3. -ition of I?U polyn-erase and ribonucleotide polyn-erase by histin. 
The enzymes (30~1 samples of each) were assayed with increasing anrxnts of 
histin. The maximal activity (100%) for FNA polyrmarase ( e----o) was 3,297cpn; 
the mximal activity (100%) for the heavy form of ribonucleotide pQlymrase 
(o-----o) was 12,710qxn. 

the gradient. In order to obtain a DNA polymerase fraction free of ribonucleo- 

tide polymrase activity, a DF.AE-cellulose column was used. Fig. 2 shows that 

DNA polymerase of H. capsulatum can be separated into tsm fractions, one - 

which was not retained on the column, and the other which required high salt 

concentration for elution. The early fraction was completely free of ribo- 

nucleotide polymarase. This fraction, and E. coli DNA polymarase were used -- 

in the subsequent experiments. 

Effect of histin on polymerization of nucleotides - In contrast to 

extracts from the yeast phase, those prepared frcxn the mycelial form of H. - 
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Fig. 4. Stimulation of DNA synthesis by ribonucleotide polymarase. DNA 
polymerase from E. coli was assayed in the absence and the presence of the 
heavy species ofri&kleotide polymerase obtained from the glycerol gradient 
sham in Fig. 1. Panel A - DNA polymarase alone ( C---O) or with constant 
amunt (0.97~9) ofwcleotide polymarase (O-----O ); Panel B - constant 
mount of DNA polymrase (2~9) assayed with the increasinmts of ribo- 
nucleotide polymarase. Heat-denatured calf thymus DNA was used. in all assays. 

capsulatum contained only traces of RNA polymerase (4) or rikonucleotide 

polymerase (1) activity. The absence of FNA polymerase was correlated with 

the presence of a potent inhibitor called histin (2,4). As shown in Fig. 3, 

histin exerted a significant, although not complete, inhibitory effect on 

ribonucleotide polymarase. On the other hand, neither E. coli DNA polymarase, 

nor H. capsulate DNA polymera= were affected by histin (data not sham). - 

Thus, the inhibitor is specific in that it acts only when ribonucleotide poly- 

rrerization is involved. 

Stimulation of DNA synthesis by ribonucleotide polymrase - Because DNA 

synthesis involves the participation of short RNA primrs, and because ribo- 

nucleotide polymerase produces short oligonucleotide chains, it was of interest 

to see whether this enzyme would influence the activity of DNA polymerase. As 

shm in Fig. 4, the addition of rilmnucleotide polymerase to the E. coli DNA -- 

polyrrerase reaction resulted in a considerable increase (up to 5-fold) in the 

incorporation of deoxyribonucleotides into DNA. The increase was independent 
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of the template concentration (not shown) and was not due to non-specific 

stimulation by protein or RNA because the addition of the equivalent amounts 

of yeast RNA and bovine serum albumin brought about a 50% drop in DNA synthe- 

sis. The same 2.5-5-fold stimulation of activity was observed with c. capsu- 

late DNA polymerase using both native arid denatured calf thymus DNA but not 

polyKW*p(d'Ulo. Ribonucleotide polymrase alone did not catalyse DNA syn- 

thesis in the presence of either Kg& or MnCl *, nor was any incorporation 

seen when DNA template was cmitted frm the assay. Addition of histin had no 

effect on DNA polymerase activity or on the stimulation by ribonucleotide 

polymrase. 

DISCUSSION 

We have previously (1) characterized ribonucleotide polymerase with re- 

spect to catalytic properties, rmlecular weight, and the critical kinetic 

parameters of the assay. The present results show that ribonucleotide poly- 

merase can stimulate activity of DNA polymrase from both E. coli and H. - - - 

capsulatum. The stimulation was independent of template concentration but 

depended on the amunts of tBJA polymrase and ribonucleotide polymerase pre- 

sent in the reaction (Fig. 4). The observed effect of varying the DNAply- 

merase concentration and keeping ribonucleotide polymrase constant (or vice 

versa) indicated that the tm enzymes interacted directly to reach a plateau 

atwhich theymxldbeccme saturated, so that no further increase in activity 

could be seen. 

Our previous experiments (1) shmed that ribonucleotide polymarase con- 

tained a small, very tightly bound RNA fragmant. Therefore it is possible 

that the observed increase in DNA synthesis was due to the introduction of 

primers for DNA polymrase. This would help to explain why histin had no 

effect on the stirmlation of synthesis. Hmever, yeast BNA alone or in 

ccenbination with bovine serum albumin did not stimulate DNA polymarase 

activity suggesting that the priming effect would have to depend on the func- 
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tion or conformational state of ribonucleotide polymerase. 

The participation of RNA in biosynthesis of DNA is a well-dccmented 

phenomenon (S-7). In scms cases a specific RNA polyrrerase is known to be 

involved in the production of RNA primers needed for the initiation of DNA 

replication (8,9). A recent report by Plevani and Chang (10) suggested that 

in Saccharcxqces cerevisiae all known forms of RNA polymerase are so utilized. 

Except for this report, there is paucity of information concerning the en- 

zym(s) involved in the formation of RNA primers in eucaryotic organisms. 

It is tempting to hypothesize that ribonucleotide polymrase might be such an 

enzyme in H. capsulatum. - We are at present attempting to purify and stabilize 

DNApolymrases of the fungus andtoisolate intact DNAtouse themin aham- 

lcqous system coupled with ribonucleotide polymerase. Until this is achieved, 

and the reaction product is analysed, the proof for the proposed role of the 

enzyme will be only circumstantial. 
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