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THE EFFECT OF ZINC IONS ON TRANSCRIPTION 

IN EUCARIOTIC SYSTEM

Purified DNA-dependent RNA polymerases A, B end C isolat-
ed from calf thymus contain a significant amount of zinc, A- 
tomic absorption spectroscopy revealed the presence of 6.7, 
5*35 and 2*6-4.1 g-atome of zinc per mole of polymerase 
A, B and C respectively. These enzymes are inhibited by
treatment with 1.10-phenantroline at concentrations varying 
from 10** 10-4 However, the addition of zinc ions
does not restore fully the activity of l.lO-phenantrolino 
treated enzymes. Exogenous zinc ions reduce in vitro on ove-
rall RNA synthesis catalysed by RNA polymerases from calf 
thymus. In addition to the sites which bind zinc in a speci-
fic and stoichiometric way these enzymes possess other clao- 
aes of binding sites with high and low affinity. Occupancy 
by exogenous zinc of these additional binding sites Inhibits 
polymerase activity. Additionally, rate of RNA synthesis in 
isolated calf thymus nuclei, wea examined in presence of
1.10-phenantroline end exogenous zinc ions. Similarly as in 
the case of purified polymerases, transcriptional process in 
nuclei was inhibited by both of these agents.

Introduction

Zinc ia esaantlal for the growth and proliferation of cell3 

fro* all living organisms. Zinc is necessary for normal 

nucleic acid synthesis and function [lj. It is well known 

that template dependent ONA and RNA polymerases are metalopro- 

telna containing zinc L2-111. Removal of zinc from enzyma mole-
cules by treatment with chelating agent« resulted in loss of 

their enzymatic function [3, 7-9]. It would suggest that zinc 

ion is required for enzymatic activity. According to Mlldvan's



model zinc is Involved in the interaction between polymerase and 

3*-0H terminus of a growing RNA or ONA chain [12, 13], Therefore, 

the present study is an attempt to specify the role of zinc play-
ed in activities of ONA-dependent RNA polymerases from calf thy-

mus,

Hatherials and method»

Purification of RNA pol1

calf thymus polymerase* A, B and C were isolated and 

.y purified aa described previously [14]. Further purifi-

cation was performed by chromatography on ONA-agaroee columns 

prepared according to S c h a l l e r  at al. [15]. •

Isolation of nuclei

Calf thymus nuclei were isolated and purified a* described by 

1 I f r e y and M i r a k y method [16], Purity of 

.ho nuclear fraction was checked aa a routine with the light

Dicroecope.

RNA polymerase a*aay

The standard incubation mixture (0.25) ml contained 80 mM 

Tris-HCl (pH 7,8), 4mM 2-mercsptoethenol, 0.1 mM dlthiotbreltol, 
0.1 mM EOTA, 4 mM MnCl^, 12% glycerol, 20 fig of native ONA 

(type V. Sigma), 1 mM CTP, 1 mM GTP, 1 mM ATP, 0.5 mM UTP,
•?

and 2 /¿Ci ( H)~UTP and 100 ^1 of the enzyme. The assay mix-

ture was incubated for 10 min. at 37°C. The radioactivity in the 

acid insoluble reaction product was determined in a Beckman sci-

ntillation counter.



RNA synthesis in isolated nuclei

The standard reaction mixture (0.25 ml) contained] 12% glyce-
rol. 5 *M MgCl2. 50 mM TriS-HCl (pH 7.8). 0.1 mM EOTA, 0.1 mM 

dithiotraitol, 0.1 M(NH4)2304, 0,5 mM? ATP, GTP, CTP, 0.1 mM 

UTP and 4 pCi (*H)-UTP. The reaction waa started by addi-

tion of 100 of nuclei suspension (lO7 nuclei/ml). The reaction 
Mixture was generally incubated at 25°C for 30 «in. TCA preci- 

pitable counts were determined ae above.

Metal analysis

Zinc content in polymerase preparations was determined at 

213.86 nm using an atomlc-absorptlon spectrometer (Unlearn SP 

192). All samplas ware mineralized by incubation at 100°C for 10 

«in in H202/HC104 mixture (1 i l).

Protein determination

Enzyme concentrations were measured according to S c h a f- 

f n a r and W e l s a m a n n  £17] with bovine serum al-

bumin as standard.

Results and discussion

The purified polymerases A, 8 and C used in all experimento, 

were DNA dependent enzymes. Polymorase A was completely insensi-

tive to a -amanitln up to the concentration of 200 ¿ig/ml, Por 

polymerase C 60 percent of inhibition of enzyme activity was ob-

served under these conditions and polymerase 8 was fully inactiv-

ated: in. tb* praaance of- 1 pg/ml- of a-amanittn. The-Specif lr, ac-

tivity of the enzymes waa 130, 270 and 340-400 units per mg pro-
tein for polymerases A, B, and C respectively.

Table 1 illustrates zinc contonts of calf thymus RNA polyme-

rases. Olrect measurements by using atomic absorption spectrome-

try show that metal contents of the RMA polymerases A, B and C



T a b 1 • 1

Zinc content of calf thymus RNA polymeraaea 
Zawartość cynku w poliirerazach RNA i grasicy dolccej

RNA * 
polymerase

Protein
concentration

(mg/ml)

Zinc
concentration

(/xg/ml)

Zinc content 
(g-atome/mola)

A 3.25 2.35 6.7
8 2.00 1.16 5.35

C 0.65-1.20 0.24-0.53 2.6-4.1

^Molecular weight of polymerasee wae 600 000 according to 
C h a m b o n  [19].

**Prot*in was determined as described by S c h a f f n e r  
and VY a i a « m a n n [17].

***Zlno was measured by atomic-abeorptlon analysis in 1' «1
samples.

amounts to 6.7: 5.35; 2.6-4,1 g-atoms of zinc per »ole of enzyme, 

respectively* Endogenous zinc la aasentlal for enzyme activity 

of polymerases involved in eynthetlzlng reaction but the role 

of this metal in an enzymatic activity hae hot bean precisely eta« 

ted.
Fig. 1 illustrates effect of different concentratlone of

1.10-phenantroline on RNA polymerase A, B and C activities. Si« 

ailarly, as other eucarlotlc polymerases, the RNA polymeraaea i- 
solated from calf tyhmus were inhibited by chelating agent of 

zinc ions, with pKl values of 4.9; 4.65 ond 4.5 for A, B and 
C enzymes, respectively. Instantaneous inhibition of RNA polyme-

rase activities by 1.10-phenantroline ehould ba attributed to the 
interaction of the chelator with the protein bound zinc. Thle may 

occur either due to binding to the mate! ion-and blocking the ac-

tive site or removing the endogenoua metal ion. 1 Our obaarvatlon

that addition of exogenous zinc to phenantrollne-lnhlblted anzy-1 , • .
ne8 did not restore the full activity of polymeraaa B and C led 

us to investigate in vitro effect of zinc iona on the activity of 

polymerases A, 8, end C not treated with thia inhibitor. The exo-

genous zinc ions added to the reaction mixture generally reduced 

the overall RNA synthesis.
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FiO. 1. effect of 1.10-ph*n*ntrollne on RNA polymerase A. B and 
C ectivltl**. 1.10-phonantroline wo* pr***nt *t lO"® to i0‘s M 
and enzyae protoin o* 10 g por th* incubation alxtur*. V< is 
tho volocity in tho pro»*nc* of inhibitor, V0 i* the velocity
In lto abcence. a— a polynerose A, *---- ■* polyn*r**e B, o---o

polynoro** C
Wpływ 1,10 phenontroliny n* aktywność pollaeraz RNA A, b i c. 
Sto*ow*no et«*onlo 1,iO-ph*n*nt ro1iny od 10-» do 10“3 w, a 
białka enzywatycznego 10 pg na 2S0 ul aie*z*niny inkub*cyjn*J. 
Vi - aktywność onxyadw w obecności innibiioro, Vc aktywność
kontroli. o-- o policeraze A. a---- a pollneroza B# o--- o

pollworaze C

Figure 2 »how* Inhibiting offoct of oxogonouo zinc ions on 
RNA polyaeraaa A, 8 and C actlvitlaa. The presence of zinc 
in tho incubation aodlua of polyaoraaoa A and C did not cause 
aignlfleant changea in their ectivitioo, especially at a low 
zinc concentration. A ropid decrease in the overall RNA synthe* 
ala catalyaad by polyaoraae B waa obaerved in the whol# exaain» 

ed range of zinc concentration.
Effect of enzyae concentration on RNA polyaeraaa A. Band C 

actlvitlaa in the preeenco of exogenou* zinc ion* was *xaaln«d 
ee well. Aa ehown in Fig. 3 the significant decraaae in poly- 
aaraee B activity was independent of protein concentration. In 
the case of polyaeraeea A and C th* a*gnitud* of inhibiting
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Fig. 2. Effect on exogenous zinc Ions on RNA polymerase A, B and 
C activities. The reaction mixtures contain 1 to 10 mM Znz* end 
RNA polymerase samples at the following concentrations - poly-
merase A; a) 2.07 mg and b) 1.53 mgs polymerase Bt a) 1.7 ag, 
b) 0.66 mg, c) 0.10 mg, d) 0.08 mg; polymerase Cj 1) 12.5 ¿*9»
2) 10.0 ng, 3) 9 yg, °-- P polymeraae A, *---- * polymeree* B,

o--- -o polymeraae C

v^lyw egzogennych jonńw cynku na aktywność polimęraz A, B i C. 
Mieszanina reakcyjna zawierała od 1 do 10 aM Zn2 przy naetępujo- 
cych stężeniach białka enzymatycznego - póllmeraza At a) 2,07 
mg i b) 1,53 mg; póllmeraza Bi a) 1,7 mg, b) 0,86 mg, c)
0,1 mg, d) 0,08 mg; póllmeraza Ct 1) 12,5 ¿ig, 2) 10 /ig, 3) 
9 H3»d— o polimeraza A, x-----x póllmeraza 8, o-̂ -o póllmeraza C

effect of zinc is dependent on the zinc/enzyme concentration 

ratio. It ia clearly indicated that the influence of exogenous 

zinc lone on polymerase A and C activities la a function of 

enzyme concentration. The increasing amount of enzyme protein
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Flg. 3. Effect of anzyme concentration on RNA polymerase A, B 
and C activities in the praeence of exogenous zinc ione. Solu-
tion« of i .5 and 10 «M Zn2* were mixed with polymerase «am-
plia containing enzyme proteina ae indicated, a---o polymerase A,

x----« polymerase B, o----o polymerase C

Wpływ atétenla enzymu na aktywnoécl pollmeraz A, B 1 C w obec-
ności egzogennych jonów cynku. Roztwory i, 5 i 10 mM Zn były 
inkubowane z próbkami białek enzymów w ilościach wykazanych na
wykresie. □---a pollmeraza A, X----- X polinarazo B, o---- o

pollmeraza C

reaulted in the decreaae of inhibitory effect of zinc.“Dilution“ 

of inhibitor (Zn) by enzyme protein led to reaching spacial en-
zyme/zinc concentration-ratio above which the stimulation of 

RNA synthesis wee observed (Fig. 3). These data suggest the e- 

xlatance of a graat number of enzyme binding sites for zinc 

ione. However, only a small amount of exogenous zinc ions can 

bind to RNA polyawraa* A and C without changing their origi-

nal activity. To determine in detail the quantitative córrela-



tlon between zinc Ions and polymereee activity, the binding of 

65Zn2> to protein molecule« was studied. The association of 

65Zn lsotop with RNA polymerase* 8 end C gave simple setu- 

ratlon Isotherms (Fig. 4). Th* binding curv* obtslned for poly-

merase B shows th* saturation tendency elreedy et relatively 
low Zn concentration. Such eeturetlon effecte were not observed 

In ths case of polyaeres* C. Th* »«turatlon curve* lllu*trete thet 

the binding capacity ie about 3 time* hlghar In th* c*** of po-

lymerase C when compered with 8 enzyme. The capacity and ef-

Fig. 4. Titration cu/vee of RNA polymers*** by zinc ion*. 65Zna+ 
solutions (4 ¿il) of increasing concentretlon were mixed with 
40 al of enzyme. Following 1 h Incubation at 37°C enzyme 
bound zinc was precipitated, collected on th* Millpore filter*
and measured in liquid ecintlllation countar, o--— o polymerase 8,

x-----x polyaeres* C

Krzywa wysycania pollm*r*z RNA jonami cynku. Roztwory 65Zni+ (4 
fil) o wzrastających stężeniach inkubowano z 40 fil białka en-
zymatycznego, Po 1 h inkubacji w 37°C 65Zn2+ związany przez 
białko był stręcany, osadzany n* sęczkach Mlllipore, * jego za-
wartość mierzona w liczniku scyntylacyjnym Beckman*, o----o po-

ll m« raz a B, x----x pollmeraza C



finlty for th« zinc-polymerases interaction wore estimated by 

plotting equilibrium datę according to S c a t c h e r d  [18]. 

In addition to binding sltee which bind zinc Ions In specific and 

stoichiometric manner, polymerases B and C possess other class-

es of binding sites exhibiting both high and low affinity to this 
metel.

From scatchard's equation the number of binding sites and 

the apparent association constants were estimated [18], Polymsrose 

C molecules can bind 38 giatoms of zinc per mole of enzyme with 

high affinity, and 159 g-atoms of zinc per mole with low ef- 

flnlty. For polymerase B moleculee, high affinity sites bind 

9.4 g-atoms of zinc par mole of enzyme and low affinity sites 

47.2 g-etome of Zn per mol of enzyme (Tab, 2), These date may 

provide basis for the explanation of the observed greater Inhibi-

tion effect of exogenous zinc ions on polymerase B activity as 

compared with polymerase C, The increasing concentration of zinc 

In the metal-enzyme complex above the etoichlometrlc amount leads 

to a decreese In the yield of RNA synthesis. This indicates that 

zinc behaves es en allosterlc inhibitor. Loading of polymereso 

molecules by zinc msy reeult in the conformational changes which 

prevent the proper functioning of the catalytic center. The dlf-

T a b l e  2

A number of binding sites for exogenous zinc Ions 
In DNA dependent RNA polymerases molecules, 

from calf thymus

Ilość miejsc więżących egzogenne jony cynku 
w polimerazsch RNA zależnej od ONA, z grasicy cielęcej

RNA High affinity sites Low affinity sites

polymerase 2+g-atoms Zn Ko
Oa

g-atoms Zn Kal
mole M mole H

C 38 13.5 • 10”9 159 98 * 10~9

.8 ■ 9.4 4.8 • I0~9 42.2 97 • 10“9

N o t e »  Aliquots containing 1.95 ¿ig of polymerase C end 
5.08 îg of polymerase 8 proteins were incubated with varying 
amounts of i>5Zni (0-120 nmole») In the total volumes of 100 /xl. 
The binding data were plotted according to S c e t c h a r  d's 
equation [18],



farencee in the inhibitory action of zinc observed for polyme-

rases 8 and C support tho previous data ehowing that thaaa po- 

lynereaes are structurally distinct anzyaaa [19, 20]. Abova men-

tioned results, obtained in vitro for RNA polymerase A, B and C 

from calf thymus, prompted us to inveetigate the effect of 0-P 

and exogenous zino iona on RNA ayntheeie in functionally active 

nuclei isolated from this source.
Rate of RNA synthesis in isolated calf thymus nuclei, wa* e- 

xamlned, in the presence of lncreaaing concentretions of 1.10« 

-phenantroline. Similarly, aa in the caae of purified polyaera-

Fig. 5. Inhibiting effect of 1.10-phenantroline on RNA ayntheaia 
in isolated calf thymus nuclei. Nuclei (2 x 10 nuclei/ml) were 
incubated in presence of lncreaaing concentratlone of 1.10-phe- 
nantroline (0.5-10 idM) for 1 h at 37° C. After that 100 ¿il samp lea 
of nuclei suspension were added to 250 ul standard reaction mix-
ture and incubation was performed at 25°C for 30 «in. TCA preel- 
piteble counts «ere determined after spotting the nuclei on What-
man glass fibre filtere (Control» 100% RNA-syntheal* in nuclei 

(without incubation with 1.10-phenantroline)

Ha»uJ<?cy wpływ i,10-phenantroliny na syntezę RNA w wyizolowanych 
jędrach ko»5rkowych z grasicy cielęcia. 3adra (2 x 107 joder/ml) 
inkubowano * obecności wzrastających stężeń 1.10-phenantroilny 
(0,5-10 *M) 1 h w 37° C. Następnie 100 ¿tl próbki zawtieeiny J«- 
der dodsH* »no do 250 standardowej mieezaniny inkubecyjnej.pro-
wadzono inkubację w 2 ^ C przez 30 min. Ilość włóczonego prekur-
sora H3-ŁSTP określano po osadzeniu Jader na soczkach z włókna 
ezklanego Y/hatsan. (Kontrola: 100% syntezy RNA w jądrach baz in-

kubacji z 1,10-phenantrolin*)



see transcriptional procoas In nuclei was inhibited by this che-

lating agent of zinc ion*, in a concentration depondent manner

(Fig. 5).
Next we examined the influence of exogenous zinc ions on RNA 

synthesis in ieolat«d calf tyhmu* nuclei. In thie case, distinct 

decrease in transcriptional activity of thi* system was obeervcd 

a* well (Fig, 6). Tha magnitude of Inhibiting effect of zinc 

ion* waa dependent on th* zinc/nuclei conoentretior. ratio. The 

Increasing amount of exogenou* zinc ions rssulted in th* increase 

of inhibitory *ffect of thie m*tal. When the calf thymuo nuclei

i ■ .

Fig. 6. Effect of various concentration* of zinc ions on yield of 
transcription in isol*t*d c*lf thymu* nuclei. Nuclei (107 nuc-
lei/ml) were incubated in presence of increasing concentrations 
of zinc ions (1-10 mM) 1 h at 37°C. After that, 100 ¿i 1 samples 
of nuclei suspension wore added to 250 ul standard reaction mix- 
tur* and incubation waa performed at 23 C f o r 30 min. TCA prs. 
clpitable count* wer* determined *s in Fig. 3 (Contro , i 100,̂  RNA 

synthesis in nuclei without incubation with zinc ions)

Wpływ różnych stęień Jonów Zn2* na poziom transkrypcji w Jądrach 
komórkowych izolowanych z grasicy cięłęcia. Oadra^iO jędsr/mi) 
inkubowano w obecności wzrastających t*t«źęń jonów Zn (*“10 w.M) 
przez 1 h w 37°C. Następni* 100 <ul próbki zawiesiny j<jdar doda-
wano do 250 m1 standardowej mieszaniny inkubacyjnej, prowadzono 
inkubach w 25°C przez 30 min. Ilość włóczonego prekursora H3-UTP 
określano jak na rys. 5. (Kontrola» 100% syntezy RNA w Jądrach 

komórkowych bez inkubacji z Jonami Zn )



were lncubatod with equivalent concentration« of both 1.10-phe- 

nantroline and exogenous zinc ion* no Inhibitory effect was ob-

served. RNA synthesis in these nuclei wee continued without di-

sturbances.

Experiments concerning influence of exogenous zinc lone on 

RNA synthesis in Isolated, functionally active calf thymus nuc-

lei confirmed our earlier results obtained for purified RNA po-

lymerases. Inhibiting effect of 1.10-phenantrollne on RNA synthe-

sis in nuclei demonstrated indirectly the existence of intrinsic 

zinc in protein of those enzymes, which le important for their 
transcriptional activity.

The existence of DNA dependent RNA polymerases in Isolated 

nuclei, reteining at least partially, their original function 

and chromatin complex etructure, does not protect them from in-

teraction with inhibitory agentsi exogenous zinc lone and 1.10- 
-phonantroline.
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WPŁYW JONÓW CYNKU NA TRANSKRYPCJĘ U EUKARIONTOW

Oczyazczone polloerazy RNA A, B 1 C zależne od ONA izolowana 
z grasicy cielęcej zawieraj« znaczna Ilości cynku. Metodę atomo-
wej spektrometrii abaorbcyjnej wykazano obecność 6,7j 5,35 1 2,6- 
-4#1 g-atonów cynku, odpowiednio na mol poliaierazy A. B i  C. En- 
zyoy ta były hamowano w obecności różnych stężeń (10 -10 M) 
1,10-phenantrollny. Jednakże dodania Jonów cynku nie odwracało 
w pełni aktywności enzymów inkubowanych uprzednio z 1,10-phenon- 
trollnę. Egzogenne Jony cynku redukuję całkomitę syntezę RNA ka-
talizowany przez polimerazy RNA z graelcy cielęcej. Prócz miejsc, 
które więżę cynk w sposób «pacyficzny i stechiomotryczny, enzy-
my te posiadaj« mno klasy mlejec więżenia z wysokim i niski»



powinowactwem. Związani* egzogennego cynku w tych dodatkowych 
miejscach więżenia na powierzchni enzymu hamuj* aktywność poł- 
liraoraz. Ponadto, zbadano tempo syntezy RNA w Jądrach komór- 
kowych wyizolowanych z graeicy cielęcej, w obecnościt 1,10- 
-phonantroliny i Jonów cynku. Podobni* Jak w przypadku oczyaz- 
czonych polimeraz RNA proce* transkrypcji w Jędrach był przez 
oba t* zwifzki hamowany.


