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ABSTRACT: The interaction of N A D H  with s-malate dehy- 
drogenase isolated from beef heart was studied in 20 m M  
potassium phosphate (pH 6.9)-1 m M  EDTA, with forced 
dialysis, fluorescence, and temperature-jump techniques. 
Measurements of the change in fluorescence of N A D H  
when it is titrated with enzyme indicate N A D H  bound to 
monomeric and dimeric enzyme have different fluorescence 
yields. These data and the results of direct binding studies 

T h e  enzyme s-malate dehydrogenase undergoes a mono- 
mer-dimer reaction with an association constant of ap- 
proximately lo7  M-I (Cassman and King, 1972). The 
binding of N A D H  to the enzyme is accompanied by an en- 
hancement of the fluorescence of N A D H  and a quenching 
of the protein fluorescence. Fluorescence titrations of the 
enzyme with N A D H  have been used to characterize the 
binding process (Cassman and King, 1972). If the fluores- 
cence changes are assumed to be linear functions of the 
number of ligand binding sites occupied, the binding iso- 
therms calculated from the titrations exhibit positive coop- 
erativity. However, thus far is has not been possible to con- 
struct a model which quantitatively describes the binding 
isotherms over a wide range of protein and N A D H  concen- 
trations. 

In this work, the interaction between N A D H  and s-mal- 
a te  dehydrogenase has been studied using direct binding 
measurements and fluorescence titrations. The results ob- 
tained can be explained by a model in which N A D H  binds 
to both monomeric and dimeric enzyme. The binding sites 
of the dimer are nearly equivalent or equivalent, and the af- 
finity for the monomer site is very similar to that for the 
dimer sites. However, the fluorescence enhancement of 
N A D H  on binding to monomer and the two dimer sites has 
a different value for each of the three types of sites. 

Experimental Section 
Materials. The N A D H  was purchased from Sigma 

(grade 111 disodium salt). A single ultraviolet and fluo- 
rescent spot was observed when the N A D H  was chromato- 
graphed on DEAE paper in aqueous 0.1 M NHdHCO3 (Sil- 
verstein, 1970). Solutions of N A D H  were prepared imme- 
diately before use, and their concentration was determined 
by absorbance measurements a t  340 nm using an extinction 
coefficient of 6.22 I O 3  M-I cm-' (Horecker and Kornberg, 
1948). Radioactive [ 14C]NAD+ was purchased from Am- 
ersham/Searle (100-250 Ci/mol). The NADf was con- 
verted to N A D H  enzymatically with alcohol dehydrogenase 
(Klingenberg, 1963) in 0.1 M Tris buffer (pH 8.8) and 0.5 
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can be explained in terms of a model in which the N A D H  
binding sites on dimeric enzyme are  equivalent or nearly 
equivalent, and N A D H  binding to monomeric enzyme oc- 
curs with an affinity very similar to that of the dimer. How- 
ever, the fluorescence enhancement of N A D H  on binding to 
the enzyme is different for the monomer and for each of the 
two dimer sites. 

M ethanol, and purified on a DEAE-cellulose column (Sil- 
verstein, 1965). In a control experiment the N A D H  pre- 
pared in this manner was found to be a t  least 96% pure by 
enzymatic assay with lactic dehydrogenase (Klingenberg, 
1963). 

The s-malate dehydrogenase was purified from fresh beef 
heart as previously described (Englard and Breiger, 1962; 
Guha et al., 1968). The specific activity of the enzyme 
preparations used in this work was between 450 and 500 
units/mg. On acrylamide gel electrophoresis in 0.2 M gly- 
cine-0.025 M Tris (pH 8.3), the enzyme moved in two close 
bands, one much fainter than the other. A similar result has 
been obtained for the pig heart enzyme (Gerding and 
Wolfe, 1968). 

All other chemicals used were the best available commer- 
cial grades, and solutions were made with distilled deion- 
ized water . 

Analytical Methods. Protein concentrations were deter- 
mined by the method of Lowry et al. (1951) using bovine 
serum albumin as the standard. Enzyme concentrations 
were calculated in terms of monomer units of molecular 
weight 40,000. The enzyme was assayed spectrophotometri- 
cally a t  30' with a Cary 14 recording spectrophotometer 
(Guha et al., 1968). The enzyme activity did not change 
significantly during the course of the experiments described 
below. 

Binding Measurements. The binding of N A D H  to s-mal- 
a te  dehydrogenase was studied using the forced dialysis 
method with radioactive N A D H  (Cantley and Hammes, 
1973). Diaflo-PM-10 membranes were used in a Metallo- 
glas ultrafiltration apparatus after first soaking the mem- 
branes in water. All binding measurements were carried out 
in 20 m M  potassium phosphate (pH 6.9)-1 m M  EDTA, 
with an enzyme concentration of 1.84 or 4.35 p M  and vary- 
ing N A D H  concentrations (0.5-28 p M ) .  The total ligand 
concentration was determined by measuring the radioactivi- 
ty of a 10-pl aliquot in Bray's scintillation fluid (Bray, 
1960) with a Beckman LS255 liquid scintillation counter. A 
0.25-0.30-m1 aliquot of solution was placed in each cell 
compartment and a pressure of approximately I O  psi nitro- 
gen was applied. The first 10 pl of solution forced through 
the membrane was discarded since the N A D H  is diluted by 
the water present in the membranes. The second 10 pl 
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FIGURE 1: Plots of the moles of NADH bound per mole of enzyme 
(molecular weight 40,000) divided by the free NADH concentration. 
r/(NADl-l) ,  vs. r at an enzyme concentration of 4.35 b M  in 20 rnM 
potassium phosphate (pH 6.9)-1 mM EDTA at  24'. ( A )  Data ub- 
tained from a fluorescence titration analyzed according to the method 
of  Cassman and King (1972). ( B )  Data obtained from direct binding 
measurements using forced dialysis. 

forced through the membrane was used to measure the con- 
centration of free N A D H  by radioactive assay. The fact 
that the concentration of the second sample is not diluted 
was determined by control experiments with NADH in the 
absence of enzyme. In some cases, a third 10-pl aliquot also 
was analyzed and within the experimental uncertainties had 
a radioactivity identical with that of the second 10-pl ali- 
quot. The enzyme also was found to be retained by the 
membrane in control experiments. 

Fluorescence Titrations. Fluorescence measurements 
were carried out a t  20 or 24' with a Perkin-Elmer MPF-3 
lluorescence spectrophotometer. All fluorescent measure- 
ments on N A D H  were made a t  an excitation wavelength of 
340 nm and an emission wavelength of 410 nm. The excita- 
tion slit was 6 nm and the emission slit was 8 nm. 

The fluorescence intensity of a 24 p M  N A D H  solution in 
20 m M  phosphate (pH 6.9)-1 m M  EDTA was determined 
at  varying enzyme concentrations. This was accomplished 
by first measuring the fluorescence of 24 p M  NADH in the 
presence of 2 p M  enzyme. A 0.4-mi aliquot was then re- 
moved from the 2 ml in the 3-mi fluorescence cell and was 
replaced with the same volunie of a 24 phi' N A D H  stock 
solution; the fluorescence of the resulting solution was then 
measured. This procedure was repeated until no change in 

fluorescence intensity could be detected after dilution. The 
fluorescence intensity of the NADH stock solution was 
measured separately in an identical cell and was found to be 
identical with the fluorescence intensity of the cell after the 
final dilution. 

Fluorescent titrations of enzyme with NADH were car- 
ried out under identical conditions with those described 
above. The titrations were performed in a 3-nil fluorescence 
cell containing 2 ml of buffer solution and a known enzyme 
concentration. Concentrated N A D H  was added to the cell 
in 2 -30-pl aliquots, and the fluorescence intensity was mea- 
sured. To correct for dilution and inner-filter effects, the 
same titration was carried out in an identical cell containing 
only buffer solution without protein. No more than five 
dilutions were made on a single solution, and all measure- 
ments were done at  least in duplicate. The range of enzyme 
concentrations used was 1 . I  2-7.98 p M  and that for NADH 
was 0.1-36 p M .  

Temperature-Jump Experiments. Relaxation experi- 
ments were performed with a temperature-jump apparatus 
utilizing fluorescence detection (del Rosario, 1970). The 
temperature jump applied was 7.7' to a final temperature 
of either 15.7 or 22.7'. The excitation wavelength was 340 
nrn and the emitted light was passed through a filter (LS- 
0-51, Corning) to minimize the contributions of scattered 
light and the Raman peak. All solutions contained 16 m M  
potassium phosphate, 0.8 m M  EDTA. and 0.2 M KN03. 
The enzyme concentration varied from 1 to 3 pLM and the 
N A D H  concentration from 2.5 to 20 p M .  Photographs of 
relaxation processes were taken, and the relaxation times 
were determined from plots of the logarithm of the signal 
amplitude vs. time. 

Results and Treatment of Data 
'4 complete thermodynamic description of the interaction 

of N A D H  with s-malate dehydrogenase requires four inde- 
pendent chemical equations. These equations must take into 
account the facts that the enzyme exists in both monomer 
and dimer forms and that each monomer unit has a single 
N A D H  binding site (Cassman and King, 1972). One set of 
four independent chemical reactions is given in eq 1-4. In 

E + E i E ,  K ,  = (E2)/(E)2 (1) 

E + S + E F , S  K,s T= (ES)/(E)(S) (2) 

E,S 4- s - E,S? = (E,s,)/(E,s)(s) (4) 
E? + S * E$ f i , g  := (E?S)/(E?)(S) (3 )  

these equations E denotes monomeric enzyme, E? dimeric 
enzyme, and S is NADH.  All other chemical equilibria 
which occur can be written in terms of these four reactions. 

The NADH- enzyme binding constants have been deter- 
mined by Cassman and King (1972) by fluorescence titra- 
tions, assuming the fluorescence enhancements accompa- 
nying NADH binding to the enzyme are identical for mo- 
nomer and both dimer binding sites. In  Figure l A, a plot of 
the moles of N A D H  bound per mole of enzyme of molecu- 
lar weight 40,000, r,  divided by the concentration of free 
NADH is plotted vs. r; these data have been derived from a 
fluorescence titration analyzed according to the method of 
Cassman and King (1972). This plot is in  reasonable agree- 
ment with those presented by Cassman and King (1972) 
and suggests positive cooperativity occurs in the binding 
process. However, in Figure 1B, a similar plot js shown 
which is derived from direct binding me,asurements under 
the same experimental conditions (4.35 1 M  enzyme--20 
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FIGURE 2: A plot of the moles of NADH bound per mole of enzyme 
(molecular weight 40,000), r. vs. the concentration of free NADH as 
determined by forced dialysis in 20 m M  potassium phosphate (pH 
6.9)-1 mM EDTA at 20". The enzyme concentration was 1.84 fiM. 
The solid line has been calculated with eq 6 and K D  = 8.5 X lo6 M-I ,  
K E S  = 0.21 X IO6 M-I, and K E ~ S  = 0.18 X lo6 M - ' .  K E ~ s ~  = 0.14 X 
I O 6  M-?, while the dashed line has been calculated both with eq 6 and 
Ko = 10.1 X IO6 M-I, K E S  = 0.22 X lo6 M - ' ,  K E ~ s '  = 0.15 X lo6 
M - '  ( = K ~ , s / 2  = ~ K E , s , )  and with eq 5 and K = 0.16 fih4-I. 

m M  phosphate, pH 6.9, 24'). N o  cooperativity is evident in 
the binding process, and if only a single class of binding 
sites is assumed to be present so that r is given by eq 5 ,  a 

binding constant, K ,  of 0.07 pM- '  is obtained from a least- 
squares analysis of the data. The difference between the 
plots obtained from the fluorescence titration and the direct 
binding studies suggests that the assumption of identical 
fluorescence enhancements for all of the ligand binding 
sites is not valid for this system. 

Since a t  4.35 pLM enzyme the enzyme is essentially all 
dimer (Cassman and King, 1972), little information can be 
obtained from the data in Figure 1 about the binding char- 
acteristics of the monomer. Therefore, direct binding mea- 
surements also were carried out a t  a lower enzyme concen- 
tration, 1.84 p M  (20'). The results obtained are presented 
in Figure 2 as a plot of r vs. (NADH).  Again no cooperativ- 
ity is apparent in the binding process. If these data a re  ana- 
lyzed assuming a single type of binding site (eq S), a ligand 
binding constant of 0.16 p M - I  is obtained. The dashed line 
in Figure 2 has been calculated with eq 5 assuming this con- 
stant. These data also can be analyzed according to the 
more general binding scheme of eq 1-4. In this case r can 
be written as in eq 6. In  principle, the data can be fit direct- 

ly to eq 6 by a nonlinear least-squares analysis and the four 
equilibrium constants can be determined since (S) is known 
and (E) can be calculated from eq 7 ,  which has been de- 

(E) = { -1 + J1 + 2(Eo)O/[l + KES(S)I}/O 
( 7) 4KDC1 + KE,S(S) + K E $ K E ~ S 2 ( S ) 2 ]  

C Y =  
1 4 X E S  (S) 

rived from mass balance, and eq 1-4. I n  eq 7 (Eo) is the 
total enzyme concentration. However, in practice it was 

I 
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FIGURE 3: A plot of the fluorescence enhancement, ( F I F O  - I ) ,  divid- 
ed by the total enzyme concentration (Eo) ,  vs. the logarithm of the 
total enzyme concentration. The titration was carried out in 24 p M  
NADH-20 mM potassium phosphate (pH 6.9)-1 m M  EDTA at 20°. 
The solid line was calculated with eq 8 and KD' = 4.5 X lo6 At-', XES 
= 2.5, and XE~S, = 14.9. 

found that the data a re  insufficient to determine uniquely 
all four constants. 

The fluorescence titration of a constant N A D H  concen- 
tration with enzyme can be used to provide an additional re- 
lationship which reduces the number of unknown parame- 
ters in eq 6 to three. The N A D H  concentration in these ex- 
periments was made as high as possible (consistent with ob- 
taining reliable fluorescence data) and the enzyme concen- 
tration was always much lower than the N A D H  concentra- 
tion. Therefore, if the binding of N A D H  to the enzyme is 
sufficiently tight the assumption can be made that the only 
enzyme species present in solution are ES and E&. The 
validity of this assumption can be checked later when all of 
the equilibrium constants for the system are known: as it 
turns out a t  least 80-90% of the enzyme is saturated with 
substrate under the experimental conditions employed. The 
fluorescence intensity of the sample, F,  relative to that of 
NADH in the absence of enzyme, Fo, is given by eq 8. In  

( F I F O  -  EO) = [(XES - l)(ES)/(Eo) + 
- ~) (EzSJ / (EO) I / (SO)  (8) 

this equation ( S O )  is the total concentration of (NADH),  
XES is the fluorescence enhancement of N A D H  upon bind- 
ing to monomer, and X E ~ S ~  is the fluorescence enhancement 
of N A D H  (per N A D H  bound) upon binding to the dimer. 
A plot of (F/F'o - l)/(Eo) vs. log (Eo) a t  an NADH con- 
centration of 24 p M  is presented in Figure 3. The shape of 
this curve is determined entirely by a single thermodynamic 
constant KD' = (E2Sz)/(ES)2. The unknown fluorescent 
enhancements serve only to define the ordinate scale. The 
data in Figure 3 were fit to eq 8 by a nonlinear least-squares 
analysis, and the values of the parameters obtained were 
KD' = 4.5 X IO6 h4-I, XES = 2.5, and X E ~ S ~  = 14.9. The 
curve in Figure 3 has been calculated with these parameters 
and eq 8. Because the enzyme is only 80-90% saturated, the 
values of the fluorescent enhancements and KD' are some- 
what in error. However, the error made is not great enough 
to significantly alter the subsequent analysis and the con- 
clusions reached. 

Since KD' = KDKE2SKE2S2/(KES2), one of the parame- 
ters in eq 6 can now be eliminated. The data in Figure 2 
were fit to eq 5 ,  modified by the insertion of Kg', with a 
nonlinear least-squares a n a l y h .  The four equilibrium con- 
stants obtained from this analysis are K D  = 8.5 X 106  M-l ,  
K E S  = 0.21 X IO6 M - ' ,  KE?S = 0.18 X IO6 M - I ,  and K t 2 s 2  
= 0.14 X I O 6  M - ' .  The solid line in Figure 2 has been cal- 
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A plot of the product of the fluorescence enhancement 
( F I F O  - 1) and the total NADH concentration, (NADHo), vs. the 
concentration of free NADH. The titrations were carried out in 20 
mM potassium phosphate (pH 6.9)-I m M  EDTA at 20' with enzyme 
concentrations of 1.12 p M  (O), 4.84 p M  (A), or 7.98 p M  (0). The 
solid lines were calculated with eq 9 and K D  = 8.5 X lo6 M-I ,  K E S  = 
0.21 X I C 6  M-I ,  K E ~ S  = 0.18 X IO6 M-', K E ~ s ~  = 0.14 X lo6 M-I,  
XES = 3, X E ~ S  = 37, and X E ~ S ~  = 1 1 ,  while the dashed line was calculat- 
ed with eq 9. and K D  = 10.1 X lo6 M-I ,  K E S  = 0.22 X IO6 M-', K E ~ s '  
= 0.15 X lo6 M-' ( = K E ~ s / ~  = 2 K ~ , s ~ ) ,  XES = 1.02, X E ~ S  = 24.6, and 
XE2S2 = 12. 

culated with these parameters and eq 6. An initial value of 
I O 7  M - '  was assumed for K D  in the fitting procedure, and 
least-squares deviations between the calculated and ob- 
served data points were not significantly altered over a wide 
range of values of K D .  The initial value of l o7  M- '  was es- 
timated from ultracentrifuge data (Cassman and King, 
1972) so that this constant is semiquantitatively fixed by an 
independent experiment. The values of the binding con- 
stants for the dimer are sufficiently similar to suggest that 
two equivalent sites may exist. This assumption is supported 
by the results presented earlier in Figure 1 a t  4.35 pM en- 
zyme, a concentration at  which the enzyme is essentially di- 
meric both in the presence and absence of NADH.  There- 
fore, the data in Figure 1 were fit to eq 6 with the additional 
assumption K E ~ S  = ~ K E ~ s ~ '  and KE~s: = K~,s:'/2 where 
KE.s*/ is the intrinsic binding constant for the NADH- 
dimer interaction. (The known value of KD' was used to re- 
duce the number of parameters to two.) The equilibrium 
constants obtained from this analysis are K D  = 10.1 X I O 6  
M - I ,  KES = 0.22 X IO6 M - l ,  and = 0.15 X I O 6  
M - ' ,  The dashed curve in Figure 1 ,  which is identical with 
the curve calculated earlier with eq 5, has been calculated 
with thesc constants and eq 6. Again this analysis deter- 
mines K D  very imprecisely. The direct binding data ob- 
tained at  a higher enzyme concentration and slightly higher 
temperature (24 vs. 20') shown in Figure 1 suggest a small- 
er value of K E ~ s ~ '  (0.07 p M - I ) ,  but the difference is within 
the experimental uncertainty and the expected decrease in 
the binding affinity a t  the somewhat higher temperature. 
Similar titrations to those performed by Cassman and King 
( 1  972) have been carried out in this work in order to deter- 
mine the fluorescence enhancements for the various enzyme 

species. The results obtained a t  three different enzyme con- 
centrations, 1.12, 4.84, and 7.98 p M ,  are shown in Figure 4. 
In this figure, the product of the fluorescent enhancement 
and the total NADH concentration ( F I F O  - l)(NADHO) 
is plotted vs. the free NADH concentration calculated with 
the equilibrium binding constants given above (assuming 
nonequivalent sites). In  analogy with eq 8, the fluorescent 
enhancement can be written as 
(FIFO - 1)(S,) = ( X E S  - l)(ES) - (AEs - l ) (ES& + 

~ ( X E ~ S ~  - 1)(EzS,) (9) 

Since the binding constants have been determined indepen- 
dently, only the fluorescent enhancements are unknown, 
and the three sets of data in Figure 4 have been fit by a non- 
linear least-squares analysis to obtain the fluorescent en- 
hancements. The values of the enhancements obtained 
using the constants assuming nonequivalent dimer sites are 
XES = 3, X E ~ S  = 37, and X E ~ S ~  = 11, while if the constants 
assuming equivalent dimer sites are used the corresponding 
values are XES = 1.02, X E ~ S  = 24.6, and X E ~ S ~  = 12. The 
solid lines in Figure 4 have been calculated with eq 9 and 
the parameters assuming nonequivalent binding sites and 
the dashed lines have been calculated with eq 9 and the pa- 
rameters assuming equivalent sites. 

Temperature-jump experiments with fluorescence detec- 
tion were carried out a t  enzyme concentrations of 2-3 p M  
and total NADH concentrations of 2.5-20 p M  with final 
temperatures of 15.7 and 22.7'. In all cases only a single re- 
laxation process could be detected with a relaxation time 
very close to that associated with the time constant for heat- 
ing (-20 gsec). The longest relaxation time, 59 psec, was 
observed a t  an enzyme concentration of 2 p M  and an 
N A D H  concentration of 2.5 gM,  which were the lowest 
concentrations giving a measurable relaxation amplitude. 
The relaxation time decreased as the enzyme and NADH 
concentrations increased, but a quantitative measure of the 
concentration dependence of the relaxation time was not 
possible because of the similarity of the chemical and appa- 
ratus relaxation times. The enzyme is predominantly a 
dimer under these conditions and if the observed relaxation 
time is attributed to the equilibria of eq 3 and 4, assuming 
equivalent sites, the second-order rate constant for forma- 
tion of the enzyme-substrate complex can be estimated as 
I O 9  M-'  sec-I. 

Discussion 
The binding and fluorescence titration data are consis- 

tent with a model for the binding in which NADH binds to 
the monomer site and both dimer sites of beef heart s-mal- 
ate dehydrogenase with approximately the same affinity. A 
slight preference for the monomer site and some small de- 
gree of cooperativity in binding to the dimer may exist, al- 
though the assumption of equivalent sites fits the data quite 
well. On the other hand, the fluorescent enhancement of 
N A D H  is quite different for all of the sites. The exact 
values for the enhancements vary somewhat depending on 
the particular model and particular set of data, but in all 
cases binding to the monomer enhances the fluorescence a 
very small amount, binding to the first dimer site causes a 
very large enhancement and the enhancement per bound 
NADH has an intermediate value between these two ex- 
tremes when both sites are occupied. The data in Figure 4 
show some deviations from the theoretical curves. However, 
the equilibrium constants used to fit these data were ob- 
tained from independent experiments, and small variations 
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in the constants (within the experimental uncertainties) 
would improve the fit. Also at high N A D H  and enzyme 
concentrations, some nonspecific binding may occur. 

The data in Figures 1 and 4 are in good agreement with 
those of Cassman and King ( 1  972). However, the interpre- 
tation proposed here is more consistent with the direct bind- 
ing data. The explanation for the different fluorescence en- 
hancements is, of course, unknown but could be attributed 
to protein conformational changes or to structurally non- 
equivalent sites. 

The binding of N A D H  to porcine s-malate dehydroge- 
nase appears to involve two equivalent sites on the dimer 
(Holbrook and Wolfe, 1972) as in the model proposed here 
for the beef heart enzyme, with the binding constants being 
somewhat larger for the porcine enzyme. The temperature- 
jump data provide indirect evidence for a simple binding 
mechanism, such as equivalent sites, since only a single re- 
laxation process is observed under conditions where the en- 
zyme is predominantly dimer. A more complex relaxation 
spectrum would be expected for cooperative binding. The 
second-order rate constant estimated from the data is close 
to the maximum possible rate constant for an enzyme-sub- 
strate reaction (Alberty and Hammes, 1958). 

In summary, the binding of NADH to beef heart s-mal- 
ate dehydrogenase appears to involve nearly equivalent or 
equivalent enzyme binding sites in both monomer and 
dimer, with the fluorescence enhancement of NADH de- 
pending on the type of site occupied. 
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Mitochondrial Poly( A) Polymerase from a Poorly 
Differentiated Hepatoma: Purification and characteristics? 

Kathleen M. Rose,* Harold P. Morris,$ and Samson T. Jacob* 

ABSTRACT: Poly(A) polymerase (EC 2.7.7.19) solubilized 
from mitochondria of a poorly differentiated rat tumor, 
Morris hepatoma 3924A, was purified more than 1000-fold 
by successive column chromatography on phosphocellulose, 
DEAE-Sephadex, and hydroxylapatite. Purified enzyme 
catalyzed the incorporation of ATP into poly(A) only upon 
addition of an exogenous primer. Of several primers tested, 
synthetic poly(A) was the most effective. The enzyme uti- 
lized mitochondrial RNA as a primer at least five times as 
efficiently as nuclear RNA. The enzyme required Mn2+ 
and had a pH optimum of 7.8-8.2. The enzyme utilized 

E l y ( A )  polymerase, the enzyme that catalyzes the incor- 
poration of adenylic acid residues into poly(A), is widely 
distributed in nature. Thus, the enzyme is present in a vari- 

+ From the Department of Pharmacology, The Milton S. Hershey 
Medical Center, The Pennsylvania State University, Hershey, Pennsyl- 
vania 17033. Received June 4, 1974. Supported by a U S .  Public 

ATP exclusively as a substrate; the calculated K ,  for ATP 
was 28 pLM. The polymerization reaction was not inhibited 
by RNase, ethidium bromide, distamycin, or a-amanitin. 
The reaction was sensitive to 0-n-octyloxime of 3-formylri- 
famycin S V  (AF/013). As estimated from glycerol gradient 
centrifugation and acrylamide gel electrophoresis in the 
presence of sodium dodecyl sulfate, the molecular weight of 
the enzyme was 60,000. The product was covalently linked 
to the polynucleotide primer and the average length of the 
poly(A) formed was 600 nucleotides. 

ety of bacteria (August et al., 1962; Gottesman et al., 1962; 
Hardy and Kurland, 1966; Payne and Boezi, 1970; Colvill 
and Terzi, 1968; Ohasa and Tsugita, 1972; Modak and Sri- 
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