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Studies on the Kinetic Mechanism of 
S- Adenosy1methionine:Protein 0- Methyltransferase of 
Calf Thymus? 

M .  .lamaluddin, S. Kim, and W. K.  Paik* 

ABSTRACT: Initial velocity studies have been carried out on 
protein methylase I1 (S-adenosyl-L-methionine:protein 0- 
methyltransferase, E C  2.1.1.24) purified from calf thymus, 
using bovine pancreatic ribonuclease as  the protein sub- 
strate. Initial velocity patterns converging at  a point on or 
near the extended abcissa were obtained with either ribonu- 
clease or S-adenosyl-L-methionine as  the variable substrate. 
Inhibition by the product S-adenosyl-L-homocysteine was 
linear competitive against both S-adenosyl-L-methionine 
and ribonuclease, the apparent inhibition constants being 
dependent on the concentration of the nonvaried substrate. 
Adenosine was an inhibitor of the reaction, the inhibition 
being linear competitive against both S-adenosyl-1,-methio- 
nine ( K ,  / I .2 X moljl.) and ribonuclease ( K ,  / 4.6 X 

b e v e r a l  enzyme systems which catalyze the transfer of 
the methyl group of S-adenosyl-L-methionine to diverse bi- 
ological molecules of varying complexity are  now known 
(Greenberg, 1963; Paik and Kim, 1971; Kerr and Borek, 
1973J. A number of specific methyltransferases a re  in- 
volved in the methylation of proteins (Paik and Kim, 1971) 
and nucleic acids (Kerr and Borek, 1973). Recently protein 
methylase I1 (S-adenosy1methionine:protein O-methyl- 
transferase, E C  2.1 . I  .24) from calf thymus has been puri- 
fied to apparent homogeneity in our laboratory (Kim, 
1973). The enzyme catalyzes the methyl esterification of 
free carboxyl groups of side chains of a protein substrate 
(Kim and Paik, 1971a). It shows a broad specificity with re- 
gard to the protein substrate. Bovine pancreatic ribonucle- 
ase, histones F1, Fz, and F,, y-globulin, and ovalbumin can 
function as  substrate for the enzyme (Kim and Paik, 1970). 
Even though the biological significance of its reaction or the 
nature of its substrate in biological systems is not known a t  
present, its ubiquitous and abundant distribution in various 
mammalian tissues (Kim and Paik, 1971b, Paik et al., 
197 I ,  1972; Liss and Edelstein, 1967) and the existence of a 
specific natural inhibitor for the enzyme (Kim and Paik, 
1971b) suggest a potentially important role for the enzyme 
in cellular function. 

Kinetic studies carried out recently with protein methy- 
lase I 1  from erythrocytes showed one of the products, S-  
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mol/l.). These results are  consistent with a random 
mechanism for the protein methylase I1 reaction in which 
the rate-limiting step may be the interconversion of the ter- 
nary complexes and all other steps may be in equilibrium. 
The limiting Michaelis constants for S-adenosyl-1.-methio- 
nine and ribonuclease are  0.87 X I O v 6  and 2.86 X 
mol/l., respectively. The dissociation constants of S-adeno- 
syl- L-methionine and ribonuclease for their reaction with 
the free enzyme are  0.97 X and 3.35 X I O p 4  mol/]., 
respectively. The dissociation constant of S-adenosyl-1.- 
homocysteine for its reaction with the free enzyme was 1.03 
X I O d 6  mol/l. Thus it has about equal affinity for calf tliy- 
mus protein methylase I1 as S-adenosyl-L-methionine 

adenosyl-L-homocysteine, to be a potent inhibitor (Kim, 
1974). However, investigations in different laboratories 
have revealed that the inhibition of methyltransferase sys- 
tems by S-adenosyl-L-homocysteine shows wide variation in 
potency. While the D N A  modification methylase of E. coli 
is not inhibited (Lautenberger and Linn, 1972) several 
other methylases exhibited greater affinity for S-adenosyl- 
L-homocysteine than for S-adenosyl-1.-methionine (Degu- 
chi and Barchas, 1971; Coward et al., 1972; Kerr, 1972; 
Baudry et al., 1973; Lin et al., 1973). Furthermore, Hil- 
desheim et al. (1972) showed that some analogs of S-ade- 
nosyl-L-homocysteine exhibited differential inhibition 
toward t R N A  methylation and protein methylation. As a 
first step toward understanding the molecular mechanism 
of these differences quantitative kinetic criteria must be es- 
tablished for methyltransferases. Comparison of Michaelis 
constants for S-adenosyl-L-methionine and inhibition con- 
stants for S-adenosyl-L-homocysteine become more mean- 
ingful when the reaction mechanism is known since the 
meaning of these constants varies depending on the kinetic 
mechanism (Cleland, 1963a). With these considerations in 
mind we designed experiments to determine the kinetic 
mechanism of calf thymus protein methylase 11. Bovine 
pancreatic ribonuclease was chosen as the protein substrate 
because of its ready availability and because its complete 
amino acid sequence is known (Smyth et al.. 1963). This 
communication describes the results of initial velocity and 
product inhibition studies as  well as  the results of inhibition 
studies with adenosine on the enzyme in the forward direc- 
tion. Because of experimental difficulties in isolating the 
unstable product, protein methyl ester, the reverse reaction 
was not studied. This is the first report of kinetic studies on 
macromolecular methylation using a homogeneous eniyme 
preparation. 
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Experimental Section 
Materials. S-Adenosyl-~-[methyl-'~C]methionine (spe- 

cific activity, 58 Ci/mol) was obtained from New England 
Nuclear Corporation. Five times crystallized bovine pancre- 
atic ribonuclease, obtained from Sigma Chemical Co., was 
used as the protein substrate. S-Adenosyl-L-homocysteine 
was also a product of Sigma. Other chemicals used were ob- 
tained from local sources and were of analytical grade. 

Protein methylase I1 purified from calf thymus as  de- 
scribed in an earlier paper (Kim, 1973) having a specific ac- 
tivity of 7280 (with denatured calf thymus cytosol protein 
as substrate) was used. The enzyme was homogeneous as 
judged by the criteria of Sephadex G-100 column chroma- 
tography, analytical ultracentrifugation, and polyacrylam- 
ide gel electrophoresis. 

Preparation of Ribonuclease Solution. Ribonuclease was 
dissolved in a minimum volume of chilled 0.05 N N a O H  to 
give a p H  of 6.0 and diluted to the desired concentration 
with chilled water. The  molecular weight of RNase was 
taken to be 13,700. 

Enzyme Assay. The assay of protein methylase I1 was 
conducted according to the method of Kim and Paik 
(1970). The  incubation mixture contained in a total volume 
of 0.5 ml: 60 pmol of sodium phosphate and 18.5 pmol of 
citrate (pH 6.0); 1 pmol of EDTA; 6 pmol of 2-mercap- 
toethanol; the indicated concentrations of S-adenosyl-L- 
[methyl-14C]methionine and ribonuclease; and enzyme. All 
components of the reaction mixture except S-adenosyl-L- 
methionine were mixed together in ice and preincubated a t  
37' for 4 min before initiating the reaction with S-adeno- 
syl-L-methionine. The incubation was for 10 min. The reac- 
tion was stopped by adding 5 ml of trichloroacetic acid (1 50 
g/l.). The  precipitated protein was centrifuged and washed 
three times with 5-ml portions of trichloroacetic acid and 
once with 5 ml of ethanol. The precipitate was finally sus- 
pended in 0.2 ml of 1.5 N NH4QH and dispersed in 10 ml 
of Instagel (Packard) in a scintillation vial and the radioac- 
tivity was counted. 

Estimation of Protein. The protein concentrations of en- 
zyme solutions were estimated by the method of Lowry et 
al. (1951) using bovine serum albumin as  the standard. 

Treatment of Data. Initial velocity data were first ana- 
lyzed graphically by plotting the reciprocals of velocities 
against the reciprocals of substrate concentrations. When 
these plots were linear the data  were fitted to eq 1 accord- 

VA 
K A  t A 

1' = ____ 

ing to the least-squares method of Wilkinson (1961) assum- 
ing equal variance for the velocities. Intercepts (1  / V) and 
slopes (K/V)  of such fits were plotted graphically against 
the reciprocals of the concentrations of the nonvaried sub- 
strate to extract kinetic constants. The nomenclature used 
in this paper is that of Cleland ( l963b) .  All initial velocities 
a re  expressed as  cpm per 0.5 ml of reaction mixture; 920 
cpm under the experimental conditions correspond to 1 
pmol of methyl group incorporated into ribonuclease per 
min. 

Results and Discussion 
Initial Velocity Patterns. When ribonuclease was the 

varied substrate a t  various fixed concentrations of S-adeno- 
syl-L-methionine the initial velocity pattern shown in Figure 
1 was obtained. The lines appear to  converge a t  a point on 
or near the abcissa within the experimental error of the fit- 

I/(R Nose)x10-4(1/mo1) 
FIGURE 1: Effect of RNase concentration on the calf thymus protein 
methylase I I  reaction. RNase concentration was varied from 1.85 X 
IOp4 to 14.76 X M. The numbers above the lines indicate the con- 
centrations of S-adenosyl-l~-methionine used X 1 O6 M .  Assay condi- 
tions were standard; I . 5  F g  of enzyme protein was used. 

ted lines. A similarly converging initial velocity pattern was 
observed also when RNase '  concentration was kept fixed a t  
various levels and the concentration of S-adenosyl-L-methi- 
onine was varied. Such converging initial velocity patterns 
are  consistent with a sequential bireactant enzymic mecha- 
nism which follows the rate equation of the general form 

(2) 
VA B 

1' = ______- K,,K, + K,R + K$ + AB 
where 11 is the initial velocity, A and €3 are  substrate concen- 
trations, V and IC's are  constants. In this mechanism both 
substrates must be present simultaneously on the enzyme 
surface before any product is released. The same form of 
rate equation as  eq 2 is obtained whether there is an obliga- 
tory order of addition of substrates and release of products 
or not. Consequently converging initial velocity patterns a re  
given by the ordered BiBi mechanism, the Thorell-Chance 
mechanism, as well as  by random mechanisms (Cleland, 
1970). However, product-inhibition studies can often be 
used to  make a choice among the various possibilities. In 
the present studies S-adenosyl-L-homocysteine was used as  
a product inhibitor. 

Product tnhibition Patterns. Inhibition by S-adenosyl- 
L-homocysteine was competitive vs. ribonuclease (Figure 2) 
as  well as vs. S-adenosyl-L-methionine (Figure 3). Had ad- 
dition of substrates to protein methq lase I1 been ordered, 
inhibition by S-adenosyl-L-homocysteine against one of the 
substrates would have been noncompetitive (Cleland, 
1963b). Therefore it would appear that the protein methy- 
lase I1  reaction followed a random sequence of addition of 
substrates and release of products which may be represent- 
ed as in Scheme I.  A, B, P, and Q in Scheme I stand for S- 

SCHLME I 

A B  P Q  

EO 

I Abbreviations used are: RNase, ribonuclease; EDTA, ethylenedi- 
aminetetraacetate. 
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I ' I G b K E  2 :  Effect of the product, S-adenosyl-L-homocysteine, on the 
calf thymus protein methylase I1 reaction with RNase as  the variable 
substrate. Concentrations of S-adenosyl-L-homocysteine used were: 0, 
( A ) ,  5 (X) ,  I O  (0).  and 20 (0) X M. The concentration ofS-ade-  
nosyl- methionine was 20 X M. Other conditions were standard: 
I p g  of enzyme protein was used. 

+SAM) x i  o - 6 (I/rnol! 

F I G U R E  4: Secondary plots of the intercepts and slopes of Figure 1 
against the reciprocals of the concentrations of S-adenosyl-t.-methic,- 
nine. 

Table I: Kinetic Constants of Calf Thymus Protein Methyl- 
ase II.a 

Constant Value (M) 

0.87 x lo-" 
Kr a 0.97 x l oqh  
K b  2.86 x lo- '  
K ,  b 3.35 x 10-4 

a The constants were calculated graphically from the 
secondary plots of the intercepts and slopes of initial veloc- 
ity plots as described in the text. K ,  and Kb are respectively 
the dissociation constants for the reaction of' S-adenosyl-1.- 
methionine and RNase with the enzyme-RNase complex 
and enzyme-S-adenosyl-1.-methionine complex. Kla and 
Klb stand for the dissociation constants for the reaction of 
S-adenosyl-L-methionine and RNase, respectively, with the 
free enzyme. 

k I G L R E  3: Effect of S-adenosql-L-homocysteine on calf thymus pro- 
tein methylase I I  reaction with S-adenosyl-L-methionine (SAM) as the 
variable substrate. Concentrations of S-adenosyl-l.-homocysteine used 
were: 0 ( A ) ,  5 (0), I O  ( X ) ,  and 20 (0) X M. RNase  concentra- 
tion was 14.7 X M: 1 gg of enzyme protein was used. Other condi- 
tions were standard. 

adenosyl-1.-methionine, RNase, RNase methyl ester, and 
S-adenosyl-L-homocysteine, respectively. Ki,, Kib, Kip, and 
Ki, are the dissociation constants for the reaction of the free 
enzyme with A, B, P, and Q, respectively. K,, Kb, K,, and 
K ,  represent their respective Michaelis constants, that  is, 
dissociation constants for their reaction with the enzyme 
saturated with the other substrate or product, respectively. 
K ,  and Kib were calculated from the secondary plots of in- 
tercepts and slopes of Figure 1 against the reciprocals of the 
concentrations of S-adenosyl-L-methionine (Figure 4) as 
described by Cleland (1970). Kb and K,, were calculated 
similarly from analogous secondary plots of intercepts and 
slopes, of the initial velocity data with S-adenosyl-L-methi- 
onine as the variable substrate, against the reciprocals of 
the concentrations of RNase. The calculated kinetic con- 
stants are  presented in Table i .  In a random bisubstrate en- 
zymic reaction i f  the rate-limiting step is the interconver- 
sion of the central complexes (E-EPQ) and if all other steps 
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equilibrate rapidly, the relationship KiaKb = K,bK, holds. 
The relationship was found to hold in the present studies 
within experimental error (2.77 X and 2.91 X IO- '"  
ivf2, respectively), suggesting that the rapid equilibrium as- 
sumption might be valid for the protein methylase I 1  reac- 
tion. 

The rate equations for the rapid equilibrium random 
mechanism, in reciprocal form, in presence of the product 
Q, with A and B as the variable substrates, are given by eq 
3 and 4, respectively. 

(3) 

(4) 

Equations 3 and 4 predict that the secondary plots of the 
slopes of the initial velocity plots against the concentrations 
of S-adenosyl-L-homocysteine should be linear. This was 
found to be true in the present studies. From the horizontal 
intercepts of these plots apparent inhibition constants ( K , ,  
app.) can be calculated (Cleland, 1963a). Equations 3 and 
4 predict also that the apparent inhibition constants thus 
obtained should be functions of the concentration of the 
nonvaried substrate. This has been found to be so in the 
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Table 11: Values of Kiq as Determined from the  Competitive 
Inhibition by $9-Adenosyl-L-homocysteine with Respect to  
S-Adenosyl-L-methionine (A) (SAM) and  RNase (B) .a 

3.68 2.2 1.08 5 9.75 1.58 
7.35 3.1 1.01 

14.70 5.4 1.00 20 27.25 1.26 
Av 1.03 Av 1.42 

Each apparent Kiq is the average of three determina- 
tions. Kiq was calculated by eq 5 or 6. 

present studies (Table 11). The real Kis's were calculated 
from the relations 

Kiq app .  = Kiq 1 + - ( a 
Kiq app.  = Kiq (1 + &) 

(5) 

and are  presented in Table 11. 
The observation of competitive inhibition by S-adenosyl- 

L-homocysteine against RNase would suggest that the 
dead-end complex, enzyme-RNase-S-adenosyl- homo- 
cysteine, is not formed under the conditions employed. 

Inhibition by Adenosine. It was expected that compounds 
possessing those groups of S-adenosyl-L-methionine and 
S-adenosyl-L-homocysteine molecules, which might be im- 
portant in binding to the enzyme, might function as inhibi- 
tors. Among L-methionine, L-homocysteine, and adenosine, 
adenosine alone was found to inhibit significantly when 
tested at  3 mM concentration. The inhibition by adenosine 
was linear competitive against S-adenosyl- methionine as 
well as  against RNase. These results a re  again in conformi- 
ty with a rapid equilibrium random mechanism for protein 
methylase I1 reaction. The observation of competitive inhi- 
bition by adenosine against RNase suggests that the ternary 
complex, enzyme-RNase-adenosine, is not formed. This is 
not surprising in view of the fact that S-adenosyl-L-homo- 
cysteine also was not able to form a ternary complex (Fig- 
ure 2) under the experimental conditions. It appears that 
the positive charge on the S-adenosyl-L-methionine mole- 
cule is important in the formation of the ternary complex. 

The inhibition constants of adenosine were calculated 
from the replot of slopes of the competitive inhibition data 
against adenosine concentrations. The calculated values a re  
1.2 mM against S-adenosyl-L-methionine and 4.6 mM 
against RNase. 

The results of the present paper are  consistent with a ran- 
dom mechanism for the kinetics of protein methylase I1 
reaction. The realization of the relationship K,,Kb = K,&, 
and the observation of competitive inhibition by the product 
S-adenosyl-L-homocysteine, against either S-adenosyl -~-  
methionine or RNase  would suggest that the rate-limiting 
step may be the interconversion of the central ternary com- 
plexes and all other steps may equilibrate rapidly. However, 
experiments on isotope exchange at  equilibrium are  needed 
to decide whether the mechanism is truely rapid equilibri- 
um. This is not feasible a t  present because of the lack of the 

protein product. 
Other methyltransferases, the kinetics of which have 

been examined also, appear to follow the random mecha- 
nism. Phenylethanolamine N-methyltransferase of bovine 
medulla (Connet and Kirshner, 1970) and catechol 0- 
methyltransferase of human liver (Ball et al., 1972) show 
complex kinetic patterns but suggest a random mechanism. 
The kinetics of catechol 0-methyltransferase of rat liver 
(Flohe and Schwabe, 1970), histamine methyltransferase of 
guinea pig brain (Baudry et al., 1973), and indolethylamine 
N-methyltransferase of rabbit lung (Lin et al., 1973) ap- 
pear to have kinetic properties similar to those of protein 
methylase I1 reported here. 

The inhibition constants obtained in the present studies, 
for S-adenosyl-L-methionine and S-adenosyl-L-homocys- 
teine which represent the dissociation constants for the 
reaction of the free enzyme with these reactants, were not 
much different from each other (0.97 X and 1.03 X 

M, respectively). Thus protein methylase I1 has about 
equal affinity for S-adenosyl-L-methionine and S-adenosyl- 
L-homocysteine. In  this respect calf thymus protein methy- 
lase I1 differs from several other methylases reported in the 
literature (Deguchi and Barchas, 1971; Coward et al., 
1972; Kerr, 1972; Baudry et al., 1973; Lin et al., 1973) to 
show greater affinity for S-adenosyl-L-homocysteine than 
for S-adenosyl-L-methionine. 
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N ico t in amide 3, N4 - Et hen oc y t o s i n e Din ucleo t id e, an An a log 
of Nicotinamide Adenine Dinucleotide. Synthesis and 
Enzyme Studies? 

John C. Greenfield,$ Nelson J.  Leonard, and Richard I .  Gumport* 

ABSTRACT: A structural analog of NAD+.  nicotinamide 
3,N4-ethenocytosine dinucleotide ( tNCD+) ,  has been syn- 
thesized, characterized, and compared in activit) with the 
natural coenzyme in several enzyme systems. The V,,,, and 
apparent K ,  values were determined for NAD+,  t N C D + ,  
and t N A D +  (nicotinamide 1 ,N6-ethenoadenine dinucleo- 
tide) with yeast alcohol,’ horse liver alcohol, pig heart mal- 
ate, beef liver glutamate, and rabbit muscle lactate and 
glyceraldehyde-3-phosphate dehydrogenases. The V,,,, for 
t N C D +  was as great or greater than that obtained for 
N A D +  with three of the enzymes, 60-80% with two others. 
and 14% with one. t N C D +  was found to be more active 

T h e  prominent biological roles played by nicotinamide ad- 
enine dinucleotide (NAD+)  (1) and its ‘reduced form 
N A D H  have generated considerable interest in these com- 
pounds and in the enzymes which utilize them as coenzymes 
or substrates. One investigative technique that has been em- 
ployed in determining structure and function relationships 
of these compounds has been the preparation of N A D +  an-  
alogs and the study of their interaction with dehydrogenases 
and other enzymes (Sund, 1968a; Colowick, et al., 1966; 
Biellmann et a/.,  1974; Chaykin, 1967; Suhadolnik ef ul., 
!974). Analogs have also been used in studies of the mecha- 
nisms of dehydrogenase action (Sund, 1968b), the detection 
of heterogeneity of enzymes having the same function (Ka- 
plan, 1963a), and the evolution of enzyme structure (Ka- 
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ences, and School of Basic Medical Sciences, University of Illinois, Ur- 
bana. Illinois 61801. Received September 9,  1974. This work was sup- 
ported i n  part by Research Grants from the National Institutes of 
Health. GM 05829 and G M  19442. R.I.G. is the recipient of a Nation- 
al Institutes of Health Career Development Award KO4 G M  70.520. 

Present address: Laboratorium fur Organische Chemie. Eidgen- 
ossische Technische Hoschschuie, CH-8006 Zurich, Switzerland. ’ Abbreviations following the IUPAC-IUB Commission on Bio- 
chemical h’omenclature recommendations ( J .  Mol. Biol. 55, 299 
(1971)) are  used throughout. The abbreviation “ e ”  stands for etheno. 
so that eCyd is 3,N4-ethenocytidine or 5 ,6-dihydro-5-oxo-6-~-~-r ibo-  
furanosylimidazo[2,1-c]pyrimidine (Secrist ct a / . ,  1972: Barrio e2 a / . ,  
I972a); I C M P ,  3,N4-ethenocytidine 5’-monophosphate; eNCD+. nico- 
tinamide 3,Nd-ethenocytosine dinucleotide and eNCDH is the reduced 
form: e\;AD+, nicotinamide 1 ,N6-ethenoadenine dinucleotide and 
eVADH is the reduced form (Barrio et al., 1972b): N M N ,  nicotin- 
amide mononucleotide, PP,, pyrophosphate. 

than t N A D f  with all six dehydrogenases. t N C D +  served as 
a substrate for Neurospora crassa NADase, but could not 
be phosphorylated with pigeon liver NAD+ kinase. NAD+ 
pyrophosphorylase from pig liver was unable to catalyze the 
formation of t N C D +  from the triphosphate derivative of 
t-cytidine and nicotinamide mononucleotide, but was able 
to slowly catalyze the pyrophosphorolytic cleavage of 
t N C D + .  The  coenzyme activity of t N C D +  with dehydroge- 
nases can be discussed in terms of the close spatial homolo- 
gy of t N C D +  and NAD+,  which may allow similar accom- 
modations within the enzyme binding regions. 

plan, 1963b; Kaplan et al., 1960; CJ Rao and Rossmann. 
1973). 

I - 3 - 2 - 

R 
I 

0 

HO 

The close spatial outline and similar potential binding 
areas of the base moiety of t-cytidine nucleotides and aden- 
osine nucleotides (Barrio et al., 1973), as shown in the over- 
lay in Figure 1 ,  has inspired the preparation of nicotinamide 
t-cytosine dinucleotide (cNCD+) (2) which should closely 
mimic the structural features of the natural coenqme.  
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