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Kinetic and Equilibrium Studies on the Interaction of 
Ribonuclease A and 2’-Deoxyuridine 3’-Phosphate” 

Frederick G. Walz, Jr. 

A B S T R A C T :  The ionization constants for the secondary 
phosphate and ring nitrogen groups of 2’-deoxyuridine 
3‘-phosphate were determined. Kinetic and equilibrium 
binding studies of the interaction of ribonuclease with this 
nucleotide were performed using the temperature-jump 
and difference spectra methods, respectively. Experiments 
were performed in the pH range 4.5-7.0 at  25”. Association 
constants and maximum difference extinction coefficients 
for 2’-deoxyuridine 3‘-phosphate binding were determined 
at  six pH values. Two relaxation processes were observed 
which can be attributed to an initial association-dissociation 
of the enzyme and deoxynucleotide followed by an  isomeri- 

T he RNase1-catalyzed degradation of RNA has been 
characterized as proceeding cia a two-step process involving 
the formation and hydrolysis of pyrimidine 2’ :3’-cyclic 
phosphate intermediates (Markham and Smith, 1952 ; 
Brown et a/ . ,  1952). The 2’-hydroxyl group of phospho- 
diester substrates (e.g. ,  RNA and 3’-pyrimidine dinucleoside 
phosphates) has been postulated to interact with a basic 
group on RNase in a variety of reaction mechanisms proposed 
for the enzyme-catalyzed transesterification (Findley e /  d., 
1962; Ramsden and Laidler, 1966; Hammes, 1968; Usher, 
1969; Roberts e/ ul., 1969). Likewise, the reverse of the hydro- 
lytic step ( / . e . ,  the formation of pyrimidine 2‘ :3’-cyclic 
phosphate from the 3‘-nucleotide product) in these mech- 
anisms is postulated, at  least implicitly, to involve an inter- 
action of the 2‘-hydroxyl group of the 3’-nucleotide product 
with a basic group on the enzyme. The importance of the 
2’-hydroxyl group in the binding of nucleosides with RNase 
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zation of the enzyme--deoxynucleotide complex. The pH 
dependence of the individual rate constants was determined 
for this mechanism. There is no indication that 2’-dcoxy- 
uridine 3 ‘-phosphate preferentially binds one of the isomeric 
states of ribonuclease. A detailed minimal mechanism for 
the pH dependence of the relaxation processes is presented 
and requires the participation of two acid-base groups of 
ribonuclease. Differences in these results with those previously 
reported for ribonuclease binding with uridine 3’-phosphate 
are discussed with reference to the participation of the 
nucleotide 2‘-hydroxyl group on interaction with ribo- 
nuclease. 

was shown by inhibition studies of RNase activity (Ukita 
e /  a/., 1961), where cytidine was two times more efective 
as an inhibitor than deoxycytidine. Furthermore, binding 
studies of RNase with a variety of nucleotides including the 
phosphobenzyl ester of thymidine 3’-phosphate indicated 
the importance of a 2‘-oxygen atom which apparently was 
required to give a significant difference optical rotatory 
dispersion curve for the RNase. nucleotide complex (Deavin 
e /  al., 1966). 

The present study concerning the pH dependence of the 
kinetic and equilibrium constants characterizing the inter- 
action of 3’-dUMP with RNase were undertaken in an effort 
to elucidate the role of the 2/-hydroxyl group in nucleotide 
3’-phosphate binding. The results of this study in conjunction 
with those from similar studies on RNase. 3’-UMP binding 
(Hammes and Walz, 1969) provide, by comparison, an assess- 
ment of the participation of the 2/-hydroxyl group in the 
RNase. 3’-nucleotide interaction. 

Materials 

Ribonuclease A .  Phosphate-free, lyophilized ribonucleasc 
A was obtained from Worthington Biochemical Corp. 
and was used withotit further purification. The concentration 
of ribonuclease A was determined as described previously 
(Hammes and Walz. 1969). 
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5'-Di-p-Methoxytrityl-2'-deoxyuridine. The synthesis of 
5~-di-p-methoxytrityl-2'-deoxyuridine was accomplished ac- 
cording to the method used in preparing the thymidine 
derivative (Schaller et a/., 1963). The purified product revealed 
a single spot on thin-layer chromatography. 

2'-Deoxyuridine 3'-Phosphate. Phosphorylation of 
5'-di-p-methoxytrityl-2'-deoxyuridine was accomplished by 
reaction with 2-cyanoethyl phosphate using dicyclohexyl- 
carbodiimide as a condensing agent (Tener, 1961). The 
nucleotide was isolated as its barium salt which was chro- 
matographed on an  AG 1-XlO (formate form) column 
using 0.05 M formic acid brought to p H  4.8 with ammonium 
hydroxide as an eluent. The major peak fractions (-98z) 
were flash evaporated and then repeatedly lyophilized to 
remove formic acid. The nucleotide was converted into the 
potassium salt by passage through an AG 50-X10 column 
(H+ form) and neutralization of the acid fractions to  pH 
7.5 with potassium hydroxide solution. Paper chromatog- 
raphy of the final material using Whatman No. 3MM paper 
and two solvent systems (isobutyric acid-2.5 M ammonium 
hydroxide (66 : 34, v/v) and 1-butanol-glacial acetic acid- 
water (50:25:25, v/v)) revealed a single spot. No significant 
phosphate was released when the material was treated with 
5 '-nucleotidase. The ultraviolet absorption of 2'-deoxyuridine 
3'-phosphate is characterized by a A,,, at 262 mp and a 
280 mp:260 mp ratio of 0.29 at pH 6.5. The extinction coeffi- 
cient at 260 mp, pH 6.5 was found to be 10,000 M-' cm-l. 
The ultraviolet absorption spectra is essentially the same 
in the pH range, 4.5-7.0. 

Miscellaneous Reagents. All other chemicals were reagent 
grade or the best grade available commercially. Glass-distilled 
water having a specific resistance of greater than one megohm 
was used in all solutions. 

Methods 

Difference Spectrophotometry. Difference spectra were 
determined using a Zeiss PMQ I1 spectrophotometer. Rec- 
tangular split compartment cells (0.44-cm path length) 
were used in a thermostatted cell compartment. All experi. 
ments were conducted at  25 + 0.1". The slit width was 
maintained constant at 0.1 mm for all measurements. All 
difference absorbance measurements presented are calculated 
for 1-cm path length. The concentration of RNase was 
approximately 8 X 10-5 M in every experiment and nucleotide 
concentrations ranged from 4 X 10-5 to 3.5 x M. 

A stock buffer solution of 0.05 M Tris, 0.05 M sodium acetate, 
and 0.1 M KC1 was used in all experiments. For each experi- 
ment the pH was adjusted with acetic acid: the resulting 
ionic strength was 0.2 M over the pH range investigated. 
At each pH at least fifteen experiments at different nucleotide 
concentrations were performed. The difference spectra at 
each pH was taken from 240 to 300 mp at 1-mp intervals. 

Temperature-Jump Experiments. The temperature-jump 
apparatus was similar to that described previously (Hammes 
and Walz, 1969). All solutions used in temperature-jump 
experiments were 0.2 M in KCI. The relaxation processes 
associated with the initial binding of 3'-dUMP and RNase 
were detected by measurement of absorbance changes at 
255 mp. The concentration ranges employed in these experi- 
ments were 0.2-2.0 X M 3'-dUMP and 3.1-8.5 X 
10-5 M RNase. This initial process could also be measured 
by observing associated pH changes using pH indicators. 
However, the amplitude of the relaxation process was con- 
siderably smaller than that obtained by direct observation 

and therefore, experiments were conducted at 255 mp to 
obtain more accurate data. Nevertheless, semiquantitative 
observations of this process using pH indicators could be 
extended to higher concentrations of 3 '-dUMP which were 
prohibitive at 255 mp due to the large absorption of the 
nucleotide at this wavelength. In experiments designed to 
study the isomerization of RNase. 3 '-dUMP complex, 
the enzyme was brought to at least 85% saturation with 
nucleotide. The range of nucleotide concentrations used was 
0.4-1.0 X M. In these experiments pH indicators were 
used to detect pH changes accompanying the relaxation 
processes. The indicators employed at a concentration of 
2 X 10-5 M were methyl red, chlorophenol red, and phenol 
red and the changes in absorbance were observed at 520, 
573, and 558 mp, respectively. In all temperature-jump 
experiments the reactants were equilibrated at 19.5" and a 
5.5" temperature jump was applied. This latter quantity 
was determined by measuring the voltage and current across 
the cell when the capacitor was discharged at  10 kV, and 
represents approximately 7 5 z  of the energy stored in the 
capacitor. 

Ionization Constants. The secondary phosphate and ring 
nitrogen ionization constants for 3'-dUMP were determined 
using a Radiometer automatic titration assembly composed 
of an SBR 2 titratograph, TT 111 titrator, SBU 1A syringe 
burette assembly, and PHM-26 pH meter. All experiments 
were performed using carbon dioxide free NaOH, under 
a nitrogen atmosphere, and were thermostated at  25 f 0.1 '. 
The nucleotide was titrated in the presence of 0.2 M KC1. 
Blank titrations were performed and the corresponding 
corrections were made on the titration curves. The number 
of separate experiments performed in determining the secon- 
dary phosphate and ring nitrogen ionization constants was 
ten and four, respectively. All pH measurements were per- 
formed with a Radiometer pH M-26 pH meter; the error in 
pH measurement is estimated to be A0.05 pH unit. 

Results and Treatment of Data 

Equilibrium Measurements. The pK values for the secondary 
phosphate and ring nitrogen ionizations of 3'-dUMP were 
found to be 6.08 + 0.03 and 9.45 =t 0.06, respectively. The 
error limits represent the standard deviations of repeated 
experiments. The pK value for the secondary phosphate 
ionization is slightly greater than the value 5.74 reported 
for 3'-UMP (Anderson et al., 1968) which was determined at 
the same ionic strength (0.2 M). The value for the ring nitrogen 
ionization constant is similar to those reported for other 
uridine nucleotides (Jordan, 1960). 

The binding stoichiometry of 3'-dUMP and RNase 
was determined by the method of continuous variation 
(Job, 1928). The total concentration of RNase and 3 '-dUMP 
was held constant and the relative concentrations of the 
enzyme and ligand were varied. The maximum difference 
absorbance was achieved at a 1 :1 ratio of RNase and 3'- 
dUMP, which is the same as that for other phosphate ligands 
binding with RNase (Anderson et al., 1968). 

The difference spectra between the RNase. 3'-dUMP 
complex and free RNase plus free 3-dUMP was measured 
as a function of concentration and pH. The difference spectral 
curve (not illustrated) was characterized by a broad negative 
maxima at 255 mp and a crossover at 279 mp; furthermore, 
the curve was invariant at different values of pH. These 
features of the difference spectrum are the same as those for 
RNases 3'-UMP binding (Anderson et al., 1968). 
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TABLE I: Association Constants for RNase 3 '-dUMP 
Binding: 

10-3 A ~ ~ , ~ ~  h 

(M-1 cm-I) 10-4 K~~ ( ~ - 1 )  
~ ~ -- ~ - - ~ _ _ _ _ ~  PH 

4 5  3 25 0 601 
5 0  3 10 1 79 
5 5  3 30 3 79 
6 0  3 20 3 98 
6 5  3 10 2 23 

3 20 7 0  
_. ._ 

0 839 
-~ . - -~ 

1 Conditions were as described under Methods Maximum 
absolute vaIues of A€. 

At each pH the molar difference extinction coefficient, 
Ac, and the association constant, were calculated as 
described previously (Anderson et ul., 1968). The errors 
in the values reported for KAIJ are estimated to be approx- 
imately +15% and those for the maximum values of Ac 
(At,,, , ,) is about *lox. A summary of these constants at 
different values of pH are reported in Table I. The association 
constants for RNase binding with 3'-dUMP and 3'-UMP 
(Anderson et d., 1968) are compared in Figure 1. At all 
pH values the association constants for 3'-dUMP binding 
werc greater lhan those for 3'-UMP binding and show a 
dill'erent pH dependence. 

Kirwfic Mrrrsirro~ienrs. Two relaxation processes were 
found to be associated with RNase. 3'-dUMP binding. 
The faster of these processes had observed relaxation times 
of 60 -160 psec  and is dependent on the concentration of the 
reactants. This eflfect can be interpreted as representing the 
initial binding reaction 

where E represents RNase and L represents 3'-dUMP. 
For this mechanism (Eigen and DeMaeyer, 1963) 

F 

I I G I ' R E  1 : A plot of tlie logarithm of the association constants, KAP. 
for RNase-ligand binding a n d  the logarithm of kl.'X-l for 3'-dUMP 
binding as a function of pH.  The squares represent values of K.41, for 
.1'-dUMP binding: the circles represent values of K.41. for 3'-UMP 
binding (Anderson e /  d.. 1968): the trianglcs represent values of 
X I  ' h .  calculated a i  indicated in  the tex t .  Conditions were as de- 
scrihcd tiiider Vethotis. The lines have no theoretical significance. 

I I I / I  

F I G U R E  2: A plot of l/n as a function of [(E) + (L)] at different pH 
values. Conditions were as described under Methods. The ordinate 
has been shifted and different symbols were used for clarity. 

where l i r l  is the observed reciprocal relaxation time, (E) 
is the equilibrium concentration of free RNase, and (E) 
is the equilibrium of free 3'-dUMP. 'Knowing the association 
constant, (E) and (E) can be calculated and values of X I  
and k-l  can be obtained from plots of l / r l  L'S. [(E) + (E)]. 
Such plots for different values of pH are shown in Figure 2. 
At each pH at least 50 individual temperature-jump experi- 
ments were performed. For a given pH at least three points 
had nonoverlapping experimental standard deviations. The 
values of kl and k-l were obtained by a least-squares analysis 
of the data and have estimated errors of =t25 and =t15%, 
respectively. Values for k l  and k1 determined in this way are 
listed as observed constants in Table I1 and are shown as a 
function of pH in Figure 3. When this process is observed 
using pH indicators, it was found that at  higher concentra- 
tions of 3'-dUMP 7, decreases (as predicted by eq 2 )  until 
it is at  least as fast as the resolution time (about 15 psec) 
of the temperature-jump apparatus under the experimental 
conditions employed. 

If eq 1 is taken to represent the mechanism of RNase.3'- 

'5 .A .~ ..J 

P W  

5'2 60 70 1%; 

F I G U R E  3 :  The pH dependence of log X I  and log f i ~ ~  for RNase.3'- 
dUM P binding. The lines represent theoretical values calculated as 
indicated i n  the text for tlie mechanism in Figures 5 and 6. 
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TABLE 11: Rate Constants for the RNase. 3'-dUMP Interaction.& 

10-7 k l  ( M - ~  sec-') kL1 (sec-1) kz (sec-I) k-* (sec-l) 

PH Obsd Calcd Obsd Calcd Obsd Calcd Obsd Calcd 

4 . 5  3.30 3.66 4.54 4.41 

5 . 5  5 .43  5 .73  5 .64  5.61 2.05 1 .45  0 ,700  0.994 
6 . 0  5 .77  5.82 5 .97  5.65 1 .55  1 .20  0.500 0.727 
6 . 5  5 .19  4.88 5 .03  5.08 1 .20  1 .75  1.04 1.27 
7 . 0  3.99 4 .07  4 .46  4 .53  

5 .O 4.63  4 .60  4 .96  4.99 2 .13  2 .26  2 .34  1 .88  

0 Conditions were as described under Methods. 

dUMP binding, then the equilibrium association constant 
would equal k1lk-1. Values of kllk-1 a t  different values of pH 
are shown in Figure 1. The differences between the values of 
k l / k P l  and the observed equilibrium constants from pH 
5.0 to 6.5 indicate that the mechanism of eq 1 is not sufficient 
to reconcile the kinetic and equilibrium data at  these pH 
values. The disparity in the equilibrium and kinetic data 
can be interpreted as indicating the existence of isomeric 
states of the enzyme-ligand complex which equilibrate 
slowly relative to the initial step. Furthermore, this isomeri- 
zation is pH dependent. 

At near-saturating concentrations of 3'-dUMP a concen- 
tration-independent relaxation process characterized by the 
relaxation time r2 appears. This process is kinetically dis- 
tinguishable from the faster process characterized by rl, 
since at  the concentration of enzyme and ligand used r1 
was observed to range from 15 to 35 psec, whereas, r2 ranged 
from 200 to 500 psec. Concentration-independent values of 
r1 are presented as a function of pH in Figure 4. At the 
extremities of the pH range where this process was observed 
the amplitude of this effect became vanishingly small. Re- 
peated experiments under a variety of conditions failed to 
detect this process beyond the pH range shown in Figure 4. 
At a given pH the behavior of T Z  can be explained by the 
mechanism 

k i  ki  

k - i  k -?  
E + L Z E L J E ' L  (3) 

where EL and E'L are isomers of the enzyme-ligand complex; 
for this mechanism 

(4) 

when l/rl >> 1/r2. At sufficiently high ligand concentrations 
1/r2 approaches a concentration-independent value of kz + 
k&. The overall association constant is equal to ( k l / k p 1 ) -  
(1 + k Z / k p 2 )  for the mechanism of eq 3. Since the overall 
association constant and k l / k P l  are known as well as values 
for l/n, the individual rate constants k? and k P 2  can be 
determined at a given value of pH. The rate constants deter- 
mined in this manner are included in Table 11. These rate 
constants could not be determined a t  pH 4.5 and 7.0 since 
r2 was not observed at  these pH values. 

If free 3'-dUMP preferentially interacts with the "acid- 
stable" or "base-stable" isomers of RNase, the relaxation 

time, rl, would not be a function of the total free enzyme 
concentration, (E), but of (QJ, where J is an  appropriate 
factor determining the free concentration of the particular 
isomeric form assumed to react (Hammes and Walz, 1969). 
This preferential binding can be ascertained experimentally 
by determining r1 while varying the relative values of (E) 
and (E) at a constant value of [(E) + (E)]. To elucidate 
this aspect of the RNase.3'-dUMP interactions, r1 was 
determined at  pH 6.0 under the following experimental 
conditions: (1) the ratio of total RNase concentration to the 
total 3'-dUMP concentration was 4.6, (2) the ratio of the 
total 3 '-dUMP concentration to the total RNase concen- 
tration was 4.6; in both experiments [(E) + (E)] was 1.42 X 

M. The anticipated differences in 71 for expt 1 compared 
to expt 2 for preferential binding of 3'-dUMP to the acid- 
stable and base-stable isomers was calculated to be minus 
3 8 z  and plus 2 4 z ,  respectively. Twelve values for the 
relaxation time were determined under both experimental 
conditions: the value of r1 for expt 1 was 77 f 9 psec and 
for expt 2 was 78 + 12 psec. This result clearly indicates 
that there is no significant preferential binding for 3'-dUMP 
and thereby considerably simplifies the interpretation of the 
pH dependence of r l ,  and r2. 

E '  Y I I 

3 Z l  i 
4 0  5 0  60 70 

PH 

FIGURE 4:  Plot of log ( 1 / ~ ? )  as a function of pH. Experiments were 
performed in the presence of methyl red (A), chlorophenol red (O), 
and phenol red (0) as a means of detecting changes in pH accom- 
panying the reaction. Over 100 separate experiments were performed 
and the error bars represent the standard deviation for each experi- 
mental point. Other conditions were as described under Methods. 
The line is a theoretical curve calculated as described in the test for 
the mechanism in Figures 5 and 6. 

B I O C H E M I S T R Y ,  V O L .  1 0 ,  N O .  1 1 ,  1 9 7 1  2159 



W A L Z  

TABLE I I I :  Theoretical Rate and Acid DissociationConstants for the Mechanism in Figures 5 and 6 .  

10 ' X i z  10- k i t  
i (M-' sec-') (sec- l)  

1 3 .O 4 . 0 
2 4 . O  6 . 5  
3 3 . 5  4 . 0  
4 9 . o  6 5  
5 

- 

10 ' h i 1  

(S2-1) 

3 5  
3 7  
0 230 
1 75 
2 58 

lo - '  x 
(sec ' )  

4 00 

0 200 
1 5 0  
3 00 

0 200 

n Determined in this work. From steady-state kinetics (Del Rosario and Hammes. 196Y). 

Discussion 

The relaxation processes characterizing the interaction of 
RNase with 3'-dUMP and with 3'-UMP (Hammes and 
Walz, 1969) can both be explained by the gross mechanism of 
eq 3. This is not surprising since 3'-dUMP differs from 3'- 
U M P  by a single oxygen atom. Nevertheless, it was generally 
observed that the values of the relaxation times or the indi- 
vidual rate constants for the two nucleotides were significantly 
different as a function of pH. For example, at  all comparable 
pH values, l / ~ ?  for 3'-dUMP binding is greater than the 
corresponding value for 3'-UMP binding (Hammes and 
Walz, 1969); at  pH values approaching 7.0 this difference is 
approximately eightfold. Furthermore, values of the bimolec- 
ular rate constants for 3'-dUMP binding are the same (within 
experimental error) as those for 3'-UMP (Hammes and Walz, 
1969) from pH 4.5 to 6.0; whereas: at  pH values above 6.0 
the bimolecular rate constant for 3'-dUMP increases with 
respect to that of 3'-UMP such that at  pH 7.0 it is approx- 
imately seven times greater. This latter difference cannot b i  
simply accounted for by the twofold difference in the secon- 
dary phosphate ionization constants for 3 '-dUMP a n d  
3'-UMP. It was also observed that the magnitude of the 
dissociation rate constant, k - , ,  for 3'-dUMP binding is a t  
most one-half that for 3'-UMP binding (Hammes and Walz. 
1969) for all pH values tested. 

Possible mechanisms were considered to interpret the pH 

" I 

HEHL LH + E H S  
k ! ,  1'. K2l 
k: 

M Kll 

L + E H S  HEL 

A EHL L H +  E +q- 
TlK12 k !  TJ K24 

A EHL L H +  E +q- 
TlK12 k !  TJ K24 

LH  + E H F  " I  HEHL 
k-I 

F I G U R E  5 :  A possible mechanism for the initial interaction betNeen 
RNase and 3'-dUMP. E and EH represent enzyme species. LH and 
L represent the monoanionic and dianionic species of 3'-dUMP. 
respectively. HEHL, HEL. and EL represent RNase. 3'-dUMP 
complexes. Free protons were omitted for clarity. Values of the rate 
and ionization constants are given in Table 111. 
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dependence of the four rate constants in the generalized 
scheme for RNase,3'-dUMP binding in eq 3. .4n  efrort 
was made to formalate the simplest hypothesis involving 
a minimum number of acid-base groups at  the interaction 
site of RNase. The protolytic reaction rates of acid-base 
groups directly participating in the enzyme nucleotide com- 
plex could be rate limiting if the associated protons are not 
continuous with the hydrogen-bonded solvent structure 
(Eigen and Hammes, 1963; Eigen rf d., 1964). Nevertheless. 
since rate-limiting protolytic reactions are not rtxltiired t o  
explain the data, a l l  protolytic reactions were presumed to bc  
much faster than the reactions characterized by T~ and r2. 

is considered a function 
of the ionizable groups on the free nucleotide and those 
at  the interaction site on RNase. The monoanionic a n d  di- 
anionic species of 3'-dUMP are both capable of interaction 
with RNase (Hammes and Walz, 1969); therefore. the 
reaction of both forms of the ligand were considered. With 
this assumption the pH dependence of k ,  can b: adeqti;ttely 
accounted for by involving only one acid-base group at the 
interaction site of free RNase. This mcchanisni is shown in 
Figure 5. Using values for the various constants from Table 
111, the pH dependence of k l  is given by 

The bimolecular rate constant, X 

The calculated values are presented in Table 11 and gcnerate 
the curved line in Figure 3. Such a complex mechanism is not 
necessary to satisfy the observed values of L 1 ,  nevertheless, 
it is reasonable to suppose that a mukiplicit). of pxallel 
paths exist considering the relative constancy of X I  from pH 
4.5 to pH 7.0. In any  event, only one ionizable group on the 
free enzyme is implicated in the bimolecular reaction. This 
group was assigned a pK value of 5.4 iis determined from 
steady-state kinetic studies of the RNase-catalyzed hydrolysis 
of uridine 2' :3 '-cyclic phosphate (Del Rosario and Hamnies, 
1969). It should be noted that f n w  dissociation constants on 
the free RNase were required to fit the data for the bimolecular 
reaction in RNase. 3'-UMP binding (Hanimcs a n d  Walz. 
1969). Since the conformations of free 3'-UMP and free 
3'-dUMP are most likely the same ( i . c J . ,  the base is in the 
anti conformation (Haschenmeyer and Rich, 1967; Schweizcr 
et a/ . ,  1968; Miles et d.. 1969)) and the pH dependence of the 
bimolecular rate constants for 3 I-dUMP binding with RNase 
are different, it is apparent that some interaction of RNasc 
with the 2'-hydroxyl group occurs during formation of the 
initial complex. 

The pH dependence of the dissociation rate constant. 
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kdl ,  is qualitatively similar to that of k, and is given by the 
values of the relevant constants in Table 111 and 

The calculated values are presented in Table I1 and are 
illustrated as the theoretical curve in Figure 3. The micro- 
scopic dissociation constants of the initial complex are 
independent, i.e., pKzl = pKZ3 and pKzz = pK24. Although 
macroscopic constants could fit the data reasonably well, 
microscopic constants were considered as more realistic 
as well as being compatible with the pH dependence of the 
isomerization of the initial complex ( d e  infra). 

A mechanism for the pH-dependent isomerization of the 
RNase. 3’-dUMP complex ch,aracterized by 7 2  is shown in 
Figure 6. This mechanism involves an additional acid-base 
group characterized by pKz5 and pK35 which is not postulated 
to be involved in the initial reaction characterized by r1. 
The microscopic dissociation constants for the primed 
species shown in Figure 6 are dependent: i.e., pKS1 # pKS3 
and pK34 # PK32. For diagrammatic simplicity the dissociating 
group characterized by pKzj and pKa5 is considered as a 
macroscopic constant. The values of kz and k-z were calcu- 
lated at different pH values by using the constants in Table 
111 and eq 7, where for i = 2 ;  j = 2 and for i = - 2 ; j  = 3. 

Some of these calculated values are shown in Table I1 and 
the sum of the calculated values of kz and k-2 ( l / r ~ )  at different 
pH values is illustrated as the curved line in Figure 4. The 
good fit to the experimental data by the mechanism in Figures 
5 and 6 using the constants in Table 111 is noteworthy since 
the constants are not independent and must reasonably 
satisfy eleven detailed balance relationships. Mechanisms 
utilizing only macroscopic dissociation constants required 
at least four dissociating groups in the isomerization reaction 
to approximately fit the sharp inflections characterizing 
the pH dependence of r2. Nevertheless, the proposed mecha- 
nism is not considered unique since, in addition to the assump- 
tions made previously, multiple pH-dependent isomerizations 
of the RNase.3‘-dUMP complex which are very rapid or 
closely coupled with rz would escape detection but could 
contribute to the apparent rate constants. Furthermore, it is 
obvious that more complex mechanisms than those in Figures 
5 and 6 could satisfy the data. 

The pK values assigned to groups in the RNase. 3’-dUMP 
complex as designated in Figure 6 are considerably lower 
than those comparably assigned for RNase. 3‘-UMP binding 
(Hammes and Walz, 1969) and are not obviously reconciled 
with the simple chemical mechanisms proposed to explain 
the pK perturbations associated with 3’-UMP binding 
(Hammes and Walz, 1969) and 3‘-CMP binding (Meadows 
et ai., 1969). In an effort to clarify this point nuclear magnetic 
resonance studies are planned to independently assess the 
pK values of the active site imidazole groups of the RNase + 3’- 
d U M P  complex. 

The acid-base groups on RNase which are proposed to 
participate in the binding interaction are tentatively identified 
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FIGURE 6: A possible mechanism for the isomerization of the RNase. 
3’-dUMP complex. Values for the rate and equilibrium constants 
are given in Table 111. 

as the imidazole groups of His-119 and His-12 (Crestfield 
et al., 1963; Heinrikson et ai., 1965; Kartha et ai., 1967; 
Wykoff et ai., 1970; Meadows et al., 1969). The assigned 
pK values for these groups (Le., pK,? and pKzJ are those 
reported from steady-state kinetics (Del Rosario and Hammes, 
1969). The proposed mechanism for the pH-dependent 
isomerization of the RNase. 3‘-dUMP complex requires 
that the critical dissociating groups are present only at the 
interaction site. This proposal differs from that made for the 
isomerization of the RNase. 3 ‘-UMP complex which was 
postulated to be dependent, for the most part, on a dis- 
sociating group (His48 imidazole) extraneous to the inter- 
action site (Hammes and Walz, 1969). Since such a group 
need not be implicated in the isomerization of RNase.3’- 
dUMP complex, it is possible that the isomerization process 
is linked with His-48 only when a 2‘-hydroxyl group is 
present in the nucleotide. 

The differences in the kinetic constants for RNase binding 
with 3’-UMP and 3’,.dUMP can be understood on a non- 
formalistic basis by postulating that the interaction site of 
RNase consists of a nonpolar locus adjacent to the 2‘- 
hydroxyl group in the RNase. 3’-UMP complex and to the 
2’-hydrogen in the RNase - 3‘-dUMP complex. It would 
be expected that interaction of the polar 2‘-hydroxyl group 
with such a locus would be unfavorable whereas that of the 
2’-hydrogen would be favorable. In terms of this hypothesis 
the different pH dependence in the bimolecular reactions 
of RNase with 3‘-UMP and 3’-dUMP can be understood 
as resulting from constraints imposed on the 3‘-phosphate 
interaction with the active-site imidazole groups by the 
interaction of the 2‘ substituent with RNase; i .e . ,  the “nega- 
tive” interactions imposed by the 2’-hydroxyl group in the 
RNases 3 ’-UMP complex localizes the phosphate group 
such that interaction of this group in the bimolecular reaction 
is dependent on the charged state of two imidazole groups, 
whereas, the “positive” interaction of the 2‘-hydrogen 
in the RNase. 3 ’-dUMP complex localizes the phosphate 
group such that the charged state of only one imidszole 
group is kinetically significant. The fact that 3’-dUMP 
shows no preferential binding in the bimolecular step with 
the different isomeric species of RNase while some evidence 
suggests that 3’-UMP preferentially binds the acid-stable 
isomer (Hammes and Walz, 1969) could indicate that the 
different isomers of RNase accommodate different conforma- 
tions of the proposed nonpolar locus which are selective 
when the 2’-hydroxyl group is present ( i . ~ . ,  for 3’-UMP) 
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and nonselective when a 2’-hydrogen is present ( ; . e . .  for 
3’-dUMP). The postulated interactions of RNase at the 
2’ position of the nucleotide are consistent with the observa- 
tions that the initial RNase.  3’-dUMP complex is more stable 
than the initial RNase.  3‘-UMP complex as indicated by the 
relative values of the dissociation rate constant (cide supra). 
The two isomeric states of the RNase. 3‘-UMP complex 
could reflect not only alterations in the phosphate interactions 
(Hammes and Walz, 1969; Meadows and Jardetzky, 1968) 
but also the degree of interaction between the 2’-hydroxyl 
group and the postulated nonpolar locus. This suggestion 
is fortified by the observation that the rate constants for 
isomerization of the 3‘-dUMP complex ( ; , e . ,  k .  and L-.) 
are significantly greater (approximately twofold) than those 
for the 3’-UMP complex (Hammes and Walz, 1969). 

Most catalytic mechanisms proposed for RNase predict ii 

proton transfer from the 2’-hydroxyl group of the substrate 
to an imidazole group a t  the active site of the enzyme. In 
the context of the present hypothesis it is plausible that the 
postulated nonpolar locus adjacent to the 2‘-hydroxyl 
group in a given isomeric state of the RNase.3’-UMP 
complex provides a suitable microenvironment to facilitate 
proton transfer or otherwise enhance the formation of a 
negatively charged 2’-nucleophile. This proposal is consistent 
with ii previous suggestion that the RNase-catalyzed trans- 
esterification of cytidylyl-3 ’ : 5 ‘-adenosine is rate limited by 
ii conformational change (Hammes and Walz, 1970). 

This hypothesis regarding the nature of the 2’-hydroxyl 
group interaction with RNase is consistent with the present 
kinetic observations and provides some attractive possibilities 
regarding a catalytic mechanism, nevertheless, these specula- 
tions should only be considered tentative since other pro- 
posals co~ild equally account for the data. Regardless of the 
nature of this interaction. the contrast in the binding kinetics 
of RNase with 3’-dUMP and 3’-UMP gives evidence that 
the bound 2’-hydroxyl group of 3’-UMP interacts with 
RNase in a specific fashion that influences the 3’-phosphatc 
group interactions with the enzyme as well as the isomcriza- 
tion process of‘the RNase. nucleotide complex. 

References 

Anderson, D. G.. Hammes, G. G., and Walz, F. G. (1968). 

Brown, D. M. ,  Dekker, C. A., and Todd, A. R .  (1952), 

Cathou, R. E., and Hammes, G. G. (1965), J .  Amer. Chem. 

Crestfield, A. M., Stein, W. H., and Moore, S.  (1963), J .  

Biocliriiiistrj. 7, 1637. 

J .  Cheni. Soc., 2715. 

Soc. 87,4674. 

Biol. Clieni. 238, 2421. 

Deavin, A., Mathias, A. P., and Rabin, B. R. (1966), Nuture 
(London)211,252. 

Del Rosario, E. J., and Hammes, G. G. (1969), Biochemistry 
8, 1884. 

Eigen, M.,  and De Maeyer, L. (19631, in Technique of Organic 
Chemistry, Vol. VIII, Part 11, Freiss, S. L. ,  Lewis, E. S., 
and Weisberger, A , ,  Ed., New York. N. Y . ,  Wiley, p 895. 

Eigen. M., and Hammes, G.  G. (1963), Adcun. Enzjpmol. 
2s. 1. 

Eigen, M., Kruse, W., Maass, G., and De Maeyer, L. (1964), 
Progr. Reuct. Kin. 2,287. 

Findley, D.,  Herries, D. G., Mathias, A. D., Rabin, B. R., 
and Ross, C. A. (1962), Biochem. J .  85, 152. 

Hammes, G. G. (1968), Aclcun. Protein Chern. 23, 1. 
Hammes, G. G.. and Walz, F. G. (1969), J .  Amer. Chem. SOC. 

Hammes, G. G.. and Walz, F. G. (1970), Biochini. Bioplzys. 

Haschemeyer. A. E. V.. and Rich. A. (1967), J .  Mol. Bid.  

Heinrikson, R., Stein, W. A., and Moore, S. (1965), J .  Biol. 

Job, P. (1928), ,4m. Chiin. (Paris)9, 113. 
Jordan, D.  0. (1960), The Chemistry of the Nucleic Acids, 

Kartha, G., Bello, J., and Harker, D. (1967), Nuture (London) 

Markham, R. ,  and Smith, J. D. (1952), Biochein. J .  52, 552.  
Meadows, D. H., and Jardetzky. 0. (1968), Proc. Nu / .  Acad. 

Sci. U. S. 61,406. 
Meadows. D. H.. Roberts, G. C. K. ,  and Jardetzky, 0. (1969), 

J .  Mol. Biol. 45. 49 1 . 
Miles, D. W., Robins, M .  J. ,  Robins, R. K.,  Winkley, M. W.. 

and Eyring. H. (1969),J. Anier. C/ieni. Sor. 91, 831. 
Ramsden. E. N . ,  and Laidler. K .  J.  (1966), Cun. .I. Cliem. 

44,2597. 
Roberts. G. C. K . ,  Dennis, E. A., Meadows, D. H., Cohen, 

J .  S., and Jardetzky, 0. (1969), Proc. Nut. Acuu‘. Sci. U.S. 
62 ,  1151. 

Schaller, H.,  Weimann, G., Lerch, B., and Khorana, H. G.  
(1963):J. Ainer. Cliem. Soc. 87, 3821. 

Schweizer, M. P., Broom, A. D., Ts’o, P. 0. P., and Hollis, 
D. P. ( 1968), J .  , h e r ,  C/zem. Soc. 90, 1042. 

Tener, G .  M. (1961), J .  . h e r .  Clzern. Soc. 83, 159. 
Ukita, T., Waku, K., I rk ,  M., and Hoshino, 0. (1961). 

Usher, D.  A. (1969), Proc. Nut. Acad. Sci. U. S. 62,661. 
Wyckoff, H. W., Tsernoglou, D., Hansen, A. W., Knox, J. R . ,  

Lei. B.. and Richards, F. M. (1970), J .  Biol. Cliem. 24.5, 
305. 

91.7179. 

Actu 198,604. 

27. 369. 

Cheiii. 240,292 1. 

London, Butterworths, p 134. 

213, 862. 

J .  Biocheni. (Tokyo) SO, 405. 


