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Binding of Phosphate Ligands to Ribonuclease A” 

David G. Anderson,? Gordon G.  Hammes,$ and Frederick 

ABSTRACT: Association constants for ribonuclease 
(RNase) binding with cytidine 2 ’-monophosphate (2’- 
CMP), cytidine 3 ’-monophosphate (3 ’XMP), uridine 
3 ’-monophosphate (3 ’-UMP), orthophosphate, and 
pyrophosphate were determined at 25’ as a function of 
pH and the relevant ionization constants of these phos- 
phate ligands were measured. RNase-2’-UMP binding 
was studied at pH 5.5 .  The association constants are all 
maximal around pH 5.6. If the assumption is made that 
the monoanions of 2‘-CMP, 3’-CMP, 3’-UMP, and 
orthophosphate and the dianion of pyrophosphate are 
the ionized species that bind with RNase, the pH pro- 
files of the association constants for all ligands are quite 
similar except for 2’-CMP. The simplest possible inter- 
pretation of these results requires participation in the 

P revious studies of RNase’ binding with a variety of 
phosphate-containing ligands including 2’-CMP (Hum- 
me1 et al., 1961; Nelson and Hummel, 1961; Hummel 
and Dreyer, 1962; Barnard and Ramel, 1962; Hummel 
and Witzel, 1966), 3’-CMP (Hummel et al., 1961 ; Hum- 
me1 and Witzel, 1966; Herries et af., 1962; Hammes 
and Schimmel, 1965), 3’-UMP (Cheung and Abrash, 
1964), orthophosphate (Nelson et af., 1962), and 
pyrophosphate (Nelson et al., 1962) have been re- 
ported. However, comprehensive investigations of the 
pH dependence of the RNase-ligand association con- 
stants have not been undertaken. Kinetic studies of the 
interaction of some of these ligands with RNase have 
been carried out (Cathou and Hammes, 1965; Erman 
and Hammes, 1966), but interpretation of the pH de- 
pendence of the kinetic parameters requires a knowl- 
edge of which ionized state of the ligands binds to the 
enzyme. In an effort to determine the ionized state of the 
phosphate groups that is bound to the enzyme, the 
association constants of ,RNase with the above ligands 
as a function of pH and the relevant ionization con- 
stants of the phosphate ligands were determined. The 
association constants for the nucleotides with RNase 
were obtained by a difference absorption spectra tech- 
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binding process of two ionizable groups on the free en- 
zyme with approximate pK, values of 5 and 6.5, except 
for 2’-CMP which requires an additional group having 
a pK, around 5 .  The association constants for 2’-CMP 
and 3 ’-CMP are smaller in 0.1 M K N 0 3  than in 0.1 M 

KC1; however this inhibition is somewhat different for 
the 2’ and 3’ isomers of CMP. The protonated and non- 
protonated cytosine ring species of 2’- and 3’-CMP 
bind equally well with RNase. The association constants 
at pH 5.5 are in the order: 2’-CMP > 2’-UMP > 
3’-CMP > 3’-UMP > pyrophosphate > orthophos- 
phate. The interactions of the nucleotide bases with 
RNase are discussed in terms of the association con- 
stants and the difference spectra of the RNase-nucleo- 
tide complex. 

nique (Hummel et al., 1961 ; Hammes and Schimmel, 
1965), while measurements of the inhibition of the 
RNase-catalyzed hydrolysis of 2’,3 ’-cyclic CMP were 
employed to determine the association constants for 
orthophosphate and pyrophosphate. 

Information with regard to which of the ionized states 
of the cytosine ring of 2‘- and 3‘-CMP binds to RNase 
was obtained from the pH dependence of the difference 
spectra accompanying the interaction of these nucleo- 
tides with RNase. A comparison of the contributions 
to RNase-nucleotide binding of the protonated and 
nonprotonated base species of 2‘- and 3’-CMP and the 
uracil moiety of 2’- and 3 ’-UMP is presented. 

Experimental Section 

Materials 
The 3’ isomer of CMP was prepared from 2’,3’-cy- 

clic CMP as previously described (Cathou and Hammes, 
1964). The 280 m ~ / 2 6 0  mp absorbance ratio at pH 7.0 
was 0.93 (reported value, 0.93; Beaven et af., 1955). 
The concentration of 3 ‘-CMP was determined spectro- 
photometrically at 260 mp using an extinction coeffi- 
cient of 7600 cm-I M-I (Beaven et a/., 1955). The 2’ iso- 
mer of CMP was prepared from a mixture of 2‘- and 
3’-CMP (Sigma Chemical Co.) by column chromatog- 
raphy using Dowex 1-X10 (Hummel et af., 1961). The 
two isomers were quantitatively separated and the iso- 
lated 2’-CMP had a 280 m ~ / 2 6 0  mp ratio at pH 7.0 of 
0.86 (reported value, 0.85; Beaven et al., 1955). The 
concentration of 2’-CMP was determined spectrophoto- 
metrically at 260 mp using an extinction coefficient of 
7600 cm-‘ M-’ at pH 7.0 (Beaven et af., 1955). The 
mixed 2‘ and 3’ isomers of UMP (P. L. Biochemicals, 1637 

B I N D I N G  O F  P H O S P H A T E  L I G A N D S  T O  R I B O N U C L E A S E  A 



B I O C H E M I S T R Y  

1638 

Inc.) were quantitatively separated by column chroma- 
tography using Dowex 1-X10 (Cohn and Khym, 1957). 
The isolated 3’-UMP had a 280 mp/260 mp ratio of 
0.36 at pH 7.0 (reported value, 0.35; Beaven et al., 
1955); the same ratio for the isolated 2’-UMP was 0.31 
(reported value, 0.30; Beaven et al., 1955). The con- 
centrations of both isomers were determined spectro- 
photometrically at 260 mp employing an extinction co- 
efficient of 10,000 cm-1 h1-l at pH 7.0 (Beaven et al., 
1955). 

Mixed 2‘ and 3’ isomers of CMP were used to pre- 
pare 2’,3’-cyclic CMP (Szer and Shugar, 1963). Paper 
chromatography of this material employing a solvent 
system of isopropyl alcohol-saturated ammonium sul- 
fate-1.0 M sodium acetate (pH 6.6) (2:80:18, v/v; Mark- 
ham and Smith, 1952) yielded a single spot having a 
RF value of 0.42 (2 ’-CMP and 3 ‘-CMP had RF values of 
0.66 and 0.68, respectively). The frequently used solvent 
system composed of isopropyl alcohol-water-NHpOH 
(Brown et a/., 1952) was avoided since it was found to 
cause significant hydrolysis during chromatography. 
The concentration of 2 ’,3 ’-cyclic CMP was measured 
spectrophotometrically at 268 mp using an extinction 
coefficient of 8400 cm-’ M-I at pH 7.0 (Brown et a[., 
1952). 

Bovine pancreatic RNase A (EC 2.7.7.16) was ob- 
tained as a phosphate-free lyophilized powder from the 
Worthington Biochemical Corp. and was used without 
further purification. The concentration of RNase was 
determined spectrophotometrically at 278 mp using an 
extinction coefficient of 9800 2m-I M - ~  (Sela and Anfin- 
sen, 1957). Sodium dihydrogen phosphate monohydrate 
and sodium pyrophosphate decahydrate (100.02) were 
reagent grade chemicals obtained from the J. T. Baker 
Chemical Co. ; Tris was a three-times-crystallized prod- 
uct of the Nutritional Biochemical Co. All other chem- 
icals were reagent grade. Distilled, deionized water was 
used to prepare all solutions. 

Methods 
Difference Spectrophotometry. Difference spectra 

were determined using a Zeiss PMQ IT spectrophotom- 
eter. Rectangular tandem cells (Pyrocell Manufactur- 
ing Co.) were employed in a thermostated cell compart- 
ment. All experiments were conducted at 25 0.1”. 
The slit width was maintained at 0.2 mm for all mea- 
surements. A stock buffer solution of 0.05 M Tris, 0.05 
M sodium acetate, and 0.1 M K N 0 3  was used in all ex- 
periments except when 0.1 M KCI was employed in place 
of 0.1 M KNOI. For each experiment the pH was low- 
ered to the desired value by the addition of acetic acid; 
the resulting ionic strength was 0.2 M over the pH range 
investigated. All pH measurements were made at 25 O 
using a Radiometer PHM-26 meter; the error in pH 
measurement is estimated to be A0.03 pH unit. 

The difference spectra were determined directly. One 
set of tandem cells contained RNase and nucleotide in 
separate compartments, while the other set contained 
the same concentrations of RNase and nucleotide in one 
compartment and buffer in the other. The concentra- 
tion of RNase was approximately 7 x M for each 
experiment and nucleotide concentrations ranged from 

1 X 10-6 to 2.5 X M. At each pH at least fifteen ex- 
periments at different nucleotide concentrations were 
performed. The difference spectra for cytidine nucleo- 
tides were taken from 255 to 300 mp and for uridine 
nucleotides from 240 to 290 mp at 1-mp intervals. The 
spectra of the nucleotides were determined under iden- 
tical conditions of buffer and pH. 

Inhibition Kinetics. The kinetics of the hydrolysis of 
2’,3’-cyclic CMP catalyzed by RNase was studied by 
the differential spectrophotometric method (Crook et al., 
1960) using the 90-100% transmission scale on a Beck- 
man DK-2A recording spectrophotometer. The slit 
width was held constant at 0.2 or 0.4 mm for any given 
series of experiments. The temperature was maintained 
at 25 =t 0.1 O for all measurements by employing a ther- 
mostated cell holder. A pen speed of 9 cm/min was used 
to record the progress of the reaction. Although the 
difference spectrum of 2 ’,3 ’-cyclic CMP and 3 ’-CMP is 
maximal at 285 mp (Crook et al., 1960), measurements 
were performed at 292 mp. At this wavelength higher 
substrate concentrations could be employed because the 
magnitude of the difference spectrum decreased less at 
this longer wavelength than the absorption of the sub- 
strate. 

The buffer solution used was 0.05 M Tris, 0.05 M so- 
dium acetate, and 0.1 M NaCl. The pH was adjusted to 
the desired value by the addition of acetic acid. At 
every pH three different concentrations of substrate 
were employed at five different inhibitor concen- 
trations, and each experiment was performed in dupli- 
cate. The concentration range of 2’,3 ’-cyclic CMP 
was 2 X to 1.3 X 10-3 M ;  for pyrophosphate, 2 x 

M ;  and for orthophosphate, 4 x 10-3 
to 4 X M. The initial velocity was determined in all 
experiments and had an estimated uncertainty of * 5%. 

Ionization Constants. Carbon dioxide free NaOH 
solutions were prepared (Kolthoff and Sandell, 1952) 
and standardized against potassium acid phthalate. 
HCl solutions were standardized using the standardized 
NaOH solutions. All solutions were maintained at 25 
A 0.1 O and were titrated under nitrogen. The pH of the 
solutions was measured to the nearest 0.01 pH unit 
using a Radiometer PHM-26 pH meter. The titrations 
of sodium dihydrogen phosphate and sodium pyrophos- 
phate were performed in the presence of 0.2 M NaCl and 
the titrations of 2’-CMP and 3’-UMP were performed 
in the presence of 0.2 M KN03.  Blank titrations were 
performed and the corresponding corrections were made 
on the titration curves. The pK, values obtained repre- 
sent an average of six to ten pK, values calculated ac- 
cording to the method described by Albert and Serjeant 
(1962). All titrations were reversible and were performed 
in duplicate or triplicate. The pK, values from repeated 
titrations agreed to within 0.01 and the estimated accu- 
racy is ~t0.02.  

to 2 X 

Results 

The relevant ionization constants of the ligands were 
measured at the same ionic strength (0.2 M) as the as- 
sociation constants. The ionization constants (K,) re- 
ported in Table I are defined in terms of the hydrogen 
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TABLE I: Ligand Ionization C0nstants.a 

Ligand Dissociation 

Orthophosphate Secondary 
Pyrophosphate Tertiary 
3’-UMP Secondary phosphate 
2’-CMP Secondary phosphate 

3’-CMPb Secondary phosphate 
Ring nitrogen-3 

Ring nitrogen-3 

6.67 
5.97 
5.74 
6.02 
4.32 
5.90 
4.32 

.At  25”, other conditions as described under Ex- 
perimental Section. * Bahr et al. (1965). 

ion activity (aR+)  as measured by the glass electrode 
where K, = cAaE+/cHA, and cA and C n A  are the con- 
centrations of nonprotonated and protonated ligand 
species, respectively.The phosphate groups of the ligands 
studied have only one ionizable proton in the pH range 
where the association constants were determined. The 
variation of pK, among the ligands is small except for 
orthophosphate which has a pK, 0.7-0.9 unit higher 
than the other ligands. The ionization constants of the 
ring nitrogen-3 were found to be the same for the 2’ and 
3 ’ isomers of CMP. 

The stoichiometries of RNase complexes with 2’- 
CMP, 3’-CMP, and 3’-UMP were investigated by the 
method of continuous variations: the total concentra- 
tion of RNase and nucleotide was held constant and the 
relative concentrations of the enzyme and ligand were 
varied. The difference absorbance was used as a mea- 
sure of complex formation. As shown in Figure 1 the 
maximum difference absorbance for all nucleotides was 
achieved at a 1 :1 ratio of RNase and nucleotide. The ex- 
trapolated straight-line portions of the curve intersect 
at this same ratio. The 1:l stoichiometry found for 
RNase-2’-CMP binding corroborates the results of 
previous studies (Barnard and Ramel, 1962; Nelson 
et al., 1962)‘ Unfortunately the stoichiometry of the 
orthophosphate and pyrophosphate interactions with 
RNase cannot be determined in a similar manner; 
however the fact that these compounds are simple 
competitive inhibitors of the catalytic reaction suggests 
a 1 :1 stoichiometry. 

The difference spectra between RNase-nucleotide and 
free RNase plus free nucleotide solutions were measured 
as a function of concentration and pH for 2’-CMP, 
3’-CMP, and 3’-UMP. RNase-2’-UMP binding was 
studied at pH 5.5 only. At each pH the molar difference 
extinction (he) and the association constant (K) were 
calculated using the equation (Hammes and Schimmel, 
1965) 

where (Eu) and (Lo) are the total concentrations of RNase 
and nucleotide, respectively, Aa is the measured differ- 

0.2c 
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0 a 
0.10 

0.0: 
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FIGURE 1 : Plot of the difference absorbance as a function ot 
the relative concentrations of RNase and nucleotide. Ex- 
periments were conducted at pH 5 .5  in 0.1 M KN03 for 2’- 
C M P  ( A )  and in 0.1 M KC1 for 3’-CMP (0) and 3’-UMP (0). 
The difference absorbance was measured at 262 mp for 2‘- 
and 3’-CMP and 255 mp for ;’-UMP; the total concentration 
of RNase plus nucleotide was 1.76 X M for 2’-CMP, 
1.88 X M for 3‘-CMP, and 1.86 X I0W M for 3’-UMP; 
other conditions were as described under Experimental Sec- 
tion. 

ence absorbance at a given wavelength, (EL) is the con- 
centration of the RNase-nucleotide complex, and (E) 
and (L) are the concentrations of free RNase and nu- 
cleotide, respectively. Usually Aa was measured a t  the 
wavelength at which its magnitude was a maximum. 
After assuming a value of At,  K was calculated for all 
nucleotide concentrations using the measured values of 
Aa. The best value of Ae was taken to be that which min- 
imized the standard deviation (as per cent) in K. At pH 
4.5 and 7.0 for the 3’-nucleotides and at pH 7.5 for 2‘- 
CMP, the binding of the ligand to the enzyme is so weak 
that a wide range of degree of saturation of the enzyme 
could not be investigated. In these cases the minimiza- 
tion technique was insufficient to obtain Ae and K. In- 
stead a value of Ae was assumed which was equal to At 
at the wavelength corresponding to the isobestic point 
of difference spectra found at the other pH values for 
cytidine ligands; Ae was assumed invariant with pH for 
3’-UMP. The error in the values reported for K are esti- 
mated to be approximately =t15%, while the error as- 
sociated with the maximum absolute values of Ae 
(Aemax) is about =t7x. A summary of the values of K 
and Atmsx for the various nucleotides investigated are 
reported in Table 11. The only reported value of Ae for 
RNase-2’-CMP binding (Hummel et a/.,  1961) is in good 
agreement with those reported in the present study. 
Likewise, the association constants for RNase-2’CMP 1639 
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FIGURE 2: Difference absorption spectra of RNase-2'XMP 
binding as a function of pH. The numbers represent the pH 
value for the corresponding spectrum; other conditions were 
as described under Experimental Section; the dashed line is 
the difference absorption spectra calculated for the pro- 
tonated ring nitrogen-3 species of 2'-CMP (see text for 
details). 

binding reported previously (Hummel et al., 1961 ; 
Herries et al., 1962) are consistent with the present data; 
however the association constants reported for 3 '-CMP 
(Herries et al., 1962) and 3'-UMP (Cheung and Abrash, 
1964) binding differ significantly from those reported 
here. These deviations can be explained, in part, by the 
fact that different anions were present in the various 
binding experiments. The present data indicate a spe- 
cific anion effect on ligand binding. The association con- 
stants for 2'- or 3'-CMP, at the same pH, are always 
significantly larger when determined in the presence of 
0.1 M KCl as compared with those determined in the 
presence of 0.1 M KN03.  The binding constants for 3'- 
CMP at 25 O previously reported from this laboratory 
(Hammes and Schimmel, 1965) differ significantly 
(-50%) from those reported here only at pH values of 
5.5 and below. The constants reported here are consid- 
ered more reliable since more comprehensive data were 
obtained, and the experimental arrangement employed 
in the present investigation is considerably improved 
over that previously used. 

The molar difference extinction coefficient character- 
izing RNase-2'-CMP binding as a function of wave- 
length and pH is presented in Figure 2. Note that the 
difference spectra at different pH values have an isos- 
bestic point around 264 mp. Furthermore, the more 
complex spectra (e.g. ,  at pH 4.5) can be considered as 
composite spectra which can be resolved into two sim- 
ple difference spectra. In order to obtain the molar ex- 
tinction coefficient of the RNase-nucleotide complex 
from AE the molar extinction coefficients of RNase and 1640 

TABLE 11 : Association Constants for RNase-Nucleotide 
Binding. 

10-3. 
AEmax" 

Amax (cm-' lO+K 
Nucleotide pH (mp) M-9 (M- '> 
2'-CMP 

3 '-CMP 

3'-UMPb 

2'-UMPb 

4 . 0  
4 .5  
5 .0  
5 .5  
5.5b 
6 . 0  
6.5 
7 .0  
7 .5  
4.5 
5 . 0  
5.5 
5.5b 
6 . 0  
6.5 
6.5b 
7 . 0  
4 .5  
5.0 
5 . 5  
6 . 0  
6.5 
7.0 
5.5 

275 
269 
264 
262 
262 
262 
262 
262 
262 
269 
264 
262 
262 
262 
262 
262 
262 
255 
255 
255 
255 
255 
255 
254 

3.43 3.83 
2.78 28.5 
2.60 111 
2.60 180 
2.88 296 
2.60 142 
2.50 49.8 
2.55 6.75 
2.55 0.881 
3.82 2.95 
3.41 7.53 
3.40 12.1 
3.15 26.8 
3.45 9.68 
3.40 5.23 
3.05 9.80 
3.40 1.61 
3.50 3.86 
3.50 8.96 
3.60 14.2 
3.65 12.2 
3.65 6 .06  
3.65 2.27 
3.13 140 

a Maximum absolute value of AE. b Experiments 
performed in the presence of 0.1 M KCI in place of 
0.1 M KNOI; other conditions were as described 
under Experimental Section. 

the nucleotide must be known since (Hammes and 
Schimmel, 1965) A E  = EE + EL - EEL, where EE, EL, and 
eEL are the molar extinction coefficients of RNase, nu- 
cleotide, and RNase-nucleotide complex, respectively. 
The spectrum of RNase was found to be invariant with 
pH in the range pH 4.0-7.5. In this same pH range the 
spectra of 2'-CMP and 3 '-CMP showed considerable 
variation due to protonation of the ring nitrogen-3, 
while the spectra of 3 '-UMP changed insignificantly. 
As seen in Figure 3 the spectra of 2'- and 3'-CMP as a 
function of pH have isosbestic points around 263 and 
265 mp, respectively. (Previously reported spectra of 
3 '-CMP at 25 O from this laboratory are erroneous; 
Hammes and Schimmel, 1965.) Similarly, the calculated 
spectra of the RNase-2'CMP and RNase-3 '-CMP 
complexes as a function of pH (Figure 4) have isosbestic 
points around 263 and 264 mp, respectively. Moreover, 
in most other respects RNaseeCMP complexes have 
spectra as a function of pH that are closely analogous 
to their corresponding free nucleotide spectra as a func- 
tion of pH. Thisprima facie evidence that the protonated 
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FIGURE 3: The absorption spectra of 2’- and 3‘-CMP as a 
function of pH. The numbers represent the pH value for the 
corresponding spectrum; other conditions were as described 
under Experimental Section. 

nitrogen-3 species of the cytidine nucleotides is bound 
to RNase can be elaborated by calculating the ring ni- 
trogen-3 ionization constants of the bound cytidylic acid 
isomers using the equation 

where E is the observed molar extinction coefficient a t  a 
given value of uH t, and €HA and EA are the molar extinc- 
tion coefficients of the protonated and nonprotonated 
ring nitrogen-3 species of the RNase-CMP complexes 
(or the corresponding free nucleotides). Values of K, 
were calculated for different values of EHA (aE+, E, and 

being known). The best value of EHA was taken to be 
that which minimized the standard deviation (as per 
cent) of K, calculated for the experimental values of 
uH+ and E. This fitting procedure gave calculated 
values of K,  for RNase-2’-CMP and RNase-3’-CMP 
complexes (and their corresponding free nucleotides) 
which all agreed, within experimental error, with the 
value determined independently by pH titration of the 
free nucleotides (see Table I). 

Using a pK, value of 4.32 for the ring nitrogen-3 ion- 
ization of the RNase-2’CMP complex, the molar dif- 
ference extinction coefficient of the protonated ring ni- 
trogen-3 species of the complex, LIEHA, can be calculated 
as a function of wavelength employing the equation 

neHA = -(A€ K. - AEA) f 
a” 

where Ae is the observed molar difference extinction co- 
efficient for a given value of U H + ,  and AEA is the molar 
difference extinction coefficient of the nonprotonated 

X (mp) 

FIGURE 4: The absorption spectra of RNase complexes with 
2‘- and 3‘-CMP as a function of pH. The numbers represent 
the pH value of the corresponding spectrum; spectra were 
calculated as indicated in the text, and conditions were as de- 
scribed under Experimental Section. 

ring nitrogen-3 species of the complex. The calculated 
difference spectrum of the protonated ring nitrogen-3 
species of the RNase-2’-CMP complex is included in 
Figure 2 ;  the difference spectrum of the nonprotonated 
ring nitrogen-3 species of the complex is essentially 
identical with the difference spectrum a t  pH 6.0. Unlike 
2‘- and 3’-CMP, the difference spectra resulting from 
3’-UMP binding with RNase and the spectra of free 
3 ’-UMP are essentially invariant with pH in the range 
pH 4.5-7.0; consequently the calculated spectra of the 
RNase-3 ’-UMP complex is the same throughout this 
pH range. A representative difference spectrum and a 

o’-40 240 250 260 270  28C 290 

A ( m p )  

FIGURE 5 :  A difference absorption spectrum of RNase-3’- 
UMP binding and a spectrum of the RNase-3’-UMP com- 
plex. Conditions for the difference spectra determinations 
were as described under Experimental Section. The spectrum 
of the RNase-3’4MP complex was computed as described 
in the text. 1641 
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FIGURE 6: Plot of the reciprocal of the initial velocity of the 
RNase-catalyzed hydrolysis of 2’,3’-cyclic CMP us. inhibitor 
concentration at pH 5.0 with orthophosphate as the inhib- 
itor and lo-’ M ribonuclease; substrate concentrations were 
3.76 x 10-4 M (top line), 6.26 x M (middle line), and 
1.13 x 10-3 M (bottom line); other conditions were as de- 
scribed under Experimental Section. The lines were obtained 
by a least-squares analysis. 

spectrum of the RNase-3 ’-UMP complex are presented 
in Figure 5. 

The inhibition constants for orthophosphate and py- 
rophosphate were determined from the initial velocity 
data. The reciprocal of the initial velocity was plotted 
cs. the inhibitor concentration at constant substrate con- 
centration according to the equation 

where I; is the initial velocity, Vs is the maximal velocity, 
(S) is the substrate concentration, (I) is the inhibitor 
concentration (i.e., orthophosphate or pyrophosphate), 
Khf  is the Michaelis constant, and KI  is the inhibition 
association constant. The linear plots for each substrate 
concentration intersect at an inhibitor concentration 
equal to the negative reciprocal of the inhibition associa- 
tion constant. A typical plot of the data is shown in 
Figure 6. In cases where the experimental scatter was 
such that fitting of the graphical data by eye was ambig- 
uous, a least-squares analysis was employed. The inhibi- 
tion association constants are summarized in Table 111. 
The estimated uncertainty in these constants is * 15%. 

The pH dependence of the association constants for 
2’-CMP, 3 ’-CMP, 3 ’-UMP, orthophosphate, and pyro- 
phosphate are presented in Figure 7. The association 
constants for all ligands are maximal around pH 5.6, 
although the maxima are considerably broader in the 
cases of pyrophosphate and orthophosphate. The abso- 
lute values of the slopes of the ascending and descending 
limbs of the log K-pH binding curve for 2’-CMP are 
approximately two, whereas the slopes of all the other 

1642 curves are approximately one. 

TABLE 111: Association Constants for Orthophosphate 
and Pyrophosphate: 

4.02 
4.50 
5.00 
5.25 
5.50 
5.75 
6.00 
6.50 
7.00 
7.50 
7.98 

36.1 
85.0 

116 
164 
235 
23 1 
217 
154 
69.0 
24.4 
18.5 

1610 
4300 
6500 
7100 
6700 
8000 
5800 
2560 
750 
196 
139 

a Determined as inhibition constants of the reaction 
of RNase with 2’,3’-cyclic CMP as described under 
Experimental Section. bP = orthophosphate; PP = 
pyrophosphate. 

Discussion 

Previous investigators (Hummel and Witzel, 1966; 
Hammes and Schimmel, 1965; Deavin et al., 1966) have 
suggested that the protonated ring nitrogen-3 species of 
2’- and 3’-CMP is not bound to RNase (this conclusion 
in one case was based on erroneous spectral data for the 
nucleotide; Hammes and Schimmel, 1965). The results 
presented here convincingly indicate that the RNase- 
bound CMP can accommodate a positive charge on the 
cytosine ring. The change in absorption of the RNase- 
CMP complexes in the pH range 5.54.0 might 
conceivably be due to titration of an adjacent charge 
group on the enzyme which perturbs the spectrum of 
the bound nonprotonated cytosine moiety of the nu- 
cleotide. However, this seems unlikely since the spec- 
trum of the RNase-3’-UMP complex exhibited no al- 
teration in this pH range. Because the calculated K, 
values of the RNase-bound ring nitrogen-3 ionizations 
are essentially the same as the free nucleotides, the as- 
sociation constants of RNase with the protonated ring 
nitrogen-3 and the nonprotonated ring nitrogen-3 spe- 
cies of the free nucleotide must also be the same accord- 
ing to the principle of detailed balance. The fact that 
both protonated and nonprotonated cytosine species of 
3 ’-CMP bind equivalently is also suggested by the simi- 
lar effect of pH on log K for 3 ’-UMP and 3’-CMP bind- 
ing in the pH range where the ring nitrogen-3 of 3’- 
CMP is being protonated (see Figure 7). 

Unfortunately, the data are not as clear with regard to 
which ionized form of the ligand phosphate group is 
bound to RNase. If the assumption is made that only 
the monoanions of 2’-CMP, 3’-CMP, 3’-UMP, and 
orthophosphate and the dianion of pyrophosphate are 
the ligand species which bind to the enzyme, a corrected 
binding constant expressed in terms of only the mono- 
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anion or dianion concentration can be calculated by 
multiplying the experimentally determined association 
constant by (1 + K./aH+), where K, is the relevant ion- 
ization constant of the ligand. The pH dependence of 
the resulting constant involves only the ionizable groups 
of the free enzyme and enzyme-ligand complex and not 
the ionizable groups of the ligand (if the above stated 
assumption is correct). The pH dependence of these 
corrected constants is shown as a dotted line in Figure 
7 for 2’-CMP, pyrophosphate, and orthophosphate, The 
pH dependence of the corrected constants for 3’-CMP 
and 3 ’-UMP binding is essentially identical with that of 
the corrected constants for pyrophosphate above pH 5. 
With this assumption, the same pH dependence of the 
association constant is observed for all ligands except 
2’-CMP. However, it should be noted that only ortho- 
phosphate has an ionizable group with a pK, value ap- 
preciably different from the other ligands. While this 
finding suggests that the monoanions of 3’-CMP, 3’- 
UMP, and orthophosphate and the dianion of pyro- 
phosphate are the species initially binding to RNase, it 
can certainly not be regarded as proof because of the 
complex manner in which binding constants can depend 
on pH. 

A detailed interpretation of the pH dependence of the 
association constants found for the different ligands 
with RNase is impossible without making simplifying 
assumptions regarding the acid dissociations of the en- 
zyme-ligand complexes. Nevertheless, in concert with 
knowledge accumulated from studies of the relaxation 
spectrum of RNase with various ligands (Cathou and 
Hammes, 1965; Erman and Hammes, 1966), some sug- 
gestive speculations can be made. The curves for the 
corrected association constants L;S. pH for orthophos- 
phate and pyrophosphate both inflect upward in the pH 
region 7.5-8.0 (see Figure 7). The simplest interpre- 
tation of this result is that both orthophosphate- and 
pyrophosphate-RNase complexes deprotonate in this 
pH range. The pH dependence of the association con- 
stants of orthophosphate, pyrophosphate, 3 ’-CMP, and 
3 ’-UMP are consistent with previous kinetic studies on 
RNase-3 ’-CMP binding (Cathou and Hammes, 1965), 
and can be interpreted as due to the involvement of at 
least two groups on the free enzyme having pK, values 
of approximately 5 and 6.5. The pH dependence of the 
steady-state parameter V5/& (maximal velocity/Mich- 
aelis constant) for the RNase-catalyzed hydrolysis of 
2’,3 ’-cyclic cytidine phosphate (Herries et at., 1962) 
and transesterification of uridylyl-(3’-5)-uridine and 
uridylyL(3 ’-5 ’)-adenosine (Witzel, 1963) suggests the 
participation of ionizable groups on the free enzyme 
with similar pK, values. The binding of 2‘-CMP with 
RNase is unique as a function of pH when compared 
with the above ligands in two respects: first, the assump- 
tion that only the monoanion binds does not normalize 
the pH dependence of the 2’-CMP association constants 
with respect to those found for the association constants 
of the other ligands (see Figure 7); second, two titratable 
groups on the free enzyme having pK, values around 
5.0 appear to be necessary to accommodate the pH de- 
pendence of the association constants in the pH range 
4.0-5.5 (see Figure 7). The fact that correction for 
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FIGURE 7:  The logarithms of the RNase-ligand association 
constants as a function of pH. All experiments were con- 
ducted at 25” in 0.05 M Tris and 0.05 M sodium acetate; asso- 
ciation constants for orthophosphate (0) and pyrophosphate 
(0) were obtained from kinetic inhibition studies, and those 
for 2’-CMP (0), 3’-CMP (O) ,  and 3’-UMP (A) from differ- 
ence spectrophotometry; association constants for ortho- 
phosphate and pyrophosphate were measured in 0.1 M NaCl, 
2’-CMP and 3’-CMP in 0.1 M KNOa, and 3’-UMP in 0.1 M 
KCl; other conditions were as described under Experimental 
Section. The dotted lines are values of the association con- 
stants calculated with the assumption that only monoanion 
binds for 2’-CMP and orthophosphate, and only dianion 
binds for pyrophosphate (see text for details). 

monoanion binding does not normalize the pH depen- 
dence of RNase-2’-CMP binding with that of the other 
ligands does not preclude monoanion binding but can 
be simply due to the fact that (unlike the other ligand 
complexes) the ionization of the RNase-2’CMP com- 
plex does not occur significantly below pH 7.5. This 
may be related to the fact that 2’-CMP is more tightly 
bound to RNase than the other ligands. Again the in- 
volvement of an ionizable group on the free enzyme 
having a pK, of approximately 6.5 is suggested. RNase 
binding with 2’-CMP appears to require at least one 
more acid-base group on the free enzyme when com- 
pared with 3 ’-CMP binding. The observation of Breslow 
and Girotti (1966) that RNase binding with cupric ion 
is strengthened in the presence of 3’-CMP by formation 
of a ternary complex, but is little affected in the presence 
of 2’-CMP, also indicates that 2’-CMP and 3’-CMP do 
not bind to RNase in an identical manner. 

The corrected association constants for pyrophos- 
phate are consistently about 50 times greater than the 
corrected association constants for orthophosphate 
over the pH range 4.0-8.0 (see Figure 7). This dif- 
ference could possibly be interpreted as resulting from 
an electrostatic interaction between the additional 
charge on pyrophosphate and a cationic site on the en- 
zyme. 

Studies on the anionic inhibition of the urea denatura- 
tion of RNase (Nelson et al., 1962) have indicated that 
nitrate ion binding with RNase was greater than chlo- 1643 
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ride ion binding. A similar effect was observed in the 
present study. The association constants for cytidine 
nucleotides are always greater in 0.1 M KCl than in 0.1 
M KNOa (see Table 11). On the assumption that the bind- 
ing of nitrate is competitive and that the binding of 
chloride is negligible, the association constant of RNase 
with nitrate ion can be estimated as 10 M-’ at pH 5.5.  
The ratios of K(in KCl):K(in KN03)  for RNase-3’- 
CMP binding were the same, within experimental error, 
at pH 5.5 and 6.5, indicating no differential binding of 
nitrate and chloride ions with RNase as a function of 
pH in this pH range. 

When CMP and UMP binding with RNase were com- 
pared in the same medium (e.g., 0.1 M KCl at pH 5 . 9 ,  
cytidine 2’- and 3 ’-nucleotides were bound approxi- 
mately two times greater than their corresponding uri- 
dine nucleotides (see Table 11). This clearly indicates a 
degree of base specificity in the binding process. In this 
same solvent the ratios of K(2’-nucleotide) : K(3 ‘-nu- 
cleotide) for CMP and UMP are 11.0 and 9.9, respec- 
tively, which are the same within experimental error. 
However, this same ratio for CMP at pH 5.5 in 0.1 M 
K N 0 3  is 14.9 which appears to be significantly different 
from the results in 0.1 M KCl. Furthermore, in going 
from K N 0 3  to KC1 solutions Aemsx for RNase-3’-CMP 
binding diminished whereas Atmax for RNase-2’-CMP 
binding increased (see Table 11). Since the effect of ni- 
trate ion is apparently different for 2’- and 3’-nucleo- 
tide binding, then nitrate ion binding cis-b-vis chloride 
ion binding is not strictly competitive with nucleotide 
binding to RNase. 

The difference spectra resulting from RNase binding 
with cytidine and uridine nucleotides exhibited signifi- 
cantly lower values of Aemax for the 2’ isomers when 
compared with the 3’ isomers (see Table 11). On the 
other hand, the binding of the 2‘ isomers with RNase, 
at pH 5.5, is approximately ten times that of the 3’ iso- 
mers (see Table 11). Since the difference spectra result- 
ing from RNase-nucleotide binding essentially repre- 
sent perturbations of the nucleotide spectra only (Irie 
and Sawada, 1967), the different values of Aemax suggest 
that the base group of the 2‘ and 3’ isomers interacts 
differently with RNase. However, at present no theoret- 
ical basis exists for speculdting whether this change in 
Aemax is a significant index of different contributions of 
the base moiety of the nucleotide to the over-all free 
energy of binding for the 2’ and 3 ‘ isomers. 

Whatever discrete interactions are responsible for 
base moiety binding with RNase they are discriminating 
with respect to cytosine and uracil bases. Paradoxically, 
with 2’- and 3’-CMP the interactions of the enzyme with 
the cytosine base are not sufficient to differentiate be- 
tween its protonated and nonprotonated forms. Con- 
sidering these results, an obvious interpretation of any 
specific interactions between RNase and the base group 
of the nucleotide is not possible. However, some con- 
sistent features regarding the nature of the difference 
spectra resulting from RNase-nucleotide binding can be 
mentioned. In general, all nucleotides studied thus far 
have difference spectra similar in contour to that illus- 
trated for 3’-UMP binding (see Figure 6) or can be re- 
solved into such (see Figure 2). Moreover, the wave- 1644 

length of Aema. is approximately 7 mp lower than that 
for emax of the corresponding free nucleotide. This has 
been observed for RNase binding with 2’-CMP, 3’- 
CMP, 2‘-UMP, and 3‘-UMP in the present study, with 
2‘- and 3‘-AMP (Hummel et al., 1961), and with a 
mixture of 2’ and 3‘ isomers of 4-thiouridine phos- 
phate (Irie and Sawada, 1967). The only exception in- 
volves the difference spectrum calculated for the proton- 
ated nitrogen-3 species of 2’-CMP which has a Aemsx at 
about the same wavelength as emax (see Figure 2). These 
consistent findings seem to point out that a common 
aspect of enzyme-base interaction prevails, even though 
the magnitude of this interaction (Ae,,,) is a function of 
the total structure of the nucleotide. 

On the basis of the data presented here, a consistent 
picture of the binding process can be presented with 
regard to the ionization states of the ligands which bind 
to the enzyme and the involvement of ionizable groups 
on the enzyme. However, these interpretations should be 
viewed with caution since much of the evidence is cir- 
cumstantial and the relaxation spectrum characteristic 
of the 3 ’-CMP-RNase interaction indicates the binding 
mechanism is quite complex (Erman and Hammes, 
1966). 
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Purification and Properties of Uridine 
Diphosphate Galactose 4-Epimerase from Yeast" 

Robert A. Darrowt and Robert Rodstrom 

ABSTRACT : Uridine diphosphate galactose 4-epimerase 
has been isolated from galactose-adapted yeast, by a 
method which facilitated the preparation of large 
amounts of the protein. The specific catalytic activity 
of the final product from five different preparations 
varied between 41.4 and 87.4 pmoles of substrate con- 
verted into product per min per mg of protein, at 23". 
The enzyme was free of contaminating protein as judged 
by chromatography on CM-cellulose, DEAE-cellulose, 
and gel filtration media. It contained, per mg of protein, 
8 mpmoles of bound diphosphopyridine nucleotide and 
116 mpmoles of SH titratable with p-mercuribenzoate. 
The preparation migrated as a single boundary upon 
sedimentation in the ultracentrifuge in buffers of low 
ionic strength. In 0.01 M Tris-HC1 (pH 7.5) a molecular 

w e report here a new method of preparing UDP ga- 
lactose 4-epimerase from yeast which has advantages 
of simplicity, speed, and applicability to large-scale 
operation. The final product has a specific activity of 
up to ten times that recorded previously for this enzyme 
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'Abbreviations used that are not listed in Biochemistry 5, 
1445 (1966), are: UDP glucose 4-epimerase (EC 5.1 .3.2), 
UDP galactose 4-epimerase; uridine 5'-(ol-~-galactopyranosyl 
pyrophosphate), UDP galactose; UDP glucose :NAD oxido- 
reductase (EC 1.1.1.22), UDP glucose dehydrogenase; uridine 
5 'monophosphate, UMP; p-mercuribenzoate, PMB. 

weight of 125,000 i 5600 was calculated from data ob- 
tained by low-speed equilibrium centrifugation, high- 
speed equilibrium centrifugation, and by combination 
of sedimentation and diffusion data. The minimum 
molecular weight calculated from the amount of di- 
phosphopyridine nucleotide bound to the protein was 
125,000. The fluorescence of yeast epimerase, with ex- 
citation at 350 mp and emission at 435 mp, has pre- 
viously been related to the presence of reduced diphos- 
phopyridine nucleotide (Creveling, C. R., Bhaduri, A., 
Christensen, A., and Kalckar, H. M. (1965), Biochem. 
Biophys. Res. Commun. 1.5, 182). In the present studies, 
the fluorescence decreased markedly on treatment with 
guanidine hydrochloride, suggesting a strong depen- 
dence upon an ordered protein structure. 

(Maxwell and de Robichon-Szulmajster, 1960) and 
contains three times as much bound DPN. 

The purified protein has a molecular weight of ap- 
proximately 125,000 as determined by sedimentation 
studies under conditions of low ionic strength (0.01 M). 
At higher ionic strengths (0.1 M), the enzyme can be 
separated into two or more catalytically active compo- 
nents either by ultracentrifugation (Darrow and Rod- 
strom, 1966) or by chromatography on DEAE-cellu- 
lose (R. A. Darrow and R. Rodstrom, unpublished 
data). 

The fluorescence of native epimerase from yeast has 
been shown to be associated with the presence of DPNH 
(Creveling et ai., 1965) and to  be influenced by a num- 
ber of sugars and uridine nucleotides (Bertland ef  al., 
1966). Studies of the loss of fluorescence in urea and 
guanidine solutions reported in this paper indicate that 
the fluorescence is dependent upon a highly ordered 
protein structure. 1645 
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