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The rate constants for the reversible addition of protons and sulfite to the $6 double bond 
of cytidine and 3-methylcytidine have been spectrophotometrically measured under condi- 
tions (25”C, p = 1 .O M) where the deamination of 5,6-dihydrocytidine-6-sulfonate is minimal. 
Both the addition and the elimination of sulfite from the ring system are subject to general 
catalysis of proton transfer. For the reaction in either direction, plots of the pseudo-first- 
order rate constants against increasing buffer concentration are biphasic and indicative of at 
least a two-step reaction pathway with both steps being subject to general acid-base cataly- 
sis. Kinetic hydrogen-deuterium isotope effects were measured for both buffer-catalyzed 
steps of sulfite elimination from 3-methyl-5,6-dihydrocytidine-6-sulfonate and sulfite addi- 
tion to 3-methylcytidine. Both Hz0 and DZO were used as solvent. For both the addition and 
the elimination of SO:- values of k$$ were 6.3-7.1 and 2.3-2.6 at low and high imidazole 
buffer concentration, respectively. The large isotope effects values in the range of 6-7 can 
be attributed to rate-determining proton transfer to carbon-5 of the cytidine ring system. The 
smaller values are more likely caused by proton transfer to a electronegative atom such as 
the oxygen on carbon-2 of the cytidine ring. The equilibrium constants for bisulfite buffer 
addition to 3-methylcytidine and cytidine at 25”C, p = 1.0 M, pH 7.2, are 10.2 and 1.3 M-‘, 

respectively. 1985 Academic Press, Inc. 

INTRODUCTION 

It is well established that sulfite and protons add reversibly to the 5,6 double 
bond of cytidine, uracil, and their derivatives, yielding a 5,6-dihydropyrimidine-6- 
sulfonate as product: 

+ Sq’ + H+ + HI 

A 
ii 

Following the formation of this dihydropyrimidine-SO; adduct, cytidine bases 
are deaminated and the 5halopyrimidines are dehalogenated (1-18). These reac- 
tions also occur in “looped-out” regions of RNA and hence represent a method 

t To whom inquiries should be addressed. 

312 
0045-2068/85 $3.00 
Copyright 0 1985 by Academic Press, Inc. 
AU rights of reproduction in any form reserved. 



BISULFITE ADDITION TO CYTIDINE 313 

for studying both structure-function relationships (19-26) and protein-RNA in- 
teractions (27-31). Reactions of this type may also be of importance in the regula- 
tion of gene expression as the conversion of cytosine bases to dihydrouracil-6- 
sulfonate residues in DNA inhibits S-adenosylmethionine-dependent DNA 
methylation (32). It also has recently been proposed that DNA cytosine methyl- 
transferase proceeds by a molecular mechanism that involves the formation of a 
Michael adduct (33). Other important biological and chemical reactions which 
may involve this type of chemistry include: the specific radiochemical labeling of 
uracil and cytosine residues in RNA and DNA (34, 35) and the proposed enzy- 
matic mechanisms for catalysis by deoxycytidylate hydroxymethylase (36), de- 
oxyuridylate hydroxymethylase (37), pseudouridylate (38), uracil-N-glycosidase 
(38) thymidylate synthetase (39), and the aminoacyl tRNA synthetase (40). 

The purpose of this report is to present data showing that the reversible addition 
of SO:- and protons to both cytidine and 3-methylcytidine proceeds via a two-step 
mechanism in which SO:- adds to carbon-6 followed by proton transfer to carbon- 
5, resulting in the final dihydrocytidine-6-sulfonate product. 

EXPERIMENTAL PROCEDURES 

Muterids. Cytidine and 3-methylcytidine (methosulfate salt) were from Sigma 
Chemical Company and used as received. All inorganic salts were of analytical 
grade. Deuterium oxide, 99.75%, from J.T. Baker Company, and deuterium chlo- 
ride, 20% solution in 99.0% D20, from Aldrich Chemical Company, were used 
without further purification. Buffer solutions were prepared to constant composi- 
tion by careful neutralization with standardized KOH and HCl. Imidazole from 
Sigma Chemical Company was recrystallized from hot benzene. 4-Morpholine- 
ethanesulfonic acid (MES) from Sigma Chemical Company was used as received. 
Glass distilled water was used in the preparation of all solutions. The dihydro- 
pyrimidine-SO; adducts of cytidine and 3-methylcytidine were prepared at room 
temperature by adding 0.0125 g 3-methylcytidine (0.0092 g cytidine), 0.158 g 
K#O,, 0.90 ml 1 .O N HCl in a final volume of 1 .O ml. DC1 and D20 replaced HCl 
and HZ0 in the isotope effect studies. After 15 min, the reaction mixtures were 
chilled in ice to prevent significant deamination and immediately used in the 
kinetic studies. 

Equilibrium constants. The equilibrium constant (25.O”C, p = 1.0) for the addi- 
tion of bisulfite buffer to both 3-methylcytidine and cytidine were spectrophoto- 
metrically measured at 290 nm by observing the absorbance decrease that occurs 
when 7.47 x 10e5 M 3-methylcytidine (2.0 X 10m4 M cytidine) is allowed to react to 
equilibrium with increasing concentrations (0.033-0.30 M) of K$S03 buffer con- 
taining 20% KHS03 (10). Endpoints were measured immediately upon reaching 
equilibrium as spurious values were obtained if the reaction mixtures were al- 
lowed to stand, probably due to deamination of the adduct. 

Kinetic measurements. The psuedo-first-order rate constants for either SO:- 
elimination or addition to the cytidine ring system were spectrophotometrically 
measured at 290 nm using either a Zeiss PMQII or a Gilford 2000 spectrophotome- 
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ter, both of which were equipped with cell holders thermostated at 25 + O.l”C. 
Ionic strength was maintained at 1.0 M by the addition of KCl. All buffers were 
prepared by careful neutralization with standardized HCl or KOH. Reactions 
were initiated by the addition of either the pyrimidine (addition reaction) or the 
dihydropyrimidine-SO; adduct (elimination reaction) to a final concentration of 
approximately 1.0 x 10m4 M. All reactions were followed to completion because 
reaction mixtures allowed to stand long periods of time gave unreliable endpoints, 
probably due to deamination. Following complete reaction, the pH of the reaction 
mixture was determined using a Radiometer PHM83 pH meter equipped with a 
GK-2322C combination electrode. Values of pD were determined with the same 
electrode using the relationship, pD = pH + 0.40 (41). Pseudo-first-order rate 
constants were determined from linear, semilogarithmic plots of extent reaction 
against time using the relationship, kobsd = 0.6931tin. Rate constants measured in 
this manner were reproducible to ?50%. Values of pK, (25.O”C, p = 1 .O) for 
KHSO, and imidazolium ion were determined by half-neutralization in both HZ0 
and D20. They are KHS03, pK, (H20) = 6.65, pK, (D,O) = 7.19; imidazolium 
ion, pK, (H,O) = 7.21, pK, (D20) = 7.74. The pK, of 3-methylcytidine was 
spectrophotometrically (290 nm) measured using phosphate, tris(hydroxymethy1) 
aminomethane, and ethanolamine buffers. At 25.O”C, p = 1.0 M, its pK, = 8.85. 

RESULTS 

Reaction reversibility and equilibrium constants. The overall reaction of bisul- 
fite buffers with cytidine derivatives is complex, involving first the reversible 
formation of a 5,6-dihydrocytidine-6-sulfonate followed by a much slower deami- 
nation to yield 5,ddihydrouracild~sulfonate as the final product. Since the objec- 
tives of this work involved only the addition reaction, it was important to deter- 
mine the degree to which adduct deamination occurs under these experimental 
conditions. Consequently, a study was conducted in which concentrated 5,6- 
dihydrocytidine&sulfonate adducts were allowed to incubate at room tempera- 
ture for various periods of time followed by reversal to cytidine by 300-fold 
dilution into 0.10 M potassium phosphate buffer (PH 7.0). These SO:- elimination 
reactions were followed spectrophotometrically at 270 nm. The degree of reversal 
(cytidine formation) was determined by comparison to the 270-nm absorbance of 
the same concentration of authentic cytidine in 0.10 M potassium phosphate 
buffer. Under these conditions 95,89,74,72, and 6.6% of the 5,6-dihydrocytidine- 
6-sulfonate could be reversed to yield cytidine after 30, 60, 120 150, and 1260 min 
of concentrated adduct incubation at room temperature. Furthermore, incubation 
of the concentrated adduct at 0°C in an ice bath for 110 min resulted in the 
recovery of 90% of the original cytidine. Thus, under the conditions of these 
experiments, the 6-sulfonate adducts used to study the kinetics of SO:- elimina- 
tion are not significantly deaminated. 

Hayatsu and co-workers (4, 6) have reported a value for the equilibrium con- 
stant C&q = 0.77 ~-l) for bisulfite addition to cytidine at pH 5.8, 37°C. Conse- 
quently, equilibrium constants for the addition of bisulfite to both cytidine and 3- 
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FIG. 1. Equilibrium constant for the reaction of K*SO, buffer (20% KHSOJ with 7.47 x 10ms M 3- 
methylcytidine, 2X, p = 1.0 M. Data plotted according to equation 2 with K,, = -log[bisuIfite buffer] 
at log(AA/A)m., = 0. 

methylcytidine were spectrophotometrically measured under the conditions of 
these experiments much in the same manner previously used for bisulfite addition 
to 1,3-dimethyluracil(10). Data were obtained at 25.o”C, p = 1.0 M, by measuring 
the 2%nm absorbance decrease which occurs upon reaction to equilibrium of 
either 7.47 X 1O-5 M 3-methylcytidine or 2.00 X 10e4 M cytidine with increasing 
concentrations (0.033-0.30 M) of K2S03 buffer, 20% KHS03 (pH 7.2). Figure 1 
shows the 3-methylcytidine data plotted using the equation 

logW~4zso nm = log Keq + log[bisulfite buffer] PI 

in which A and AA are proportional to 3-methylcytidine and its 6-sulfonate, re- 
spectively. From this logarithmic plot, the apparent equilibrium constant, Keg = 
10.2 M-I, was determined from the relationships log Kes = -log[bisulfite buffer] at 
1og(AA/A)2Wnm = 0. 

Under the same experimental conditions, an estimate of the equilibrium con- 
stant (Kq = 1.3 M-*) for bisulfite addition to cytidine was obtained by a short 
extrapolation of data similar to those seen in Fig. 1 to log(AA/A)2w., = 0. This 
value which roughly agrees with that obtained by Hayatsu and co-workers (4,6) at 
another temperature and pH must be considered an approximate value because of 
the limitations on the range of bisulfite concentrations which could be employed at 
this pH below ionic strength 1.0 M. 

Kinetics for the addition of bisul$te buffer to 3methylcytidine. The kinetic 
behavior for the addition of SO:- and protons to the 5,6 double bond of 3-methyl- 
cytidine in Hz0 is shown in Fig. 2. Over the concentration range 0.05 to 0.25 M 
bisulfite buffer, values of kobsd have a first-order dependence on bisulfite buffer 
concentration with increasing slope (kz) directly related to decreasing fraction 
HSOT in the buffer. Thus, in HzO, a single step of the reaction controls the rate 
over the range of bisulfite buffer concentration. This step of the reaction pathway 
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FIG. 2. First-order dependence for bisultite buffer for addition to 1.0 X 10m4 M 3-methylcytidine in 
H20, 25”C, p = 1.0 M. Numbers refer to the fraction KHSOS in the buffers employed. 

is favored by increasing the ratio SO:-/HSO;. Since this approach is complicated 
by the fact that both buffer components can play a significant part in the reaction, 
SOf- as the attacking nucleophile and HSOF as a general acid, these reactions 
were repeated in D20 at both fraction HSO; equal to 0.50 and 0.80. These data, 
shown in Fig. 3, clearly indicate a change from second- to nearly first-order 
dependence on bisulfite buffer concentration and hence are indicative of a multi- 
step reaction pathway with a change in rate-determining step as a function of 
increasing bisulfite buffer concentration. Estimation of the deuterium isotope ef- 
fect at fraction HSO; equal to 0.52 (H20) and 0.50 (D20) from the first-order parts 
of Figs. 2 and 3, @/@ = 1.6, indicates that the kinetics shown in Fig. 2 reflect 
SOi- addition to the ring rather than proton transfer to carbon-5, a conclusion in 

m 
c 
1 0 a 
0 

0.10 0.20 
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IO 

FIG. 3. Change from a second- to a first-order dependence for bisulfite buffer addition to 1 .O X 10m4 M 
3-methylcytidine in 40, 25”C, /I = 1.0 M. Numbers refer to the fraction KHSOs in the buffers 
employed. 
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FIG. 4. Change in rate-determining step for the imidazole buffer-catalyzed addition of 0.025 M total 

bisulfite to 1.0 x 10e4 M 3-methylcytidine in both HZ0 and D20, 2X, p = 1.0 M. Imidazole buffers 
were 50% imidazole. The fraction SO:- in all of the reaction mixture is 0.78. 

agreement with the observed rate enhancement caused by increasing the fraction 
SO:- in the buffers. 

To further elucidate this reaction pathway, values of kobsd for bisulfite addition 
to 3-methylcytidine were measured as a function of increasing imidazole buffer 
concentration. These results shown in Fig. 4 indicate that imidazole buffer cata- 
lyzes two discrete steps of the overall reaction, hence showing that increasing 
concentrations of general catalysts of proton transfer cause changes in the rate- 
determining step of SOi- addition to 3-methylcytidine. Similar results were ob- 
served using 4-morpholineethanesulfonic acid buffers in Hz0 (data not shown). 
Also, to be discussed later, there are striking differences in the second-order rate 
constants (IQ of these reactions depending on the use of either Hz0 or D20 as 
solvent. Similar kinetic behavior was observed using cytidine rather than 3- 
methylcytidine. 

Kinetics of SO:- elimination from dihydrocytidine-Gsulfonate adducts. The 
effects of imidazole buffer catalysis on the rate of SO:- elimination from both 3- 
methyl-5,6-dihydrocytidine-6-sulfonate and 5,6-dihydrocytidine-6-sulfonate are 
shown in Figs. 5 and 6, respectively. As in the SOi- addition reaction, both 
adducts eliminate SO:- by a two-step pathway both steps of which are subject to 
buffer catalysis. Using 50% neutralized imidazole buffers in HZ0 the initial and 
final slopes which represent the second-order rate constants (kz) for imidazole 
buffer catalysis are 5.64 and 1.57 M-I min-r. In identical experiments using imi- 
dazole buffers containing 20% imidazole base corresponding initial and final val- 
ues of k2 are 3.15 and 1.30 M-’ min-‘, thus indicating that SO:- elimination 
reaction is subject to general base catalysis by imidazole base. 
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10 
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FIG. 5. Change in rate-determining step for the imidazole buffer-catalyzed elimination of SOi- from 
3-methyl-5,6-dihydrocytidine-6-sulfonate-5H and -5D in HZ0 and D20, 25”C, p = 1.0 M. Fraction 
imidazole was 0.50. Dihydrocytidine-SO; adducts were prepared as described under Materials. 

Hydrogen-deuterium isotope effects. To better understand the sites of proton 
transfer, the kinetics of the imidazole buffer-catalyzed SO:- addition and elimina- 
tion reactions with 3-methylcytidine were studied in D20. Representative data are 
shown in Fig. 4, SOi- addition to 3-methylcytidine; Fig. 5, SO:- elimination from 
3-methyl-5,6-dihydrocytidine-6-sulfonate; and Fig. 6, SO:- elimination from 5,6- 
dihydrocytidine&sulfonate. When studying the SO:- addition reactions, reaction 
components were simply dissolved in DZO; however, the SO:- elimination reac- 
tions were studied using dihydrocytidine-SO; adducts formed in both Hz0 and 
D20 followed by dilution into either Hz0 or DzO as solvent. The values of kZ 
evaluated from the initial and final slopes of plots such as those illustrated in Figs. 

IMIDAZOLE BUFFER, M 

FIG. 6. Change in rate-determining step for the imidazole buffer-catalyzed elimination of SO$- from 
5,Wihydrocytidine-6-sulfonate-5H and -5D in HZ0 and DZ0,25”C, p = 1.0 M. Fraction imidazoIe was 
0.50. Dihydrocytidine-SO; adducts were prepared as described under Materials. 
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TABLE 1 

DE~TERIUMISOTOPEEFFECTSFORTHEREVERSIBLEADDITION 

OF SULFITEANDPROTONSTO~~~ETHYLCYTIDINE 

Atom 
Initial slope Final slope kfl@ kyl@ 

Solvent kZ, M-’ min-I /c2, M-’ min-’ initial final 

Elimination reaction 

-H 
Hzo -D 

5.64 
0.89 

-H 
D20 -D 

5.68 
0.87 

1.57 
0.67 

6.34 2.34 

1.68 
0.65 6.53 2.58 

Addition reaction 

Hz0 -H 7.20 1.42 
40 -H 1.01 0.56 

7.13 2.54 

Note. All reactions were measured in 50% neutralized imidazole 
buffers, 25”C, p = 1.0 M. In the elimination reactions the adduct was 
prepared in either DzO or Hz0 solution as described under Experi- 
mental Procedures with the rate constants being measured in either 
HZ0 or DZO as solvent. For the SO:- addition reaction total bisulfite 
buffer was constant at 0.025 M, fraction SO:- equal to 0.78. Values 
of kZ were obtained from the slopes of plots such as those shown in 
Figs. 4-6. 

4-6 are summarized in Table 1. In the SO:- addition reactions, the initial step of 
the pathway observed at low imidazole buffer concentrations is subject to a large 
deuterium isotope effect, @/k$’ = 7.13, with the isotope effect observed at high 
buffer concentrations being much smaller, e/k? = 2.54. This result is similar in 
the SO:- elimination reactions where the isotope effect at low imidazole buffer 
concentrations is large, @/@ = 6.34-6.58 followed by a smaller isotope effect at 
high buffer concentrations (/$/k~ = 2.34-2.58). These deuterium isotope effects for 
the imidazole buffer-catalyzed SO:- elimination reactions are independent of 
using either HZ0 or DzO as solvent provided that the 3-methyl-5,6-dihydrocyti- 
dine-6-sulfonate adducts were prepared in D20. Thus for the elimination reaction, 
the large isotope effects observed at low buffer concentrations, g/k? = 6.34-6.58, 
likely reflect imidazole-catalyzed abstraction of the nonexchangeable proton at 
carbon-5 of the dihydrocytidine ring system. The smaller isotope effect observed 
at high imidazole buffer concentrations, k?/@ = 2.34-2.58, likely reflects proton 
transfer from an electronegative atom such as the oxygen at carbon-2 of the ring 
system. 

DISCUSSION 

Based on earlier work dealing with SO$- and proton addition to the uracils, it 
might be predicted that the corresponding reaction with cytidines would involve 



320 GAUTAM-BASAK, JACOBSON, AND SANDER 

non-buffer-catalyzed SO:- addition to carbon-6 of the ring followed by a buffer- 
catalyzed proton transfer to carbon-S, thus yielding the 5,6-dihydrocytidine-6- 
sulfonate product (IO, 42). This prediction is enhanced by the positively charged 
nitrogen available as an electron sink when SO:- adds to 3-methylcytidine. These 
data indicate that this is not the case in that SO:- and protons react with the 5,6 
double bond of cytidine and 3-methylcytidine via a pathway which involves at a 
minimum two steps, both of which are subject to general acid-base catalysis of 
proton transfer. A reaction pathway consistent with the data is shown in the 
equations. 

The first step in this pathway is the general acid-catalyzed addition of SO:- to 
carbon-6 concomitant with proton transfer to an electronegative atom such as the 
oxygen on carbon-2 of the cytidine ring. This step controls the overall reaction 
rate at high concentrations of imidazole buffer and is subject to the smaller isotope 
effect, k$$? = 2.3-2.6. With the exception of being subject to general acid cataly- 
sis of proton transfer this step of the reaction (Eq. [31) is analogous to the attack of 
SOi- on the uracils (Eq. [S]) yielding a carbanion intermediate which subsequently 
protonates at carbon-5 of the uracil ring (Eq. [6]) to yield 5,6-dihydrocytidine-6- 
sulfonate as the final product (10, 42): 

0 0 

i 

I! 

0 :B 

(5) 

The second step in the pathway for SO:- addition to the cytidine ring system (Eq. 
[4]), involves general base-catalyzed proton abstraction from the oxygen on car- 
bon-2 concomitant with general acid-catalyzed protonation of carbon-5. This reac- 
tion controls the overall reaction rate at low imidazole buffer concentrations and 
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is subject to the large deuterium isotope effect, @@ = 6.3-7.2, which would be 
expected for proton transfer to carbon. This step is analogous to the proton 
transfer reaction involved in dihydrouracil-6-sulfonate formation (Eq. [6]) which 
also exhibits a relatively large deuterium isotope effect, @/@ = 4.10, again indi- 
cating proton transfer to carbon (10). 

Reactions of nucleophiles such as SO:-, thiols, and NHzOH are important 
models for biologically important reactions such as the enzymatically catalyzed 
methylation and hydroxymethylation of carbon on uracil and cytosine ring sys- 
tems (36-39), and the aminoacylation of tRNA (40). While the exact details of 
these enzymatically catalyzed reactions are not known, a key feature, at least in 
thymidylate synthetase (39) and aminoacyl tRNA synthetase (40), is the formation 
of a covalent, dihydrouracil adduct between the uracil ring and the active site of 
the enzyme. In the case of deoxycytidylate hydroxymethylase, the existence of 
such an intermediate is widely hypothesized based on the analogies between it’s 
catalytic features (36) and those of thymidylate synthetase (39). As pointed out by 
both Starzyk et al. (40) and Santi et al. (33) other enzymes such as DNA cytosine 
methyltransferase may also proceed by a catalytic pathway of this type. Thus, 
reactions of this variety may be important in a complete understanding of the 
control of gene expression. 
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