
4745 

Role of Bisulfite in the Deamination and the Hydrogen 
Isotope Exchange of Gytidylic Acid1 

Masanori Sono, Yusuke Wataya, and Hikoya Hayatsu* 

Contribution from the Faculty of Pharmaceutical Sciences, University of Tokyo, 
Bunkyo-ku, Tokyo, Japan. Received November 27, 1972 

Abstract: The mechanism of the bisulfite-catalyzed deamination and hydrogen isotope exchange of cytidine 5'-
phosphate (CMP) was investigated by kinetic studies. The deamination which proceeds by the sequence, CMP + 
HSO3- <=* CMP-bisulfite adduct (CMP-SOr) -»• UMP-bisulfite adduct (UMP-SO3-), showed pseudo-first-order 
kinetics in the presence of a large excess of bisulfite. Apparent rate constants for CMP -*• UMP-SO3

- were deter
mined, and the pH profile of the rate exhibited its maximum at pH 5. At pH 5 and 37° the rate constant, for 
example in 3 M sodium bisulfite solution, was 26.2 X 1O-5 sec-1. Examination of the relationship between the 
rate and bisulfite concentration has shown that the relative rate, kjk in 1 M NaHSO3, is proportional to ATE[Na-
HSO3]V(I + X1E[NaHSO3]), where KE is the experimentally measurable equilibrium constant for CMP «=± CMP-
SO3

-. This relationship indicates that bisulfite ion participates in the hydrolysis of CMP-SO3- to UMP-SO3
-

in addition to the adduct-forming step CMP -*• CMP-SO3
-. Deamination of cytidine by bisulfite action is similar 

to that of CMP with respect to pH profile and dependence on bisulfite concentration, although the reaction velocity 
is somewhat greater than that for CMP. Ammonium sulfite is a more preferable agent than sodium sulfite in order 
to obtain a faster reaction because the ammonium salt is more soluble than the sodium salt and ammonia exhibits 
an accelerating effect upon the deamination of CMP. Bisulfite-catalyzed hydrogen-deuterium exchange at the 5 
position of CMP showed a pD maximum at 5.4 where the deamination concomitantly occurring was also maximal. 
Furthermore, dependence of the exchange rate on bisulfite concentration showed the same characteristic as that 
of the deamination. It was therefore concluded that two molecules of bisulfite were participating in both the 
deamination and the isotope exchange of a molecule of CMP. 

Recently various aspects of bisulfite action on pyrimi-
.. dine nucleosides have been revealed. Bisulfite ion 

adds across the 5,6 double bond of cytosine and uracil 
nucleosides, and the cytosine-bisulfite adduct is readily 
deaminated to give the uracil-bisulfite. 2 - 4 This reaction 
was considered to be responsible for the mutagenic 
activity of bisulfite,5 and the bisulfite reaction has been 
utilized in chemical modification of tRNA.6-9 Further
more, in the bisulfite adduct of cytidine and uridine, 
the carbon-hydrogen bond at position 5 is labile so that 
the hydrogen can be easily replaced by deuterium or 
tritium.10-11 

Current studies have disclosed another important 
aspect of bisulfite action on nucleotides, the free-radical 
reactions accompanying autoxidation. Thus, addition 
of sulfite radical occurs at the sulfur atom of 4-thio-
uridine12 and 2-thiouracil13 and at the olefinic double 
bond of isopentenyladenosine;14 in dilute bisulfite 
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solution (10-2— 10 -3 M) under the catalysis of Mn2+ ion 
for the autoxidation, double-stranded DNA is rapidly 
altered in a manner that leads to chain cleavage in 
alkaline sucrose solution;15 under similar conditions, 
transforming activity of B. subtilis DNA is lost with 
considerable velocity.16 

These studies have at the same time provided implica
tions for possible adverse effects of environmental 
sulfur dioxide. In particular, the mutagenic activity is 
of considerable concern from such a standpoint. There 
is evidence from genetic studies that the deamination of 
cytosine residues in DNA by bisulfite is indeed the cause 
of the mutagenesis.1718 In the bisulfite-catalyzed 
deamination of CMP19 the first step (step 1), addition of 
bisulfite to CMP yielding CMP-SO3

- (Chart I), is 
reversible and the equilibrium is reached very rapidly. 
Step 2, the deamination of CMP-SO8

- to give the 
UMP-bisulfite adduct UMP-SO3

- , is the rate-determin
ing step. UMP-SO3

- is stable at pH <7, although it 
liberates bisulfite on treatment with alkali giving UMP. 
The aim of the present research is to investigate the 
mechanism of the overall reaction CMP -»• UMP-SO3

- . 
We carried out detailed kinetic studies on the bisulfite-
catalyzed deamination of CMP. In addition, the 
bisulfite-catalyzed hydrogen isotope exchange at the 5 
position of CMP was compared with the deamination 
with respect to dependence on pH and bisulfite con
centration. 
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step 1 

NH2 

HN^N 

CMP-SO; 

step 2 

UMP-SO3
-

Materials and Methods 
CMP-Na2 and cytidine were obtained from Takeda Chemical 

Industries and Kojin Co., respectively, the purity of each chemical 
being higher than 99% as checked by paper chromatography, 
paper electrophoresis, and ultraviolet absorption spectroscopy. 
AU the other chemicals were of reagent grade available commer
cially. 

Bisulfite solutions were always freshly prepared before use by 
dissolving in deionized water a mixture of sodium sulfite and sodium 
bisulfite in appropriate ratios to obtain desired pH values. When 
ammonium sulfite was employed as the sulfite source, the con
centration of sulfite was determined by titration with iodine for the 
salt is highly hygroscopic. Ultraviolet absorption was measured 
by a Beckmann DU spectrophotometer, and nmr (100 MHz) by 
a Jeol-NM 4H-100 NMR spectrometer. The pD values reported in 
the present discussion were the readings on a pH meter calibrated 
with ordinary aqueous buffers. 

Measurement of Rate of the Deamination. The reaction mixture 
contained 5 X IO"3 M CMP (or cytidine), 0.1-3 M bisulfite, and 
5 X 10~4 Mhydroquinone. The hydroquinone was added in order 
to minimize oxidative degradation of bisulfite. The mixture was 
placed in a tightly stoppered test tube and incubated in a water bath 
of an appropriate temperature. Aliquots were withdrawn at 
desired periods and diluted 50 times with 0.1 M potassium phos
phate buffer (pH 7.0), and the solutions were allowed to stand at 
room temperature for 20 min in order to regenerate CMP from the 
unstable bisulfite adduct CMP-SO3-.

4 Absorbance at 271 nm 
was then determined which represented the amount of unde-
aminated CMP. A blank experiment in which CMP was omitted 
from the reaction mixture was carried out in each set of experiments. 
A pH check was routinely done before and after the incubation. 
Bisulfite solutions of pH >5 were generally stable and the pH 
change was less than 0.05 during the incubation. At pH <5 
bisulfite solutions become less stable with increasing acidity, the 
pH change after 6 hr incubation at 37° being 0.2-0.5 toward 
smaller values. In typical runs bisulfite concentration was deter
mined by titration with iodine and the decrease of the bisulfite due 
to oxidation was found generally not significant. Deamination 
accompanying the hydrogen-deuterium exchange at the 5 position 
of CMP was determined as described previously.10 

Determination of the Equilibrium Constant for CMP + Bi
sulfite «=• CMP-SO3-. The equilibrium constant was defined as 
KE = [CMP-SOr]/[CMP][s], where the concentration of each 
component represents the sum of the concentrations for the disso
ciated and undissociated forms.16 The KB at 37° was estimated 
by using two independent methods. 

(a) By Ultraviolet Absorption Spectroscopy. It is known that the 
equilibrium is attained very rapidly, within 1 min after mixing 
CMP with bisulfite at the pH region above 4.2'4 To an aqueous 
bisulfite solution containing hydroquinone which has been main
tained at 37 ° was added a solution of CMP, the final hydroquinone 
concentration being 5 X 10"4 M. The solution was mixed well 
and allowed to stand at 37° for 1 min. A portion of the solution 
was taken up and mixed with a large excess of 0.1 N HCl at room 
temperature. In 0.1 N HCl CMP-SOr is stable and does not 
absorb uv light at greater than 260 nm.4 Hence by measuring 
absorbance at 280 nm the CMP concentration can be determined. 

A blank solution was prepared in each experiment subtracting 
CMP from the reaction mixture and worked up in the same manner 
as above. Since bisulfite absorbs uv light in acidic solution, the 

blank gave an Am nm value up to 30% of that of the test solution. 
The concentration of CMP-SO3

- at the equilibrium was the differ
ence between the CMP concentration determined as above and the 
initial CMP concentration. 

(b) By Nmr Spectroscopy. A solution of CMP (0.8 M) and 
sodium bisulfite (0.8 M) in D2O was subjected to nmr measurement 
at 37 °. By comparing the signal strength of the 1' proton of CMP 
(6.08 ppm, doublet, at pD 6.5) with that of the 5 proton of 5-mono-
deuterated C M P - S O S - (3.16 ppm, doublet, at pD 6.5), the molar 
ratio CMP/CMP-SOr was determined. The recording was com
pleted within 10 min after the solution was prepared. 

Measurement of Hydrogen-Deuterium Exchange at the S Position 
of CMP. Nmr at 37° was recorded for the D2O solution con
taining CMP and bisulfite. As the signals for proton 1' (doublet) 
and proton 5 (doublet) are well resolved from each other at pD <7, 
the relative signal strengths can be determined with considerable 
accuracy using a method described elsewhere.11 Thus, per cent 
exchange = 100 — [signal strength of proton 5/strength of proton 
l']100. 

Results and Discussion 
Deamination of CMP by Bisulfite. Dependence on 

pH and Bisulfite Concentration. Deamination of CMP 
with 2 M sodium bisulfite was performed at 37° and at 
various pH values. The decrease of the sum of CMP 
and CMP-SO3- was traced up to 90% decrease, the 
rate being analyzed by pseudo-first-order kinetics. 
The apparent rate constants found are plotted in 
Figure 1 as a function of pH. The bell-shaped profile 
shows the maximum at about pH 5. Rate constants of 
the deamination at pH 5.0 were determined at various 
bisulfite concentrations and the following results were 
obtained: concentration of sodium bisulfite, kobSd X 
105 sec-1; 0.1 M, <0.01; 0.5 M, 1.47; 1.0 M, 6.14; 
2.0 M, 15.4; 3.0 M, 26.2. Salt effect appeared to be 
absent because the presence or absence of 1 M NaCl in 
1 M NaHSO3 at pH 5.8 did not affect the rate. 

In order to evaluate these data it was necessary to 
determine the equilibrium constant for CMP + bi
sulfite «=* CMP-SO3-. Two spectroscopic methods 
were employed for this purpose. One method which 
utilizes uv is based on the fact that CMP-SO3

- is stable 
in acid and does not absorb uv light at wavelengths 
where CMP does. The other method is to analyze 
nmr spectra taken directly on the reaction mixture and 
to obtain the molar ratio, CMP to CMP-SO3-. The 
values, KE = [CMP-S03-]/[CMP][s], thus obtained 
for various combinations of bisulfite and CMP con
centrations are given in Table I. It can be seen that 

Table I. Equilibrium Constants for the Adduct Formation 
between CMP and NaHSO3 at 37° 

Method 

Uv 

Nmr 

PH 

5.0 

9.2* 
6.5b 

5.1" 
5.I6'' 

Kr 
2.0 
2.3 
1.85 
1.87 
0 
0.5 
1.8 
2.1 

Initial 
concn of 
NaHSO3 

0.5 
0.5 
1.0 
2.0 
0.8 
0.8 
0.8 
0.8 

Initial concn 
of CMP 

0.05 
0.1 
0.05 
0.1 
0.8 
0.8 
0.8 
0.8 

» Defined as described in text. b pD. c Nmr was recorded 15 
min, instead of 10 min in all other cases, after the start of the in
cubation. 

the KE values for a given pH aTe indeed approximately 
equal irrespective of varying concentrations of the re-
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Figure 1. pH profile of bisulfite-catalyzed deamination of cytidine 
5'-phosphate. Solutions containing 2 M Na2SO3-NaHSO3 and 
0.005 M CMP were incubated at 37°, and the rate constants were 
determined as described in the text. 

acting components and of the method of measurement. 
Previously, Shapiro, et a!.,2 measured by nmr the per 
cent adduct for the equilibrium deoxycytidine + Na-
HSO3 +± dC-S03- , and reported 100% for dC-SOr at 
pD <6. The apparent difference between their results 
and ours could be due to the difference in the substrate. 

An important consequence emerged by comparing 
relative rate constants at different bisulfite concentra
tions (Figure 2, circles) with those that can be predicted 
from theoretical considerations. Two mechanisms 
were considered. Mechanism 1 consists of a fast step 
of the equilibrium (step 1 in Chart I) and a slow step 
of simple hydrolysis of CMP-SO3- (step 2). This 
mechanism predicts v = /Ci[CMP-SO3

-] where v is the 
reaction velocity and ki a constant. Since K^ = 
[CMP-S03-]/[CMP][s], it follows v == {fciATE[s]/l + 
KE[s] K[CMP] + [CMP-SO3-]) and therefore 

kohei = MTE[s]/(l + *E[S]) (D 
Relative &0bsd values compared with k0bad of 1 M 
bisulfite reaction were calculated using eq 1, and a 
theoretical curve thus obtained is shown in Figure 2 
(dashed line). 

In mechanism 2, the bisulfite molecule is participating 
in the slow step (step 2), i.e., v = fc2[CMP-S03-][s]. 
This mechanism predicts 

&ob.d = Mk[S]V(I + KE[s]) (2) 

The curve for relative k values calculated by eq 2 is also 
given in Figure 2 (solid line). It is obvious that mecha
nism 1 does not fit the experimental results but mecha
nism 2 does so satisfactorily. The same conclusion was 
reached when dependence of the rates on the bisulfite 
concentration was determined at pH 5.8 (see reference 
in footnote 1). 

Effect of Temperature on the Reaction Rate. As the 
temperature was raised, the rate increased: kohsd X 
106 sec -1 (temperature/bisulfite concentration) at pH 
5.8; 0.84 (0°/3 M); 10.4 (3772 M); 16.7 (37°/3 M); 
38.5 (60°/2 M); 64.2 (6073 M). 

Deamination of Cytidine. Cytidine was used as the 
substrate of the deamination in place of CMP. The 
optimum pH was found again at about 5, but the rate of 
the deamination was 30-50 % larger than that of CMP 

1 2 3 

CONC. OF H S O f ( M ) 

Figure 2. Relationship between bisulfite concentration and rate 
of deamination of CMP. Dashed line represents theoretical curve 
for mechanism 1 and solid line for mechanism 2. KE value em
ployed for the calculation was 2.0. See text for mechanisms 1 and 
2. 

Table II. Rate Constants of Bisulfite-Catalyzed Deamination 
of Cytidine at 37° 

Concn of 
NaHSO8 (M) 

1.0 
2.0 

pH4.5 

6.7 
17.8 

-fc„b.d X 105, sec"1-
pH5.0 

10.2 
22.7 

pH5.8 

7.2 
16.7 

at 37°. The results obtained are shown in Table II. 
In early studies we noted that the bisulfite-catalyzed 
deamination of cytidine proceeded to completion by a 
21-hr reaction at pH 6, while the pH 5 reaction slowed 
down after several hours incubation, although the 
initial velocity was larger than that at pH 6.4 This 
slow-down phenomenon is now attributable to the 
decrease in pH value due to extensive oxidation of bi
sulfite in the absence of antioxidant. 

Effect of Ammonia and Other Nucleophiles on the 
Deamination. As described above, increase of bisulfite 
concentration in the reaction mixture greatly accelerates 
the deamination. Since ammonium sulfite is more solu
ble in water than the sodium salt, the deamination of CMP 
was carried out at a high concentration (3.5 M) of am
monium sulfite. An unexpectedly high reaction velocity 
was observed and the rates including those for lower 
salt concentrations were found to be as follows: con
centration of (NH4)2S03/A:obSd X 105 sec-1, at pH 5.8 
and 37°, 3.5 M/38.5; 3.0 M/26.3; 2.0 M/14.8. When 
one compares the rate constants with those obtained by 
sodium bisulfite, one finds that the ammonium salt is 
significantly more effective than the sodium salt at the 
same bisulfite concentration. The effect of other amines 
was also examined by using sodium bisulfite solution 
supplemented with chloride of the amines. However, 
trimethylamine, guanidine, imidazole, or quinuclidine 
were found not to accelerate the deamination to a 
significant extent as ammonia does. 

As an agent structurally related to bisulfite, methane-
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TIME ( m i n ) 

PD 
Figure 3. Similarity in pD profile between the deamination and the 
hydrogen-deuterium exchange. A D2O solution containing 0.8 
M CMP and 0.8 M NaDSO3, of which pD had been adjusted by 
addition of DCl, was incubated at 37 ° for 3 hr. Nmr was recorded 
to determine the per cent exchange at the 5 position of CMP. A 
portion of the sample which had been taken up before the nmr 
measurement was used for determination of per cent deamination. 
See text for methods. 

sulfonic acid was examined as to its ability to catalyze 
or accelerate the deamination of CMP. No deamina
tion, however, was detected in 1 M CH3SO3H solution 
containing 5 mM CMP (pH 5, 37°), nor was any ac
celerating effect of supplementing 1 M CH3SO3H to 1 
M NaHSO3 upon the deamination. 

Bisulfite-Catalyzed Hydrogen-Deuterium Exchange 
at the 5 Position of CMP. Dependence on pD and 
Bisulfite Concentration. Previously we have reported 
that sodium bisulfite catalyzes the hydrogen isotope 
exchange of CMP, and have investigated the exchange 
rate at the pH range of 7-9 where the deamination does 
not appreciably take place.1011 It was interesting to 
find when pD dependence of the exchange reaction was 
determined in a more acidic region that the optimum 
pD was 5.4 (Figure 3), because the deamination of the 
same reaction mixtures was optimal also at pD 5.4. 
Figure 3 shows the close similarity in the pD profile of 
the two different reactions. This finding has suggested 
that the two reactions may operate by a common 
mechanism. 

Effect of bisulfite concentration on the hydrogen 
isotope exchange was therefore studied. This study was 
somewhat complicated by the fact that the concentration 
of CMP in the reaction mixture must be high enough to 
permit accurate nmr measurement, and that the forma
tion of the adduct CMP-SO3

- as well as the deamination 
concomitantly taking place consumes bisulfite thereby 
reducing its concentration. However, a semilog plot 
of per cent exchange showed a linear relationship 
against time of treatment up to about 40% reaction 
(Figure 4). In addition, the velocity of the exchange was 
dependent on bisulfite concentration. This can be 
interpreted as follows. The hydrogen isotope exchange 
may occur through the adduct CMP-SO3

- under the 
action of bisulfite. Once the equilibrium between CMP 
and CMP-SO3

- is reached the bisulfite concentration 
should remain approximately constant in spite of the 
fact that deamination of CMP-SO3

- proceeds gradually. 

Figure 4. Time course of hydrogen-deuterium exchange at the 
5 position of CMP as a function of bisulfite concentration. Condi
tion A (A), 0.80 M CMP, 0.80 M NaDSO3 at pD 5.39; condition 
B (O), 0.78 M CMP, 1.55 M NaDSO3 at pD 5.49; condition C (•), 
0.76 M CMP, 2.27 M NaDSO3 at pD 5.56. Reaction temperature 
was 37°. 

For example, simple calculation for the reaction mix
ture A, B, and C of Figure 4 shows that the bisulfite 
concentration at 20% deamination is still 95-98% of 
the zero-time concentration. A small decrease in the 
concentration of CMP-SO3

- due to the deamination 
should not affect the reaction velocity since what we are 
measuring is the per cent exchange in the surviving frac
tion of CMP. Hence it is not surprising to have ob
tained pseudo-first-order kinetics. As Table III shows, 

Table III. Effect of Bisulfite Concentration on Hydrogen-
Deuterium Exchange at the 5 Position of CMP 

Condi
tion" 

A 
B 
C 

Calculated concn at 
equilibrium (M)b 

D-s 

0.43 
1.02 
1.69 

CMP-
CMP s o r 
0.43 0.37 
0.25 0.53 
0.18 0.58 

&obsd 

found 
X 104, 
sec-1 

1.80 
3.13 
4.56 

Relative rate for 
H-D exchange 
of CMP-SO3 ~

c 

1.0 
1.22 
1.61 

0 The conditions A, B, and C correspond to those in Figure 4. 
h These are the zero-time values calculated on the assumption that 
the equilibrium is reached instantaneously. K-E - 2 was employed 
for the calculation. D-s represents concentration of total D-bisul-
fite buffer. < (fcx/fcA)/([CMP-S03-]x/[CMP-SOr]A). 

the relative rates for hydrogen-deuterium exchange of 
CMP-SO3

- were dependent on the bisulfite concentra
tion, in consistence with the mechanism in which 
bisulfite ion participates in the exchange of CMP-SO3

-. 
This finding again supports the view that the deamina
tion and the hydrogen isotope exchange proceed via 
a common intermediate. 

Mechanism of the Reaction. Chart II represents one 
possible mechanism. The mechanism involves a 
common intermediate, 1, for the two reactions formed 
by addition of hydroxide to the 4 position of deuterated 
CMP-SO3

-. The role of a second bisulfite molecule 
in these reactions may be catalysis of the step by proton 
transfer. Ammonia may also function at this step in a 
similar manner. By introducing another electron-
withdrawing group to carbon 4, the proton at the 5 
position may become easily dissociable. Intermediate 
formation of 5,6-dihydrouridine-4,6-disulfonate, which 
may result by direct substitution of the amino group of 
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Chart n 

ND2 

SO3-

ND, 

SO3" 

D2N. .0D 

Al 
O ^ N ^ s o 3 -
UMP-SO3" 

ND2 

* i r - D DN^ 

O ̂ N ^ | ) 3 - 0^N^ S
H 0 3 -

CMP-SO3
- with sulfite, is unlikely since the disulfonate 

is known to be stable under similar conditions12 and 
such a compound was not detected by paper chromatog
raphy and paper electrophoresis of the reaction mixture. 
Although it is not known whether the rate-determining 
step is the formation of 1 or the subsequent hydrolysis 
(or hydrogen exchange), the fact that the reaction is 
optimal at pH ~ 5 suggests that the protonated species 
of CMP-SO3

- and sulfite anion may be involved. 
Previously an analogy was pointed out4 between the 

bisulfite-catalyzed deamination of cytidine and the 
Bucherer reaction. In the Bucherer-type deamination 
of naphthylamine, however, the rate-determining step is 
the addition of bisulfite to the starting material.20 

Hydrolysis of the amino group of the resulting adduct 

(20) H. Seeboth, Angew. Chem., Int. Ed. Engl., 6, 307 (1967). 

corresponding to CMP-SO3
- is a fast step in contrast 

to the case of cytidine. Indeed, kinetic studies using 
l.-aminonaphthalene-4-sulfonic acid as the substrate 
have shown that the deamination rate is linear to the 
first order of bisulfite concentration.21 

Comments on Mutagenesis by Bisulfite. Recently 
Summers and Drake18 using bacteriophage T4 showed 
that the bisulfite-induced inactivation and reversion of 
G: C to A: T base pair are proportional to bisulfite con
centration in the range of 0.18-0.9 M. On the basis of 
the results shown in Figure 2, in which the rate of 
deamination of CMP is approximately proportional to 
bisulfite concentration in the range of 0.2-3 M, their 
data appear to be consistent with the assumption that 
the observed rate of inactivation depends upon the rate 
of the bisulfite-catalyzed deamination of the cytosine 
residue (in T4 DNA 5-hydroxymethylcytosine is the 
constituent in place of cytosine). 

Since k0bBd = ^2ATE[S]V(I + A?E[s]), when the [s] is low 
enough so that ATE[s] << 1, the following correlation is 
obtained 

kobai = Zc2Ai[S]2 

In such a situation, lowering of bisulfite concentration, 
for instance, to 0.1 will result in a decrease of the rate 
of deamination of cytosine by a factor of 0.01. Hence 
at lower concentrations of bisulfite a proportional 
correlation will not be observed between the bisulfite 
dose and the rate of inactivation as well as that of 
mutation. 
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Communications to the Editor 

Stereochemical Nonrigidity in Seven-Coordinate 
Trihydridorhenium Complexes 

Sir: 

Although magnetic equivalence of ligand nuclei 
in seven-, eight-, and nine-coordinate complexes has 
often been attributed to fluxional behavior,1-7 only 
for the eight-coordinate complexes MH4[P(C6Hs)2-
CH3]4 and MH4[P(C6Hs)2C2Hs]4 (M = Mo, W)8* and 
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