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In order to study the reaction mechanism of RNase Rh from Rhizopus niveus, the rates of
cleavage of four 2,3-cyclic nucleotides by mutant enzymes of RNase Rh, H46F, H109F,
E105Q, and K108L were measured. H46F is virtually inactive towards cyclic nucleotides,
but H109F hydrolyzed these substrates at 0.7-4.5% of the rates of the native RNase Rh. The
other mutants hydrolyzed 2',3'-cyclic nucleotides at 15-20% of the rates of the native
enzyme. Relative enzymatic activities towards four cyclic nucleotides of H109F in the
hydrolysis reaction (2nd step) were much higher than in the transphosphorylation reaction
(the 1st step). In the presence of a 13-fold excess of uridine, H109F catalyzed the transphos-
phorylation reaction of 2,3-cyclic AMP (A>p) to ApU. However, this reaction was not
catalyzed by H46F mutant or native RNase Rh. These results showed that His46 is crucial
to the hydrolysis reaction, and to the reversed reaction of the transphosphorylation
reaction. We suggest that His46 in RNase Rh plays a major role in these reactions by acting
as a base catalyst to activate water and the 5-hydroxyl group of nucleosides, respectively.

Key words: base non-specific ribonuclease, histidine residue, mechanism of enzymatic
action, Rhizopus niveus, second step reaction.

Base non-specific acid RNases which cleave 3'-5' nucleo-
tidyl linkages of RNA, forming 2',3'-cyclic phosphates at
the 3'-terminal of the RNA, are widely distributed in living
creatures, such as viruses (1), bacteria (2, 3), fungi (4-8),
plants (9-15), protozoan (16), and animals (17-20). These
RNases (RNase T2 family enzymes) have protein moieties
with a molecular mass of about 24 kDa. The mechanism of
action of the RNases in this group has been studied mostly
for RNase Rh from Rhizopus niveus (21-29), RNase M
from AspergUlus saitoi (30, 31), and RNase T2 from A.
oryzae (32) and Nicotiana alata (33).

Kinetic and protein engineering studies on RNase Rh
have revealed that its active site consists of His46, HislO9,
HislO4 (22), GlulO5 (23), and LyslO8 (25). The former
two histidine residues function as general acid and base
catalysts in the transfer reaction of RNase Rh (the first step
reaction, Fig. 1) and HislO4 as a phosphate binding site,

1 This work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports and Culture of Japan.
2 To whom correspondence should be addressed.
Abbreviations and nomenclature: Pu>p, 2',3'-cyclic purine nucleo-
tide; Py>p, 2',3'-cyclic pyrimidine nucleotide; RNase Rh, base non-
specific and purine nucleotide-preferential RNase from Rhizopus
niveus; RNase RNAP Rh, RNase Rh with three extra amino acid
residues, Ala-Ser-Gly, at its N-terminus; X>p, 2',3'-cyclic nucleo-
tide (X is A, G, U, or C); XpY, dinucleoside phosphate which has X
and Y bases at the 5'- and 3'-side of the phosphate, respectively.
Nomenclature for mutant enzymes produced by site-directed muta-
genesis of RNase RNAP Rh: Mutant enzyme in which the amino acid
at the ith residue (X) is replaced by Y as a result of site-directed
mutagenesis is abbreviated as XfY. Thus, RNase Rh H46F is a mutant
RNase Rh in which the histidine residue at the 46th position has been
replaced by phenylalanine.

while the latter two facilitate catalysis, probably by stabi-
lizing the intermediate or polarizing the P=0 bond (23-25).
The results of X-ray crystallographic analysis of RNase Rh
and its 2'-AMP complex (28, 29) are consistent with the
results of the protein engineering studies. However, the
roles of these functional groups, in the hydrolysis reaction
(the 2nd step reaction) have not yet been studied. We
investigated the mode of action of histidine mutants, H46F
and H109F, a GlulO5 mutant and a LyslO8 mutant on the
rates of hydrolysis and the reverse of the transphospho-
rylation reaction (the first step reaction), the reaction of
2',3'-cyclic nucleotides (X>p) with nucleosides.3

MATERIALS AND METHODS

Substrates and Other Reagents—Dinucleoside phos-
phates (XpY) and 2',3'-cyclic nucleotides (X>p) used as
substrates were purchased from Sigma (St. Louis, MO).

Enzyme—RNase RNAP Rh, which is excreted by yeast
cells, was purified as described in the previous paper (21).
RNase RNAP Rh is known to have virtually the same
enzymatic properties as RNase Rh (21). The mutant RNase
RNAP Rh enzymes, H46F and H109F, were prepared as
described in a previous paper (22). RNase RNAP Rh
K108L and E105Q were prepared as described in previous
papers (Refs. 25 and 23', respectively).

Protein Concentration—Protein concentrations were
1 As already discussed in previous papers (22, 23, 25) we selected the
Phe mutant enzymes because Phe has a similar size to His, and has no
ionizable group. Similarly, to eliminate the effect of charge while
retaining a similar size, we used Gin and Leu to replace GlulO5 and
LyslO8 residues, respectively, in this work.
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determined spectrophotometrically based on the molar
absorbance calculated from the amino acid composition (4).

Enzyme Assay—(a) The rates of hydrolysis of dinu-
cleoside phosphates (XpY) were measured according to the
methods of Imazawa et al. (34) and of Witzel and Barnard
(35) by following the changes in absorbance during the
course of the reaction at 22'C. Changes in absorbance were
monitored with a Shimadzu UV200 spectrophotometer. (b)
Hydrolysis of 2',3'-cyclic pyrimidine nucleotide (Py>p)
was assayed by the methods of Richards (36) and Crook et
al. (37) at 22'C and in 0.1 M sodium acetate buffer (pH
5.0). The substrate concentrations used were 80-240 >̂ M.
The final enzyme concentration was 0.1-4//M. (c) The
rates of hydrolysis of 2',3'-cyclic purine nucleotides (Pu>
p) upon incubation with enzyme were evaluated by measur-
ing the amount of 3'-nucleotides formed on a Hewlett
Packard model 30CE capillary electrophoresis apparatus
with a 50 //mX50 cm capillary. The reaction mixture
consisted of 20//I of Pu>p (20-100 //M) in 0.1 M acetate
buffer (pH 5.5). To the reaction mixture, 1-2 /i\ of enzyme
(1-29 //M) was added and the mixture was incubated at
22*C for 10 min. Then 20 //I aliquots were withdrawn and
subjected to electrophoresis. Electrophoresis was perform-
ed at 50°C, 39 kV and 60//A; Pu>p and 3'-nucleotides
formed were detected under UV light at 210 nm.

Synthesis of ApU from A>p and Uridine by RNase Rh
and Its Mutant Enzymes—A reaction mixture consisting of
A > p (6.25 mM) and uridine (83 mM) in 0.1 M sodium
acetate buffer (pH 5.0) was incubated at 22*C. To this
solution (1 ml) was added about 5 fA of 24 //M RNase Rh or
a His mutant enzyme. The reaction mixture (200/^1) was
applied to Toyo Roshi No. 51A filter paper at the appropri-
ate time, and the paper was developed in a descending
fashion with the solvent system: 2-propanol, concentrated
NH,0H, and water ( 7 : 1 : 2 , v/v). The UV-absorbing zone
corresponding to ApU was cut out and eluted with distilled
water (5 ml). The extract was concentrated in vacuo to
dryness, and the residue was dissolved in acetate buffer (1
ml, pH 5.0). The amount of ApU was determined from the
UV change at 265 nm upon addition of a small amount of
RNase Rh (24//M) (34).

The Kinetic Constants—The K^ and Vma, values of
RNase RNAP Rh and its mutants were calculated from the
Lineweaver-Burk plots (38).

XpY ^

3'-Xp

Fig. 1. The scheme of the two-step ribonuclease reaction.

RESULTS

pH Profile of the RNase Rh Reaction with U>p as
Substrate—The pH profile of the RNase Rh reaction with
U > p is shown in Fig. 2. The profile is very similar to that
of UpU (substrate for the transphosphorylation reaction),
although the absolute Uo value is about 3 orders smaller.
The results in Fig. 2 show that histidine residues and a
glutamic acid residue are involved in the hydrolysis of U >
p, as in the case of UpU hydrolysis (24) (Fig. 2).

Kinetic Constants for Hydrolysis of X>p's by RNase Rh
and Its Mutant Enzymes—The rates of hydrolysis of Py >
p and Pu>p by RNase Rh and its two histidine mutants
(H46F and H109F), and by E105Q and K108L were
determined. The results are shown in Table I. The cleavage
reaction of Py>p was measured by spectrophotometric
methods according to Richards (36) and Crook et al. (37).
Spectrophotometric assays are not applicable to Pu>p.
Titrimetric assay with a pH stat is also unsuitable for acid
RNases, because of the very small increment in the ioniza-
ble group produced by hydrolysis of cyclic phosphates in the
acidic pH range, and we therefore selected capillary elec-
trophoresis to quantitate the increase in newly formed
3'-nucleotide or the decrease in Pu>p. The results are
shown in Table I. The Michaelis constants of RNase Rh for
X>p's are slightly larger than for XpYs (26). The VmBX

values of these substrates are about 0.01-0.7% of those of
the dinucleoside phosphates, depending, on the base in the
nucleosides.

The rates of cleavage of four X> p's by the two histidine

Fig. 2. pH-profile of the RNase Rh reaction with UpU and U >
p as substrates. O, UpU; • , U>p. Reaction conditions: substrate
concentration, 24 /xM; temperature, 22'C. Enzymatic activity was
measured spectrophotometrically as described in "MATERIALS
AND METHODS." Initial velocity (u,) is expressed in min"1.

TABLE I.

Rh
H46F
H109F
E105Q
K108L

Kinetic constants

Km

0.94

2.2

A > p

vw
31
n.d.

0.76

for RNase

33

0.34

Rh and several of its

1.2

2.1

G>p

8.2
n.d.
0.29

mutant towards four

VcWC K-
7.1 6.3

0.14 8.7
2.0
2.8

2',3'-cyclic nucleotides (X>p).
U>p

105
n.d.

1.1
6.7
9.7

Vn-x/X.
17

0.13
3.4
3.5

2.4

4.0
2.8
1.6

C>p

v™,
43
n.d.

3.3
8.0
8.0

19

0.84
2.9
4.9

n.d.: Not detected with a tenfold larger amount of H46F (4 //M) as compared with that of H109F (0.4 ̂ M). iC, Vm«, and
expressed as x 10* M, min"1, and min-'-M^xlO"4, respectively.

values are
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mutants, H46F and H109F, were measured, and these
results are also shown in Table I. H109F hydrolyzed X> p's
at rates of 0.7-4.5% of the native RNase Rh, as judged from
the Vmax/Ka values, but H46F hardly hydrolyzed the
substrates under the experimental conditions used. When
yeast RNA was used as the substrate, the ratio of specific
activity of H109F/RNase Rh measured by acid-soluble
nucleotides formed was 1 : 10,000 or less (22). However,
with X>p as the substrate, the ratio was 1/22-140. These
values indicated that the enzymatic activity of the hydroly-
sis reaction catalyzed by the H109F mutant remained
greater than that of the transphosphorylation reaction.
However, H46F was virtually inactive towards X>p.
These results seem to suggest that His46 is very important
in the hydrolysis reaction, but that HislO9 is not.

The mutant enzymes at putatively important functional
groups other than the two histidine in the transphosphor-
ylation, GlulO5 and LyslO8 mutants, displayed approxi-
mately 10-20% of the activity of the native RNase Rh.
Thus, these functional groups participated in the trans-
phosphorylation reaction, but were not crucial.

Synthesis of XpY by RNase Rh and Its His Mutants—
RNases such as bovine pancreatic RNase A can catalyze the
synthesis of XpY from X>p in the presence of excess
nucleosides (Y) (39, 40) by the reverse reaction of the
transphosphorylation reaction (Fig. 1). However, in the
case of RNase Rh, several trials to force the reverse
reaction, i.e., formation of XpY from X>p + Y, failed.
Since, as mentioned above, the H109F mutant has very
little activity in the transphosphorylation reaction and

20 (a)

10 o

3-Ap A>p U ApU A>p + U
+RNase Rh
H109F

2 4 6 24
Time (hr)

Fig. 3. Reverse-reaction of the 1st step reaction of RNase Rh
and its histidine mutants, (a) Paper chromatogram of the reaction
of A>p and uridine catalyzed by RNase Rh and H109F at pH 5.0 and
22'C. The dotted lines indicate the area used to quantitate ApU.
Reaction conditions are described in "MATERIALS AND METH-
ODS." (b) The time course of the reaction analyzed in terms of the
formation of ApU. Enzymes used were: A, RNase Rh; O, H46F; • ,
H109F.

retains some activity for the hydrolysis of X>p, we inves-
tigated the reverse reaction with the H109F and H46F
mutants. We incubated 6.25 mM A>p with excess uridine
(about 13-fold) in the presence of H109F or H46F. Aliquots
were subjected to paper chromatography at appropriate
intervals, and a typical chromatogram pattern of the
reaction mixture and the standard samples is shown in Fig.
3a. The amount of ApU formed was quantitated as de-
scribed in "MATERIALS AND METHODS," and the results
are shown in Fig. 3, a and b. Only the H109F mutant could
catalyze the synthesis of ApU, yielding 0.05% under these
experimental conditions. The reaction was maximum at
around 6-24 h at 25*C (Fig. 3). These findings suggested
that His46 and not HislO9 is crucial in the reverse trans-
phosphorylation reaction.

DISCUSSION

In the previous paper (22, 24), we reported that RNase Rh
catalyzes the hydrolysis of RNA by general acid-base
catalysis and we suggested that in the transphosphoryla-
tion, HislO9 plays the role of base catalyst and His46 that
of acid catalyst, based on the following evidence. The pi£,
values of His46 and HislO9 estimated by NMR were 6.7
and 6.3, respectively. Thus, at pH 5.0 and even at the
optimal pH, His 109 exists as a base to a greater degree than
His46. Chemical modification of RNase M, an analog of
RNase Rh, with iodoacetate at pH 5.0 occurs on both
histidine residues, His46 and HislO9 (RNase Rh number-
ing) , in a ratio of 45:55, so His 109 exists to a greater extent
as a base (30). X-Ray crystallographic analysis of RNase
Rh-2'-AMP complex (29) showed that the 2'-oxygen of the
ribose moiety is closer to HislO9. That means that in
transphosphorylation, Hisl09 activates the 2'-OH group as
a base catalyst.

The pH profile of U>p suggested that the His residues,
His46 and HislO9, and the GlulO5 of RNase Rh are
probably involved in the hydrolysis of X > p as well as the
cleavage of UpU. However, kinetic studies on several
mutant enzymes have shown that the H46F mutant loses
X>p hydrolyzing activity almost completely, while H109F
was 0.7-4.5% as active as the native RNase Rh. These
results as well as the finding that the synthesis of ApU is
catalyzed only by the H109F mutant indicate the impor-
tance of His46 for the reaction with the water molecule and
the 5'-hydroxyl group of nucleosides. This is the first
evidence for the crucial role of a histidine residue (His46).

As regards the role of His46 in hydrolysis reaction of
2',3'-cyclic nucleotides by RNase Rh and its H109F mutant
enzyme, there seem to be two possibilities: (i) His46 works
as an acid catalyst as in the case of transfer reaction, and
polarizes the P=O bond, then a water molecule or HOCH2-
attacks the P+-O~. However, H109F has no base catalyst to
activate the water and H0CH2- group, and it is unlikely
that neutral water or hydroxyl group of ribose would attack
P+-O~. In RNase Rh-d(ApC) complex, the H0CH2- group
of cytidine is very close to His46 (29), so protonation of
water and HOCH2- by His46 may occur. However, attack
on the polarized P atom by protonated water or the
hydroxyl group of ribose would be unlikely because of their
positive charge, (ii) His46 works as a base catalyst: There
is a small fraction of unprotonated His46, and this attacks
or activates water and H0CH2- of ribose, then the activat-
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X>p
(a)

(b)

H-0 H—-His109

H-0

0 5 -

H"""B buffer or other
functional group

Fig. 4. Possible routes of the 2nd step
RNase Rh reaction, (a) Major route for
RNase Rh; (b) Route for the H109F mutant
and minor route for RNase Rh. H--B repre-
sents a proton donated by the buffer or some
other functional group, such as LyslO8.

ed hydroxyl group attacks the P=0 group (polarized by
GlulO5 or LyslO8). The proton may be donated from H109
(protonated fraction of H109) in RNase Rh or from the
buffer or some other functional group in the case of H109F
as shown in Fig. 4. This mechanism is supported by the
results of X-ray crystallographic data of RNase Rh-d(ApC)
complex, and could explain, at least in part, the very slow
hydrolysis of 2',3'-cyclic nucleotide as compared to trans-
phosphorylation of dinucleoside phosphate, because only
the small fraction of base from (His46) is available for the
activation.

This reaction catalyzed by H109F seems to be very
unusual, because this mutant lacks the proton donor for
general acid-base catalysis (Fig. 4).

A similar example was reported by Bernfield (40) in the
case of RNase S protein. RNase S protein lacks the 21
N-terminal residues of RNase A, which include the Hisl2
residue important for the catalysis. RNase S-protein has
only Hisl l9 at its active site. The S-protein catalyzed the
synthesis of homooligonucleotides, such as UpU>p and
UpUpU > p, more efficiently than the hydrolysis of U > p,
when compared to native RNase A. This phenomenon
seemed to suggest that the reversed phosphorylation
reaction step is catalyzed mainly by Hisll9 (40).

Jackson et al. (41), on the other hand, synthesized RNase
A analogs in which His 12 and/or Hisll9 was replaced by a
4-fluorohistidine residue and then analyzed the pH-profile
of the cleavage of UpU and hydrolysis of U > p by these
analogs. They concluded that both histidine residues are
essential for the cleavage of UpU (transphosphorylation
reaction), but for the hydrolysis reaction, only Hisll9 is
crucial. In the latter reaction, Lys41 or buffer may donate
a proton to the 2'-hydroxyl group of ribose.

These results are very similar to those obtained for the
cleavage reaction or synthesis of ApU by RNase Rh RNAP
H109F reported here. However, since the rate of hydrolysis
of X > p by RNase Rh is several fold higher than that by
H109F, the hydrolysis should occur mainly via route A
shown in Fig. 4, though route B, in which the buffer or a
protonated side chain such as that of LyslO8 donates a
proton, may make a minor contribution.

The authors wish to thank Prof. K.T. Nakamura of Showa University,
and Prof. Y. Mitsui, Dr. T. Nonaka, and Mr. M. Hamashima of
Nagaoka University of Technology for information on the three-

dimensional structures of RNase RNAP Rh and its-2'-AMP complex.
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