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ABSTRACT: A ribonuclease TI  homologue, ribonuclease Ms (RNase Ms) from Aspergillus saitoi, has been 
crystallized as a complex with a substrate analogue GfpC where the 2’-hydroxyl(2’-OH) group of guanosine 
in guanylyL3’,5’-cytidine (GpC) is replaced by the 2’-fluorine (2’-F) atom to prevent transesterification. 
The crystal structure of the complex was solved at  1.8-A resolution to a final R-factor of 0.204. The role 
of His92 (RNase TI numbering) as the general acid catalyst was confirmed. Of the two alternative candidates 
for a general base to abstract a proton from the 2’-OH group, His40 and Glu58 were found close to the 
2’-F atom, making the decision between the two groups difficult. We then superposed the active site of 
the RNase Ms/GfpC complex with that of pancreatic ribonuclease S (RNase S) complexed with a substrate 
analogue UpcA, a phosphonate analogue of uridylyl-3’,5’-adenosine (UpA), and found that Hisl 2 and 
Hisl 19 of RNase A almost exactly coincided with Glu58 and His92, respectively, of RNase Ms. Similar 
superposition with a prokaryotic microbial ribonuclease, RNase St [Nakamura, K. T., Iwahashi, K., 
Yamamoto, Y., Iitaka, Y., Yoshida, N., & Mitsui, Y. (1982) Nature 299, 564-5661, also indicated Glu58 
as a general base. Thus the present comparative geometrical studies consistently favor, albeit indirectly, 
the traditional as well as the most recent notion [Steyaert, J., Hallenga, K., Wyns, L., & Stanssens, P. 
(1990) Biochemistry 29, 9064-90721 that Glu58, rather than His40, must be the general base catalyst in 
the intact enzymes of the RNase TI family. 

Ribonuclease Ms (RNase Ms; EC 3.1.4.23)’ from the 
fungus Aspergillus saitoi is a microbial eukaryotic RNase 
(Ohgi & Irie, 1975) and consists of a single polypeptide chain 
(M, 11 401) of 105 amino acid residues (Watanabe et al., 
1982) having two disulfide bridges. RNase Ms exhibits 65% 
amino acid sequence identity with ribonuclease TI (RNase 
TI; EC 3.1.27.3) from Aspergillus oryzae. Due to very high 
homology, the alignment between the RNase Ms and RNase 
T1 sequences is easy, as shown in Figure 1 of Nonaka et al. 
(1991) (minor corrections to this scheme will be given later 
in this paper). Hereafter, the TI numbering shown in italics 
(and in parentheses) will be used, when necessary, to facilitate 
comparison between RNases within the TI  subfamily or 
comparison with RNases of other families or subfamilies. 

This work was supported, in part, by the Ministry of Education, 
Science, and Culture. 

Crystallographic coordinates for ribonuclease Ms complexed with 
3’-guanylic acid have been deposited with the Brookhaven Protein Data 
Bank as entry lRMS and those for ribonuclease Ms complexed with a 
guanylyl-3’,5’-cytidine analogue as entry 1RDS. 
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RNase T1 is the leading member of a family of micrciie . 
RNases that cleave single-stranded RNA by a reaction 
mechanism involving formation of the intermediate 2’,3’-cyclic 
phosphate (the transesterification step) followed by hydrolysis 
to yield a terminal 3’-phosphate (Takahashi et al., 1967; 
Takahashi & Moore, 1982). The RNaseTl family of enzymes 
(consisting of RNases TI, Ms, and a few other closely related 
RNases) belongs to one ( a  smaller microbial RNase family 
having molecular weights of ca. 11 000) of the two major 
families covering all the known microbial RNAses of bacterial 
(prokaryotic) and fungal (eukaryotic) origins. The other 
family ( a  larger microbial RNase family having molecular 
weights of ca. 20 000) involves RNases Tz, M, Rh, and a few 
other closely related enzymes. The enzymes of the smaller 
microbial RNase family are mutually related by at least partial 
sequence and spatial homology (Hartley, 1980; Hill et al., 
1983). However, they are completely unrelated to the RNase 
A-type mammalian RNases (Richards & Wyckoff, 197 1) 
with respect to both primary and tertiary structures (Blackbum 
& Moore, 1982; Nakamura et al., 1982). The three- 
dimensional structure of smaller microbial RNases was first 
established for a prokaryotic enzyme, RNase St from 
Streptomyces erithreus (Yamamoto et al., 1981; Nakamura 
et al., 1982). Nakamura et al. (1982) called attention to the 
existence of at least three kinds of subfamilies (the TI,  bamase, 
and St families) among the smaller microbial RNase family. 
Since then, three-dimensional structures have been established 
for a few other smaller microbial RNases including RNase 
TI (Heinemann & Saenger, 1982; Sugio et al., 1985a,b), 
barnase (Mauguen et al., 1982), RNase Sa (Sevcik et al., 
1991), and RNase F1 (Vassylyev et al., 1993). The early 
concerted efforts to compare the five three-dimensional 
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structures of smaller microbial RNases have been described 
(Hill et al., 1983). Recently the first three-dimensional 
structures of larger microbial RNases have been established 
for RNase Rh from Rhizopus niueus (Kurihara et al., 1992), 
establishing that the enzymes of the larger microbial RNase 
family are related neither to the smaller microbial RNases 
nor to the RNase A-type mammalian RNases with respect 
to both primary and tertiary structures. 

The catalytic residues of smaller microbial RNases have 
long been a matter of controversy, as studied by various 
methods of chemical modification and NMR spectroscopy 
[see the literature cited in Arni et al. (1988) for history]. The 
targets of the controversy have been the identity of the general 
base and acid residues which respectively participate in the 
abstraction of a proton from the 2'-hydroxyl group of the 
substrate ribose and in the protonation of the 5l-oxy group of 
a leaving substrate. For RNases of the T1 family, Glu58 and 
His92 were respectively assigned as the base and acid catalysts 
on the basis of the three-dimensional structure of RNase TI 
(Heinemann & Saenger, 1982) in agreement with the earliest 
speculation based on extensive chemical modification studies 
(Takahashi et al., 1967; Takahashi, 1970). Recently, however, 
Nishikawa et al. (1987b) found that the His4OAla and 
His92Ala mutants of RNase TI are virtually inactive while 
the mutants in which Glu58 is replaced by Gln, Asp, or Ala 
retain considerable activity. On the basis of these observations, 
they proposed a new mechanism for the reaction catalyzed by 
RNase TI in which His40 (rather than Glu58) and His92 act 
as the base and acid catalysts, respectively. Crystallograph- 
ically it has been recognized that the decision between His40 
and Glu58 as the true base catalyst is not easy if it is attempted 
merely on the basis of the three-dimensional structures of 
RNase T1 in various liganded states [for example, see Arni 
et al. (1988)l. This difficulty is due to the fact that both the 
relevant imidazole ring and the carboxylate group are closely 
located to the proton-donating 2/-hydroxyl group. More 
recently, Steyaert et al. (1 990) confirmed the original mutation 
experiments of Nishikawa et al. (1987b) made for RNase TI. 
However, on the basis of a few other additional mutation 
experiments and extensive kinetic studies, they interpreted 
essentially the same observation in a different context: Glu58 
must be playing the role of a general base catalyst (as 
traditionally conceived) in the intact RNase TI, while His40 
takes at least part of that role (only) when Glu58 has been 
converted to other amino acid residues. 

In the present laboratory, RNase Ms (an RNase T1 
homologue) complexed with 3/-GMP was crystallized (Nonaka 
et al., 1989), and a preliminary report on the structure solution 
has appeared (Nonaka et al., 1991). Furthermore, in view of 
the fact that none of the ligands attached to RNase TI in a 
series of crystallographic studies have been good mimetics of 
the true substrate for the transesterification step, we have 
synthesized an analogue of guanylyL3/,5'-cytidine (GpC), 
GfpC, in which the 2'-hydroxyl group (2/-OH) of guanosine 
is replaced by a 2/-fluorine atom (2/-F) to prevent the 
transesterification step. In the hope that detailed examination 
of the geometrical environment of the 2/-F group bound to 
RNase Ms would provide a decisive clue as to the true base 
catalyst, we crystallized the RNase Ms/GfpC complex. Here 
we report on (1) a molecular replacement solution and 
refinement of the RNase Ms/GfpC complex and (2) further 
refinement of the structure of the RNase Ms/3/-GMP 
complex. Since even the above new approach to determine 
the base catalyst turned out to give inconclusive results, we 
then decided to compare, in three-dimensional space, the active 
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sites of the RNase Ms complexes with those of the enzymes 
of TI and St subfamilies of the smaller microbial RNase family 
and those of the mammalian RNase family. Each of the 
above comparisons exhibited a remarkable similarity between 
the two active sites with respect to both the enzyme active site 
and bound ligand structures. Taking advantage of the fact 
that the base and acid catalysts had almost been established 
for the latter two enzymes [RNase St (Nakamura et al., 1982) 
and RNase A (or S) (Richards & Wyckoff, 1971)], we were 
able to identify Glu57 (or Glu58 in RNase TI) rather than 
His39 (or His40 in RNase TI) as the most likely general base 
catalyst in the intact enzymes of the RNase T1 family, 
apparently in agreement with the recent notion put forward 
by Steyaert et al. (1990) (as cited above). 

EXPERIMENTAL PROCEDURES 

Materials. RNase Ms was prepared as described before 
(Watanabe et al., 1982). 3/-GMP was purchased from Sigma. 
GfpC (a 2'-fluor0 analogue of GpC) was synthesized by a 
procedure similar to that used for preparing GfpU (Ikehara 
& Imura, 1981). 

Crystallization. The RNase Ms/3'-GMP complex was 
crystallized as described before (Nonaka et al., 1989). A 
similar procedure was applied for preparing crystals of the 
RNase Ms/GfpC complex. The 3'-GMP complex crystals 
belong to a space group P212121 with unit cell dimensions of 
a = 47.0 A, b = 62.8 A, and c = 37.9 A. The GfpC complex 
crystals belong to the same space group with slightly different 
cell dimensions of a = 46.5 A, b = 60.6 A, and c = 35.0 A. 
The solvent contents of 3/-GMP complex crystals and GfpC 
complex crystals were 50% and 43%, respectively. 

X-ray Diffraction Data Acquisition. In order to improve 
the initial molecular replacement model of the 3'-GMP 
complex structure at 2.5 A resolution (Nonaka et al., 1991), 
a new data set was collected to 1.9-A resolution from one 
crystal using a Rigaku four-circle diffractometer modified as 
described earlier (Hirono et al., 1979). A total of 10 035 
reflections were collected with an Rmcrgc of 1 1.6% on observed 
structure amplitudes and reduced to 9223 unique reflections. 
The moderate quality of the diffraction data is most probably 
due to an unusually broad peak profile of the reflections, the 
average half-width along w being in the range of 0.2-0.3 deg. 
For collecting data from GfpC complex, a macromolecule- 
oriented Weissenberg camera devised by N. Sakabe (Sakabe, 
1983, 1991; Mitsui et al., 1993) installed at Beam Line 6Az 
of the Synchrotron Radiation Source at the National Lab- 
oratory for High Energy Physics (Tsukuba, Japan) was 
utilized. Two data sets were collected at about 20 OC from 
two crystals having the approximate dimensions of 1 .O mm 
X 0.3 mm X 0.25 mm, one with the a-axis and the other with 
the c-axis chosen as the rotation axis, using Fuji imaging plates 
(Miyahara et al., 1986). The conditions of data collection 
are summarized in Table I. The data sets were processed 
using the program package WEIS (Higashi, 1989) as fully 
described by Takeuchi et al. (1991). The total number of 
measured reflections from the two data sets was 23 821. The 
two data sets were merged to yield 7554 unique reflections. 
The overall merging R-factor (I 1 20.) was 6.45%, which is 
considerably better than the above-mentioned value (1 1.6%) 
for the 3'-GMP complex, most probably due to two-dimen- 
sional recording despite a considerably broad peak profile 
similar to the 3'-GMP complex. 

Refinement of the Structure of the RNase MsI3'-GMP 
Complex. The 2.5-A resolution model of the 3'-GMP complex 
(Nonaka et al., 1991) was the starting model. The restrained 
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Table I: Experimental Conditions of Weissenberg Data Collection 
for the RNase MsIGfDC Comdex Usinn Synchrotron Radiation’ 

~~ ~ ~ 

crystal 1 crystal 2 
rotation axis 0 E 

wavelength (A) 1 .oob 1.04 
nominal resolution limit (A) 1.73 1.80 
total number of Ipsc 6 6 
total exposure time (s) 540 540 

a The following common conditions were employed for both crystals 
1 and 2: collimator aperture = 0.2 X 0.2 mm, crystal-to-IP distance = 
430 mm, oscillation angle w/IP = 18.0°, o rotation/IP movement = 
2.Oo/mm, number of oscillations/IP = 5, o scan speed = 2.Oo/s. To 
save the beam time, we continued the measurement without resetting the 
wavelength adopted by the preceding users. e Fuji imaging plates (IP) 
were used in place of conventional X-ray films. 

least-squares refinement program PROLSQ (Hendrickson, 
1985) was used to refine the structure against 5863 independent 
reflections (141 3u) in the 6.0-1.9-A resolution range. The 
3’-GMP dictionary was prepared with the aid of the program 
CHARMm (Brooks et al., 1983). Water molecules were 
incorporated at places where the electron density in the (IF& 
IFcI) difference Fourier map exhibited round peaks higher than 
40.. The rather conservative criterion for identifying water 
molecules is due to the moderate quality of the present data 
(see X-ray Diffraction Data Acquisition section). At the 247th 
cycle, the peptide linkage Gly53-Thr54 automatically switched 
into the cis conformation. Similar automatic trans-cis 
conversion was also observed in an additional confirmative 
experiment employing X-PLOR (Briinger et al., 1987) despite 
the initial trans conformation with the much lower dihedral 
force constant imposed on the peptide linkage (Stewart et al., 
1990). In fact, the cis conformer for the Gly53-Thr54 peptide 
linkage, rather than the trans conformer, exhibited a better 
fit to the electron density map in each of the three RNase Ms 
complexes with 3’-GMP, GfpC, and 2’-GMP (unpublished 
work). 

Refinement of the Structure of the RNase MslGfpC 
Complex. For the structure determination of the GfpC 
complex, the 2.5-A resolution model of the 3’-GMP complex 
(Nonaka et al., 1991) served as the initial search model. Fast 
rotation functions (Crowther, 1972) were calculated for the 
rotation search. After the orientation of the search model 
was determined, a translation search was done using the 
program BRUTE (Fujinaga & Read, 1987). A total of 233 
cycles of restrained least-squares refinement was performed 
in the next stage as described above using 6838 independent 
reflections in the 6.0-1.8-A resolution range (14 1 3u). At 
the 176th cycle, another conformer of GfpC was incorporated 
following the method of Koepke et al. (1989) devised for 
dealing with alternativeconformations of G2’p5’G bound with 
RNase TI. The GfpC dictionary was prepared using the 
program CHARMm. 

RESULTS AND DISCUSSION 
Description of Enzyme Structure 

( i )  Quality and Accuracy of the Refined Models. The rms 
deviations from ideal bond lengths are 0.016 A for both the 
3’-GMP and GfpC complexes. When the R-factor values 
were examined as a function of scattering angle (Table 11), 
the expected coordinate errors were estimated to be ca. 0.20 
and 0.25 A for the 3’-GMP and GfpC complexes, respectively, 
following the methods of Luzzati (1952). Statistics related 
to B-factors are summarized in Table 111. As for the 
Ramachandran plot, we found that Phe49 and Serl04 in the 
3’-GMP complex and Serl04 in the GfpC complex are in a 

Table 11: Resolution Breakdown of the R-Factor 
RNase Ms/3’-GMP RNase M s / G f e  

resolution no. of shell no. of shell 
range (A) reflections R-factor reflections R-factor 
6.00-2.93 2082 0.160 1910 0.168 
2.93-2.37 1670 0.201 1680 0.215 
2.37-2.08 1242 0.21 1 1404 0.241 
2.08-1.90 869 0.242 1145 0.265 
1.9C1.80 699 0.295 
total 5863 0.185 6838 0.204 

conformationally forbidden area. Of the two apparently 
problematic residues, Ser 104 is adjacent to the C-terminus 
and slightly disordered in both crystal forms, while Phe49 in 
the 3’-GMP complex exhibits well-defined electron densities. 

( i i )  Cis Peptide Bonds. RNase Ms has two cis peptide 
bonds. One is a cis imide (Tyr37-Pro38) peptide bond and 
the other is a cis amide (Gly53-Thr54) bond. For the former 
peptide bond, cis peptide restraints were imposed during the 
refinement of both the complex structures because the 
corresponding Tyr38-Pro39 bond in RNase TI has been 
established to be in cis imide geometry (Ami et al., 1988). 

For the Gly53-Thr54 linkage, on the other hand, a trans 
peptide restraint (w = 180’) was initially imposed for the 
3’-GMP complex although the corresponding Ser54-Pro55 
bond in RNase TI was found to be cis imide. During the 
restrained least-squares refinement, however, the peptide bond 
spontaneously switched to a cis conformation. As shown in 
Figure 1, the pentapeptide Val5 1 (52)-Tyr55(56) segment, 
including the above cis amide bond, is in an extensively curved 
conformation. There is a hydrogen-bond interaction between 
Tyr55(56)0-H and Va151(52)C==O. Also, this highly bent 
region is stabilized by two hydrogen bonds, Tyr41(42)N- 
H.-Tyr55(56)C=0 and Asn80(81)ND2-H-*Ser52(53)C=O. 
These three hydrogen bonds are also observed in the structures 
of RNase TI complexes with 2’-GMP (Ami et al., 1988), 
G2’pSG (Koepke et al., 1989), and vanadate (Kostrewa et 
al., 1989). For this pentapeptide region, the rms deviation 
between the main chain of RNase Ms complexed with 3’- 
GMP and that of the RNase TI complexed with 2’-GMP is 
only 0.30 A. 

(iii) Secondary Structure Analyses. For assigning sec- 
ondary structure elements, we adopted the following criteria 
for hydrogen-bond assignments: (1) the hydrogen-acceptor 
distance is less than 2.60 A, (2) the donor-acceptor distance 
is less than 3.35 A, (3) the N-H-0 angle is more than loo’, 
(4) the C 4 . - H  angle is more than go’, and ( 5 )  the C=O--N 
angle is more than 1 00’ . By inspecting thus assigned hydrogen 
bonds and the values of 4, rC, angles, we have assigned a-helix 
and &sheets in the RNase Ms structure (Figure 2). 

There is only one a-helix with 4.7 helical turns (Serl4- 
Ser30). On the N- and C-terminal sides, respectively, of the 
a-helix, there are a two-stranded antiparallel @-sheet (81 and 
82) and a five-stranded antiparallel &sheet (83-67) (Figure 
2). Arni et al. (1988) designated the above two &sheets as 
“minorn and “major” sheets, respectively. 

(iu) Solvent Structure. The GfpC and 3’-GMP complexes 
respectively contain 32 and 25 water molecules, all of which 
have B-factors below 61 A2 and densities above 1 u in the final 
(21F01 - IFcl) exp(ia,) map. The number of water molecules 
identified is moderate due to a rather conservative criterion 
described in the Experimental Procedures. Among these, 18 
water molecules occupy mutually common positions within 1 
A deviation when all the protein non-hydrogen atoms are 
superposed by a least-squares method. The average B-factors 
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Table 111: Analysis of the &Factors 
RNaseMs/3’-GMP RNase Ms/GfpC 

no. of average standard no. of average standard 
atoms (A21 deviation (A2) atoms (A9 deviation (A*) 

~ 

overall 852 18.6 12.2 895 22.1 10.5 
protein 803 18.1 12.0 803 21.4 10.5 
main chain 420 17.7 11.2 420 20.4 9.6 
side chain 383 18.5 12.8 383 22.5 11.4 
ligand 24 25.2 10.2 60 29.2 6.4 

major conformep 40 27.5 5.9 
minor conformep 40 28.1 7.1 

water 25 29.1 14.5 32 25.9 8.8 
The moiety involving the 40 atoms of the GfpC ligand was assumed to be composed of one major and one minor conformer. 

5 

FIGURE 1: Stereo pair showing the conformation of the Va151-Tyr55 pentapeptide segment involving the Gly53-Thr54 cis peptide linkage 
as it appeared in the (p,J - IFcl) omit Fourier map of the RNase Ms/GfpC complex specifically prepared for this segment. The contour level 
is 2 . 5 ~ .  The hydrogen bond formed between V a l 5 1 C 4  and TyrSSO-H is shown by a broken line. 

and accessible surface area (Lee & Richards, 1971) of these 
common water molecules are smaller than those of noncommon 
water molecules. 

(v) Crystal Packing. Because the RNase Ms molecules 
are more densely packed in the GfpC complex crystals than 
in the 3/-GMP complex crystals as manifested by uniformly 
smaller cell dimensions of the RNase Ms/3‘-GMP complex 
(see Crystallization under Experimental Procedures), the 
number (N) of intermolecular contacts less than or equal to 
3.5 A is much larger in the GfpC complex (N = 50) than that 
in the 3’-GMP complex (N = 27). 

(vi) Comments on the Further Refined Structure of the 
3‘-GMP Complex. During the refinement, we found serious 
errors in the former interpretation (Nonaka et al., 1991) of 
solvent structure around the 3’-GMP ligand. We now conclude 
that the 3/-GMPsugar puckering is C2’-exo (P  = 332O) rather 
than C2/-endo (Figure 4, thin line). The glycosidic bond is 
syn with the x torsion angle (04’-Cl’-N9-C4) being 24.1O. 

(vii) Revision of the Amino Acid Sequence Alignment 
between RNases Ms and TI. After complete refinement of 
the 3/-GMP complex, we found it necessary to revise the old 
sequence alignment scheme [Watanabe et al. (1982); revised 
by Nonaka et al. (1991)l. The rms deviation between the 
superposed Ca-positions of RNase Ms and RNase TI (Ami 
et al., 1988) is 0.55 A, excluding the four N-terminalresidues. 
Significant deviation occurs only at the N-terminus except 
for a loop-out portion which indicates that the RNase TI 

sequence Gly34-Ser35-Asn36-Ser37, should be aligned with 
the RNase Ms sequence, Asp3 5-gap-gap-Asp36. 

(viii) Structure of the GfpC ligand. The GfpC molecule 
takes two alternative conformations starting from the phos- 
phate atom and ending at the 3/-terminus. The conformer 
lying closer to the protein surface is the major conformer 
(Figure 4, thick line) having an occupancy of 0.6 and an average 
B-factor of 27.5 A2. The minor conformer, as shown in Figure 
3, protrudes from the protein surface and has an occupancy 
of 0.4 and an average B-factor of 28.1 A2. The glycosidic 
bond conformations are syn ( x  = 47.3O), anti ( x  = -133.4O), 
and anti ( x  = 120.9O) for the guanosine, major conformer 
cytidine, and minor conformer cytidine, respectively. The 
sugar puckering modes are respectively C4/-exo (P = 49O), 
C1’-exo(P= 129°),andC2/-endo-C3/-exo(P= 175O).Since 
the electron densities for the two alternative cytosine bases 
are both clearly seen in the corresponding omit map (Figure 
3), the glycosidic bond conformations could be determined 
without ambiguity. It appears that the electron density for 
the minor conformer cytosine is clearly seen despite its 
protrusion into the solvent because of a hydrogen bond between 
N4 and 0 (CyslO2) of thesymmetrically contiguous molecule. 
The puckering modes of the cytidines, however, are only 
tentatively assigned because of the ambiguous electron density 
of the ribose moieties (Figure 3). 

The guanine base of GfpC is bound with RNase Ms through 
six strong hydrogen bonds and stacking interactions with the 
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39-41 

FIGURE 2: &Structures found in the RNase Ms/3’-GMP complex and the related hydrogen-bond geometries. For each N-H-0 hydrogen 
bond, the distance N--0 and the angle N-H--O are given. The disulfide linkages are indicated by thick lines. The @-bulges (Richardson et 
al., 1978) and &bridges (Kabsch & Sander, 1983) are encircled and designated as [a] through [ f l .  These can be classified as a “classic” &bulge 
([a] and [e]), a @-bridge ([b] and [ f l ) ,  a “Gl” &bulge ([c]) and a “wide” &bulge ([d]). 

FIGURE 3: (IF,,l- omit Fourier map for the GfpC molecule. The contour level is 2 . 5 ~ .  The symbols G and P designate the guanosine 
and phosphate moieties, respectively. The cytosine moieties appear as a superposition of one major (Cmj,) and one minor ( C h m )  conformer. 

phenol rings of Tyr41 and Tyr44 (Figure 4) in a similar way 
as the guanine base of 2’-GMP is bound with RNase TI (Ami 
et al., 1988). The cytosine base of the major conformer piles 

up on the stack of Phe99 and His91 (Figure 4) as found in 
the RNase Tl/G2’pSG complex (Koepke et al., 1989), is 
fixed by a weak hydrogen bond (N4-.Gly960) (Table IV), 
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I 

c Phe99 

ro38 

FIGURE 4: Superposition of the active site of the GfpC complex (thick lines) with that of the 3’-GMP complex (thin lines). The open letters 
G, P, and C designate the guanine base, the phosphate moiety, and the cytidine base (in the major conformer), respectively. 

Table IV: Possible Hydrogen Bonds and Some Other Close Contacts between GfpC and RNase Ms’ 

GfpC atomb protein or water atom 
(X Or X-H) (Y Or Y-H) 

angle (deg) hydrogen bond distance (A) 
X.-Y X-H or H-Y X***H-Y Or X-H...Y evaluation’ 

GNl-H OEl Glu45 2.90 1.95 155.3 5 
GN2-H OE2 Glu45 2.98 1.98 171.5 5 

0 Asp97 2.75 1.80 154.3 5 
GN2 OH-H Tyr44 3.28 3.67 59.5 
GO6 N-H Tyr44 2.82 1.85 170.9 5 

N-H ASP43 2.88 2.23 122.2 5 
N-H His42 3.49 3.15 102.0 

GN7 N-H His42 2.85 1.86 172.0 5 
GC8 OE 1 Glu 1 3.06 
GN9 OEl Gluld 3.32 
GC1’ OEl Glu 1 3.28 
GF2’ ND1 His39 3.08 
G04’ 05’-H GfpC 2.95 3.78 26.3 
OlPA OH-H T yr 3 7 2.68 3.49 28.5 

OH Tyr44 3.28 3.10 91.3 

OE 1 -H Glu57 2.82 2.31 111.9 W 
NH2-H Arg76 3.08 2.15 153.1 5 
NE-H Arg76 3.12 2.22 153.1 5 

02PA NE2-H His9 1 3.10 2.30 138.5 5 
C05’A NH2-H Arg76 3.16 2.35 136.7 W 

C04’A NH2-H Arg76 3.07 2.49 116.8 W 
C03’A 0 -H Watl35 3.15 2.39 136.5 W 
C02’A 0 - H  Wat135 3.08 2.32 136.7 W 
CN4A-H 0 Gly96 3.20 2.36 140.6 W 
OlPB OH-H Tyr37 2.56 3.10 48.3 

NH2-H Arg76 3.27 2.28 172.5 W 
02PB OEl-H Glu57 2.60 1.70 154.3 5 

NH-H Arg76 3.21 2.51 128.5 W 
C05’B NE2-H His9 1 2.73 1.98 132.7 5 
C03’B 0 - H  Wat135 2.82 1.87 173.9 5 
CN4B-H 0 cys 102‘ 3.10 2.20 148.5 5 

NE2-H His9 1 3.49 2.64 145.7 

NH2-H Arg76 3.44 2.71 130.0 

a Hydrogen atom positions were calculated by the program X-PLOR (Briinger & Karplus, 1988). Atomic name with “-HI means that the group 
was regarded as a hydrogen donor. The first character G, C, or 0 indicates the guanosine, cytidine, or phosphate moiety, respectively, while the last 
character A or B means that the atom belongs to the major or minor conformer, res . ‘ S means a strong hydrogen bond satisfying the following 
three criteria: donor-acceptor distance I 3.2 A, hydrogen-acceptor distance 5 2.3 i4TfCtiVeIy and donor-H-acceptor angle t 1 loo. W refers to weak hydrogen 
bond satisfying the following three criteria: donor-acceptor distance I 3.35 A, hydrogen-acceptor distance I 2.6 A, and donor-He-acceptor angle 
1 looo. Glul is derived from the symmetry-related (1 - x ,  -l/z + y, 3/z - z) adjacent molecule. e CyslO2 is derived from the symmetry-related (l/2 
+ x ,  ’/2 - y ,  2 - z) adjacent molecule. 

and is surrounded by the Gly73 and Asp97 residues. We 
may, therefore, reasonably conclude that Gly96, Glu73, and 
Asp97 are related to the ‘N1 subsite” (Lenz et al., 1991a) [or 
the “B2 subsite” according to the nomenclature of RNase A 
(Richards & Wyckoff, 197 1 )] . The ribose moiety of guanosine 

interacts with Glul of the symmetrically contiguous protein 
molecule, His39 and His9 1 (Table IV). The phosphatemoiety 
interacts with Glu57, Phe99, Tyr37, His91, and Arg76. The 
closecontacts of Phe99 with the phosphatemoiety may explain 
the specifically large chemical shifts observed for the aromatic 
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we must always take into account this conformation change 
of His39. 

(iv) Environment of the 2‘-Fluorine Atom as a Substitute 
for 2’-Hydroxyl Group. In the GfpC ligand utilized in the 
present study, the 2’-hydroxyl group (2’-OH) in the guanosine 
moiety is replaced by a fluorine atom (2’-F) to prohibit the 
transesterification step. It appears important to examine the 
geometrical environment of 2’-F to identify the residue playing 
the role of general base in the transesterification reaction. It 
turns out that the side chains of both His39(40) and Glu57- 
(58)arecloseto2’-F 3.08AforNDl ofHis39,3.57and3.59 
A for OE2 and OEl, respectively, of Glu57. However the 
line F-NDl forms an angle of 82’ with the imidazole ring 
of His39. Also, both the lines F-OEl and F-OE2 form 
angles of 65’ with the side-chain carbonyl plane of Glu57. 
Thus, all of the 2’-F-related contacts observed in the present 
GfpC complex are far from ideal hydrogen bonds in view of 
the angles made with the plane of the acceptor groups. 
Therefore, assigning His39(40) rather than Glu57(58) as the 
base catalyst cannot be justified simply because of its 
significantly shorter (by ca. 0.5 A as given above) NDl-gF 
distance. 

In the case of the RNase A/UVC complex, the 2’-0 atom 
is approximately in the same plane as the His12 imidazole 
ring. This structural feature would facilitate the extraction 
of a proton from the 2’-OH group by the imidazole ring. Here 
it should be noted that NZ of Lys41 is located closer to the 
2’-oxygen of UVC (2.76 A) than the imidazole nitrogen of 
His12 (3.00A). Thus, iftheidentificationofthe basecatalyst 
had been done solely on the basis of hydrogen-bonding 
geometry, the base catalyst in RNase A would have been 
wrongly assigned to Lys4 1. 

The above observations taken together with the realization 
that the replacement of 2’-OH with 2’-F is a serious 
perturbation of the environment with respect to both geometric 
and electronic differences between the two groups, we feel 
that deciding between His39(40) and Glu57(58) as the base 
catalyst in the transesterification step is not justified by simply 
examining the 2’-F environment. 

Comparison between Active-Site Structure of RNase Ms 
and Those of Other RNases 

( i )  Rationale. Given the inconclusive results as outlined 
above even after the structure of RNase Ms complexed with 
an apparently ideal substrate analogue, the 2’-fluoro analogue 
of a dinucleoside monophosphate, has been fully refined, we 
came to the point that the present active-site structures should 
be compared with those of other microbial and mammalian 
RNases for which a three-dimensional structure has been 
established. It seems reasonable to expect that at least some 
of them exhibit an active-site geometry similar to that of RNase 
Ms (as a member of the TI subfamily in the smaller microbial 
RNase family). The reasons for this expectation are the 
following: (1) the (3’-+5’) phosphate diester linkage of the 
RNA substrate is common to all the above RNases, (2) the 
reaction scheme with the 2’,3’-cyclic nucleotide phosphate as 
an intermediate is the same with all the above RNases, and 
thus (3) the disposition of the general base and acid catalysts 
(such as His12 and His119 of RNase A) relative to the 
substrate (analogue) molecule is likely to be similar among 
at least certain types of RNases with respect to both the 
distance and the orientation parameters, because the reaction 
catalyzed by a general base or acid catalyst is essentially a 
quantum chemical process and thus must be very sensitive to 
both their distance and orientation relative to the proton 
donating and accepting groups on the substrate. In contrast, 

protons of the equivalent residue, Phe100, in RNase T1 upon 
binding a series of ligands (Shimada & Inagaki, 1990). 

( ix)  Comparison between the 3’-GMPand GfpC Complexes. 
When global least-squares superposition is done for the two 
complexes, the rms deviation between the two complexes is 
1.03 A for 803 non-hydrogen protein atoms. Among these, 
69 atoms from 20 residues deviate by more than 1.0 A. 
However, when these 20 residues are excluded, the rms 
deviation for the residual 642 atoms is only 0.27 A. The 
conformation of His39(40) is very much different between 
the two complexes: the 4, $, XI, and x2 torsion angles are 
respectively -153’, 156’, 71’, and 76’ for the 3’-GMP 
complex and -121°, 149’, -158’, and -94O for the GfpC 
complex. The conformation change in the GfpC complex 
appears to be needed to avoid the short contacts between the 
2’4uorine atom of GfpC and CE1 or NE2 of His39. As a 
result of the swinging of the imidazole ring of His39 into the 
solvent region, the catalytic center in the GfpC complex is 
widely open, while in the 3’-GMP complex, the entrance to 
the catalytic center is half-shielded by the imidazole ring. It 
is noteworthy that His91(92) adopts virtually the same 
conformation in the two complexes. 

Identification of Acid and Base Catalysts 
( i )  Role of His91(92) as Acid Catalyst. In the GfpC 

complex, His91 (92) and Arg76(77) are in the vicinity of the 
5’-0 of the cytidine (Figure 4, thick line). Of these, Arg76- 
(77) cannot be the acid catalyst because of its high pKa value, 
although one of its guanidyl nitrogen atom is within hydrogen- 
bond distance of the 5’-0 atom (Table IV). The NE2 atom 
of His91(92), on the other hand, is toward one of the lone 
pairs of 5 ’ -0  and within (in the case of the minor conformer) 
or close to (in the case of the major conformer) hydrogen- 
bond distance (Table IV). Thus, as Ami et al. (1988) described 
for the equivalent residue His92 of RNase TI,  it is clear that 
His9 1 of RNase Ms is the acid catalyst in the transesterification 
step. 

( i i )  State of the Carboxylate Group of Glu57(58). In the 
GfpC complex, the carboxylate group of Glu57(58) is almost 
perfectly shielded from the solvent, the accessible surface area 
being zero. The carboxylate OEl appears to form strong 
hydrogen bonds with the non-ester oxygen atom (02P) of the 
phosphate in the GfpC complex (Table IV). Since the pH 
range for crystallization was 6.0-6.1, the GfpC phosphate 
should carry one negative charge and no hydrogen atoms. 
Thus the carboxylategroup of Glu75(58) must be protonated. 
A similar strong hydrogen bond was also observed in the 3’- 
GMPcomplex, which was alsocrystallized at pH 6.0 (Nonaka 
et al., 1989). A similar conclusion was drawn for the equivalent 
residue Glu58 in the RNase TI complexes with 2’-GMP (Ami 
et al., 1988) and with G2’pSG (Koepke et al., 1989). In fact, 
Iida and Ooi (1969) pointed out that the pKa of a carboxylate 
group (presumably Glu58) in RNase T1 shifts from 4.9 to 7.8 
upon binding 2’-GMP. 

(iii) n o  Conformations of His39(40). In the RNase Ms/ 
GfpC complex, the side chain of His39(40) is swung to the 
opposite direction from that in the RNase Ms/3’-GMP 
complex (Figure 4). This alternative conformation of the 
histidine side chain has never been reported for RNase TI 
complexed with various ligands. It is intriguing to speculate 
that the present RNase Ms/GfpC complex structure reflects 
the structure in the initial stage of catalytic reaction and the 
RNase Ms/3’-GMP may be the structure which appears 
immediately before and/or after the reaction. Thus, to 
determine whether the true general base is Glu57 or His39, 
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such strict geometrical requirements will not be imposed on 
other kinds of active-site amino acid residues whose roles are 
either a mere electrostatic stabilization of substrates, reaction 
intermediates or products (such as Lys41 of RNase A most 
probably stabilizing the pentacovalent intermediate), or a mere 
building block to constitute appropriate binding sites. 

Fortunately, for the mammalian RNases (represented by 
RNase A or its modified form RNase S), the general base and 
acid catalysts have long been established as His 12 and His1 19, 
respectively (Richards & Wyckoff, 1971). Moreover, in the 
case of RNase St (Yamamaoto et al., 1981) representing the 
St subfamily of a smaller microbial RNase family, the His9 1 
and Glu61 pair is the most likely catalytic pair according to 
chemical modification studies (Ohgi et al., 1981) and con- 
sideration of the three-dimensional structure. Here it should 
be emphasized that the only other histidine residue, His60, 
in the entire RNase St sequence cannot be the catalyst, because 
the imidazole ring is oriented away from the active site 
(Nakamura et al., 1982). Furthermore thesequencealignment 
between RNases St and T1 clearly indicates that the His91, 
Glu61 pair of RNase St is evolutionarily equivalent to the 
His92, Glu58 pair of RNase T1 (Nakamura et al., 1982). 
With these points in mind, we performed structural compar- 
isons as outlined in the following three sections. For this 
purpose, we used the coordinates of the RNase T1/2’-GMP 
complex (Ami et al., 1988), the RNase St complex with a 
sulfate anion bound to the active site [the RNase %/Sod2- 
complex (Nakamura et al., 1982)], the RNase A complex 
with a transition-state analogue, UVC [the RNase A/UVC 
complex (Borah et al., 1985)], and the RNase S complex with 
a phosphonate analogue of uridylyl-3’,5’-adenosine (UpA), 
UpcA [the RNase S/UpcA complex (Richards & Wyckoff, 
1973)l. The conclusion of the comparative studies will be 
given in the final section. 

(i i)  RNase Ms us RNase TI .  Figure 5a shows a least- 
squares superposition of the RNase Ms/3‘-GMP complex and 
the RNase T1/2’-GMP complex. The superposition was done 
using all the C a  atoms except for three N-terminal and two 
C-terminal atoms (99 C a  atoms in total) resulting in therms 
deviation of 0.55 A. As seen, the disposition of His39(40), 
Glu57(58), and His9 l(92) is almost perfectly conserved. Thus 
it is clear that RNase Ms and RNase TI (both belonging to 
the TI subfamily of a smaller microbial RNase family) share 
a common catalytic geometry. The present observation also 
indicates that, most probably, the crystal packing does not 
affect the catalytic geometry to such an extent as to spoil the 
quantitative comparisons outlined below, since the mode of 
crystal packing is completely different between the RNase TI  
and RNase Ms crystals: in the RNase T1 crystal, the major 
sites of intermolecular interaction are the two regions, one 
involving residues I, 2,7,9,10, and 63 and the other involving 
residues 45, 46, 92, 94, 95, 96, 97, and 100, whereas in the 
RNase Ms crystal, there are four regions, the first involving 
residue 41, the second involving residues I5 and 65, the third 
involving residues 32,34, and 69, and the last involving residues 
13,17,20, and 86. Furthermore, there are indications showing 
that the extent of dynamic fluctuation of these RNase 
molecules (in solution) may not be so large as to spoil the 
conclusion obtained from the quantitative comparisons de- 
scribed below. Thus, molecular dynamics calculations on 
RNase T1/2’-GMP complex (Hirono & Kollman, 1990) 
ihowedan rms deviation of only 0.9 A from the X-ray structure. 
learly, moredetailed computational studies on various RNase 
active sites are necessary to solidify the above argument since 
there is an indication that certain side-chain atoms can deviate 
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from the X-ray structure in a much more conspicuous way 
(Hirono & Kollman, 1990). 

Another important structural feature exhibited by Figure 
5a is that the mode of specific interaction between the guanine 
base and the enzyme active site through six hydrogen bonds 
(Table IV) is exactly the same between the two enzymes. This 
is a rather surprising feature in view of the fact that RNase 
Ms can hydrolyze a series of dinucleoside monophosphate 
substrates, ApX, where X is A, G, C, or U, as well as the 
corresponding series of substrates, GpX, although the rate as 
measured by V,, is ca. 280-1300-fold (depending on X) 
slower for the adenosine-containing substrates (Irie & Ohgi, 
1976). In contrast, RNase T1 is known to be virtually GpX 
specific. The above contrast in substrate specificity between 
RNase T1 and RNase Ms has recently been reconfirmed by 
an independent study using 32P-labeled GpC and ApC 
substrates (Nishikawa et al., 1987a). Clearly some of the 
hydrogen-bond interactions between the guanine base and 
the enzyme active sites cannot be realized when the base moiety 
is replaced by an adenine base. Thus the structural origin of 
the additional activity (albeit very weak) of RNase Ms for the 
adenosine-containing substrates is not clear. Further crys- 
tallographic studies aiming at finding the possible alternative 
binding mode for the adenosine-containing substrates would 
be necessary for clarifying this point. It should be recalled 
here that a classical example of such an apparent conflict 
between the crystal structure and the additional weaksubstrate 
specificity exists in the case of pancreatic RNase A (or S) as 
well. Thus, despite the well-known pyrimidine specificity (as 
a B1 base) and an apparently perfectly consistent crystal 
structure observed for a series of RNase S/ligand complexes 
(Richards & Wyckoff, 1971), it is also known that RNase A 
(or S) can definitely hydrolyze poly(A), although much more 
slowly (Beers, 1960; Imura et al., 1965). 

(iii) RNase Ms us RNase St.  Figure 5b shows a least- 
squares superposition of the RNase Ms/GfpC complex (MS) 
and the RNase St/S042- complex (ST). The superposition 
was done using the 20 Ca atoms on the major @-sheet selected 
on the basis of good correspondence between the two structures. 
The rms deviation was 0.58 A. As seen, His39(40), Glu57- 
(58), Arg76(77), and His91(92) of RNase Ms correspond to 
Thr42, Glu61, Arg76, and His91 of Rnase St, respectively. 
Moreover, the phosphate group in the RNase Ms complex is 
almost exactly superposed on the sulfate anion in the RNase 
St complex. Thus, in agreement with the conclusion based 
on mere sequence alignment, the most likely catalytic pair 
(Glu61 and His91) in RNase St corresponds to the Glu57- 
(58) [rather than His39(40)] and His91(92) pair of RNase 
Ms. Apart from the above residues, moreover, similarity seems 
to exist in the active-site geometry. For example, Phe99- 
(MS) and Tyr37(MS) respectively occupy positions similar 
to those of Tyr92(ST) and Arg72(ST). 

(iu) RNase Ms us RNase A (or S) .  Since there is no 
homology in the overall chain-folding topology between the 
microbial ribonuclease, RNase Ms, and mammalian pancre- 
atic ribonuclease, RNase A (or S), the superpositions were 
done using the bound ligands as the reference frame. For the 
superposition of the RNase Ms/GfpC complex (MS) and the 
RNase A/UVC complex (A), the first least-squares super- 
position was done using the following 14 atom pairs: N1 of 
uracil (A) and N9 of guanine (MS), nine atom pairs between 
the corresponding ribose atoms, and four atom pairs between 
the corresponding atoms in the vanadate (A) and phosphate 
(MS) moieties. The second superposition was done excluding 
the following five atom pairs which deviated by more than 1 .O 
A in the first superposition step: 2’-0 (A) and 2’-F (MS), the 
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Lys41 Lys41 
FIGURE 5 :  Superposition of the active sites of RNase Ms complexes with those of mammalian ribonucleases (RNase A and RNase S) and 
(smaller) microbial ribonucleases (RNase TI and RNase St) in various liganded states. (a) RNase Ms/3’-GMP complex (bold lines) vs RNase 
TI/2’-GMP complex (thin lines). Strong hydrogen bonds as assigned by the described method (see Table IV, footnote c)  are shown by broken 
lines. (b) RNase Ms/GfpC complex (bold lines) vs RNase St/S0d2- complex (thin lines, italic residue identification). (c) RNase Ms/GfpC 
complex (bold lines) vs RNase A/UVC complex (thin lines, italic residue identification). (d) RNase Ms/GfpC complex (bold lines) vs RNase 
S/UpcA complex (thin lines, italic residue identification). In (a) and (b) the amino acid residues of RNase Ms are labeled only by RNase 
Ms numbering, while in (c) and (d), they are followed by italic RNase TI numbering shown in parentheses. 
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corresponding 5’-C atoms and 3’-0 atoms, 03V (A) and 0 2 P  
(MS), andOlV(A) and01P (MS). Thesecondsuperposition 
yielded the rms deviation of 0.59 A and the result is shown 
in Figure 5c. This shows that (1) among the three candidates 
for the catalytic residues of RNase Ms, the side chains of 
Glu57(58) and His91(92) are respectively closely located to 
the imidazole rings of Hisl 2 (established as the base catalyst) 
and Hisl 19 (established as the acidic catalyst) of RNase A, 
(2) the imidazolering of His39(40) lies between the side chains 
of Lys41 and Asn44 in RNase A, ND1 of His39(MS) being 
adjacent to both NZ of Lys41 (A) and OD1 of Asn44 (A), 
(3) the cytosine base of the GfpC ligand bound to RNase Ms 
apparently nicely fit to the B2 pocket (Richards & Wyckoff, 
1971) of RNase A, which is formed by the side chains of 
Asn67, Gln69, Asn71, and Glul l l ,  and moreover (4) the 
residual portion of the GfpC ligand gives rise to no serious 
atomic collision with the surface of RNase A except for the 
six-membered ring portion of the guanine base. The above 
exception is understandable since the B1 pocket of RNase A 
is known to be pyrimidine specific. 

The intriguing observations 1-4 described above prompted 
us to compare the RNase Ms/GfpC structure with that of a 
dinucleoside monophosphate complex of pancreatic RNase. 
The superposition between the RNase Ms/GfpC complex 
(MS) and the RNase S/UpcA complex (S) was initially done 
in a way similar to that described above. The final least- 
squares superposition was done using the following 18 atom 
pairs: N1 of uracil (S) and N9 of guanine (MS); five ribose 
atom pairs of uridine (S) and guanosine (MS) moieties, 
excluding the largely deviating S-C atom; five phosphate atom 
pairs; five ribose atom pairs of adenosine (S) and cytidine 
(MS), excluding largely deviating 2/-0, 3’4, and 3/-0; and 
N9 of adenine (S) and N l  of cytosine (MS). [The coordinates 
for the 5 ’ -0  of uridine were not found in the list of Richards 
& Wyckoff (1973).] The final superposition yielded an rms 
deviation of 0.52 A and the result is shown in Figure 5d. As 
seen, the side chains of Glu57(58) and His91(92) in RNase 
Ms almost exactly overlap the imidazole rings of His12 
(established as the base catalyst) and Hisl 19 (established as 
the acid catalyst), respectively. Again the imidazole ring of 
His39(40) in RNase Ms lies between the side chains of Lys41 
and Asn44, as in the above comparison with the RNase 
A/UVC complex. 

(v )  More Quantitative Comparisons between the Active- 
Site Geometries of Mammalian RNases and Those of TI 
Subfamily RNases. For this purpose, we defined group I 
RNases and group I1 RNases as follows. The group I RNases 
contain mammalian pancreatic RNase A, its modified form 
RNase S (Richards & Wyckoff, 1971), and a glycosylated 
form, RNase B. The group I1 RNases contain RNase TI and 
highly homologous RNase Ms and RNase F1 (Vassylyev et 
al., 1993), all of which belong to the TI subfamily of the 
smaller microbial RNase family. In addition, we included a 
microbial ribonuclease RNase Rh from R. niveus to Group 
I. RNase Rh belongs to the larger microbial RNase family 
(see introduction) and has a unique chain-folding topology 
distinct from both smaller microbial RNases and mammalian 
RNases (Kurihara et al., 1992). However the disposition of 
the potential catalytic pair (His46 and Hisl09) in RNase Rh 
(Ohgiet al., 1992) isverysimilar to that OfmammalianRNases 
(Kurihara, 1991; Kurihara et al., 1992). 

In Figure 6, the “potential catalytic groups” A, B, and C 
are introduced and the identity of the actual amino acid residue 
assigned to each group is listed in Table V. It should be 
noticed here that the functional assignment of the groups A, 
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Interatomic distance (A) 
FIGURE 6: Statistics on the mutual distances of potential catalytic 
groups. Mutual distances have been calculated for the “relevant 
atoms’ of the three Ypotential catalytic groups” A, B, and C, which 
are respectively the acid catalyst, the base catalyst, and cationic 
stabilizer as defined in Table V. For a His residue, either ND1 or 
NE2 [whichever is closer to the relevant atoms (5’-0 or 2’-0) of the 
substrate analogues] was chosen as the relevant atom, while for a 
Glu residue, either OEl or OE2 [whichever is closer to the relevant 
atom (2’-0) of the substrate analogues] was chosen a8 the relevant 
atom. For a Lys residue, NZ was chosen. The intergroup distances, 
A-B, Bc, and A-C were separately averaged for Group I and Group 
I1 RNases (see text for definition). For each intergroup distance for 
each RNase group, a bar representing 1 u deviation from the average 
value (solid circle) is shown. The calculations are based on either 
the coordinates deposited in the Protein Data Bank (Bemstein et al., 
1977; code numbers in parentheses) or those derived in the present 
laboratory as shwon below. Group I: RNase Rh (Kurihara et al., 
1992); RNase A [Howlin et al., 1989 (3RN3); Aguilar et al., 1992 
(lRNC, lRND);Martinetal., 1987 (ISRN); Wlodaweretal., 1986 
(5RSA); Borah et al., 1985 (6RSA); Wlodawer et al., 1988 (7RSA); 
Nachman et al., 1990 (8RSA, 9RSA); Tilton et al., 1992 (1RAT - 
9RAT); Weber et al., 1985 (lRSM)]; RNase S [Fletterick & 
Wyckoff, 1975 (1RNS); Kim et al., 1992 (2RNS); Varadarajan & 
Richards, 1992 (1RBC - 1RBI); Richards & Wyckoff, 1973 (UpcA 
complex)]; RNase B [Williams et al., 1987 (lRBB)]. Group 11: 
RNase TI [Amie et al., 1988 (1RNT); Koepke et al., 1989 (2RNT); 
Kostrewa et al., 1989 (3RNT); Koellner et al., 1992 (4RNT); Lenz 
et al., 1991b (5RNT); Ding et al., 1991 (6RNT); Koellner et al., 
1991 (7RNT); Ding et al., 1992 (8RNT); Oyanedel et al., 1991 
(9RNT);Granzinet al., 1992 (lRGL);Zegersetal., 1992 (ZAAD)]; 
RNase Ms (present study (lRMS, 1RDS) and unpublished work 
(2’-GMP complex)]. As for lRNT, SRNT, and ZAAD, His92CEl 
atoms were chosen as the relevant atom instead of His92NE2 atom, 
because the CE1 atoms occupy the same positions as His92NE2 
atoms of other (ZRNT, 3RNT, 4RNT. 6RNT, 7RNT, 8RNT. BRNT, 
and 1RGL) RNase TI molecules. 

B, and C as the “acid catalyst”, “base catalyst”, and “cationic 
stabilizer” is based on many lines of established facts in the 
case of group I RNases (except for RNase Rh), but for group 
I1 RNases, the assignment as proposed in Table V is only the 
consequence of the following statistical considerations. In 
other words, at the beginning, the functions of the groups A, 
B, and C were regarded as unknown for group I1 RNases. 

Examining the statistics for group I RNases (upper half of 
Figure6), wenote that thedistance A-B [thedistancebetween 
the acid catalyst (e.g., His119 in RNase A) and the base 
catalyst (e.&, His12 in RNase A); see the legend to Figure 
6 for detailed definition] has an average value of ca. 6.5 A 
with very small dispersion (ca. 0.3 A), while the other pairs 
A-C and B-C involving group C (cationic stabilizer, e.g., 
Lys4l in RNase A) respectively give significantly smaller 
(ca. 5.3 A) and larger (ca. 8.7 A) average values with much 
larger dispersion (ca. 1.4 and 1.2 A, respectively). The much 
smaller dispersion of the A-B distance is easy to understand 
considering the geometrical precision required by the quantum 
chemical procedures exerted by the acid and base catalysts 
(see Rationale above). 

When we turn to the statistics for group I1 RNases (lower 
half of Figure 6), we note that the pair A-B exhibits 
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Table V: Structurally Conserved Residues in the Catalytic Centers of Various Ribonucleases 
~~ ~ ~~ 

region' symbolb RNase A RNase Rhe RNase TI RNase Ms bamasd RNase St 

1 A His119 His46 His92 His91 His102 His9 1 
2 B His 12 His 109 Glu58 Glu57 Glu73 Glu61 
3 C Lys4 1 Lys 108 Lys27 
3 C His40 His39 
3 Asn44 Asp54 Thr42 
4 Glnl 1 Glu105 Arg77 Arg76 ? Arg16 
5 Lys7 His104 Tyr38 Tyr37 ? Arg72 
6 PhelOO Phe99 ? Tyr92 
6 Phel2O Trp49 
6 Tyr42 Tyr4 1 ? Phe44 

a Each region represents an approximately equivalent three-dimensional region in the active-site superpositions. Each of these symbols implies a 
functionally equivalent group of residues (see text). The same symbols are also used in Figure 6. Temporary assignments (Kurihara, 1991; Kurihara 
et al., 1992; Ohgi et al., 1992). dThis superposition was done by Steyaert et al. (1990). 

significantly smaller dispersion (ca. 0.7 A) and an average 
value (ca. 5.9 A) closest to the A-B distance (ca. 6.5 A) of 
group I RNases. The other pairs B-C and A-C exhibit much 
moredeviated averagevalues (ca. 4.2 and 8.2 A, respectively) 
and much larger dispersion (ca. 0.9 and 1.0 A, respectively). 
Thus it appears most likely that the pair A-B in group I1 
RNases also represents the acid-base catalytic pair. Moreover, 
among His92 and Glu58 (of RNase TI) constituting the A-B 
pair, His92 has already been established as the acid catalyst 
[see Role of His91(92) as Acid Catalyst above]. Therefore, 
here again, it is very tempting to conclude that the base catalyst 
must be Glu58 (rather than Hislo) in RNase TI [or Glu57 
(rather than His39) in RNase Ms] in agreement with the 
previous conclusion [see RNase Ms vs RNase A (or S) above]. 
It might be argued that the above considerations can be 
irrelevant because they are solely based on the static crystal 
structures, which may be significantly distorted through crystal 
packing interactions. Such a possible argument, however, is 
most probably irrelevant as indicated through crystal packing 
comparisons and molecular dynamics calculations carried out 
for RNase TI and RNase Ms systems (see RNase Msvs RNase 
TI above). 

(vi)  Other Comparisons, Further Evolutionary Consid- 
erations, and Final Comments. Apart from the above four 
kinds of active-site comparison, Steyaert et al. (1990) 
superimposed the active site of RNase TI with that of barnase, 
a prokaryotic microbial RNase from Bacillus amylolique- 
faciens. In the present classification scheme (see introduction), 
barnase is the leading member of the barnase subfamily of the 
smaller microbial RNase family. The three-dimensional 
structure was solved by Mauguen et al. (1982). On the basis 
of this structure, Steyaert et al. (1990) found that Glu73 and 
His 102 of barnase are respectively the functional analogues 
of Glu58 and His92 in RNase TI. This conclusion is 
incorporated in Table V. As in the case of RNase St (see 
RNase Ms vs RNase St), the only other histidine residue in 
the entire barnase molecule, Hisl8, cannot be the catalytic 
residue of any function, the imidazole ring being located far 
from the active site. Indeed, in another enzyme of the barnase 
subfamily, RNase Bi from Bacillus intermedius (having 80% 
sequence identity with barnase), His18 is replaced by lysine. 
Itshould bestressed here that,inRNaseBi,HislOl (equivalent 
to His102 of barnase) is the only histidine residue in the entire 
sequence of RNase Bi. In considering a similar argument on 
RNase St (given in RNase Ms vs RNase St above), it can be 
argued, from geometrical considerations alone, that the base 
and acid catalytic pair cannot be His-His, at least in the 
RNase St and barnase subfamilies of the smaller microbial 
RNase family. Indeed detailed enzyme kinetic studies have 
indicated the pairs Glu73, His102 and Glu58, His92 as the 
base, acid catalytic pairs for barnase (Mossakowska et al., 

1989) and (intact) RNase TI (Steyaert et al., 1990), 
respectively. 

The sequence alignment of smaller microbial RNases (Hill 
et al., 1983) shows that Glu58 and His92 (of RNase TI) are 
conserved throughout all the smaller microbial RNases, but 
His40 (of RNase TI) is conserved only among the eukaryotic 
enzymes of the RNase TI subfamily (RNases TI, Ms, F1, U2, 
and C2), the corresponding residues in RNases St (belonging 
to the St subfamily), barnase, and RNase Bi (both belonging 
to the barnase subfamily) being Thr, Asp, and Asp, respec- 
tively. Here it should be noticed that the RNases of the St 
and barnase subfamilies are of prokaryotic origin [see Table 
I of Hill et al. (1983)l. Therefore, using such a classification, 
it can be argued that, in eukaryotic smaller microbial RNases, 
both His40 and Glu58 (of RNase TI) are the possible base 
catalysts (forming either a His-His or a Glu-His catalytic 
pair), while in prokaryotic smaller microbial RNases, only 
the glutamic residue corresponding to Glu58 of RNase TI can 
be the base catalyst (forming a Glu-His catalytic pair). In 
this respect, it is evolutionarily not unreasonable to interpret, 
as Nishikawa et al. (1987b) did, the results of the mutation 
experiments on RNase TI (see introduction) as indicating a 
His4bHis92 catalytic pair in the limited kingdom of eu- 
karyotic smaller microbial RNases. The existence of an almost 
established His1 2-His119 catalytic pair in mammalian pan- 
creatic RNases (Richards & Wyckoff, 1971) may well be a 
strong chemical support for the His-His catalytic pair in 
certain microbial RNases. 

However, the detailed comparison of the three-dimensional 
structures of various RNase active sites as outlined above 
consistently favors the Glu-His catalytic pair even in the 
enzymes of the eukaryotic smaller microbial RNase family. 
Detailed examination of the kinetic parameters for intact (wild- 
type) RNase TI  and a series of mutated RNase TI (Steyaert 
et al., 1990) also supported the Glu-His catalytic pair in the 
intact RNase TI. Then how can the apparently unusual results 
of the mutation experiments on RNase TI (Nishikawa et al., 
1987b; Steyaert et al., 1990; see introduction) be interpreted? 
The present authors have no unique mechanistic idea as to 
this question. However, we feel that the idea that His40 plays 
the role of the base catalyst in the absence of Glu58 (Steyaert 
et al., 1990) is at least structurally reasonable and appears to 
be based on sufficient enzyme kinetic evidence. It is intriguing 
to note that, if this were the case, it means that even such a 
small enzyme as RNase TI retains a flexibility, apparently to 
guard against perturbations imposed from outside. Such 
flexibility seems to be one of the characteristics of biological 
(as opposed to mechanical) systems. Finally we would like 
to stress that the three-dimensional structure of a mutated 
RNase TI (or its homologue) in which Glu58 (but not HMO) 
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