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ABSTRACT: Glu58 is known to participate in phosphodiester transesterification catalyzed by the enzyme 
RNase T1. For Glu58 RNase T1, an altered mechanism has been proposed in which His40 replaces Glu58 
as the base catalyst [Steyaert, J., Hallenga, K., Wyns, L., & Stanssens, P. (1990) Biochemistry 29,9064- 
90721. Glu58Ala Rnase T1 has been cocrystallized with guanosine 2’-monophosphate (2’-GMP). The 
crystals are of space group P21, with one molecule per asymmetric unit (a  = 32.44 A, b = 49.64 A, c = 
26.09 A, (3 = 99.17O). The three-dimensional structure of the enzyme was determined to a nominal resolution 
of 1.9 A, yielding a crystallographic R factor of 0.1 78 for all X-ray data. Comparison of this structure 
with wild-type structures leads to the following conclusions. The minor changes apparent in the tertiary 
structure can be explained by either the mutation of Glu58 or by the change in the space group. In the 
active site, the extra space available through the mutation of Glu58 is occupied by the phosphate group 
(after a reorientation) and by a solvent molecule replacing a carboxylate oxygen of Glu58. This solvent 
molecule is a candidate for participation in the altered mechanism of this mutant enzyme. Following up 
on a study of conserved water sites in RNase T1 crystallized in space group P212121 [Malin, R., Zielenkiewicz, 
P., & Saenger, W. (1991) J. Mol. Biol. 266,484848521, we investigated the hydration structure for four 
different packing modes of RNase T1. Several of the water molecules as well as the cation binding site 
that are conserved in space group P212121 are absent in structures in other space groups. 

Ribonuclease T1 (RNase T1,l EC 3.1.27.3) of the slime 
mould Aspergillus oryzae is the best known representative of 
a large family of microbial ribonucleases (Hill et al., 1983). 
It depolymerizes single-stranded RNA by specifically breaking 
the P-05’ bond of GpN sequences (Sato & Egami, 1957). 
The structure and function of the enzyme have been inves- 
tigated using a variety of chemical modification, kinetic, 
spectroscopic, and X-ray crystallographic methods. 

Secondary structure elements comprise an a-helix and two 
antiparallel @-sheets, connected through a series of wide loops 
(Heinemann & Saenger, 1982; Arni et al., 1988) (Figure 1). 
The structure is stabilized by two disulfide bridges. The 
residues implicated in catalysis are anchored in the major 
B-sheet, while substrate recognition is performed by residues 
in loop regions. 

Mechanisms for the transesterification reaction catalyzed 
by RNase T1 generally include the proposal that Glu58 and 
His92 provide general base/general acid assistance, with 
Tyr38, Arg77, and His40 in accessory roles (Heinemann & 
Saenger, 1982). The role of Glu58 was challenged by the 
observation that mutants substituted at position 58 retain high 
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FIGURE 1: Three-dimensional structure of RNase T1. Secondary 
structure is denoted as follows: a l ,  a-helix; @n, strands of @-sheet 
structure; Ln, loops. Drawn by Molscript (Kraulis, 199 1) .  Residue 
numbers indicate the beginning and end of secondary structure 
elements. 

residual activity, whereas substitutions for His40 reduce the 
turnover number by 3 orders of magnitude. A revised 
mechanism was proposed in which His40, and not Glu58, is 
engaged in catalysis as the general base (Nishikawa et al., 
1987). A recent study of the pH profiles of wild-type RNase 
T1 and of several single-site mutants for the transesterification 
of model compounds confirms the attribution of the role of 
general base to Glu58 and suggests that the protonated His40 
imidazole group participates in electrostatic stabilization of 
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FIGURE 2: Mean temperature factors for GluSSAla RNase T1 (full line, A*) and the rms deviations between Glu58Ala RNase TI-GMP and 
native RNase T1 (Martinez-Oyanedel et ai., 1991) (bar graph, A) for main-chain atoms (above the axis) and for side-chain atoms (below 
the axis). 

the transition statein wild-type enzyme (Steyaert etal. ,  1990). 
The high residual activity of the Glu58Ala-substituted enzyme 
has been explained by the ability of His40 to adopt the function 
of general base. The pH dependence of the catalytic 
parameters of Glu58Ala RNase T1 are indicative of an 
alternate mechanism in which His40 and His92 act as base 
and acid catalysts, respectively. 

For RNase T1, up to 16 different X-ray structures have 
been reported, with the focus on different substrate analogue 
complexes and on mutants in the active site of the enzyme [for 
review, see Heinemann and Polyakov (1992)l. Most of these 
structures were derived from isomorphous crystals in space 
group P212121 (approximate cell dimensions for crystals of 
this "canonicaln space group are a = 50 A, b = 46 A, c = 41 

Here we present the crystal structure of Glu58Ala RNase 
T1 complexed with the specific inhibitor 2'-GMP in space 
group P21. In analyzing this protein structure, we focus on 
the structural aspects of the change in enzyme mechanism 
that is associated with the Glu58Ala mutation. We also 
investigate the implications of the difference in space group 
on the structure of the protein and its hydration sheI1. 

MATERIALS AND METHODS 

A). 

Crystallization and Data Collection. The overproduction 
of Glu58Ala RNase T1 as a secretory protein in Escherichia 
coli and its purification have been described previously 
(Steyaert et al . ,  1990). Crystals were grown in a sitting drop 
experiment by equilibrating a solution of 1.5% by weight 
recombinant RNase T1, 0.125% by weight 2'-GMP against 
a solution of 55% by volume 2-methyl-2,4-pentanediol, 20 
mM sodium acetate, and 2 m M  calcium acetate at pH 4.2. 
The protocol yielded two crystal forms of space groups P21 
and P212121, respectively. From crystals belonging to space 
group P21, two series of structure amplitudes were collected 
independently of each other on an Enraf Nonius FAST area 
detection system at room temperature, using Ni-filtered Cu 
Ka radiation ( A  = 1.54178 A) from a FR571 rotating anode 
generator ( 5 5  kV, 65 mA, focal spot size 0.2 X 2.0 "2). The 

Table 1: Crystal Data and Summarv of Refinement Results 
~~~ ~~ 

Crystal Parameters 
space group PZI 
lattice constants a = 32.44 A 

b = 49.64 A 
c = 26.09 A 
fi  = 99.W 

unit cell volume 41406 A3 
starting model free RNase T1 

no. of reflections used 5580 
final R factor 0.178 

0.2 
rms density of final Fo - Fc map (electrons/A3) 0.093 

resolution (A) 8-1.9 

mean error in atomic positions (A) 

Root Mean Square Deviations from Ideal 
Stereochemistry (Target Restraints) 

bond distance (A) 0.024 (0.020) 
angle distance (A) 0.060 (0.050) 
planarity restraints (A) 0.013 (0.015) 
chiral center restraints (A3) 0.250 (0.150) 

Average Temperature Factors (A2) 
main-chain protein atoms 10.0 
side-chain protein atoms 13.6 
inhibitor atoms 9.2 
conserved water molecules 19.5 
other solvent atoms 31.3 
sodium atom 19.4 

cell dimensions, a = 32.44 A, b = 49.64 A, c = 26.09 A, and 
p = 99.75O, were obtained by refinement against 200 
reflections. The two data sets contained 4803 and 4886 
reflections, respectively, and were merged and scaled to give 
5659 unique reflections to a resolution of 1.9 A. [Rmergc (P) 

Molecular Replacement and Refinement. The present 
crystal is not isomorphous to the crystals of any hitherto solved 
RNase T1 structure. The starting model (the protein atoms 
of the crystal structure of RNase T1 with free recognition 
site; Martinez-Oyanedel et al.,  1991) has been positioned in 
unit cell P21 using molecular replacement methods (Crowther 
& Blow, 1967; Crowther, 1972) as implemented in the program 

= (C&(<JFhl> - IFi12/ChCilFh,i12)'/2 = 0.069.1 
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Table 2: Possible Intermolecular Hydrogen Bonds 
~~ 

symmetry 
operation 

X,Y,l+Z 

1 +X9J 

1 -xy+ 1 /2,-2 
l-x,y+1/2,1-2 

bond 
~~ 

3 0  
4 OH 
13 0 
13 Oy 
25 NC 
25 NC 
1 N  
8 N  
9 0 6 1  
63 Oy 
53 Oy 
83 N62 

97 N 
98 N62 
98 0 6 1  
98 0 6 1  
49 0 6 1  
49 062  
29 0 8 1  
31 062  
30 0 
30 0 
104 0 
104 0 

bond 
distance (A) 

2.98 
2.62 
3.06 
2.61 
2.84 
2.99 
2.70 
2.65 
3.10 
2.65 
3.16 
3.08 

package MERLOT2 (Fitzgerald, 1988). This resulted in a 
model with an initial R factor of 0.52. Rigid-body refinement 
of this model with the program CORELS (Sussman et al . ,  
1977; Sussman, 1985) reduced the R factor to 0.45. lnitially, 
constrained-restrained least-squares refinement (program 
CORELS) was used to refine the structure to an R factor of 
0.32. Further refinement was achieved through stereochem- 
ically restrained least-squares refinement in the fast Fourier 
transformation version PROFFT (Finzel, 1987; Sheriff, 1987) 
of the program PROLSQ (Hendrickson & Konnert, 1980; 
Hendrickson, 1985), combined with model building sessions 
(program FRODO, version 4.4; Jones, 1978, 1985). 

Inspection of the difference electron density indicated the 
presence of an inhibitor in the active site. All atoms of 2’- 
GMP were added to the structure. Spherically shaped 
difference densities at geometrically plausible positions in the 
structure were interpreted as water molecules. A dense peak 
near His92 and Ala95 was interpreted as a sodium ion. The 
refinement converged at an R factor of 0.178. For the final 
structure, the mean error in atomic position was estimated by 
the method of Luzzati (1952) to be <0.20 A. 

Identification of Conserved Solvent Sites. For comparison 
of the water sites in different RNase TI structures (Table 5 ) ,  
the various structures were superimposed onto the present 
structure of Glu58Ala RNase T1 by a least-squares fit of the 
C a  atoms using XPLOR (Brunger et al.,  1987). Water 
molecules within a common sphere of 1-A diameter were 
considered “conserved” (Malin et al.,  1991). 

RESULTS 

Crystallization. The protocol we used to grow crystals 
(Materials and Methods) yielded two different crystal species 
of space group P21 and P212121, respectively. The same 
protocol has previously been used to grow crystals for wild- 
type enzyme and some mutants, either native or complexed 
with various ligands; all of these in the canonical space group 
P212121 [see Heinemann and Polyakov (1992) for review]. 
The crystals in space group P21 diffracted to a resolution of 
1.9 A; these crystals were used in the structure determination 
of Glu58Ala RNase TI.  The crystals in space group P212121 
diffracted poorly and have not been considered for data 
collection. 

Generalstructure. The final structure contains 893 atoms, 
including 768 fully occupied protein atoms, five side-chain 
atoms in partially occupied alternate positions, 24 inhibitor 
atoms, a sodium ion, and 90 water molecules. For Oy of 

All programs were executed on a VAXserver 3300 in cluster with 
a VAXstation 3100 or on a CRAY YMP. Model building and visual 
inspection were performed on a graphics system Evans and Sutherland 
PS390 A+. 

a) 
cy5 10 

FIGURE 3: Comparison of the environment of Gly30 in Glu58Ala 
RNase T1.2’-GMP (a) and in native RNase T1 (Martinez-Oyanedel 
et al., 1991) (b). (Side chain of Asp29 omitted for clarity; atoms 
generated by crystal symmetry are indicated by hollow bonds.) 

Ser 13 and Ser37, for Cy1 and Cy2 of Va178, and for C62 of 
Leu26, two conformations have been identified. No position 
could be assigned to the side-chain atoms of Tyr45 beyond 
C61 and C62. The atomic parameters were deposited at the 
Protein Data Bank (entry 1RLA). The residue numbering 
is 1-104 for the protein itself, 105 for 2’-GMP, 106 for the 
sodium ion, and 107-1 96 for water molecules (with increasing 
numbers indicating higher temperature factors). 

Statistical details on the refinement, the geometry, and the 
temperature factors of the final structure are gathered in Table 
1. According to theprogramDSSP (Kabsch &Sander, 1983), 
all secondary structure elements found throughout other 
structures of RNase T1 (Figure 1) are preserved in the 
Glu58Ala structure. The only notable difference in tertiary 
structure concerns the amino-terminal residues Ala 1 and Cys2. 
These have been rotated by 60° around the N3-Ca3 bond 
relative to the rest of the structure. Smaller conformational 
changes occur mainly in the guanosine binding site and the 
loop regions (Figure 2). Similar structural variations were 
previously observed for other RNase T1 structures. 

Packing. The change in space group from P212121 to P21 
is reflected in different direct intermolecular contacts (Table 
2). The contacts between the carbonyl oxygen of Gly30 and 
the side chains of Asn9 and Ser63 of a neighboring molecule 
are a notable exception. The latter contacts are observed in 
P2, as well as in P212121 (Figure 3 and Table 2). 

Upon comparing the present structure with previous 
structures, we observe significant differences in the confor- 
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FIGURE 4: Stereoview of the difference (Fo - Fc) electron density for the inhibitor. The map shown was computed after 12 refinement cycles 
with the final coordinate set from which 2’-GMP was omitted. 

mation of some surface residues (e.g., Lys25, Glu3 1, Asp49). 
It is uncertain whether these differences are caused by the 
change in packing. In the various RNase T1 structures, the 
side-chain atoms of these residues have high temperature 
factors, if they fit in any electron density at all. Note that 
various conformations have been observed for these residues, 
even among structures in the same space group. The change 
in conformation of the amino terminus (see Results), on the 
other hand, may result from the different packing. In the 
present structure, a hydrogen bond is formed between the 
terminal amino group and the carboxyl group of Asp29 of a 
neighboring molecule. In the canonical space group, inter- 
molecular hydrogen bonds are formed between the terminal 
amino group and the main chain carbonyl oxygens of His92, 
Ala95, and Gly97 of a neighboring molecule. 

Inhibitor Binding. In the present structure of Glu58Ala 
RNase T1, one molecule of the specific inhibitor 2’-GMP is 
bound to the primary nucleotide binding site of the enzyme. 
The guanine moiety of the inhibitor is located in the guanine 
recognition pocket; the phosphate group is bound to the 
catalytic site. All inhibitor atoms are clearly defined (Figure 
4). The glycosidic bond adopts the syn conformation; the 
ribose forms a C4’-exo envelope (Table 3; Altona & Sundaral- 
ingam, 1980). The intermolecular contacts that define the 
guanine specificity of RNase T1 (Heinemann & Saenger, 
1982; Arni et al., 1988) are present with only one exception. 
The hydrogen bonds between the guanine moiety and residues 
42-46 and 98 are listed in Table 3. In addition, the base 
stacks onto the phenolic group of Tyr42. The notable exception 
concerns the side chain of Tyr45. In previously described 
structures, this side chain closes the primary binding site like 
a lid if guanine is bound. In the present structure, however, 
it is impossible to define a position for the atoms of the ring 
atoms beyond C61 and C62. For the visible part of the side 
chain, the temperature factors rise steeply: Ca,  4.7 A2; CP, 
15.3 A2; C r ,  26.0 A2; C61 and C62, 25.9 A2. 

In Glu58Ala RNaseT1*2’-GMP, the position that atom Ot l  
of Glu58 takes in the corresponding wild-type complex is 
occupied by a well-defined water molecule (Wat 220). In 
addition, the orientation of the phosphate group has drastically 
changed in the present structure (Figure 5 ) .  A similar 
reorientation in the wild type2’-GMP complex would lead to 
a steric clash between atom 0 3 P  of the inhibitor and atom 
Oe2 of Glu58. Despite this change in orientation, the contacts 
between the side chains that makeup thecatalytic site (Tyr38, 

Table 3: Inhibitor Conformation and Possible Hydrogen Bonds 
between Protein and Inhibitor 

backbone torsion angles (deg) E58A wt 
05’-C5’-C4’-C3’ (7) 156 65 
CS’-C4’-C3’-03’ (6) 83 152 
C5’-C4’-C3’-C2’ -170 -94 
C4’-C3’-C2’-02’ -7 1 -161 
C3’-C2’-02’-P -122 -122 

glycosyl torsion angle (deg) E58A wt 

Ol’-Cl’-N9-C4 ( x )  75 55 (syn) 

pseudorotation angles (deal0 E58A wt 

protein atom distance (A) inhibitor atom 
N1 
N 2  

N3 
0 6  

N7 
01‘ 
0 3 ‘  

05‘ 
01P 

0 2 P  

03P 

46 Oel 
98 0 
46 062 

44 N 
45 N 
43 N 

98 0 6 1  
222 0 
239 0 
38 OH 
222 0 
77 Ne 
77 N72 
92 Ne2 
40 Ne2 
220 0 

2.69 
2.87 
2.60 

2.69 
3.00 
2.96 

2.91 
3.00 
2.61 
2.48 
3.07 
3.09 
3.16 
2.75 
2.73 
2.80 

Altona and Sundaralingam (1972). 

His40, Arg77, and His92) and the phosphate moiety of the 
bound inhibitor are similar to wild-type enzyme (Figure 5 
and Table 3). The new orientation causes the side chain of 
Arg77 to be within hydrogen-bonding distance to the phosphate 
group (see Table 3). The side chain of His40 is tilted by loo 
across the Cp-Cy axis relative to its usual position. This does 
not impede the contacts with the phosphate group. Finally, 
an additional hydrogen bond is observed between atom 03P 
of the phosphate group and the water molecule (220) that 
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FIGURE 5:  Comparison of the catalytic sites of Glu58Ala RNase Tl-2’-GMP (ball and stick model) and of wild-type RNase T1 in native state 
and complexed with vanadate, GpG, pGp, 2’-GMP, and AMP (line drawings). For the latter four structures, only the relevant phosphate group 
of the inhibitor is displayed. The structures were superimposed by a least-squares fitting of the Ca atoms. 

FIGURE 6:  Stereoview of a stretch of conserved solvent sites and the part of the protein interacting with these water molecules. For clarity, 
only the side chains of Asp15 and Trp59 are displayed. The water molecules are numbered according to the list of conserved solvent sites, 
not following the actual residue number. 

FIGURE 7: Stereoview of the cation binding site in Glu58Ala RNase T1. (Hollow bonds indicate atoms generated through crystal symmetry.) 

structurally replaces atom Oe1 of Glu58 in the mutant. 
Hydration. In the present structure of Glu58Ala RNase 

T1, a total of 90 water molecules have been located in the 
asymmetric unit. Surprisingly, only 16 out of the 30 water 
molecules that are structurallv conserved (Materials and 

For clarity, we will discuss all the conserved water molecules 
that have been identified previously by Malin et al. following 
theirarbitrarynumbering (sites 106-135; thisnumbering bears 
norelation to the PDB files, where water molecules are ordered 

Methods) in canonical space group P212121‘ (Malin et ala, 
1991) are Observed in the present structure in p21 4)‘ 
We expanded the study of Malin et by including four 

The packing of theHis4OLys-2’-GMPstructure(Zegerset al., 1992), 
alfhough crystallized in spacegroup P21, very much resembles the packing 
in the canonical space group through noncrystallographic symmetry. 
Therefore, this structure has been considered as belonging to the canonical - -  

additional structures in four more space groups3 (Table 5). space group. 
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Table 4: Coordination Distances (A) of Conserved Solvent Sites for RNase T1 Crystal Structures in Four Different Space Groups 

site bond E58A.2’- wt.2’- site bond E58A.2’- wt.2’- 
no. partner GMP wt.pGp H92A-PEG H92A.PO”- GMP no. partner GMP wt.pGp H92A-PEG H92A.POC GMP 

hydrogen RNase T1 hydrogen RNase T1 

106 2 N  
107 1 0  

3 N  
108 2 0  

5 07 
104 Oxt 

109 8 9 N  
89 0 
102 Oc2 

110 1 3 0  
17 Oy 

111 6 0  
9 061 
76 061 
93 Oyl  
112 0 

112 8 N  
111 0 

113 1 0 0  
63 0 
135 0 

114 6 3 N  
63 07 
134 0 
138 0 

115 1 0 0  
15 062 
121 0 

120 0 
135 0 

117 1 2 0 7  
15 061 
15 062 
118 0 
121 0 

118 1 4 0 7  
15 N 
15 061 
117 0 
1 1 9 0  

119 1 8 0 7  
118 0 

120 1 5 0  
116 0 
123 0 

121 1 1 5 0  
117 0 

122 59Ncl 
60 0 
68 N 
123 0 

116 6 2 0  

2.95 

3.05 
3.27 
2.72 
2.80 
2.80 
2.95 
2.80 
2.68 
3.17 
3.46 
3.19 
3.32 
3.20 
2.87 

2.79 
2.78 
2.81 

2.95 
2.78 
2.69 

2.96 

2.84 
2.93 

3.05 
2.92 
2.70 
2.70 
2.60 
3.09 

3.33 
2.87 
3.31 
2.95 
3.07 
2.76 
2.86 
3.17 
3.11 
3.17 

3.16 
3.15 

2.87 

2.61 
2.83 

2.72 
2.83 
2.79 

3.24 
2.77 
2.85 
2.75 

2.93 

2.84 

3.09 

2.63 
3.1 1 
2.60 
2.87 

2.54 
3.25 
3.11 

3.03 
3.25 
2.88 

2.99 
2.96 
2.76 
2.63 

2.83 

2.87 
3.27 
3.36 
2.93 

2.93 
3.30 
2.71 

3.10 

2.93 
2.73 

2.60 
2.75 

2.79 

2.85 
2.75 
3.1 1 

3.07 
2.83 
2.83 
2.87 

2.99 123 6 2 N  
2.62 66 0 
3.15 120 0 
2.96 122 0 

124 2 1 0  
2.47 125 31 0 
2.87 126 0 
3.23 128 0 

2.77 125 0 
3.06 127 2 9 0  
3.21 30 0 
3.11 128 1 2 5 0  
2.72 129 31 Ocl 
2.54 130 3 2 0 7  
2.85 37 0 
3.40 39 0 
2.85 132 0 
2.92 131 3 5 N  
2.91 36 N 
3.12 68 OH 
3.25 140 0 
3.23 132 1 3 0 0  
3.16 133 102N 
2. 8 134 7 5 N  
a. t 5 1 1 4 0  
3.05 135 15061 
3.45 15 062 
2.87 113 0 
2.67 1 1 6 0  
2.88 136 6 5 0  
3.04 120 0 
2.81 137 6 9 N  
2.99 70 0 
3.34 138 61 0 
2.78 73 0 
2.72 76 N 
3.32 114 0 
2.64 139 5 3 N  
3.34 53 o y  
2.62 85 Ocl 
2.91 140 3 5 N  
2.62 35 o y  
2.53 71 0 
2.63 131 0 
3.01 141 51 N 
3.45 51 Oy 
2.78 87 0 
3.08 142 3 2 0 7 1  
2.83 34 0 
2.78 37 Oy 
2.59 

126 27N6l 

3.05 
2.71 
2.69 
2.93 
2.72 
2.96 
2.62 

2.75 
2.62 

2.62 

2.87 

3.16 
2.77 
3.14 

2.76 
3.02 
3.20 

2.96 
3.46 
2.81 
3.24 
3.11 
3.05 
2.57 
2.73 
2.66 
3.29 
2.87 
2.96 
2.90 
2.61 
2.98 

3.14 
3.14 
3.04 

2.56 
3.13 
2.64 
3.21 

3.10 
2.63 
2.79 
2.75 
2.8 1 
2.65 
2.76 

2.70 
2.76 

3.15 
3.01 
3.04 
3.34 

2.92 

2.69 
2.72 
2.78 

2.68 
2.64 
3.03 
2.87 
2.92 
3.27 
2.63 
2.98 
3.39 
3.00 
3.34 
2.69 
2.84 
2.81 
3.34 
2.77 
3.43 

2.83 
2.50 
2.88 
2.63 

2.67 
2.60 

3.17 
2.60 

2.88 
2.72 

3.23 
2.74 

2.72 
3.07 

3.16 
2.82 
2.59 
3.13 
3.33 

3.01 
2.90 
2.90 
3.36 
3.16 
3.31 

2.67 
3.19 
3.06 

2.58 

3.08 
2.68 
3.11 
2.87 
2.74 
2.84 
2.70 

3.09 
2.70 

3.12 
2.86 

2.91 

2.96 
2.84 
2.93 

3.28 
2.79 
3.06 
3.05 
2.64 
2.18 
3.24 
2.73 
2.83 
2.96 
3.46 
2.75 
2.86 
2.87 
2.91 

3.26 
2.51 
3.01 
2.59 
2.84 
2.82 
2.89 
2.38 

2.89 
3.20 
3.40 
2.38 
2.59 
3.49 
3.30 
3.03 
2.85 
3.37 
3.03 
3.05 

2.85 
3.01 
2.84 
3.16 
3.23 
2.94 
3.12 
2.88 
3.48 
2.96 
3.21 
3.00 
2.58 
2.66 
3.06 
2.88 
3.14 
3.26 
2.29 
3.09 

2.87 

2.94 
3.27 
2.64 

Table 5: Crystal Structures Used for Determination of Conserved Water Sites 
structure space group resolution no. of waters reference 

E58A RNase TI-2’-GMP p2 I 1.9 
H92A RNase Tl-PO’ P212 121 1.8 
H92A RNase T1-PEG p212121 2.2 
wt RNase T1.pGp I23 1.9 
wt RNase Tlvarious‘ P212121 1.9‘ 

90 present study 
81 Koellner et al. (1992) 
70 Koellner et al. (1992) 

120 
91‘ 

Lenz et al. (1 993) 
Malin et al. ( 199 1 )a 

a This article contains an analysis of conserved water sites for four structures in the canonical space group, with resolutions ranging between 1.8 
and 1.9 A and the number of water molecules ranging between 91 and 185. 

with ascending temperature factors). Seven more conserved 
solvent sites have been identified in the present study (Table 
4) and are numbered accordingly from 136 to 142. 

From our investigation, it appears that only part of the 
conserved water sites in P212121 (Malin et al.,  1991) are 
consistently occupied in other space groups. In total, we 
identified 25 water molecules that are structurally conserved 

throughout the different packing modes (Table 4). Among 
these, sites 108, 109, 110, 124, 130, 133, 137, 139, 143, and 
144 do not contact any other conserved solvent site. The 
remaining sites occur in clusters of two (sites 11 1-1 12, 125- 
126, and 131-140) or three molecules (sites 114, 134, and 
138). A final cluster deserves special mention (Malin et al., 
1991): a long stretch of solvent sites starts at the side chain 
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Leu 62 

w e u  26 His 27 

c> 
Leu 62 

24 

FIGURE 8: Comparison of the cation binding site of space group P212121 (a) in RNase Tl-2’-GMP (Ami, 1988), (b) in Glu58Ala RNase 
TleGMP, and (c) in His92Ala RNase TlePO’ (Koellner, 1992). Residues 11 and 13 and the side chains of residues 10, 14, and 62-64 are 
deleted for clarity; atoms generated through crystal symmetry are indicated by hollow bonds. 



Crystal Structure of Glu58Ala RNase T1 

ofTrp59andcontinuesvia sites 122-123-120-1 16-135, with 
a branch from site 120 to site 136 (Figure 6). 

New Cation-Binding Site. In the present structure, one 
peak in the difference density was identified as a sodium ion. 
The ion shows 6-fold coordination in a nearly perfect 
octahedron, with very short ligand distances. Its ligands 
include the backbone carbonyl oxygen of His92 and Ala95, 
along with three water molecules and a side-chain carboxyl 
oxygen from a neighboring molecule. Ligand distances are 
2.52 f 0.08 A. The spatial arrangement around the sodium 
ion is shown in Figure 7. The previously described cation- 
binding site near Asp1 5 (Koepke et al., 1989) is not occupied, 
and there is no evidence of the hydrogen-bonding network 
associated with the site in the canonical space group (Figure 
8). This network connected the calcium binding site to the 
stretch of solvent sites mentioned above. 

Biochemistry, Vol. 33, No. 7, 1994 1661 

conserved throughout the packing modes that have been 
investigated. A structural role can be assigned to most of 
these conserved water sites (see Table 4). Several water 
molecules stabilize the overall RNAse T 1 structure by bridging 
different elements of the protein fold via hydrogen bonds. A 
striking example is the molecule in site 1 1 1 that is inaccessible 
to bulk solvent. Water 11 1 interacts with strands 81, 82, and 
p5 as well as with loop L4 (Figure 1). The stretch from 122 
to 135 fills the space between the a-helix and a hairpin-like 
part of L3, while contacting only a single residue (Aspl5) of 
the helix through hydrogen bonding. Sites 110,124, and 133 
contact single structural elements on the surface of the protein. 
All three water molecules provide hydrogen bonds to main- 
chain donor/acceptor sites that are not engaged in intramo- 
lecular contacts. It is recognized that exposure to solvent of 
unpaired hydrogen bond donor/acceptors stabilizes the folded 
state of a protein (Finney et a f . ,  1980). 

However, some of the conserved sites in P212121 (106,107, 
112, 113, 115, 117, 118, 119, 121, 127, 128, 129, 132;Malin 
et af . ,  1991) appear to have been dictated by symmetry 
contacts, as these are not conserved throughout the various 
space groups (Table 4). All of these are situated at the surface 
of the protein, indicating that the primary hydration shell of 
a crystallized macromolecule depends strongly on packing 
interactions. The present study illustrates that structural data 
from differently packed crystals may be needed to draw 
meaningful conclusions on the hydration shell of a protein. 

Similarly, ion binding at the surface of a protein may be 
space group dependent. Note that the cation binding site in 
the present crystal structure does not correspond to the one 
near Aspl5, which has previously been observed in various 
structures in canonical space group P212121 (Koepke et af . ,  
1989; Malin et af . ,  1991). In the present structure as well as 
in the structures in space group P212121, atoms from two 
neighboring protein molecules are either directly or indirectly 
(through the primary hydration shell) involved in ion coor- 
dination (Figure 8). A different packing may obstruct ion 
coordination at one site but optimize ion binding at another 
site. Indeed, in P212121 packing, sodium binding to His92 is 
sterically prohibited through an intermolecular contact be- 
tween the main-chain carbonyl of His92 and the amino group 
of Alal (Table 2). Inversely, Asp 15 extends into a region 
of bulk solvent in the present structure (see Figure 8). 
Hydrogen bond partners from a neighboring protein molecule 
that are essential to stabilize the calcium coordination shell 
observed in P212121 (Figure 8) may be missing in spacegroup 
P2,. 
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