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SYNOPSIS 

The three-dimensional structures of ribonuclease ( RNase) T, complexes with the inhibitors 
2’-guanylic acid (2'-GMP) , 3’-guanylic acid (3'-GMP) , and 5’-guanylic acid (5’-GMP) 
were predicted by energy minimization studies. It is shown that these inhibitors can bind 
to RNase TI in either of the ribose puckered conformations (C2’-endo and C3’-endo) in 
solid state and exist in significant amounts in both forms in solution. These studies are in 
agreement with the x-ray crystallographic studies of the 2’-GMP-Lys25-RNase T1 complex, 
where the inhibitor binds in C2‘-endo puckered conformation. These results are also in 
good agreement with the available ‘H-nmr results of Inagaki et  al. [ (1985) Biochemistry 
24, 1013-1020], but differ from their conclusions where the authors favor only the C3’- 
endo ribose conformation for all the three inhibitors. The calculations explain the apparent 
discrepancies in the conclusions drawn by x-ray crystallographic and spectroscopic studies. 
An extensive hydrogen-bonding scheme was predicted in all the three complexes. The 
hydrogen-bonding scheme predicted for the 2‘-GMP (C2’-endo) -RNase T, complex agrees 
well with those reported from x-ray crystallographic studies. In all three complexes the 
base and the phosphate bind in nearly identical sites independent of the position of the 
phosphate or the ribose pucker. The glycosyl torsion angle favors a value in the +syn range 
in the 2’-GMP(C2’-endo)-RNase T I ,  3’-GMP(C2’-endo)-RNase T1, and 3’-GMP( C3’- 
endo)-RNase T, complexes; in the high-syn range in the 2’-GMP (C3’-endo)-RNase TI 
complex; and in the -syn range in the 5’-GMP( C2’-endo)-RNase T, and 5‘-GMP( C3’- 
endo) -RNase T, complexes. These results are in agreement with experimental studies 
showing that the inhibitory power decreases in the order 2’-GMP > 3‘-GMP > 5’-GMP, 
and they also explain the high pK. value observed for Glu58 in the 2’-GMP-RNase T, 
complex. 

INTRODUCTION 

Ribonuclease TI (RNase TI; EC 3.1.27.3) catalyzes 
the endonucleolytic hydrolysis of the phosphodiester 
linkage on the 3’side of the guanine bases in single- 
stranded RNA with very high specificity and serves 
as an invaluable tool in the structural analysis of 
nucleic acids. A variety of physicochemical tech- 
niques like CD, uv, nmr, kinetic, and chemical mod- 
ification studies have been applied to elucidate the 
specific recognition of guanine by RNase T 1. From 
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kinetic studies’’2 on guanine mononucleotides it has 
been shown that the inhibitory effect decreases in 
the order 2’-guanylic acid (2‘-GMP) > 3’-guanylic 
acid (3’-GMP) > 5’-guanylic acid (5’-GMP). The 
pK, of Glu58 has been determined t o  be between 
4.1 and 4.9 in the free p r ~ t e i n ~ - ~  and 7.8 in presence 
of 2’-GMP.3 The mononucleotide inhibitors were 
shown to bind to the enzyme in the monoionic form 
with a single negative ~harge.~,~.’  However, the in- 
formation obtained from these s t u d i e ~ ~ . ’ ~  is not suf- 
ficient to unequivocally establish either the probable 
binding orientations of these inhibitors or the nature 
of interactions responsible for the specific recogni- 
tion of the guanine base. The exact role played by 
different amino acid residues shown to be involved 
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in binding and/or catalysis by chemical modification 
studies is also not clear. 

Recent x-ray crystallographic studies on the 2'- 
GMP-RNase T1 complex at 1.9 8, resolution" 
showed that the ribose moiety of the bound 2'-GMP 
molecule adopts a C2'- endo puckered conformation. 
The mode of binding of 2'-GMP to native RNase 
T1 determined crystallographically a t  a resolution 
of 1.9 A'' is in fairly good agreement with the one 
found in the Z1-GMP-Lys25-RNase T1 complex. 
Although both these studies agree with each other 
regarding the puckering of the ribose and the con- 
formation of the bound 2'-GMP molecule around 
the glycosyl bond [+synclinal ( f s y n )  range], they 
differ in the nature of the hydrogen bonds between 
2'-GMP and the protein (Table I ) .  From 'H-nmr 
investigations on the complexes of RNase TI  with 
the four inhibitors 2'-GMP, 3'-GMP, 5'-GMP, and 
guanosine 3',5'-bis (phosphate) it was suggested that 
2'-GMP and 3'-GMP adopt the C3'-endo syn con- 
formation and 5'-GMP and guanosine 3',5'- 
bis (phosphate) adopt the C3'-endo anti confor- 
mation when bound to RNase T1 .I3 Thus the puck- 
ering of the ribose moiety in the 2'-GMP-RNase TI  
complex seems to be different in solution from that 
observed in the solid state. 

A low-resolution (2.6 A )  crystal structure deter- 
mination of RNase T, with 3'-GMP,14 an inhibitor 

Table I Proposed Hydrogen-Bonding Scheme 
for the a'-GMP-RNase TI Complex 

Present 
X-Ray Diffraction Study Calculation 

Native" Lys25-b C2'-endo 
RNase TI RNase TI Complex 

N1 
N2 

N7 

02'  

05' 
OP1 

OP3 

E46 OEl  
N98 0 

N44 N 

N43 ND2 
N43 N 

Y38 OH 
E58 OE2 
R77 NH2 

E46 OEl  
N98 0 
E46 OE2 
N44 N 
Y45 N 

N43 N 

Y38 OH 
H40 NE2 
E58 OE2 

E46 OEl  
N98 0 
E46 OE2 
N44 N 
Y45 N 
N43 ND2 
N43 N 
H40 NE2 
E58 OE2 
N98 OD1 
H92 NE2 

Y38 OH 
E58 OEl  
R77 NE 

a Sugio et a[.'' 
Arni et al." 

and the product of the catalyzed reaction, could not 
provide much information about the ribose pucker 
or about the hydrogen bonds between the phosphate 
and the protein reportedly because of static disorder 
in the crystal. The crystal structure of the enzyme 
complexed with 5'-GMP has not been determined 
so far. There is therefore no data that can show 
whether in the solid state 3'-GMP and 5'-GMP also 
adopt conformations that are different from the ones 
proposed from solution studies. In view of this a 
computer modeling study has been taken up to in- 
vestigate the favored modes of binding of the three 
mononucleotide inhibitors 2'-GMP, 3'-GMP, and 5'- 
GMP to RNase TI .  These studies not only provide 
information regarding the probable modes of binding 
and the possible hydrogen bonds between these in- 
hibitors and the protein, but also provide a stereo- 
chemical explanation for the observed experimental 
results, particularly the differences observed in the 
puckering of the ribose moiety of 2'-GMP in solid 
state and solution. Further, being a small protein of 
104 amino acid residues, RNase T1 serves as a good 
model system to understand how proteins recognize 
base sequences in single-stranded RNA molecules. 

METHODS 

All the calculations reported in this paper use the 
protein coordinates from a 2I-GMP-Lys25-RNase 
TI complex solved a t  a resolution of 1.9 A." The 
coordinates for the various inhibitors (Figure la-c) 
were generated using standard geometry.15-17 The 
conventions followed for defining the torsion angles 
in the nucleotide unit were the same as described 
by Saenger." The polar hydrogen atoms were fixed 
using standard bond lengths and bond angles." 
Some approximations were made in the present 
study to simplify the calculations and to reduce the 
required computation time. Although the 2.6 A res- 
olution x-ray crystal structure study of the 3'-GMP- 
RNase T1 complex l 4  could not provide much infor- 
mation about the ribose pucker and the hydrogen 
bonds between the phosphate group and RNase T1 ,  
the overall polypeptide folding was found to be sim- 
ilar to that observed in the a'-GMP-RNase TI  com- 
plex. In view of this it was assumed that the back- 
bone conformation would be the same in the complex 
of 5'-GMP with RNase TI  also, and hence in all 
cases only the side-chain atoms of the amino acids 
were allowed to move during minimization. All CH, 
CH2, and CH3 groups in the protein and the inhibitor 
molecule were treated as united atoms while com- 
puting the total conformational energy. In the 1.9 
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in the present work along with the nomenclature used. 

Cartoon diagrams of the three inhibitors 2‘-GMP, 3‘-GMP, and 5‘-GMP studied 

A resolution crystal structure study of the 2’-GMP- 
Lys25-RNase TI complex, most of the water mol- 
ecules were found around the surface of the protein 
and sparsely in the active site, and the inhibitor 
binding site was found to be part of an apparently 
underhydrated surface portion. Hence instead of in- 
cluding the solvent molecules explicitly, the effect 
of solvent in damping the electrostatic forces was 
modeled by using a distance-dependent dielectric 
constant which weighs the short-range interactions 
more than the long-range interactions. 

First, the sterically allowed orientations for the 
inhibitor in the active site were identified using 
“contact criteria.” Initially, the guanine base was 
fixed in the binding site of the protein as identified 
in the solid state.” For this the center of the six- 
membered ring of the guanine base was taken as the 
origin of the right-handed Cartesian coordinate sys- 
tem. The three rotational parameters specified in 
terms of the three Eulerian rigid body rotation an- 
gles- $, 8, and $-define the orientation of the base 
in the binding site. All the amino acid residues that 
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fall within a sphere of radius 10 A from the center 
of the base were considered for contact criteria. For 
determining the sterically allowed orientations for 
the base only, the backbone atoms were considered. 
The base was rotated by varying each one of the 
three rotation angles in steps of 10" (4  from 0" to 
360", 6' from 0" to 180", and $ from 0" to 360") and 
then translated into the binding site. An orientation 
was rejected as disallowed if the distance between 
any inhibitor atom and any protein atom was less 
than the contact criterion specified for that partic- 
ular atom pair.lg The ribose moiety was then at- 
tached to guanine at different glycosyl torsion angles 
(lo", go", 180", and 270" ) and in both C2'-endo and 
C3'- endo puckered conformations to find out the 
allowed orientations for guanosine in the binding 
site starting from only those orientations allowed 
for guanine. 

Subsequently, the sterically allowed orientations 
for the guanosine were used as starting points for 
energy minimization of the 2'-GMP, 3'-GMP, and 
5'-GMP (both C2'-endo and C3'-endo puckering 
modes) complexes with RNase T1. About 15-20 ori- 
entations in the sterically allowed region were se- 
lected as starting points for minimization of the 
complexes of each of the three inhibitors with RNase 
T, covering the entire allowed region. Minimization 
was also carried out with different conformations of 
the amino acid side chains (other than those ob- 
served in the crystal structure) and the inhibitor as 
starting conformations. All the 104 amino acid res- 
idues in the protein were considered for calculating 
the energy. Since the coordinates for the side-chain 
atoms of Glu102 were not available from the x-ray 
study due to orientational disorder, they were fixed 
using the standard geometry in staggered orienta- 
tions." All the acidic and basic amino acid residues 
and the terminal amino and carboxyl groups were 
considered as ionized except Glu58, which was 
treated as n e ~ t r a l . ~  The phosphate group of the in- 
hibitor was considered in its monoionic form car- 
rying one negative The side-chain atoms 
of 37 amino acid residues including those involved 

in guanine recognition and in catalysis, i.e., Ser35 
to Phe50, Tyr56 to Ile61, Tyr68 to Val79 and Val89 
to Glu102 (Table 11) were allowed to move during 
energy minimization. The total calculated energy 
includes the intramolecular energy of the inhibitor 
and the protein and the interaction energy of the 
inhibitor with the protein. This was calculated by 
considering the van der Waals, electrostatic, hydro- 
gen-bond, and torsional contributions. The van der 
Waals energy was evaluated using the Lennard- 
Jones 6-12 potential and the electrostatic energy 
using the Coulomb expression. The hydrogen-bond 
contribution was evaluated using the 10-12 potential 
instead of the van der Waals 6-12 potential only for 
those atom pairs that had the potential to form a 
hydrogen bond ( i.e., between polar hydrogen atoms 
and atoms of the type -N=, -0-, and =O that 
can act as hydrogen-bond acceptors). The function 
used was of the form 

FA C 332.0QiQ; E = - - - +  
tot ,.12 ,,6 dr 

A' B + - [ l  k cos(nt)] + - - - r12  r lo  
V 
2 

The values of the constants A ,  A', B ,  and C were 
taken from Nemethy et a1.21,22 For the phosphorous 
atom, the parameters for the 6-12 potential were 
taken from Refs. 23-25. The r is the distance be- 
tween the interacting atom pair. V is the height of 
the n-fold barrier and t is the torsion angle. The 
values for the parameters V and n were taken from 
Ref. 20 for amino acids. In the nucleotides, the tor- 
sional contribution from rotation about the glycosyl 
bond was taken to be zero as the barrier is presumed 
to be very low.26 For other bonds the parameters 
were taken from Ref. 25. F is the scaling factor taken 
as 0.5 for 1-4 interactions (i.e., interactions between 
atoms separated by three bonds) and as 1.0 for 1-5 
and higher interactions ( i.e., interactions between 
atoms separated by four or more bonds). The partial 
charges Qi and Q, on the inhibitor and the Wotein 

Table 11 Amino Acid Residues Whose Side Chains Were Treated as Flexible During Minimization" 

Ser35 As1136 Ser37 Tyr38 His40 Lys41 Tyr42 Am43 Am44 
Tyr45 Glu46 Phe48 Asp49 Phe50 Tyr56 Tyr57 Glu58 Trp59 
Ile61 Tyr68 Ser69 Ser72 Asp76 Arg77 Val78 Val79 Val89 
Ile90 Thr91  His92 Thr93 Ser96 Am98 Am99 PhelOO 
Val101 Glu102 

a Alal-Gly34, Pro39, Gly47, Ser51-Pro55, ProGO, Leu62-Va167, Gly70-Gly71, Pro73, Gly74, Ala75, Phe80-Gly88, Gly94, Ala95, Gly97, 
and Cys103-Thr104 were kept rigid. 
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atoms were calculated by the CNDO/2 method.27 
For calculating the charges on the atoms of amino 
acid residues, the N-acetyl-"-methyl amino acid 
amides were considered. For the nucleotides the 
charges were calculated for the guanine base and 
the ribose-phosphate moiety separately. In all the 
cases the charges were calculated for different con- 
formations and average values were taken (Tables 
I11 and IV). The effective dielectric constant ( d )  
was set equal to the distance between the interacting 
atom pair. Such a distance-dependent dielectric 
constant is computationally efficient as only even 

powers of r are then needed for energy evaluation. 
The total potential energy of the complex was min- 
imized with respect to both external (3 translational 
and 3 rotational) and internal ( 7  inhibitor and 86 
protein side-chain torsion angles) degrees of freedom 
using the double dogleg strategy of Dennis and Mei.= 
Gradients were calculated by analytical differentia- 
tion of the energy function2' and all the calculations 
were done in double precision arithmetic. The min- 
imization method employs a model trust region to 
choose the step length, double dogleg strategy to 
choose the search direction and BFGS formula to 

Table I11 Partial Atomic Charges for Amino Acids" 

Amino 
Acid N NH CA CB C 0 Side-Chain Atoms 

Ala 
Ala+b 
Arg+ 

Asn 
ASP 
Asp- 
CYS 
Gln 

Glu 

Glu- 
GlY 
His 

His+ 

Ile 
Leu 
LYS+ 

Met 
Phe 
Pro 
Ser 
Thr 

-.2017 .1229 .0734 
-.0020 -2500 .1200 
-.2023 .1271 .0778 

.0231 .3452 -.3629 

.1320 .3500 -.3500 
0.440 .3532 -.3594 CG 

cz 
CG 
CG 
CG 
SG 
CG 
OE2 
CG 
HE2 
CG 

CG 
CE1 
CG 
CE1 
CG1 
CG 
CG 
HZ 
CG 
CG 
CG 
OG 
OG1 

.0582 CD 

.4672 NH 

.3648 ND1 

.3959 OD1 

.3650 OD 
-.0687 
-.0069 CD 
-.3550 
-.0078 CD 

.1745 
-.1501 CD 

.1389 NE 
-.2271 HH 
-.3027 HD1 
-.3442 OD2 
-.5750 

-.1731 HE 
.1881 
.1541 OD2 

-.2468 HD2 

.1702 

-.3470 
.1739 

.1291 

-.2448 

.0400 

.1513 

-.0175 

.0002 

-.2141 .1254 .0670 
-.2049 .1212 .Of398 
-.2161 .lo83 .0725 
-.2024 .1296 .0890 
-.2116 .1229 .0691 

.0035 .3575 -.3626 

.0160 .3535 -.3544 
-.1412 .3482 -.3867 

.0395 .3560 -.3430 

.0298 .3491 -.3603 .3638 NE1 -.2591 HE1 

.0354 .3567 -.3631 .4017 OEl -.3364 OE2 -.2105 .1214 .0729 

-.2084 .1161 .1123 
-.1924 .1231 .0711 
-.2120 .1233 .0697 

-.0545 .3506 -.3682 
.3546 -.3564 

.0098 .3516 -.3602 

.3522 OE -.5750 

.0149 ND1 

.1213 NE2 

.0920 ND1 

.2976 NE2 

.0061 CG2 

.0365 CD 

.0542 CD 

.2271 

.0279 SD 

.0369 CD 

.0080 CD 
-.2421 HG 
-.2556 HG1 

-.0604 HD1 
-.2045 
-.0194 HD1 
-.0070 HE2 
-.0068 CD1 
-.0162 

.0482 CE 

.lo65 CD2 

-.2026 .1246 .0944 .0764 .3335 -.3314 .1938 CD2 
.1918 

-.0026 -.2101 .1162 .0743 
-.2028 .1223 .0679 
-.1996 .1255 .0739 

.0331 .3490 -.3592 

.0140 .3462 -.3517 

.0467 .3460 -.3569 .1982 NZ 

-.2015 .1228 .0670 
-.2033 .1239 .0740 
-.1760 .0750 
-.2024 .1187 .0678 
-.2102 .1214 .0657 

.0419 .3560 -.3632 

.0067 .3512 -.3598 

.0290 .3500 -.3650 

.1202 .3587 -.3614 

.1405 .3577 -.3605 

-.0969 CE 
-.0234 CE 

.0790 

.1405 

.1303 CG2 

.0460 

.0085 CZ 

.0107 
Thr-'  -.1956 .0780 .0135 .1271 .3691 -.5750 OG1 -.2760 HG1 .0872 CG2 -.0533 
Trp -.2101 .1241 .0701 .0112 .3523 -.3609 CG -.0537 CD1 .0751 CD2 -.0019 NE1 -.1418 

HE1 .1105 CE2 .lo19 CE3 -.0107 CZ2 -.0397 
CZ3 -.0271 CH .0007 

Tyr -.2151 .1240 .0740 .0091 .3502 -.3601 CG .0173 CD .0072 CE -.0422 CZ .1867 

Val -.2134 .1244 .0655 .0326 .3535 -.3648 CG .0011 
OH -.2503 HH .1342 

a Charges are given in electronic charge units (ecu). Charges on the nonpolar hydrogen atoms have been added to the nonhydrogen 
atom to which they are attached. 

Ala+ is the N-terminal alanine residue. 
' Thr- is the C-terminal threonine residue. 
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Table IV Partial Atomic Charges 
for Nucleotides” 

Guanine Ribose 

Charge Charge Charge 
Atom Charge Atom 2‘-GMP 3’-GMP 5’-GMP 

N1 
c 2  
N3 
c4 
c 5  
C6 
0 6  
H1 
N2 
H2 
N7 
C8 
N9 

-.2139 
.3815 

.2117 

.3529 

,1205 

.1357 
-.1652 

.1214 
-.1202 

-.3272 

-.lo2 

-.389 

-.2474 

c 1‘ 
C2’ 
c 3’ 
C4’ 
04’ 
02’ 
H2’ 
03’ 
H3‘ 
C5’ 
05‘ 
H5‘ 
P 
OP1 
OP2 
OP3 
H 

,213 
.1389 
.1195 
.1379 

-.2672 
-.3014 

-.2365 
,1056 
.lo39 

-.2601 
.lo84 
.373 

-.4749 
-.4749 
-.3356 

.1559 

.1848 

.0858 

.1246 

.1686 
-.2658 
-.2398 

,107 
-.3036 

,1521 
-.2601 

.lo84 

.373 
-.4749 
-.4749 
-.3356 

,1559 

.1954 

.0874 

.1423 

.1238 
-2379 
-.255 

.1182 

,1182 
,1056 

-.255 

-.2811 

.373 
-.4749 
-.4749 
-.3356 

.1559 

a Charges are given in electronic charge units (ecu). Charges 
on the nonpolar hydrogen atoms have been added to the non- 
hydrogen atom to which they are attached. 

update the Hessian and the inverse Hessian ap- 
proximations. Minimization was stopped when the 
rms gradient was less than 0.01 kcal/mol/A. This 
minimization method was implemented and coded 
in the authors’ laboratory to study the T4-lysozyme- 
ligand  interaction^.^' Scheraga and co-workers have 
used a similar algorithm implemented by Gay3’ to 
study the interactions between two sheets in a 
protein, 32 to study the multiple minimum problem 
in protein folding by Monte Carlo minimization ap- 
p r ~ a c h , ~ ~  and to predict the conformations for the 
immunodominant region of the circumsporozoite 
protein of the human malaria parasite Plasmodium 
falaparum. 34 

RESULTS 

From contact criteria, it was found that the guanine 
base can bind in mainly two modes. In one mode, 
the orientation of the base was similar to that ob- 
served in the crystal structure and in the other, it 
binds in a “flipped” orientation. When energy min- 
imization was carried out starting from the sterically 
allowed orientations identified by contact criteria, 

in all the minimized conformers, the base assumed 
either of these two orientations. However, the total 
energy was very high in those complexes in which 
the base binds in a flipped orientation. Tables V- 
VII show some of the low-energy conformers of the 
complexes of the three inhibitors with RNase T I .  
In all the low-energy conformers of a particular 
complex the base hydrogen bonds remained the same 
[except in the 3’-GMP (C3’-endo)- and the 5’- 
GMP(  C3’-endo)-RNase T1 complexes], and the 
phosphate was bound in the pocket formed by res- 
idues Asn36, Tyr38, His40, Glu58, Arg77, His92, and 
Asn98. The energy difference between the lowest 
and other conformers was mainly from the move- 
ment of the amino acid residues present in the phos- 
phate binding pocket. 

Only the lowest energy conformers of the com- 
plexes of the three mononucleotide inhibitors 2’- 
GMP, 3‘-GMP, and 5’-GMP in both C2’-endo and 
C3‘- endo puckered conformations with RNase T, 
are reported in Table VIII (Figure 2a-f) . In Table 
IX, the possible hydrogen bonds between the inhib- 
itor and the protein predicted from the present cal- 
culations are shown. The orientations of the side 
chains of many of the amino acid residues are sig- 
nificantly altered from those reported from the 
crystal structure, and these are shown in Table X. 

The base binding site comprises mainly the res- 
idues Tyr42, Asn43, Asn44, Tyr45, Glu46, Asn98, 
and PhelOO in all the three RNase T,-inhibitor 
complexes (Figure 2a-f) . N1 of guanine is hydrogen 
bonded to Glu46 OEl  in all the cases. N2 of the base 
forms two hydrogen bonds: one with Glu46 OE2 and 
the second with the backbone oxygen of Asn98. The 
latter hydrogen bond is not possible in the 3‘- 
GMP( C3’-endo)-RNase T, complex. 0 6  of the base 
accepts two hydrogen bonds from Asn44 N and 
Tyr45 N. Both these hydrogen bonds with 0 6  are 
not possible in the 5’-GMP( C3‘-endo)-RNase TI  
complex. N7 forms a hydrogen bond with both Asn43 
N and Asn43 ND2 in the complexes of 2‘-GMP and 
3’-GMP with RNase T , ,  and only with Asn43 ND2 
in the complexes of 5’-GMP with RNase T I .  

The ribose moiety of all the three inhibitors in 
both C2‘- endo and C3‘- endo puckered conformations 
forms a hydrogen bond with the Asn98 side-chain 
amide group, but this is rather weak in the 5’-GMP- 
RNase T1 (both C2’-endo and C3’-endo) complexes 
(Figure 2e and f; Table IX)  . In addition to this hy- 
drogen bond, 0 2 ’  forms two hydrogen bonds in the 
2’-GMP( C2’-endo)-RNase T1 complex (with His40 
NE2 and Glu58 OE2; Figure 2a) and the 3’- 
GMP (C2’-endo) -RNase T, complex (with Glu58 
OEl  and OE2; Figure 2c). In the 3’-GMP(C3’- 
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Table V Low-Energy Conformers of the 2-GMP-RNase TI Complex' 

C3'-endo C2'-endo 

No. 
X 
Y 
z 
9 
H 
1c 
X 
02' 

1 
14.9 
33.4 
21.2 

190.2 
150.4 
33. 
85.3 

H40 NE2 
E58 OE2 

2 
14.9 
33.4 
21.2 

189.8 
149. 
31.2 
81.9 

E58 OE2 

3 
14.9 
33.4 
21.4 

190.5 
150.4 
31.5 
82. 

E58 OE2 

1 
15. 
33.4 
21. 

214.7 
152.1 
53.5 

137. 

2 
14.9 
33.5 
21.1 

206.6 
150.2 
45.3 

133.7 

3 
15.1 
33.4 
21. 

197.7 
150.7 
41.9 

117.5 

4 
14.9 
33.5 
21.2 

200.1 
149.9 
36.9 

115. 

N98 OD1 N98 OD1 N98 OD1 N98 OD1 03' 
05' 
OP1 

N98 OD1 
H92 NE2 N36 ND2 E58 OE2 H92 NE2 Y38 OH 

R77 NE 
H92 NE2 

R77 NH2 
H92 NE2 
Y38 OH 
E58 OE2 

Y38 OH 

E58 OE2 Y38 OH 
E58 OE2 
H92 NE2 

Y38 OH OP2 

R77 NH2 
H92 NE2 

H92 NE2 OP3 Y38 OH 
R77 NE 
E58 O E l  

0. 

Y38 OH 
R77 NE 
E58 O E l  

4.4 

N36 ND2 

H 
ENE 

Y38 OH 
6.7 

E58 OEl  
0. 

N98 OD1 
4. 6. 3. 

" The base hydrogen bonds in all the conformers are same and are shown in Table IX for the lowest energy conformers. Rigid body 
rotation angles 4, 8, and $ and the glycosyl torsion angle X are in degrees. Energy is relative to Conformer No. 1. 

Table VI Low-Energy Conformers of the 3'-GMP-RNase TI Complex" 

C2'-endo C3'-endo 

NO. 
X 
Y 
z 
cp 
H 
1c 
X 
02' 

1 
14.8 
33.5 
21.3 

211.8 
145. 
43.4 
87.7 

E58 OEl  
E58 OE2 

2 
14.8 
33.6 
21.2 

212.6 
147.8 
45.4 

100.4 
E58 OE2 

3 
14.8 
33.5 
21.2 

108.9 
147.1 
42.4 
97.5 

E58 OE2 

2b 
14.9 
33.2 
21.6 

182. 
139. 
23. 
6.3 

3b 
14.9 
33.1 
21.4 

173.9 
154.4 
17.3 
16.7 

1 

14.9 
33.1 
21.6 

183.4 
138.9 
22.8 
6.8 

N36 ND2 
N98 OD1 

N36 ND2 
H92 NE2 

03' 
05'  N98 OD1 H92 NE2 

N98 OD1 
Y38 OH 
H40 NE2 
R77 NE 
R77 NH2 

OP1 N36 ND2 
Y38 OH 

N36 ND2 
Y38 OH 

N36 ND2 
Y38 OH 

Y38 OH 
H40 NE2 
R77 NH2 

OP2 R77 NH2 
H92 NE2 

R77 NH2 
H92 NE2 

R77 NH2 
H92 NE2 

N36 ND2 
Y38 OH 
R77 NH2 
H40 NE2 OP8 

H 
ENE 

H92 NE2 
E58 OEl  

1.3 
E58 O E l  

0. 0. .9 1.5 7.4 

" Rigid hody rotation angles 4, 0, and $ and glycosyl torsion angle X are in degrees. Energy is relative to Conformer No. 1. The base 
hydrogen honds are same as given in Table IX for the low-energy conformers. bAn additional N2-N98 0 hydrogen bond is formed. 
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Table VII Low-Energy Conformers of the 5'-GMP-RNase T. ComDlexa 

C3'-endo C2'-endo 

No. 
X 
Y 
z 
4 
6 
J, 
X 
04' 
05' 

OP1 

OP2 

OP3 

H 
ENE 

1 
15. 
33.5 
21.6 

169.8 
150.8 

7.8 
307.1 

N98 ND2 

H92 NE2 
N98 ND2 

R77 NH2 
H92 NE2 
Y38 OH 
R77 NE 
E58 OEl 

0. 

2 
14.9 
33.4 
21.7 

162.5 
154. 

0.5 
297.4 

H40 NE2 
E58 OE2 
Y38 OH 
R77 NE 
R77 NH2 
H92 NE2 
N98 ND2 

1.2 

n 
3 

14.9 
33.4 
21.8 

148.4 
154.1 
-10.6 
319.8 

N98 ND2 

R77 NE 
R77 NH2 
H92 NE2 
Y38 OH 
H40 NE2 
E58 OE2 

E58 OEl 
5.9 

1 
15.3 
33.5 
21.7 

160.4 
149.3 
-7.8 

286.8 
N98 ND2 

H92 NE2 
N98 ND2 

R77 NH2 
H92 NE2 
Y38 OH 
E58 OE2 
E58 OEl 

0. 

2b 
14.9 
33.4 
21.9 

141.9 
156.2 

299.6 
-18.8 

R77 NE 
R77 NH2 
R77 NE 
Y38 OH 
H40 NE2 
E58 OE2 

E58 OEl 
3.6 

3' 
15.2 
33.5 
21.8 

153.6 
148.8 

-10.8 
288.1 

R77 NH2 
H92 NE2 

Y38 OH 
E58 OE2 
N98 ND2 

5.6 

a Rigid body rotation angles 6,8, and I) and glycosyl torsion angle X are in degrees. Energy is relative to Conformer No. 1. The base 
hydrogen bonds are same in all conformers as given in Table IX for the minimum energy conformer, and in addition, the 06-N44 N 
hydrogen bond in (b) and (c) and 06-Y45 N hydrogen bond in (b) are formed. 

endo) -RNase TI complex (Figure 2d), the 05' atom 
forms a hydrogen bond with His92 NE2. 

Although the position of the phosphate group is 
different in the three inhibitors, present calculations 
predict that the phosphate group always prefers to 
bind in the same site of the protein comprising the 
residues Asn36, Tyr38, His40, Glu58, Arg77, His92, 
and Asn98 (Figure 2a-f; Table 1x1. The phosphate 
group donates a hydrogen atom to Glu58 in all the 
three RNase TI-inhibitor complexes except in the 

3'-GMP( C2'-endo)-RNase TI complex, where the 
2'-OH group acts as the donor. Asn36 ND2 forms a 
hydrogen bond with the phosphate only in the 3'- 
GMP(C2'-endo) -RNase TI complex. Tyr38 OH 
forms one hydrogen bond with the phosphate group 
in all the three RNase TI-inhibitor complexes. Al- 
though the His40 side chain is near the phosphate 
group in all the complexes, hydrogen-bond formation 
between them is possible only in the 3'-GMP( C3'- 
endo)-RNase TI complex. Arg77 and His92 side 

Table VIII 
Complexes with RNase TI 

Theoretically Predicted Binding Orientations and Conformations of the Three Inhibitors in 

Ribose H8-H1' 
x, Y, Z" 4,8, qb X C  Energyd Distance Inhibitor Pucker 

2'-GMP C2'-endo 14.902, 33.397, 21.176 190.2, 150.4, 33.0 85.31 0.315 2.616 
C3'-endo 14.967, 33.442, 21.008 214.7, 152.1, 53.5 136.98 0.000 3.132 

3'-GMP C2'-endo 14.844, 33.531, 21.275 211.8, 145.0, 43.4 87.65 7.676 2.632 
C3'-endo 14.846, 33.107, 21.602 183.4, 138.9, 22.8 6.76 7.712 2.860 

C3'-endo 15.319, 33.521, 21.660 160.4, 149.3, -7.8 286.84 14.657 3.711 
5'-GMP C2'-endo 14.996, 33.463, 21.549 169.8, 150.8, 7.8 307.10 13.113 3.534 

a Translational parameters. 
Rotational parameters (in degrees). 
' Glycosyl torsion angle (in degrees). 

Total energy relative to the 2'-GMP (C3-endo) complex that is the lowest. 
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Table IX 
with RNase TI in the Minimum Energy Conformationsasb 

Proposed Hydrogen-Bonding Scheme in the Complexes of the Three Inhibitors 

C2'-endo C8-endo 

2'-GMP 3'-GMP 5'-GMP 2'-GMP 3'-GMP 5'-GMP 

Guanine 
N1 

N2 

0 6  

N7 

Ribose 
02'  

03'  

04' 

05' 

Phosphate 
OP1 

OP2 

OP3 

H 

E46 O E l  
1.98 156.7 
E46 OE2 
1.94 171.5 
N98 0 
1.95 149.7 
N44 N 
2.21 106.5 
Y45 N 
1.88 164.0 
N43 N 
2.11 173.1 
N43 ND2 
2.38 136.9 

H40 NE2 
2.49 149.3 
E58 OE2 
1.92 135.8 

E46 O E l  
2.10 131.0 
E46 OE2 
1.81 164.5 
N98 0 
2.02 172.8 
N44 N 
2.44 102.6 
Y45 N 
1.90 173.6 
N43 N 
2.46 169.6 
N43 ND2 
2.43 145.9 

E58 O E l  
1.72 137.2 
E58 OE2 
2.42 135.0 

N98 OD1 N98 ND2 
1.68 161.9 2.05 116.1 

H92 NE2 
1.84 126.8 

N36 ND2 
1.82 131.6 
Y38 OH 
1.65 142.0 

R77 NH2 
1.91 162.0 
H92 NE2 
1.81 142.3 

Y38 OH 
1.74 148.3 
R77 NE 
2.34 133.1 
E58 O E l  
1.69 143.0 

E46 O E l  
1.91 169.7 
E46 OE2 
1.83 165.4 
N98 0 
1.89 160.9 
N44 N 
2.31 112.5 
Y45 N 
2.17 167.2 

N43 ND2 
2.21 162.3 

N98 ND2 
2.46 123.5 

H92 NE2 
2.22 120.6 
N98 ND2 
2.33 148.1 

R77 NH2 
1.85 174.4 
H92 NE2 
2.06 121.5 
Y38 OH 
1.76 160.2 
R77 NE 
1.78 145.3 
E58 O E l  
1.69 152.0 

E46 OEl  
2.14 147.8 
E46 OE2 
1.92 169.4 
N98 0 
2.07 141.1 
N44 N 
2.45 102.4 
Y45 N 
1.85 175.1 
N43 N 
2.18 176.0 
N43 ND2 
2.23 144.3 

N98 OD1 
1.68 159.8 

R77 NH2 
1.86 172.9 
H92 NE2 
1.81 157.7 

Y38 OH 
1.66 174.6 
E58 OE2 
1.70 152.8 

E58 O E l  
1.69 161.7 

E46 OEl  
2.09 141.9 
E46 OE2 
1.95 157.5 

N44 N 
2.13 105.6 
Y45 N 
1.90 164.5 
N43 N 
2.23 174.2 
N43 ND2 
2.30 150.7 

H92 NE2 
1.65 153.2 
N98 OD1 
1.69 148.7 

Y38 OH 
1.67 143.7 
R77 NE 
2.47 124.2 
R77 NH2 
1.91 139.9 
H40 NE2 
1.85 123.3 

E58 OEl  
1.69 164.9 

E46 OEl  
2.2 169.9 
E46 OE2 
1.84 154.1 
N98 0 
1.89 160.6 

N43 ND2 
2.36 144.9 

N98 ND2 
2.28 122.6 

H92 NE2 
2.05 126.5 
N98 ND2 
1.87 146.2 

I377 NH2 
1.81 162.4 
H92 NE2 
2.28 123.2 
y38  OH 
1.76 150.4 
E58 OE2 
1.78 134.3 
E58 O E l  
1.77 123.9 

The criteria followed for selecting hydrogen bonds are the same as suggested by Baker and Hubbard." 
Distance between the hydrogen and the acceptor atoms (in Angstroms) and the angle formed by the donor, hydrogen, and the 

acceptor atoms (in degrees) are also shown. 
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Figure 2 Stereo diagrams viewed down the 2 axis of the complexes of the three inhibitors 
2'-GMP, 3'-GMP, and 5'-GMP in both C2'-endo and C3'-endo conformations with RNase 
TI in their minimum energy conformations. Only those residues involved directly in binding 
are shown without the backbone N, H, C, and 0 atoms (except for Asn98) for clarity. The 
protein atoms are connected by thick lines and the inhibitor atoms by thin lines. The 
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Figure 2. (Continued from the previous page.) single-letter amino acid codes used are N: 
Asn; H: His; Y: Tyr; R: Arg; E: Glu; F: Phe. FOO stands for phenyl alanine 100. ( a )  2'- 
GMP (C2'-endo)-RNase T, complex. ( b )  2'-GMP (C3'-endo)-RNase T ,  complex. ( c )  3'- 
GMP (C2'-endo)-RNase T I  complex. ( d )  3'-GMP (C3'-endo)-RNase T, complex. ( e )  5'- 
GMP (C2'-endo)-RNase T ,  complex. ( f )  5'-GMP (C3'-endo)-RNase TI complex. 
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Table X 
Energy Complexes of the Inhibitors with RNase TIa 

Side-Chain Conformation of the Amino Acid Residues in the Minimum 

Calculated Torsion Angle Values 

C2’-endo C3’-endo 
Crystal‘ 

Residueb Name Structure 2‘-GMP 3’-GMP 5’-GMP 2‘-GMP 3’-GMP 5’-GMP 

Ser35 CA-CB 
Asn36 CA-CB 
Am36 CB-CG 
Ser37 CA-CB 
Tyr38 CA-CB 
His40 CA-CB 
His40 CB-CG 
L y ~ 4 1  CB-CG 
Lys41 CD-CE 
Asn43 CA-CB 
Asn43 CB-CG 
Glu46 CG-CD 
Asp49 CA-CB 
Asp49 CB-CG 
Tyr56 CB-CG 
Glu58 CA-CB 
Glu58 CB-CG 

Ser72 CA-CB 

Arg77 CA-CB 
Arg77 CB-CG 
Arg77 CG-CD 
Arg77 CD-NE 
Arg77 NE-CZ 
Val78 CA-CB 
His92 CA-CB 
His92 CB-CG 

Asn98 CA-CB 
Asn98 CB-CG 
PheOO CA-CB 
PheOO CB-CG 

Glu58 CG-CD 

Asp76 CB-CG 

Thr93 CA-CB 

- 78 
-60 
-6 

-74 
-69 

66 
62 

173 
162 
-62 
- 78 

20 
-122 
-145 

-57 
66 

174 
-96 

-168 
-27 
-49 
-72 

-176 
-96 
-5 
152 
-72 
134 
-63 
-98 
-75 
-78 
-80 

53 
-51 

-167 
-60 
-76 

51 
-125 
-157 
-168 
-61 
108 
20 

-162 
-63 
-67 

48 
174 
163 
179 
-44 
-42 
-63 
172 

-134 
13 

176 
- 78 
-16 
-42 

-153 
83 

-82 
- 70 

53 
-41 
172 
-60 
-90 

52 
-119 
-157 
-168 
-56 

97 
42 

-162 
-63 
-67 

58 
157 
-48 
179 
-44 
-38 
-63 
175 

14 
176 
-78 
-15 
-42 

55 
87 

-82 
- 70 

-144 

53 
-48 

-177 
-60 
-71 

57 
-126 
-157 
-170 
-61 

99 
33 

-162 
-63 
-67 

59 
170 
132 
179 
-44 
-44 
-61 
172 

-130 
8 

176 
-81 
-9 

-42 
- 156 
-95 
-81 
-72 

54 
-48 

-178 
-60 
-70 

55 
-128 
-157 
-169 
-60 
102 
19 

-162 
-63 
-67 

56 
152 
-66 
179 
-44 
-37 
-63 

-174 
-145 

15 
176 
- 76 
-19 
-42 

-151 
74 

-86 
-62 

55 
-139 

166 
-60 
-62 

51 
-136 
-157 
-170 
-62 
100 
39 

-162 
-63 
-67 

48 
178 
153 
179 
-44 
-45 
-61 
174 

-131 
14 

176 
-61 

89 
-42 
-88 

80 
-56 

-100 

53 
-50 

-169 
-60 
-78 

53 
-125 
-157 
-169 
-58 

99 
37 

-162 
-63 
-67 

66 
147 
140 
179 

-44 
-41 
-61 
176 

-137 
14 

176 
-81 

-9 
-42 

-157 
-98 
-80 
-73 

a PheOO stands for phenyl alanine 100. Only those side-chain torsion angles that alter by more than 10” from the crystal structure 
conformation are listed here. The definition of the various torsion angles are as given in Ref. 19. 

Name of the amino acid residue and the bond about which significant change in torsion angle is noted. 
‘ Torsion angle value reported in the Y-GMP-Lys25-RNase TI complex.” 

chains form a hydrogen bond with the phosphate in 
the 2’-GMP-RNase TI (both C2’-endo and C3’- 
endo) and 3’-GMP( C2’-endo)-RNase T1 com- 
plexes, and two hydrogen bonds in the 5‘-GMP- 
RNase T, (CZ’-endo) complex. In the 5’-GMP (C3‘- 
endo)-RNase TI complex, Arg77 forms one and 
His92 forms two hydrogen bonds with the phosphate 
group. In the 3’-GMP ( C3’- endo) -RNase T1 com- 
plex, Arg77 forms two hydrogen bonds with the 

phosphate group. The total conformational energy 
difference between the C2‘-endo and C3’-endo 
pucker forms of the 2’-GMP-RNase T1 and 3‘- 
GMP-RNase T1 complexes is negligibly small. 
However, the 5’-GMP( C3’-endo)-RNase T1 com- 
plex has slightly higher conformational energy ( 1.5 
kcal/mol) than the 5’-GMP( C2’-endo)-RNase T1 
complex. Thus the binding of 2’-GMP and 3‘-GMP 
in both C2‘- and C3’-endo ribose pucker forms to 
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RNase Tl is equally probable, whereas for 5'-GMP, 
C2'- endo pucker form is slightly more favoured over 
C3'-endo form. 

DISCUSSION 

In the 2'-GMP (C2'-endo)-RNase T1 complex, the 
number of hydrogen bonds between the base and 
the protein predicted here are slightly more than 
those reported from either of the two crystal struc- 
ture studies "J' (Table I ) .  The hydrogen bond be- 
tween the side-chain amide group of Asn43 and N7 
of guanine predicted from the present calculations 
is not reported by Arni et al." In the native Y-GMP- 
RNase T1 complex, although this Asn43 ND2-N7 
hydrogen bond has been reported, the Tyr45 N-06 
and Glu46 OE2-N2 hydrogen bonds are not re- 
ported." Thus the present calculations indicate that 
all the hydrogen bonds proposed between the gua- 
nine base and the enzyme in the complex of 2'-GMP 
with both the native and Lys25-RNase T1 are pos- 
sible. The 0 2 '  and 05 '  atoms of ribose can form 
hydrogen bonds with His40 NE2, Glu58 OE2, and 
Asn98 OD1 of the protein. These hydrogen bonds 
are not indicated in any of the crystal structure 
studies. For the phosphate, there is a better agree- 
ment between the hydrogen bonds proposed from 
the present calculations and those reported in the 
native 2'-GMP-RNase T1 complex. 

A stereo diagram comparing the energy-mini- 
mized structure obtained from this study for the 2'- 
GMP (CZ'-endo) -RNase T1 complex with the 
structure obtained by the 1.9 A resolution x-ray 

crystallographic study of 2'GMP-Lys25-RNase T1 
is shown in Figure 3. The rms differences in the 
positions of the amino acid side-chain atoms be- 
tween the initial x-ray structure and the final energy- 
minimized structure are tabulated in Table XI. For 
the inhibitor 2'-GMP molecule, the rms difference 
is 2.09 A. Side chains of residues Ser35, Asn36, 
His40, Lys41, Asn43, Asp49, Glu58, Arg77, Va178, 
His92, and Asn98 show considerable deviation from 
the starting conformation. The orientation of the 
base in the theoretically predicted complex is nearly 
the same as that observed in the x-ray crystallo- 
graphic study, but the ribose-phosphate confor- 
mation is slightly different. Amino acid residues that 
are directly involved in binding and catalysis-viz., 
Asn36, His40, Asn43, Glu58, Arg77, His92, and 
Asn98-deviate from the initial conformation to 
have better hydrogen-bonding interactions with the 
bound inhibitor. The movement of the side chains 
of the amino acid residues in the active site appear 
to be concerted whereas those that are away from 
the active site move mainly to relieve unfavorable 
interactions present in the reported x-ray structure. 

The present calculations also predict that the 
mode of binding of 3'-GMP and 5'-GMP is very 
similar to that of 2'-GMP as inferred from the 'H- 
nmr studies.13 The base and the phosphate moieties 
interact with the same amino acid residues in all 
three RNase T1-inhibitor complexes, which requires 
the relative disposition of the base and the phos- 
phate to be the same, independent of the phosphate 
position on the inhibitor. This is possible due to the 
flexibility of the inhibitor, which allows rotation of 
the base about the glycosyl bond and alterations in 

Figure 3 Stereoscopic projection of the 2'-GMP-Lys25-RNase TI complex obtained 
from the 1.9 A resolution x-ray crystallographic study" (thick lines) superimposed over 
the 2'-GMP (C2'-endo)-RNase TI structure arrived at from the present calculations (thin 
lines ) . 
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Table XI 
the Position of the Side-Chain Atoms of the 
Amino Acids in the 2‘-GMP-RNase TI 
Complex Between the X-Ray and 
Energy-minimized Structures” 

Root Mean Square Differences (A) in 

Root Mean Root Mean 

Acid Difference Acid Difference 
Amino Square Amino Square 

Ser 35 
Asn 36 
Ser 37 
Tyr 38 
His 40 
Lys 41 
Tyr 42 
Asn 43 
Asn 44 
Tyr 45 
Glu 46 
Phe 48 
Asp 49 
Phe 50 
Tyr 56 
Tyr 57 
Glu 58 
Trp  59 

2.515 
1.873 
0.342 
0.407 
1.812 
0.997 
0.248 
1.848 
0.331 
0.159 
0.283 
0.121 
1.676 
0.078 
0.164 
0.013 
1.382 
0.043 

Ile 61 
Tyr 68 
Ser 69 
Ser 72 
Asp 16 
Arg 77 
Val 78 
Val 79 
Val 89 
Ile 90 
Thr  91 
His 92 
T h r  93 
Ser 96 
Asn 98 
Asn 99 
Phe 100 
Val 101 

0.137 
0.093 
0.056 
0.291 
0.429 
0.589 
0.569 
0.202 
0.178 
0.137 
0.009 
1.612 
0.528 
0.226 
2.304 
0.382 
0.243 
0.128 

a Coordinates for the side-chain atoms of Glu102 were not 
available from the x-ray study. 

the ribose pucker. A change in the ribose pucker 
affects a large change in the glycosyl angle of the 
bound inhibitor in the 2‘-GMP-RNase Tl and 3’- 
GMP-RNase T1 complexes, but not in the 5‘-GMP- 
RNase T1 complex (Table VIII). In all the three 
RNase T I-inhibitor complexes, the ribose moiety 
forms a t  least one hydrogen bond with the protein. 
This suggests that the ribose moiety does not act 
merely as a spacer between the base and the phos- 
phate to  ensure proper disposition between them 
for binding as indicated earlier,13 but it also con- 
tributes significantly to the stability of the complex. 
The contribution of the ribose moiety towards the 
binding energy is more in the 2’-GMP-RNase T1 
and the 3’-GMP-RNase T1 complexes in compari- 
son to the 5‘-GMP-RNase T1 complex where the 
Am98 ND2 to ribose 04 ’  hydrogen bond is rather 
weak. Although His92 was found to be present in 
the phosphate binding site in the complex of 2’-GMP 
with both the native- and Lys25-RNase T1,  no hy- 
drogen bond was reported between His92 and the 
phosphate group from the x-ray diffraction studies. 
The present calculations show that His92 may in- 
deed form one hydrogen bond with the phosphate 

group in the 8’-GMP-RNase TI (both C2’-endo and 
C3’-endo) and 3’-GMP( C2‘-endo)-RNase T1 com- 
plexes, and a bifurcated hydrogen bond with the two 
phosphate oxygen atoms in the 5’-GMP-RNase TI  
(both C2‘-endo and C3’-endo) complexes. However, 
in the 3’-GMP (C3’-endo) -RNase T1 complex, 
His92 may form a hydrogen bond with the phosphate 
group instead of 0 5 ‘  of ribose. Such a switch in the 
hydrogen bond increases the total conformational 
energy by about 1 kcal/mol over the minimum en- 
ergy conformation. 

It can be seen from Table VIII that of the three 
RNase Tl-inhibitor complexes, the 2’-GMP-RNase 
T, complex has the least and the 5‘-GMP-RNase 
Tl complex has the highest total conformational 
energy, suggesting that the former forms a more 
stable complex than the latter. This is qualitatively 
in agreement with gel filtration, uv-difference spec- 
tral, and kinetic ~ t u d i e s ’ * ~ ~ - ~ ~  showing that the bind- 
ing affinity and the inhibitory effect of the three 
nucleotide inhibitors decreases in the order 2’-GMP 
> 3’-GMP > 5‘-GMP (Table XII ) .  In the 2’-GMP- 
RNase TI complex, Glu58 forms hydrogen bond with 
the phosphate (Figure 2a,b and Table IX) . This may 
explain the unusually high pK, of Glu58 reported 
from the potentiometric and spectrophotometric ti- 
tration ~ t u d i e s . ~  Such an interaction between the 
phosphate and Glu58 is possible in other complexes 
also except in the 3’-GMP( CB’-endo) -RNase T1 
complex. 

In the complexes of the three mononucleotide in- 
hibitors 2’-GMP, 3’-GMP, and 5’-GMP with RNase 
TI (Table VIII), the ribose pucker, be it C2’-endo 
or C3‘-endo, makes very little difference to the total 
conformational energy of the complex, indicating 
that in solution both may be present and in solid 
state it may be frozen in either form. The present 
calculations predict that the glycosyl torsion angle 
in the 2’-GMP (C2’-endo)-RNase T,\complex will 
be in the +sc range (85” ) , which is in fairly good 
agreement with the x-ray crystal structure studies 
(55” in the 2’-GMP-Lys25-RNase T, complex). 
The same torsion angle in the 2’-GMP (C3’- endo) - 

Table XI1 
of the RNase TI-GMP Complexes 
(-AGO in kcal/mol) 

Standard Free Energy of Binding 

Ref. 8 Ref. 35 Ref. 36 Ref. 37 Ref. 38 

2’-GMP 5.6 7.04 6.3 7.1 6.9 
3’-GMP 5.18 6.44 4.7 7. 6.7 
5’-GMP 3.97 5.37 2.7 5.7 6.2 
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RNase T1 complex falls in the Santiclinal ( f a c )  
range (137”). In thecase ofthe 3’-GMP(C3’-endo)- 
RNase T1 and the 3’-GMP(C2‘-endo)-RNase T1 
complexes, this angle favors values of 7” and 88”, 
respectively, in the Ssynperiplanar (Ssp )  and f s c  
ranges. These are in agreement with those assumed 
in the interpretation of the nmr data.13 On the other 
hand, in the 5’-GMP-RNase T1 complex, the gly- 
cosy1 torsion angle favors a value in the -synclinal 
(-sc) range (-53” if the ribose is inCZ’-endo puck- 
ered form and -73’ if the ribose is in C3’-endo 
puckered form), which is in disagreement with the 
orientation assumed (ant i )  by Inagaki e t  al.13 to in- 
terpret the nmr data. The distances between the hy- 
drogen atoms attached to  C8 of guanine (H8)  and 
C1’ of ribose ( H l ’ )  in the minimum energy confor- 
mation of the three inhibitor-protein complexes are 
also shown in Table VIII. This H8-H1’ distance is 
about 2.6 A in the 2’-GMP (C2‘-endo) -RNase T1 
complex and 3.9 A in the 2’-GMP (C3’-endo) -RNase 
T, complex. Therefore a large nuclear Overhauser 
enhancement (NOE)  is to be expected for the H1’ 
proton resonance on irradiation of the H8 proton 
only if the bound 2’-GMP molecule in the complex 
with RNase TI ado;-t,s C2’-endo and not the C3’- 
endo ribose puckering mode. The large NOE re- 
ported for the pair of H1’ and H8 protons of gua- 
nosine clearly suggests that the ribose moiety of the 
bound 2‘-GMP molecule adopts the C2’- endo puck- 
ered conformation in significant amounts. The vic- 
inal coupling constant of about 4.5 Hz observed in 
the 1 : 1 mole ratio complex is intermediate between 
the values of 2 and 8 Hz expected for C3’-endo and 
C2‘-endo puckered conformations, respectively. This 
indicates that the ribose moiety in the 2‘-GMP- 
RNase T1 complex should exist in both the puckered 
conformations. Thus the nmr results on the 2‘- 
GMP-RNase T1 complex are consistent with the 
theoretical predictions, i.e., in solution the ribose 
moiety may occur in both the puckered conforma- 
tions as the difference in the total conformational 
energy between the 2’-GMP( CZ’-endo)-RNase TI  
and the 2‘-GMP (C3‘-endo) -RNase T1 complexes 
is negligibly small (Table VIII) . It should be recalled 
that while interpreting the nmr data, Inagaki e t  al.13 
considered only the C3‘- endo pucker conformation. 
In the 3’-GMP-RNase TI complex a large NOE 
should be expected in both the C2’-endo (Hl’-H8 
distance = 2.6 A )  and the C3’-endo (Hl’-H8 distance 
= 2.8 A )  ribose pucker conformations. Hence NOE 
studies may not throw any light on the nature of 
the ribose pucker in this case. The observed vicinal 
coupling constant of 4-6 Hz in the 1 : 1 mole ratio 
complex of 3’-GMP with RNase T1 suggests the 

possibility of existence of both the puckered con- 
formations of ribose in solution. This is again con- 
sistent with the theoretical predictions that in so- 
lution the ribose moiety in the 3’-GMP-RNase TI  
complex may occur in both puckered conformations 
as  the energy difference between the 3‘-GMP (C2’- 
endo)-RNase T1 and the 3’-GMP( C3’-endo)- 
RNase T1 complexes also is very small. In the 5‘- 
GMP-RNase T , complex the distance between the 
Hl’-H8 protons is about 3.5 b, in either of the puck- 
ered conformations and hence the expected NOE is 
negligibly small, which in fact is the case. The energy 
difference between the 5 ’-GMP ( C2’- endo) -RNase 
T, and the 5‘-GMP(C3’-endo)-RNase TI  com- 
plexes is small (1.5 kcal/mol), with the C2’-endo 
conformation being slightly favored over C3’- endo 
conformation; but the observed vicinal coupling 
constants suggest that the 5‘-GMP binds predomi- 
nantly in the C3‘-endo puckered conformation. I t  is 
also important to note that theoretical calculations 
on the guanosine 3’,5’-bis( phosphate)-RNase T1 
complex (unpublished results) predict that the 5‘- 
phosphate end binds in the phosphate binding site 
in preference to the 3’-phosphate end with the ribose 
moiety in C3‘- endo puckered conformation, in 
agreement with the nmr studies. 

Chemical modification and spectroscopic studies 
have shown that His40, Glu58, Arg77, and His92 
are actively involved in the catalysis of RNase T, . 
Although there is consensus that His92 serves to 
protonate the 0 5 ’  oxygen of the leaving group, the 
attack a t  the 2‘ hydroxyl is still a matter of debate. 
Does Glu58 act as a base (which appears probable 
due to its high pK, value in the presence of bound 
nucleotide) with His40 engaged in its activation, 
or is it His40 that accepts the proton? The present 
work cannot provide an answer, although in the 
complex of 3’-GMP (which resembles the substrate 
more closely than 2’-GMP and 5’-GMP) with RNase 
T 1 ,  the 2‘-hydroxyl group is in hydrogen bonding 
contact only to Glu58 and only if the ribose pucker 
is C2’- endo. More theoretical and experimental 
studies are necessary to clarify this point. 

CONCLUSIONS 

The theoretical models arrived at  from the present 
study suggest that in the complexes of 2‘-GMP, 3’- 
GMP, and 5’-GMP with RNase T,, the ribose 
moiety may be present in both the puckered con- 
formations to significant extents in solution whereas 
in the solid state it may be frozen in either of the 
two conformations. These studies also explain the 
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relative inhibitory effect of these three inhibitors 
and the high pK, value observed for Glu58 in the 
presence of 8‘-GMP. These predicted models are also 
consistent in general with the ‘H-nmr data. It is 
interesting to note that in a recently reported x-ray 
crystal structure study of guanylyl-2’,5’-guanosine- 
RNase T1,41 the ribose of the guanosine 2’-phos- 
phate moiety adopts two conformations-C2’- endo 
and C3’-endo--in a statistical ratio 30 : 70 and this 
corroborates well with the predictions of the present 
study that the ribose can occur in either of the two 
puckered forms. 
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