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Modes of binding of guanosine monophosphates
to ribonuclease T, — A computer-modelling study
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Computer-modelling studies on the modes of binding of
the three guanosine monophosphate inhibitors 2’-GMP,
3'-GMP, and 5'-GMP to ribonuclease (RNase) T; have
been carried out by energy minimization in Cartesian-
coordinate space. The iInhibitory power was found to
decrease in the order 2’-GMP > 3'-GMP > 5'-GMP in
agreement with the experimental observations. The
ribose moiety was found to form hydrogen bonds with the
protein in all the enzyme—inhibitor complexes, indicating
that it contributes to the binding energy and does nof
merely act as a spacer between the base and the
phosphate moieties as suggested earlier. 2-GMP and 5'-
GMP bind to RNase T, in either of the two ribose
puckered forms (with C3'-endo more favoured over the
C2'-endo) and 3'-GMP binds to RNase T, predominantly
in C3-endo form. The catalytically important residue
His-92 was found to form hydrogen bond with the
phosphate moiety in all the enzyme-inhibitor complexes,
indicating that this residue may serve as a general acid
group during catalysis. Such an interaction was not found
in either X-ray or two-dimensional NMR studies.

RisonucLease (RNase) T, (EC 3.1.27.3), secreted by the
fungus Aspergillus oryzae, 1s an endonuclease, whose
sequence of 104 amino-acid residues is known!. It acts
only on single-stranded RNA and hydrolyses the P-Q%
phosphodiester bonds on the 3'-side of guanine
nucleosides with very high specificity. A variety of
physicochemical techniques like NMR and CD spectro-
scopy, UV difference spectroscopy, chemical modifica-
tion and kinetic studies have been used 27 to elucidate
the specific recognition of guanine by RNase T,. Recent
1.9-A resolution X-ray crystallographic studies of the
Lys25- (ref. 5) and GIn25-RNase T,-2-GMP (ref. 6)
complexes agree in general with each other regarding the
conformation of the bound 2’-GMP molecule (C2'-endo
syr) but differ in the nature of the hydrogen bonds
between 2'-GMP and RNase T,. The hydrogen-
bonding scheme proposed for the RNase T;-2-GMP
complex based on two-dimensional NMR spectroscopic
studies” also differs significantly from each of the
schemes proposed from X-ray studies (Table 1). A 2.6-A-
resolution X-ray crystallographic study of the RNase
T,~-3-GMP complex® showed that the main-chain
polypeptide folding is very similar to that seen in the
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Lys25-RNase T,-2-GMP complex>. This study could
reveal only the hydrogen bonds between the base and
the protcin (Table 2), which are very similar to those
observed in the Lys25-RNase T,-2-GMP complex. In
contrast, 2D NMR studies’ predicted that the structure
of the RNase T,-3-GMP complex is more similar to
that of the uncomplexed enzyme rather than to the
RNase T,-2-GMP complex. The conformation of 3'-
GMP in the RNase T;-3-GMP compiex was not
indicated by either the X-ray® or the 2D NMR’
studies. However, TH NMR investigations® on the
complexes of RNase T, with 2’-GMP, 3'-GMP and §5'-
GMP have indicated that 2-GMP and 3'-GMP adopt
C3'-endo syn conformation and 5-GMP adopts C3'-
endo anti conformation when bound to the enzyme.
Thus the puckering of the ribose moiety in the RNase

Table 1. Hydrogen-bonding scheme in the RNase T,-2"-GMP
complex.
X-ray X-ray 2D NMR Present
) calculatwons
(Ref. 5} (Ref. 6} (Rel. 7) (C2'-¢ndo)
Guanine
N1H E46 OE! E46 OEI E46 OFE1 E46 OEI
N99 OD)
NZH E46 OE2 N98 O N99 OD| E46 OE2
NG O N9§ O
Q6 N44 N-H Nd4 N Ndd N-H  N44 N-H
Y45 N-H Y45 N-H Y45 N-H
N7 N43 N-H Nd43N-H N44HD2  N43I N-H
N43 HD2 N43 HD21
Ribose
oY Hi0 HE2
O3 H40 HE2
N98 HD2
o4 N43I HD2
Oy N9 HD2
O5S'H Y45 OH NS ODI
Phosphate
Ol Y38 HH NOR HD2 N3G HD2
H40 HE?
ES8 OFE2
02 R77TNE Y38 HH
ESS HE2
RI7T HE2
03 YiB HH Y38 HH HY2 HE
F58 HE2 HIOHE2 N3 HD22?
R77TNH2

L N -

el

Amino-acid residues of RNase Ty are indicated by the swngle-letter
code for amuno acids and the residue number.
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Table 2. Hiydrogen-bonding scheme n the RNase T,-3-GMP

complex.
X-ray 2D NMR Present calculations
(Ref. 8) (Ref 7) C2-enda C3'-endo
Cuanine
NIH Ed46 OEL Ed6 OFI E46 Okl F46 OEL
E46 OE2
N9g CD1
NIH E46 OE2 NG9 ODI E46 OFE2 46 OF2
N9g O N3g O N98 O
06 N4 N-H Y42 HH N44 N-H N44N-H
Y4SN-H E46N-H Y45 N-H Y45 N- H
F100 N-H
N7 NAIN-H Y42 HH N43IN-H N43 N-H
N43I HD2]
Ribose
oY Y38 HH E58 HE2
OYH ES8 OE2
oY Nd43 HD2
0y No§ HD2 N98 HD21 H92 HE2
O5'H N9§ OD!
Phosphate
Ol N36N-H N36HD21 N36 HD2]
H40 HE2 Y38 HH Y38 HH
R77 HH21
Q2 R77HH21 N36HD22
H92 HE?2 H40 HE2
O3 S3ISHG R77 HE
O3H N36 OD1 ES8 OF1
Y38 OH

. li——, i nl——

Amine-acid residues of RNase T, are indicated by the single-letter
¢ode {or amno acids and the residue number.,

T,-2'-GMP complex seems to be different in solution
from that observed in the sohd state,

Preliminary computer-modelling  studies'®  were
carried out on the complexes of RNase T, with 2-
GMP, 3'-GMP and 5-GMP by energy minimization in
torsion-angle space recently. Though the results could
explain many experimental observations, they were
slightly at variance with the conclusions drawn from 'H
NMR studies? regarding the conformation assumed by
3'-GMP and 5-GMP when bound to RNase T,. The
proposed hydrogen-bonding scheme is also different
from that proposed on the basis of 2D NMR studies”’.
It was assumed in these modelling studies that the
backbone conformation will be the same in all the three
RNase T,-GMP complexes as that observed in the
RNase T,-2-GMP complex'®, Though the local
mobility within the RNase T, molecule, as represented
by the mean crystallographic temperature factors of both
the backbone and side-chain atoms, s diflerent in the
two X-ray crystal structure studies of the RNase T,-2'-
GMP complex>®, especially around the residue Asp-49,
both studies indicated large fluctuations in the N-
terminal and the loop regions compared to the x-helical
and f-pleated-sheet regions and the inhibitor-binding
site. In view of this, energy minimization of the three
RNase T,-GMP complexes was carried out in
Cartesian-coordinate space by relaxing all the bonds,
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bond angles and main-chain and side-chain torsion
angles.

Methods of calculation

The low-energy conformers obtained by energy mintmi-
zation in torsion-angle space'® were used as starting
poinis for energy minimization in Cartesian-coordinate
space. The total conformational energy, which includes
the intramolecular interaction energy of the protein and
the hgand {comprising bond stretching, bond-angle
bending, van der Waals, electrostatic, hydrogen-bond-
ing, and normal and improper torsion potential
terms) and intermolecular interaction energy between
the enzyme and the inhibitor, was calculated using the
exXpression

Etnt = va + Eelt + Emr +E

imptor

The clectrostatic ( E,,), hydrogen-bond (E,,), and van
der Waals (E_ ) contributions were evaluated using the
functions and the parameters described earlier!®. The
partial atomic charges used in these calculations for the
amino-acid residues were taken from ref. 10, and the
charges for the inhibitor atoms are shown in Table 3. A
bond torsional model was used for evaluating the
torsional potential {(E ). Improper torsion potential
(E o) Was used to maintain pLanarity and to avoid
racemization at chiral centres. Bond lengths and bond
angles were restrained to their equilibrium values by the
use of harmonic potential functions (E,, and E, ). The
form of the function and the parameters used are the
same as those given by Weiner et al.*!1?

All the amino-acid residues in the protein were

+E HEHE .

Table 3. Partial atomic charges (1n ¢.c u.) for GMP nucleotides

il L I — el I — ]

Ribose
Guanine 2-GMP 3yY.-GMP 5-GMP
N1 —Q2139 Cl 0.2470 02383 0.2409
C2 03815 H!' - (0340 —00540 —00455
N3 -0 3272 CY 01453 0.1135 0.1209
C4 02117 HY — (0.0064 - (0277 =(00355
C3 — 01020 C3 (01332 01631 01435
Cé {.3529 H3' -00137 —.0385 -00012
N7 —(Q 1652 C4 01146 0.1303 (0.1248
C8 01342 H4' 00233 00383 -0 0010
NG ~10.1202 O4' -0.2672 —02658 —02379
NIiH 01205 02 —{0 3014 —-0.2398 —0.2550
N2 - 2474 QO2'H XX 01070 01182
N2H 01357 Q3 — 02365 —0 3036 —02550
06 — 0 3890 O3H 0 1056 XX 01182
C8H —0D012% CH (0.1445 0.1309 0.1480
H5’ — 00203 00106 —00212
OS5 — 02601 — (0 2601 -0.2811
O5'H D 1084 0 1084 XX
P 03730 0 3730 03730
PO — 04749 — {14749 -~ 4749
PO2 —04749 — 04749 —-04749
PO3 —0 3356 —03356 -—013356
PO3H 0 1559 (0.1559 01559
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considered for energy minmmization. A united-atom
model for the protein and an all-atom model for the
inhbitors were used (Figure 1). A residue-based
nonbonded cutoff of 10 A was used for calculating the
intramolecular nonbonded energy of the protein, i.c.
interactions were considered only between those
residues whose atoms are within 10 A from each other.
For each residue, the list of other residues within the
cutoff distance was updated at the end of every 200
iterations of minimization. All the calculations were
carried out in double-precision arithmetic. A modifica-
tion of the conjugate gradient algorithm as suggested
by Shanno!? was used for minimization, and minimiza-
tion was terminated when the root-mean-square (rms)
gradient was less than 0.01 kcal mol™* A2,

Comparison of protein structures

For determining the rms shifts in the positions of the
main-chain and the side-chain atoms of the energy-
mintmized RNase T;-2'-GMP (C2'-endo) complex
relative to the 1.9-A-resolution X-ray crystallographic
structure of the Lys25-RNase T,-2-GMP complex,
the two structures were first superposed optimnally. This
involves translation and rotation of the energy-
minimized structure with respect to the X-ray structure.
The optimal transilation is that which brings the mean
positions, i.e. the centroids, of the two structures Into
coincidence. Hence the coordinates of the two structures
were first transformed into a frame of reference whose
origin is at the centroad of the X-ray structure. Next,
the energy-minimized structure was rotated with

H‘.I & >
sz,f\

chﬂle

Fhosthaote

Guanosie monophamphate

(GNP ) ,
2 -GMP

H §-GMP
3G MP

Figure 1. Schematic diagrams of 2°-GMP, 3'-GMP and 5-GMP.
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reference to the X-ray structure using the three Eulerian
rigid-body rotation angles. The rms distance between
the main-chain atoms (N, CA and C’) of the two
structures was then minimized as a function of these
three rigid-body rotation angles.

Results and discussion

The minimum-energy conformer of the RNase T,-2'-
GMP (C2'-endo) complex obtaimned from the present
calculations was compared with the X-ray crystallogra-
phic structure of the Lys25-RNase T,~-2-GMP complex
by least-squares superposition. A stereo view of the
protein mam-chain atoms before and after energy
minimization i1s shown in Figure 2, and that of the
active-site residues and the inhibitor 2'-GMP in Figure
2,b. From these 1t can be seen that the deviations in the
main-chain atom positions in the interior of the protein
and the inhibitor-binding site are minimal whereas they
arec large 1n the N-terminal and loop regions. Such large
deviations were also observed in molecular-dynamics
simulations of RNase T, and the complex of RNase T,
with 2-GMP carried out in vacuum!#4 '3, But when
these molecular-dynamics simulations were carried out
with an 18-A water spherc around the protein, only the
fluctuations observed at the N-terminal and loop
regions were affected significantly, but not those
observed in the interior of the profein or the inhibitor-
binding region. This 1s to be expected since the X-ray
crystallographic study of the Lys25-RNase T,-2'-GMP
complex showed that the inhibitor-binding site is part
of an apparently underhydrated surface portion mainiy
due to the less hydrophilic nature of the ammno-acd
residues constituting this region®. Thus the deviations
predicted from the present study in the interior of the
protein molecule and in the inhibitor site reflect the
changes in the protein due to inhibitor binding even
though the solvent molecules are not treated explicitly.

RMS shifts in the positions of all the backbone and
side-chain atoms in the three RNase T,-GMP
complexes from the X-ray crystallographic structure of
Lys25-RNase T,~2-GMP are shown in Figure 3 and
rms shifts for the active-site residucs in Tables 4 and 3,
In general, the movement of the amino-acid residues
directly involved in binding and catalysis appears to be
concerted and these residues deviate from the inmitial
conlormation mainly to form better hydrogen bonds
with the bound inhibitor. On the other hand, the
residues away from the active site move mainly to
relieve the unfavourable steric interactions present in
the reported X-ray structure. The deviations in the
positions of both the main-chain and the side-chain
atoms of the aming-acid residues around Asp-49 are
comparatively less {Figure 3). It 1s interesiing to note
thut the temperature-factor values for Asp-49 obtained

RN
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Figure 2. Least-squares superposition of the main-chain atoms of the X-ray crystallographic structure of the Lys25-RNase T,-2'-
GMP complex (green) and the energy-minimized structure of the RNase T,-2"-GMP (C2'-endo) complex (red): 3, backbone atoms

(N, CA, C7); b, active-site residues and the inhibitor 2-GMP.

by the X-ray crystallographic study of Lys25-RNase
T;-2-GMP complex are very high, indicating high
mobdility for this residue. But the temperature-factor
values for the same residue obtained by X-ray studies of
GIn25-RNase T,-2-GMP complex did not show any
such large mobility for this residue, in agreement with
the results obtained from the present calculations.
These studies also indicate that some of the backbone
atoms move by more than 1 A (Figure 3 and Tables 4
and 35). Such deviations seem to affect the relative
conformational energies of the RNase T,—inhibitor
complexes and the hydrogen-bonding scheme proposed
from energy minimization studies in torsion-angle
space!®,

Tables 1 and 2 show that the hydrogen-bonding
scheme predicted from the present calculations for the
RNase T,-2-GMP and the RNase T,-3-GMP comple-

xes agrees better with those proposed from the X-ray
crystallographic studies®:® rather than the 2D NMR

366

studies’. The orientation of the base in the theoretically
predicted RNase T,-2-GMP (C2'-endo) complex is
nearly the same as that observed 1n the X-ray crystal-
lographic structure of the Lys25-RNase T,-2-GMP
complex (Figure 2,b), but the ribose-phosphate confor-
mation is shghtly different. The number of hydrogen
bonds between the base and the enzyme predicted here
is slightly higher than the numbers reported from either
of the two crystal-structure studies (Table 1)>°.
However, the present calculations indicate that all the
hydrogen bonds proposed between the guanine base
and the enzyme in the complex of 2'-GMP with both
GIn25- and Lys25-RNase T, are possible, as revealed in
the preliminary computer-modelling studies’®. The
ribose O2' and O5'H atoms can form hydrogen bonds
with His-40 HE2 and Asn-98 ODI1 of the protein
respectively. The interaction between Asn-98 side chain
and 2’'-GMP predicted from the present study was not
indicated by either of the two X-ray crystallographic

CURRENT SCIENCE, VOL. 60, NQO. 6, 25 MARCH 19%1
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Figure 3. RMS shifts (A) in the positions of the backbone and side-chain atoms (n the energy-minimized structures of RNase T,~2'-
GMP (top panel),” RNase T,-3-GMP {middle panel), and RNase T,-5-GMP {lower panel) complexes relative to the X-ray
crystallographic structure of the Lys25-RNase T,-2'-GMP complex (ribose pucker: C2'-endo, green; C3'-endo, red). Regions of «a-

helix and f-sheet are indicated between the panels.

studies®®. However, such an interaction between the
Asn-98 side chain and the ribose-phosphate moiety of
2’-GMP was reported in the 2D NMR study’,

The conformational angles of 2'-GMP and 3'-GMP
in the minimum-energy complexes of these inhibitors

CURRENT SCIENCE, VOL, 60, NO. 6, 25 MARCH 1991

with RNase T, obtained from the present calculations
are given in Table 6. Sterco diagrams of the active-site
residues of the enzyme and the inhibitor in these two
enzyme-inhibitor complexes in both the nbose puckers
are shown in Figure 4,a-d. The hydrogen bonds
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Table 4. RMS shifts (A) sn the positions of the main-chain atoms of the active-site residucs in
the RNasc T,—-GMP complexes relative to the X-ray data for the RNase T,-2-GMP complex.

2-GMP 3-GMP 3-GMP

Amino-

acid residue C2'-endo C3'~endo CY-endo C3'-endo C2'-endo CY¥ -endo
Ser-35 0738 0821 0781 1279 1 187 0955
Asn-36 0.781 0314 0482 0.779 0 954 0276
Ser-37 0838 0534 0.557 0 500 0835 0475
Tyr-38 0472 0677 G627 0.540 0.521 0 581
His-40 0643 0717 0607 0.428 0467 0378
Tyr-42 0456 0522 0570 0724 0821 0.764
Asn-43 0 80Y 0 981 0935 1.126 0.745 0.708
Asn-44 0 269 1.236 1.217 1 381 0994 0 988
Tyr-45 0905 1199 1,215 1.403 0996 1 000
Glu-46 0931 1137 t 180 1.356 0994 1.007
Glu-58 0.352 0.498 0 395 0.367 0 387 0.312
Arg-77 0 307 0.511 () 408 0.521 0 369 0.382
His-92 0412 0450 0.296 .363 ) 345 0.772
Asn-98 0 748 0691 0.656 0.861 0.748 0983
Phe-100 0.544 0.518 0.546 0 513 0 446 0363

Table 5. RMS shifts (A) in the positions of the side-chain atoms of the active-site residues in

the RNase T,-GMP complexes relative to the X-ray data for the RNase T,-2-GMP complex

2-GMP 3.GMP $-GMP

Amino-acid

residue C2'-endo C3"-endo C2'-endo C3¥ -endo C2 -endo C3 -endo
Ser-35 1742 2510 1.293 3.086 2.356 2.880
Asn-36 1.311 1662 1757 0804 1.709 1392
Ser-37 0.731 0839 0.705 1049 (0788 0441
Tyr-38 0425 0420 0 590 0337 (388 0487
His-40 0.756 0630 0539 0.646 0511 0.256
Tyr-42 0.573 0714 0 800 0975 1.147 1.084
Asn-43 0787 0817 0916 0.953 0.723 0.686
Asn-44 1291 1.756 1.673 1531 1.033 (0968
Tyr-45 1 307 1.10Q (.998 1458 1.118 1214
Glu-46 0 885 09467 1.042 1419 1.067 1189
Glu-58 0408 1.976 0.780 0833 0 885 0 768
Arg-77 0.536 (J 686 0675 0.942 0828 0485
His-92 0 463 0451 0.56] 0.656 0.779 1.109
Asn-98 1.113 1.480 1.123 I 315 0.887 1.196
Phe-100 (662 0.757 (578 0.505 0.769 0.947

between the guanine base and the protein in both
RNase T,-2-GMP and RNase T;-3’-GMP complexes
are the same, and the base orientation 1s also very
stmilar in the two complexes. It can also be seen from
Figure 3 that there s no significant change in the
protein backbone conformation in the two enzyme-
inhibitor complexes, especially in the base-binding site.
The 2.6-A-resolution X-ray crystallographic study of
the RNase T,-3-GMP complex cotroborates the
conclusion drawn from the present study that the
overall polypeptide-chain folding in the RNase T,-3'-
GMP complex is very similar to that found in the
RNase T,-2-GMP complex rather than to that in
guanosine-free RNase T,, which differs in the base-
recognition site!®. Thus the results obtained from the
present studies corroborate the conclusions drawn from
the X-ray diffraction studies but disagree with the 2D
NMR studies.

The conformation of 5-GMP 1n its minimum-energy
complex with RNase T, obtained from the present
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calculations is given In Table 6 and the proposed
hydrogen-bonding scheme in Table 7. Stereo diagrams
of the active-site residues of RNase T, and the inhibitor
in the RNase T,-5-GMP complex tn both the ribose
puckers are shown in Figure 4.¢,f. It can be seen from
Figure 4,a—f that the base-binding site mainly comprises
the residues Tyr-42, Asn-43, Asn-44, Tyr-45, Glu-46,
Asn-98 and Phe-100 in all the three RNase T,-1mnhabitor
complexes. The hydrogen bond between N98 O and
N2H1 of guanine in the RNase T,-3'-GMP (C3'-endo)
complex, and the hydrogen bonds of O6 of guanine
with N44 N-H and Y45 N-H and N7 of guanine with
N43 NH in the RNase T,-5-GMP (C3’-endo) complex
proposed from the present study were not revealed by
the preliminary computer-modelling studies!® even
though the base-binding site and the orientation of the
base are ncarly the same in all the three enzyme-
inhibitor complexes, It can be seen from Table 7 that
guanine N1H is hydrogen-bonded to Glu-46 OE] 1n all
the cases. Guanine 2-NH, forms two hydrogen bonds:

CURRENT SCIENCE, VOL, 60, NO. 6, 25 MARCH 1991
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Table 6. Total emergy and conformational angles of 2‘-, 3« and 5-GMP in the mimmum-energy conformers
of their complexes with KNase T,.

Imtial ribose pucker C2'-endo C3'-endo
Inhibitor 2.GMP  ¥-GMP  §-GMP  2-GMP  ¥-GMP  5-GMP
Conformational angles (deg) i *
C4-N9-C1'-0¢’ 70 60 - 76 157 10 —~ 69
C3'-C4-C5'-05 75 71 - 159 65 — 68 — 178
C¥-C2-07-0O2R — - 46 179 — - 75 —~ 63
C2’-C3-03-03H 81 — 59 71 — 62
C4'-C5'-05'-0O5'H —77 41 — 63 -7 —
C1°'-C2'-02'-p - 167 — — 66 — _—
C4'-C3-03-P - - 159 — - 162 —
C4'-.C5-05-P — — — 84 — — —179
CX-OX'-P-0O3* - 57 75 - 75 g 70 — 108
OX"-P-Q3-0O31H* —26 in B1 - 107 -15 - 56
Pseudorotation

phase angle P (deg) 149.2 129.2 1644 —38 119 .8
H8-H1‘ distance (A) 2.5 2.6 3.8 3.1 2.8 3.8
Energy {kcal mol~?)

Ligand ~ 259 ~27.3 ~17.6 —19.5 —28.2 208

Protein ~179.8 —187.6 — 1854 -179.3 —180.8 — 1815

Interaction —146.7 —130.2 —135.7 ~156.3 —1440 - 137.5

Total - 3524 —345.2 —338.7 ~355.0 —3530 —339.8
Normalized energyt —318.3 —311.5 —303.4 ~320.9 ~319.3 -304.5

*¥=21n 2-GMP, 3 in 3-GMP, and § in -GMP.

+Normalized enery =Total energy —energy of the isolated inhibitor molecule {—34.1 kcal mol™* for 2'-GMP,
~33.7 keal mol~? for 3-GMP, and —35.3 kcal mol ™! for 5-GMP),

one with Glu-46 OE2 and the second with Asn-98 O.
06 of the base accepts a hydrogen bond-each from
Asn-44 N-H and Tyr-45 N-H. N7 forms a hydrogen
bond with both Asn-43 N-H and Asn-43 HD2I1 in all
the complexes. However, the N7-Asn-43 HD21 hydro-
gen bond is not possible in the complexes of RNase T,
with 3'-GMP (C3'-endo) and 5'-GMP (C3'-endo).

The ribose moiety of all the three inhibitors in both
C2’-endo and C3’-endo puckered conformations forms a
hydrogen bond with the Asn-98 side-chain amide
group. A second hydrogen bond is also possible with
one of the amino-acid residues Asn-36, His-40, Glu-58
or His-92 (Table 7). This suggests that the nibose moiety
does not act merely as a spacer between the base and
the phosphate to ensure proper disposition between
them for binding, as indicated earlier’, but also
contributes significantly to the stability of the enzyme-
inhibitor complex.

Table 7 shows that the phosphate group aiways
prefers to bind in the same site of the protein
comprising the residues Asn-36, Tyr-38, His-40, Glu-58,
Arg-77, His-92 and Asn-98 in all the three enzyme-
inhibitor complexes. The hydrogen bond between the
side-chain amide group of Asn-36 and phosphate is
possible in all the enzyme—-inhibitor complexes except
the RNase T,-5-GMP (C2-endo) and RNase T,-2'-
GMP (C3'-endo) complexes. Although the His-40 side
chain is near the phosphate group in all the complexes,
hydrogen bond formation between them 1s possible
only in the RNase T,-3-GMP (C3-endo) complex.
Interestingly, the present calculations predict that His-

CURRENT SCIENCE, VOL. 60, NO. 6, 25 MARCH 1991

92, which was shown to be important for catalysis by
chemical modification and other physicochemical
studies? %, forms at least one hydrogen bond with the
phosphate group in all the complexes except in the
RNase T,-3-GMP (C3’-endo) complex. Though His-92
was found to be present in the phosphate-binding site
in the complexes of 2'-GMP with both GIn25- and
Lys25-RNase T,, no hydrogen bond was reported
between His-92 and the phosphate group from these X-
ray diffraction®® or the 2D NMR studies’.

The standard free energies of binding of 2'-, 3'- and 5'-
GMP to RNase T, have been measured by different
workers by gel fltration, UV dilference-spectroscopic
and kinetic studies but the values reported from these
studies 2%~ 23 differ significantly. These variations
appear to be beyond the deviations expected for the
differences in experimental conditions and techniques.
But qualitatively, all these studies indicate that the
inhibitory power decreases in the order 2’'-GMP > 3.
GMP > 5-GMP, which is in agreement with the
energy values obtained from the present study {Table 6).
Though the earlier computer-modelling studies also
indicated the same order, the relative energy differences
are different from those obtained in the present study.

Table 6 shows that the total conformational energy
difference between the C2'-endo and C3'-emdo pucker
forms of the RNase T,-2-GMP and RNase T,-5-
GMP complexes is very small. Thus 2'-GMP and 5'-
GMP can hind to RNase T, in either C2-endo or C3 -
endo ribose pucker forms and exist 1w signilicant
amounts in both puckered forms in solution, with C3'-
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Figure 4. Stereco diagrams of the active-site resitdues and the inhibttor in the minimum-encrgy conformations of the complexes of
RNase T, with the three inlibitors 2-GMP, 3-GMP and 5¥-GMP. &, RNase T,~2-GMP (C2'-¢enda), b, RNase T,-2"-GMP (C3'-
endo), ¢ RNase T,-3-GMP (C2-endo); d, RNase T,-3-GMP (C¥-endo); e, RNase T,-5-GMP (C2-endv); £ RNase T,-5-
OGMP (C3'-endo) (See next page for figures d e, 1)

endo being more favoured. But the RNase T,-3-GMP The present calculations predict that the glycosyl
(C2-endo) complex has about 8 kcalmol™! higher  torsion angle in the RNase T,-2-GMP (C2'-endo)
energy than the RNase T,-3-GMP (C3’-endo) complex.  complex will be in the + sc¢ (syn chinal) range {70°; Table
Hence 3'-OMP may bind to RNase T, predominantly 6), which is in good agreement with the X-ray crystal-
in the C3’-endo form. structure  study® of the Lys25-RNase T,~-2'-GMP
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complex (55°). The same torsion angle in the RNase  with RNase T,. The present studies suggest that il the
T,~2'-GMP {C3'-endo) complex falls in the +ap (anti  bound 2'-GMP molecule assumes a predominantly C3'-
periplanar) range (157°, Table 6). It is interesting to  endo conformation, the glycosyl torsion angle should be
note that from 'H NMR studies®, a C3-endo syn  in the +ap range and not in the +spn range. On the
conformation was assigned for 2'-GMP in its complex  other hund, a +syn conformation is possible for the

CURRENT SCIENCE, VOL. 60, NO. 6, 25 MARCH 199} 371
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R

Teble 7. Proposed hydrogen-bonding scheme in the RNase T,—-GMP complexes.

Pucker C2'-endo CY-endo
Ligand 2GMP y.-GMP 5.-GMP 2'-GMP 3-GMP 5-GMP
Guanine
N1H 46 OEI E46 OFE1 E46 OEL E46 OEIL E46 OEL E46 OF1
N2HI N98 O N9§ O N98 O NI98 O N98 O N98 O
N2H2 E46 OE2 E46 OF2 E46 OE2 Ed46 OFE2 E46 OL2 E46 OFE2
06 N44 N-H Nd44 N-H N44 N--H N44 N-H N44 N-H N44 N-H
Y45 N-H Y45 N-H Y45 N-H Y45 N-H Y45 N-H Y45 N-H
N7 N43 N-H N43 N-H N43 N-H N43 N-H N43 N-H N43 N-H
N43 HD21 N43 HD21 N43 HD21 N43 HD21
Ribose
oY H40 HE2 E58 HE?2 N98 HD22
0O3YH NI98 OD}
04 N9§ HD22 H40 HE2 NISHD22
05’ N9 HD21 N36 HD21 H92 HE2
OSH N98 ODl NS3 OD1
Phosphate
Ol N36 HD21 Nig HD21 NOE HD22 R77THH21 N36 HD2t Y8 HH
Y3S HH H92 HE2 Y18 HH E5S8 HE2
R77 HH2t R77HE
Q2 Yi8 HH R77THH21 R77THH21 Y38 HH N36 HD22 H92 HE2
ES8 HE2 H92 HE2 H92 HE2 E58 HE2 H40 HE2
R77HE R7THE
Q3 H%2 HE?2 Y38 HH R7? HE N36 HD22
NGB HD22 R7THE R77 HH21
Q3H E58 OE1 E38 OEL E58 OEl

mh

Amino-acid residues of RNase T, are indicated by the single-letter code for amno acids and the residue number,

glycosyl torsion angle only when the ribose is 1n C2'-
endo pucker form. Thus the conclusion drawn from 'H
NMR studies on the RNase T,-2-GMP complex, that
the nbose moiety of the bound inhibitor exists entirely
in C3’-endo pucker form, may not be correct in view of
the resuits obtained from the present calculations.

The present calculations predict that the inhubitor 3'-
GMP preferably adopts a C3"-endo syn conformation

when bound to the enzyme (Table 6), in agreement with
the conclusions drawn from the 'H NMR studies. On

the other hand, in the RNase T,-5-GMP complex, the
glycosyl torsion angle favours a value in the —sc range
(—76° and —69° when the ribose moiety is in C2'-endo
and C3'-endo pucker forms respectively). This is in
agreement with the conclusions drawn from 2D NMR
studies®?®, but differs from the earlier 'H NMR study?,
which suggested an anti conformation.

In conclusion, the results obtained from the present
calculations are in agreement with experimental studies
showing that the inhibitory power decreases tn the
order 2'-GMP > 3-GMP > 5-GMP. They also
explain the high pK_ value observed for Glu-58 in the
RNase T,~-2'-GMP complex. The apparent discrepan-
cies in the conclusions drawn by different X-ray
crystallographic studies and the spectroscopic studies
on RNase T,-2'-GMP complex have been explained by
the present calculations. It is shown that 2-GMP and
5’-GMP can bind to RNase T, in either of the ribose
puckered conformations whereas 3'-GMP binds to

372

RNase T, predominantly in the C3"-endo puckered
conformation.
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Dielectric relaxation of non-rigid polar
molecules and their mixtures in 1:4

dioxane

Rashmi Arya, Chhavi Aggarwal, J. M. Gandh and

M. L. Sisodia
Department of Physics, Rajasthan University, Jaipur 302 004, Ind:a

The dielectric constant and loss factor of the non-rigid
polar melecules of o-chloronitrobenzene (1) and 2-chloro-
S-aminobenzotrifluoride (II) and their binary mixtores
have been measured in dilute solutions of 1:4 dioxane at
9.93 GHz over the temperature range 25-55°C, The
dielectric data have been used to determine the relaxation
times and thermodynamic parameters for the activated
state. The relaxation behaviour of the mixtures is found
to be the resultant of the relaxation times of its
components, suggesting a simple overlap of the individual
dispersion regions. The relaxation times of the mixtures
have also been obtained and compared with the values
computed using various theoretical formulations. The
results indicate that none of the formulae used can
predict the experimental results to a satisfactory degree,

Tue dielectric relaxation behaviour of binary polar
mixtures, as suggested by Schallamach’, and other
workers® >, in which both the components are either
associated or non-associated, is much different from
that of mixtures in which one component is associated
and the other non-associated. Besides, dielectric absorp-
tion studies have indicated that the relaxation behaviour
of polar molecules depends not only on their own
interactions but also on their characteristic interaction
with the solvent molecules. It therelore seems worth-
while to examine the dielectric relaxation of mixtures of
two different polar compounds in a solvent like 1:4
dioxane, which shows hydrogen bonding with various
anilines*®. The present study deals with the relaxation
behaviour of mixtures of o-chloronitrobenzene (1) and 2-
chloro-5-aminobenzotrifluoride (11) with various compo-
sitions in 1 :4 dioxane at temperatures in the range 25-
55°C. Both compounds are non-rigid and polar; [ is
non-associative and 11 s weakly associative n
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character. There exists a finite possibility of hydrogen
bonding between 11 and 1:4 dioxane.

The relaxation time (ty;} bhas been determined
following the method of Higasi®, using the experimental
technique of Heston et al.” The thermodynamic
parameters have been calculated using Eyring’s® theory
of rate process. Compounds I and II (Fluka) were used
as supplied; 1:4 dioxane (AR grade) was purified by the
usual methods.

The values of most probable relaxation time 1, listed
in Table 1 for three compositions of the mixture and at
four temperatures iie between those of the individual
components, but vary with the concentration ratio of
the components. For resolution of two distinct
relaxation processes Davidson® suggested that the
relaxation time of one component should be 5.8 times
that of the other. However, in the present case, the ratio
of most probable relaxation times of I and IT is much
less than 6, thus separate loss maxima are not hkely to
appear. Thus apparent single relaxation time can be
assumed to represent the true behaviour of the mixture
systems. The 74 value is found to increase with increase
in mole fraction of II but the gradient of increase i1s not
linear. As the mole fraction of II increases beyond (.44
a sharp increase in 1, is observed. This increase is
evident from the structure of II, where the presence of
-NH, group facilitates hydrogen bonding between
hydrogen of —-NH, group and oxygen of 1:4 dioxane,
such that, with an increase in the mole fraction of I in
the mixture, the association between solute and solvent
increases. Studies of microwave absorption by
Deogaonkar et al.}®*! indicated formation of complexes
through hydrogen bonding in some binary hquid
mixtures of chlorophenol with various compounds like
toluidine, anilines, etc. They observed a prominent
maximum in the tand-concentration curve for these
compounds and attributed the results to an association
between the two types of molecules. However, 1n the
present case, the tand-concentration curves are more or
fess linear at all temperatures. Thus the relaxation
behaviour of cach mixture studied bere 18 the resultant
of the relaxation times of its components, suggesting a
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