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The conformation of the hydrogen-bonded complex of a trinucleoside diphosphate (anticodon bases), a nucleic acid base
{discriminator base), and an amino acid is investigated. This complex has been named C4N (complex of the four nucleotides)
by one of the authors. Concerning the aminoacylation of tRNA and the genetic code, it has been proposed that C4N accepts
the cognate protein amino acid by the lock-and-key relationship. The purpose of the calculation is to investigate the
conformational and energetic properties of C4N from the energy minimum principle. The calculation is carried out by using
the empirical potential functions. Glycine, glutamine, and valine are taken as typical cases. The formation energies are
estimated. It is shown that some conformational changes are induced in the anticodon trinucleoside diphosphate by the binding
of the discriminator base. Conformational changes of C4N and the amino acid are also induced by the binding of the amino

acid to C4N.

1. Introduction
1.1. The C4N model

We present in this paper the calculational inves-
tigation of the conformations of the molecular
complexes assumed in the ‘C4N model’.

The C4N model is a molecular model for the
genetic code and the amino acid recognition pro-
cess of the tRNA proposed by one of the authors
[1-3]. This model assumes that three anticodon
bases and a discriminator base (the discriminator
base is a base on the amino acid accepter stem and
is located at the fourth position from the 3'-termi-
nal of the tRNA [4]) can form a complex by using
three hydrogen bonds, termed ‘C4N’ (from ‘com-
plex of the 4 nucleotides’). A pocket on C4N can
accept the cognate protein amino acid by the
lock-and-key relationship. Furthermore, in this
model, the conformation of a tRNA is assumed to
change globally from the well-known L- to the

U-type structure, where the anticodon loop and
the amino acid accepter stem can directly interact
with each other to result in the formation of C4N.
C4N could be the specific recognition site of the
tRNA for the cognate amino acid. Various fea-
tures of the genetic code can be explained in terms
of the C4N model [1-3].

1.2. The global conformational change of tRNAs

The conformational change of tRNAs to the
U-type structure 1s still a matter of controversy.
X-ray analyses have shown that the three-dimen-
sional structures of tRNAs are of the L type [5].
The two rods of the L are made from the double
helices, and are connected by additional hydrogen
bonds at the corner of the L. The tertiary hydro-
gen bonds at the corner of the L appear to keep
the L-type structure firm and stable in the crystal-
line form.

Some studies, however, suggest that flexibility
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and global conformational change of tRNAs do
occur. A laser light scattering experiment detected
a change in the diffusion constant of a tRNA in a
low salt solution, suggesting a major conforma-
tional change of the molecule to a compact form
[6]. A small angle X-ray scattering experiment on a
tRNA dimer showed a tRNA conformation with
the acceptor arms folded toward the anticodon
arms so as to match with the observed scattering
curves in solution [7]. A singlet-singlet fluores-
cence transfer experiment on a tRNA showed that
the discriminator base approached the anticodon
bases when the magnesium concentration was low
[8]. Calculation of the molecular dynamics of a
tRNA demonstrated the intramolecular flexibility
of tRNA [9]: the tRNA was shown to be surpris-
ingly flexible, swivelling through angles as large as
30° and with an energy cost of only a few
kcal/mol. Recently it has been shown that an
alanyl-tRNA synthetase of Bombyx mori, which is
definitely a monomer, can accept one tRNA*? to
result in the aminoacylation of alanine (M.
Kawakami, manuscript in preparation). Only the
presence of the U-type structure of tRNA*? can
explain the experimental result.

1.3. The holiow type and the basin type of the C4Ns

In the C4N model two types of C4Ns are
proposed [2]. We term one the hollow type (previ-
ously called the convex type [2]) and the other the
basin type (previously called the concave type [2])
in this paper. The difference between these two
types is in the binding scheme of the discriminator
base to the anticodon bases. The orientation of the
discriminator base to the anticodon bases is in-
verted between the hollow and basin types. This
inversion is shown in-figs. 1-3 (figs. 1 and 2, basin
type; fig. 3, hollow type).

In the case of the basin type of C4Ns, a basin is
formed at the area surrounded by the discrimina-
tor base and the edges of the three anticodon
bases. The cognate amino acid is bound to this
basin. The specificity for an amino acid of the
basin type of C4N is mainly due to the hydrogen
bonds. The disposition of the hydrogen-bonding
sites on the basin determines the amino acid and is
dependent on the anticodon sequence and dis-
criminator species.

In the case of the hollow type of C4Ns, a deep
pocket is formed between the second and third
anticodon bases. This pocket should be the recog-
nition site of the cognate amino acid. The side
chain of the amino acid intercalates into this
pocket. The conformation of the side chain is
determined by the size and shape of the pocket
which are dependent on the anticodon sequence.

For the four large hydrophobic amino acids
(isoleucine, leucine, phenylalanine, valine) with the
second anticodon A and the discriminator A, the
hollow type of C4N is used. The side chains of
these amino acids have essentially polyhedral forms
so as to match their pockets made of planar nucleic
acid bases. The basin type of C4N can also be
formed even in these four cases and they may be
used for accepting other amino acids as in the
mitochondrial cases of methionine-isoleucine or
threonine-leucine’, although the details are be-
yond the scope of this paper. Many important
features of the genetic code and the amino acid
recognition process of tRNAs can be explained
clearly in terms of the CAN model.

1.4. Purpose of the calculation

QOur aim in this paper is to determine the de-
tailed conformation of the C4Ns and of the C4N-
amino acid complexes. Although an investigation
using the CPK molecular model can clarify the
basic features of the C4N model, it is necessary to
study the conformation by a more quantitative
method in order to obtain more detailed informa-
tion, for example, binding energy, atomic coordi-
nates, detailed conformational features.

For the calculation, we chose glycine, valine
and glutamine, of which the anticodons are
5'CpCpC3’, 5’CpUpG3’ and 5'CpApC3’, and dis-
criminator bases U, G and A, respectively. Glycine
was selected as the smallest, and thus most typical
protein amino acid. Glutamine was chosen as being
representative of the hydrophilic protein amino
acids. Valine was selected as being typical of the
large hydrophobic protein amino acids. As noted
before, the C4N model assumes that the C4Ns for
glycine and glutamine are of the basin type, and
that the C4N for valine is of the hollow type. Our
investigation follows the scheme of the C4N model



Table 1

Hydrogen bonds assumed in the C4N model
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(A) Glycine and its C4N

(B) Glutamine and its C4N

(C) Valine and its C4N

(1) 1st anticodon C: N4-H
Discriminator U: O2

(2) Discriminator U: N3-H
2nd anticodon C: N3

(3) 3rd anticodon C: N4-H *
Discriminator U: 04

(4) 3rd anticodon C: N4-H *
Glycine: O’

(5) Glycine: N’-H
2nd anticodon C: O2

(6)

M

discriminator G: N2-H *
1st anticodon C: N;

discriminator G: N1-H
2nd anticodon U: 04

3rd anticodon G: N1-H
discriminator G: 06

3rd anticodon G: N2-H *©
glutamine: O/

glutamine: N'-H
2nd anticodon U: Q2

glutamine: N_-H ¢
1st anticodon C: Q2

2nd anticodon U: N3-H
glutamine; O,

1st anticodon C: N4-H P
discriminator A: N3

2nd anticodon A: N6-H ©
discriminator A: N1

discriminator A: Né-H ©
3rd anticodon C: N3

discriminator A: N6-H f
valine; O’

valine: N'-H

3nd anticodon C: O2

* This hydrogen is located at the N3 side. ® This hydrogen is located at the CS side. ¢ This hydrogen is located at the N1 side.  This

hydrogen is located at the O, side. © This hydrogen is located at the C5 side. " This hydrogen is located at the N1 side.

and its assumptions with respect to the hydrogen
bonds are shown in table 1 [2].

The calculations were restricted to systems of
three molecules; a trinucleoside diphosphate of the
anticodon bases, a discriminator base, and an
amino acid. We did not take account of the whole
tRNA conformation.

The bond lengths and bond angles are fixed in
our method except for slight variation of the ribose
ring. All of the variables are the torsion angles, the
pseudo-rotational parameters for puckering of
ribose, and the positions and directions of the
separated molecules. Empirical potential functions
are used to calculate the total energy, and the
complex conformation proposed in the C4N model
is determined by the energy minimization method.

2. Method

The conformation of the anticodon trinucleo-
side diphosphate is expressed by 19 variables which
contain the 13 torsion angles and 3 pairs of
pseudo-rotational variables for puckering of the
ribose ring. The discriminator base is considered

to be a rigid planar molecule without internal
conformational freedom. Six variables are used for
expression of the position and orientation of the
discriminator base. The amino acids (glycine,
glutamine, valine) have two to five internal confor-
mational degrees of freedom of the torsion angles.
Including the six variables for the position and
orientation, 8—11 variables are used for the amino
acids. The total number of variables is 25 in the
calculation for C4N and 33-36 in that of the
CdN-amino acid complex. All terminal hydrogens
(e.g., the amino group of an amino acid) are taken
into account explicitly in the calculation except
O2'-H of the riboses.

The parameters of the bond lengths and angles
are taken from quantum mechanics and X-ray
analyses [10-13]. The geometry of the furanose
ring is expressed by the pseudo-rotation parame-
ters P and 7, [14]. In our method of calculation,
the length of the valence bond between C1’ and
O1’ is considered to vary freely.

The empirical potential functions are used to
calculate the total energy. We considered six types
of empirical potential functions; Lennard-Jones
type 6-12 potential [15], electrostatic potential
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[13,16], hydrogen-bond potential [15], implicit tor-
sional potential [15,17], lone-pair repulsion poten-
tial between phosphate oxygen atoms [18], and
implicit puckering potential.

Since the usual Lennard-Jones potential param-
eters give too large a base stacking energy and too
small a contact distance, we corrected the Len-
nard-Jones parameters between the bases [19]. The
dielectric constant is taken to be R,;,. The mini-
mum energy of a hydrogen bond is set to be —3.0
kcal /mol. The hydrogen-bonding potential is the

-‘corrected sum’ type described by Hopfinger [15],
which has an angular dependence on both the
donor and acceptor of the hydrogen bond. The
assignments of the hydrogen bonds assumed in the
C4N model are shown in table 1 [2]. We express
the energy of the pseudo-rotation as a simple
function of the parameters P and 7, as follows:

E(7y,, P)=C(cos(P—90°))73(r,— )
+ 5.0 kcal /mol (1)

where 7, is the minimum point of 7. Our setting
of , is 40°. C(x) is given by the expression:

C(x)=Cx*+ Cx*+Cx+ C, (2)

The values of the coefficients C,, C,, C; and C,
are determined sufficiently precisely that E(1,,, P)
should be a reasonable function as follows: The
energy of the inversion of the puckering is 5
kcal /mol: the barrier between C3’ endo and C2’
endo is 2 kcal /mol: the minimum points of P are
P =20 and 160°: the energy barrier at O1’ exo is 4
kcal /mol.

The most probable conformation is determined
by means of the energy minimum principle. The
conformation of the A helix is selected for the
initial value for the anticodon trinucleotide di-
phosphate. The initial values of the torsion angles
of the amino acids are taken from the statistics
obtained by the X-ray analysis [20]. The dis-
criminator base is first located by rough estimation
using computer graphics at an orientation from
the anticodon trinucleoside diphosphate suitable
for the formation of C4N. Next, rough minimiza-
tion is performed using an artificial strong hydro-
gen-bond function. Finally, using the hydrogen-
bond function with the natural physical meanings,

the minimization is carried out by gradually set-
ting the minimum energy of the hydrogen bond to
be — 3.0 kcal /mol. By these procedures, one of the
probable conformations of C4N is obtained. In the
calculation of the C4N-amino acid complex, the
initial values of the orientation for the amino acids
are also obtained by rough estimation using com-
puter graphics, and similar procedures are carried
out. Although this method of determination of the
minimum does not guarantee that the obtained
conformation is the global minimum, it is a rea-
sonable method for establishing a local minimum.

The calculation considers the following three
stages.

(1) The anticodon trinucleoside diphosphate,
discriminator base and cognate amino acid are all
separated.

(2) The anticodon trinucleoside diphosphate
and discriminator base form C4N, but the amino
acid is separated.

(3) The amino acid becomes attached to C4N,
The total energies are compared between these
three stages and the C4N formational and amino
acid binding energies are calculated.

3. Results

Using our minimization procedure, we suc-
ceeded in determining the conformations which
are stable as local minima and have the hydrogen
bonds assumed in table 1. Therefore, the assump-
tion in table 1 is at least reasonable and is not
forbidden directly by steric hindrance, too large an
electrostatic repulsion, or other kinds of excess
energy loss, because if the assumption in table 1
was forbidden, then no stable local minimum could
be found by the energy minimization. Figs. 1-3
show the complexes of the C4Ns and their cognate
amino acids assumed in the C4N model. Tables
5-7 list the atomic coordinates of figs. 1-3. These
are at stage 3 described mn section 2. The com-
plexes at the other stages were also obtained by
our calculation. Tables 2—4 detail the energy struc-
tures contributed from various energy terms, com-
pared among the three stages for each amino acid.

Tables 2 and 3 list the energy structures for
glycine and glutamine, respectively, of which the
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Fig. 1. Stereograph of a complex of C4N (anticodon trinucleoside diphosphate S'CpCpC3’, discriminator base U) and glycine. Dashed
lines represent the hydrogen bonds.

(C4Ns are assumed to be of the basin type. No however, some changes are found in the energy
significant change is found in the energy structures structures of the anticodon moiety between the
of the anticodon moiety between the first and first and second stages. The stacking energy be-
second stages. In the case of valine in table 4, tween the second and third anticodon bases

Fig. 2. Stereograph of a complex of C4N (anticodon trinucleoside diphosphate 5"CpUpG3’, discriminator base G) and glutamine.
Dashed lines reprcsent the hydrogen bonds.
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Fig. 3. Stereograph of a complex of C4N (anticodon trinucleoside diphosphate 5'CpApC3’, discriminator base A) and valine. Dashed
lines represent the hydrogen bonds.

Table 2

Energy contributions in the case of glycine (anticodon 5-CpCpC3', discriminator base U, amino acid glycine, units in kcal/mol)

1st stage 2nd stage 3rd stage
Total energy of system —-425 —54.0 —B82.8
Anticodon part —40.2 =379 -36.2
Torsional and puckering energy 4.7 6.2 6.7
Lone-pair repulsion energy 1.4 1.1 1.0
Stacking between 1st and 2nd bases —-53 -50 —-49
Stacking between 2nd and 3rd bases -37 -24 -21
Interaction between backbone and bases -234 =230 —-225
Interaction between phosphates 5.9 5.5 5.0
Interaction among riboses -40 -3.6 -31
Interaction between phosphate and riboses -15.7 -16.6 -16.6
Other energy contributions -0.0 0.0 -0.2
Anticodon-discriminator interaction - —13.7 -139
Electrostatic and van der Waals - -54 -51
Hydrogen bonds - -83 -8.7
Amino acid part -23 -23 -20
C4N-amino acid interaction - - -30.6
Electrostatic and van der Waals - - —25.5

Hydrogen bonds - - -50
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Table 3

Energy contributions in the case of glutamine (anticodon 5’CpUpG3Y’, discriminator base G, amino acid glutamine, units in kcal /mol)

1st stage 2nd stage 3rd stage

Total energy of system -639 —-77.7 -1074
Anticodon part —49.0 —~43.0 —-39.1

Torsional and puckering energy 7.7 7.9 9.2

Lone-pair repulsion energy 0.9 0.8 0.8

Stacking between 1st and 2nd bases ~-4.1 -36 —4.5

Stacking between 2nd and 3rd bases ~7.0 -5.6 —~54

Interaction between backbone and bases -265 -259 =228

Interaction between phosphates 3.5 4.5 5.1

Interaction among riboses —44 ~0.5 -1.8

Interaction between phosphate and riboses -16.9 -18.6 -18.7

Other energy contributions ~-22 -20 -11
Anticodon-discriminator interaction - -19.8 —18.4

Electrostatic and van der Waals - -11.3 -10.3

Hydrogen bonds - —-8.3 —-8.2
Amino acid part —-14.8 -14.8 —-6.6
C4N-amino acid interaction - - —43.1

Electrostatic and van der Waals - - —-334

Hydrogen bonds - - —-87
changes from —8.3 to —2.5 kcal/mol. The inter- data show that the stacking between the second
action between the backbone and anticodon bases and third anticodons becomes weak and that the
changes from —34.3 to —23.4 kcal/mol. These backbone becomes more stretched by formation of

Table 4

Energy contributions in the case of valine (anticodon 5’CpApC3’, discriminator base A, amino acid valine, units in kcal /mol)

1st stage 2nd stage 3rd stage
Total energy of system ~64.0 =727 -107.8
Anticodon part ~54.9 —40.9 —40.7
Torsional and puckering energy 9.0 7.8 8.0
Lone-pair repulsion energy 20 20 1.9
Stacking between 1st and 2nd bases —6.6 —-6.3 —-63
Stacking between 2nd and 3rd bases —-83 -25 —24
Interaction between backbone and bases ~343 —-234 -232
Interaction between phosphates 6.3 4.2 43
Interaction among riboses —86 -92 -94
Interaction between phosphate and riboses -13.0 —14.1 -14.6
Other energy contributions -14 0.6 1.0
Anticodon-discriminator interaction - —-22.7 -230
Electrostatic and van der Waals - -14.0 -142
Hydrogen bonds - ~8.6 —88
Amino acid part - -91 -9.1 —74
CA4N-amino acid interaction - - -365
Electrostatic and van der Waals - - -31.6

Hydrogen bonds - - —49
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Table 5

Coordinates of atoms in a complex of glycine and its C4N

First anticodon C

Cs cq H4' oy’ H3 H2' H1’ 02’
X -091 -0.25 -0.72 1.18 —-0.33 1.11 2.32 0.39
Y 5.55 5.46 6.21 5.68 3.30 2.99 5.49 4.57
Z 5.80 4.44 3.80 4.54 4.62 2.70 284 1.50
(oxs 03 N1 c2 N3 Cc4 Cs C6
X —-0.40 —1.66 2.79 3.96 4,82 4.62 343 2.55
Y 4.07 3.89 3.98 364 2.81 2.36 2.71 351
V4 3.85 3.20 4.24 3.56 4.26 545 6.15 5.51
H5 Hé H4 H4
X 324 1.63 6.36 5.37
Y 2.34 3.80 1.33 1.22
z 7.16 6.02 5.53 6.94
Phosphate
P 0] (¢}
X -230 —3.64 —2.41
Y 244 2.49 1.73
V4 3.03 248 4.30

Second anticodon C

05’ HS’ H5 Cs’ C¥ H4' o1’ H3¥
X -1.26 -1.29 -213 —1.26 0.0 0.05 117 -0.51
Y 1.75 3.14 1.61 2.06 1.52 1.91 1.90 —-0.40
z 2,04 0.52 0.17 0.64 0.0 -1.02 0.76 0.88
02’ c2 C1’ cy oy N1 Cc2 N3
X 2.03 1.49 2.11 0.0 —0.66 2.52 3.82 4.11
Y —-0.52 —-0.34 0.86 0.0 -0.53 0.49 0.01 -032
4 -142 0.0 0.69 0.0 —-1.15 2.05 2.26 357
C6 o2 N4 H5 He6 H4 H4
X 1.63 4.64 3.71 1.27 0.63 4,64 3.08
Y 0.60 —-0.10 -0.57 0.35 0.97 -0.91 —0.50
Z 3.11 1.34 5.79 5.19 291 5.93 6.56
Phosphate
P (0] (e]
X -0.83 -0.36 —-2.22
Y —-2.11 —2.86 -249
Z -1.35 -0.21 -1.55
Third anticodon C
05’ HS’ HS Cs’ Cc4’ H4' o1’ H3’
X 0.06 -1.20 —0.85 -0.43 0.70 0.28 1.74 1.46
Y -236 -2.74 -1.02 —-2.02 -2.07 -1.87 ~-1.11 -3.83
V4 —2.66 —4.25 -394 —3.96 —-4.96 —5.94 —462 -3.92
o2 c2 Ct’ Cc3 oy N1 2 N3
X 2.82 2.79 3.00 1.40 0.73 3.85 514 5.87
Y -312 -3.07 —-1.66 -342 -4.39 -1.70 -1.16 -1.24
z -7.01 —5.48 —4.95 —4.93 —-573 -3.75 -3.82 ~2.65

C2’
0.77
4.01
2.87

02
421
4.04
2.41

H2
1.69

-1.27
0.54

C4
3.31

-0.22
4.57

H2
3.55

-3.76

—5.12

c4
5.46

-1.76

-1.54

Cr

1.81
486
357

N4

5.53
1.57
6.02

H1’
2.98
1.20
0.13

Cs

1.98
0.26
437

HY’
3.48
-1.05
-57

Cs

415
—232
—1.46
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Third anticodon C

(€3] o2 N4 HS5 Hé H4 H4
X 3.39 5.60 6.26 377 2.38 7.18 5.94
Y -2.26 -0.65 -1.78 -2.76 ~2.68 —-1.39 —2.18
V4 —2.58 —4.385 —0.48 —-0.54 ~2.56 -0.54 0.38
Discriminator U
N1 C2 N3 C4 Cs C6 02 H3 04 H5
X 9.00 7.81 6.79 6.85 8.06 9.09 7.68 5.92 5.82 8.14
Y —1.45 —-0.71 -1.30 -243 ~3.19 —2.67 0.39 —-0.79 —-2.79 -4.15
z 4.11 4.06 3.34 2.73 2.77 3.46 4.62 3.28 213 2.27
Hé C3'
X 10.03 10.14
Y -3.22 -091
z 352 4.85
Glycine
H’ H’ H’ N’ CA HA HA C o o
X 6.38 6.68 7.2 7.05 8.30 8.87 8.11 9.05 8.87 9.78
Y 0.38 1.99 0.87 1.05 0.93 1.72 0.91 -0.34 -0.76 -0.87
z 0.93 0.68 -0.42 0.56 1.29 1.06 227 0.89 0.27 1.76
Table 6
Coordinates of atoms in a complex of glutamine and its C4N
First anticodon C
C5’ C4 H4' or’ H3' H2’ H1 oY C Cv
X —1.54 -0.38 -011 0.74 —-1.34 0.61 2.43 1.27 0.64 1.40
Y 5.02 4.54 5.35 4.15 2.59 1.63 3.33 3.34 2.70 3.05
VA 6.47 5.63 495 6.46 5.46 4.36 5.57 3.30 4.54 5.82
Cc3 oy N1 C2 N3 C4 Cs Cé 02 N4
X —-0.74 —-1.49 1.42 2.47 2.4 1.48 0.40 0.41 3.40 1.53
Y 3.28 3.56 1.89 1.75 0.63 —0.26 —0.13 0.95 2.57 ~1.30
Z 4.86 3.68 6.71 7.62 8.43 8.40 7.47 6.66 7.70 9.23
H5 Hé H4 H4
X -0.40 —0.40 2.28 0.81
Y -0.87 1.08 -1.39 -2.00
z 7.42 5.94 9.87 9.20
Phosphate
P (0] o
X —2.38 -3.50 —-294
Y 2.43 2.99 1.50
z 2.98 2.25 393
Second anticodon U
Qs HS’ H5' C5 c4 H4 or’ H3’ H2 HV
X -1.31 -1.30 —-213 -1.27 0.0 0.08 1.16 -0.51 1.70 3.03
Y 1.75 314 1.61 2.06 1.52 1.91 1.90 —-0.41 -1.31 1.1
p4 2.01 0.48 0.11 0.61 0.0 —-1.02 0.79 0.88 0.44 0.45
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(073
X 2.08
Y —0.35
z —1.41

C6
X 1.14
Y —0.08
V4 2.96
Phosphate

P
X —0.88
Y =211
Z —-1.32

Third anticodon G

(0%
X 0.52
Y —2.56
4 —-1.95
oY
X 3.81
Y —5.87
Z -39
Third anticodon G
C6
X 2.94
Y —3.06
zZ 2.58

Discriminator G

N1
X 5.48
Y —-1.02
zZ 6.85
N2
X 5.24
Y 0.44
V4 8.62
Glutamine
H
X 6.54
Y 0.61
V4 2.35
HB
X 8.42
Y 2.54
4 4.69

cz
1.49
-0.33

o2
4.50
0.78
2.19

-1.15
—-2.76
—0.05

HS5

—0.06
—2.54
—3.93

cr
2.83

—5.26

—2.90

N7
1.38

-4.06
0.86

C2
6.05

-0.33
787

06
554

—244
5.06

7.48
1.51
1.33

HB
8.56
322
3.04

cr
2.06
0.80
0.84

H3
4.45

—0.04
4.56

-2.00
—242
—-2.18

H5’
1.09

-1.26

~3.45

Cr
3.42

—4.07

—2.18

C8
1.60

—4.31

—042

N3
7.33

—0.36
8.18

H3
10.61
~2.67
6.15

7.80
-0.10
1.55

CG
6.55
275
3.64

C3
0.0
0.0
0.0

2.81
-0.82
5.98

C5’
0.82

-2.3

—332

C3
1.61

—4.65

—3.60

N9
2.84

-3.95

-0.83

c4
8.01

-1.17
7.34

H2
5.61
0.96
9.39

7.48
0.75
2.00

HG
6.39
3.82
3.81

03

—0.66
-0.53
=115

0.39
—0.85
4.80

C¥
1.97

-3.19

—3.76

(0X4
1.36

-528

—4.86

H1
4.60

-223
343

C5
7.52

—1.90
6.28

H2
426
049
8.42

CA
8.36
1.08
311

HG
6.15
2.46
2.68

N1
2.22
0.36
2.23

Hé
0.15

—-0.10
2.48

H4
2.19

—~2.97

—4.81

N1
4.24

—2.58
2.57

N2
6.30

—2.04
1.69

Cé6
6.15

—1.85
5.97

cy
10.29
—0.86
8.36

HA
9.30
1.08
2,77

CD
5.84
1.97
4.75

2
3.50
0.39
2.81

or
313

—2.94

—2.94

C2
5.06

—2.55
1.50

06
226

—3.05
3.62

N7
8.53

—2.61
5.66

CB
8.06
2.47
3.66

OE
6.04
0.78
4.93

N3
3.56

—0.05
4.12

H3’
0.71

—4.78

—2.99

N3
4.75

—-297
0.29

H8
0.85

—4.75

~1.09

C8
9.62

-229
6.36

8.25
0.02
4.21

NE
4.99
2.70
5.47

C4
256

—-0.46
4.82

H2
255

—6.06

—2.22

C4
348

-3.4
0.25

H2
6.94

-2.00
0.92

NS
9.35

-1.43
7.38

7.67
-1.05
391

HE
4.87
3.67
527

Cs5
1.25

—0.50
4.24

H1
4.50

-4.19

—2.08

Cs
2.58

—-3.52
1.29

H2
6.58

=171
2.59

H2
4.50

—0.91
6.72

8.75
0.30
5.32

HE
4.48
2,27
6.21
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Table 7

Coordinates of atoms in a complex of valine and its C4N
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First anticodon C

Cs’ 4 H4 or H3'
X 0.73 1.73 1.57 3.08 1.28
Y 6.66 6.17 6.73 6.33 4.14
z 1.56 0.54 —-0.38 1.02 1.20
Ccy oy N1 C2 N3
X 1.56 0.56 4,05 5.27 5.40
Y 4.68 4.40 437 3.72 3.05
V4 0.30 —-0.68 202 22 341
H5 Hé H4 H4
> 4 247 2.12 562 4.04
Y 3.61 4.83 1.85 2.26
z 491 2.81 5.58 6.17
Phosphate :
P 0O o
X -0.99 —1.84 -1.32
Y 4.55 4.29 5.89
z -033 —1.48 012

Second anticodon A

o5’ HY HY C5 Cca
X -117 -2.07 ~1.62 -1.31 0.0
Y 346 1.95 152 207 1.52
z 0.82 -0.27 1.39 0.50 0.0
oz C Cr Cc¥ 03’
X 205 1.50 207 0.0 —0.66
Y -048 —-0.31 0.92 0.0 —-0.54
z -142 0.0 0.69 0.0 -1.15
C6 N7 C8 N9 H2
X 526 2.74 1.94 2.62 7.03
Y -026 —-0.08 0.25 0.52 0.40
z 420 4.15 314 1.99 1.39
Phosphate
P 0] 0
X -1.56 -2.74 -202
Y -1.86 —1.66 -232
z —1.04 ~0.23 -233

Third anticodon C

o5’ HS’ H5’ Cs Cc4
X —0.53 0.12 115 0.54 1.39
Y —2.88 —4.08 —2.68 —-347 —4.33
z -0.36 -1.91 -154 -1.11 -0.21

oY cz cr C3 o3’
X 2,51 1.35 1.83 0.55 042
Y —6.61 —5.64 —-4.23 -35.39 —6.57
z 1.54 1.77 210 0.48 —0.31

H2
3.15
322

-011

Cc4
4.50
2.99
433

H4
0.16
1.92

~1.00

N1
6.28

-0.07
3.28

N6
5.41

—0.62
5.47

H4
217

—4.79

—-0.82

N1
0.85

—-3.55
2.96

HY’
4.79
5.33
0.32

Cs

3.25
3.65
415

or’
1.09
1.87
0.89

2

6.12
0.30
1.99

H8

0.86
0.30
3.22

or’

1.97
—354

0.86

C2

0.58
—4.07

423

o
3.20
4.67

-1.65

Co6
3.07
4.32
299

H3’

-0.50

—-0.41
0.87

N3
4.97
0.53
1.40

Hé
6.33

—-0.78
5.83

H3¥

—0.46

—5.03
0.70

N3

—-0.35

—3.36
4.96

Y
2.96
4.29

-0.19

02
6.18
3.74
1.36

H2
1.73

—1.23
0.54

C4
3.94
0.36
2.27

Hé
4.61

-0.73
6.06

H2
0.73

—6.06
2.56

C4

—-0.96

—-2.30
4.58

Ccr

3.82
5.11
0.77

N4

4.74
2.31
545

H1’
2.86
1.34
0.07

Cs

4.01
—0.01

3.59

HY
278
—-4.27
262

C5
—0.69
-1.76

3.28
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Table 7 (continued)

Third anticodon C

C6 02 N4 HS Hé
X 0.21 1.14 —1.84 -1.20 0.44
Y —-241 -5.09 -1.7 —0.86 -2.03
¥4 2.52 4.66 5.38 2.93 1.52

Discriminator A

N1 C2 N3 Cc4 C5
X 3.39 3.72 2.96 1.82 1,40
Y -0.72 0.54 1.61 1.27 0.02
V4 7.49 7.85 7.64 7.02 6.62
N6 HS8 H6 Hé6 cy¥
X 1.91 -1.07 2.54 1.04 0.82
Y —2.35 1.78 -3.10 —2.53 3.57
zZ 6.50 5.66 6.70 6.04 6.88
Valine
H’ H’ H’ N’ CA
X 2.87 3.74 3.74 3.72 4.88
Y —5.53 —6.09 —6.93 —6.01 —-5.25
zZ 4.64 3.35 4.78 4.36 481
HB CGl CG2 HG1 HG1
X 4.92 3.84 6.32 375 2.91
Y —4.17 -3.00 —-3.26 —-2.22 —3.56
zZ 2.95 4.40 4.31 3.64 4.46

H4 H4
—-2.02 —-2.31
—2.08 —0.88
6.29 5.08
Cé6 N7 C8 N9 H2
223 0.16 —0.15 0.82 4.67
—-1.10 0.07 1.36 212 0.69
6.85 6.01 6.06 6.65 8.35
HA CB C’ o’ O’
5.72 4.98 4.78 3.74 5.76
-5.76 —-3.95 -5.02 —4.48 —5.40
4.63 4.01 6,32 6.75 7.01
HG1 HG2 HG2 HG2
4.06 6.43 6.35 7.14
—2.55 —2.38 —2.96 —3.96
5.36 3.68 5.36 4.11

the hollow-type C4N for valine. These conforma-
tional changes amount to a change in total energy
of the anticodon moiety from —54.9 to —40.9
kcal/mol. This energy loss is compensated by the
newly formed anticodon-discriminator interaction
of —227 kcal/mol. The binding of the dis-
criminator base induces a conformational change
in the anticodon trinucleoside diphosphate. This
kind of conformational change is not found in
formation of the basin-type C4Ns for glycine and
glutamine. In formation of the basin-type C4Ns,
the discriminator base is bound to the anticodon
trinucleoside diphosphate without causing a large
conformational change.

This difference between the hollow and basin
types is a somewhat inevitable result of the geome-
try of the hydrogen bonds assumed in table 1.
Studies using the CPK molecular model have
shown that the conformation of the two types of
C4Ns should be different, although a less precise
study using the CPK model left the problem unre-
solved [2]. Our calculation using empirical poten-

tials shows clearly that the conformational change
is induced by formation of the hollow-type C4N
and that only a smaller conformational change is
induced by formation of the basin-type C4Ns.
Comparison of the energy structures at the sec-
ond and third stages in tables 2—-4 does not show a
conformational change in the C4N moiety (sum of
the energy of the anticodon moiety and the anti-
codon-discriminator interaction energy) on bind-
ing of the amino acid to the C4N as large as that
on formation of the hollow-type C4N. Only in the
case of glutamine does the energy of the anticodon
moiety change from —43.0 to —39.1 kcal, and
that of the anticodon-discriminator interaction
from —19.8 to —18.4 kcal /mol. The C4N model
assumes one more hydrogen bond between gluta-
mine and its C4N than for glycine and glutamine
as shown in table 1. Naturally, the additional
hydrogen bond should impose a stronger restric-
tion on C4N for the binding of glutamine. How-
ever, this change, even in the case of glutamine, is
quite smaller than the energy change of the anti-
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codon moiety in formation of the hollow-type
CAN for valine in table 4.

The study using the CPK molecular model has
proposed that the two types of C4Ns provide
favorable binding sites for their cognate amino
acids [2]. The basin-type C4Ns have been de-
scribed as binding the cognate amino acid mainly
via hydrogen bonds. The hollow-type C4Ns have
been explained to bind the cognate amino acid via
hydrogen bonds between the peptidyl moiety of
the amino acid and the bases of C4N and via
hydrophobic interaction with the amino acid in
the pocket between the second and third anti-
codon bases. Our calculation, using the assump-
tion of table 1, confirms the results obtained by
using the CPK model and shows that binding of
the discriminator base to the anticodon trinucleo-
side diphosphate occurs without a large conforma-
tiondl change and provides a stable hydrogen
bonding site for the amino aads. It also shows
that the binding of the discriminator base causes
the anticodon bases to open and make a pocket
for the amino acid binding, The amino acids bind
to their C4Ns without causing a large conforma-
tion change in the C4Ns. A further calculation is
necessary for investigation of the flexibility of the
C4Nss.

Tables 2—4 list the energy change of the amino
acids on binding to the C4N. The energy of glycine
changes from —2.3 to —2.0 kcal/mol, that of
glutamine from —14.8 to — 6.6 kcal /mol and that
of valine from —9.1 to —7.4 kcal/mol. Amino
acids are small molecules and these energy changes
thus correspond to rather large conformational
changes.

The binding energies of glycine, ghuitamine and
valine to their C4Ns are —28.8, —29.7 and —35.
1 kcal /mol, respectively. The energy of formation
of the C4Ns for glycine, glutamine and valine are
—11.5, —13.8 and 8.7 kcal /mol, respectively.

4, Conclusion

We determined through energy minimum calcu-
lations the conformation of the hydrogen-bonded
base complexes assumed in the C4N model. Up to
now, the conformation of the C4Ns had only been

studied by means of the CPK molecular model.
The calculation resulted in some important fea-
tures of the C4N model being ascertained. Forma-
tion of the hollow-type C4N for valine induces a
conformational change in the anticodon tri-
nucleoside diphosphate. The conformation of the
anticodon trinucleoside diphosphate becomes more
stretched, and the second and third anticodon
bases become unstacked. These features are
favorable to intercalation by the side chain of
valine. Formation of the basin-type C4Ns for
glycine and glutamine does not induce such a large
conformational change as that seen in the hollow-
type C4N for valine. The conformations of the
C4Nss are retained after binding of the amino acid.
However, the binding induces a conformational
change in the amino acid to enable the necessary
hydrogen bonding for the recognition of the C4N.
The formation energies of the C4Ns range from
~8.7 to —13.8 kcal /mol and the binding energies
of the amino acids to the C4Ns vary from —28.8
to —35.1 kcal /mol.
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