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The Crystal Structures of Derivatives of Tetrodotoxin. II.
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The structure of diacetylanhydrotetrodotoxin, one of the minimum changed derivatives of the toxic
substance tetrodotoxin, was determined by X-ray analysis of the hydroiodide. The crystals are mono-
clinic with four molecules in a unit cell of dimensions a=19-34, 5=14-63, c=7-18 A, =97-4°, with
space group P2;. There are two independent molecules in an asymmetric unit. The positions of iodine
atoms were determined by three-dimensional Patterson methods. After several cycles of three-dimen-
sional Fourier refinement, it was found that the two independent molecules have essentially the same
structure,

(R=CH3CO), which involves an adamantane-like cage. Atomic coordinates and individual isotropic -
temperature factors (anisotropic for the iodine) were refined by the block-diagonal matrix least-squares
method. The final R value decreased to 0:157. Intra- and intermolecular bond lengths are within the

range of normal values.

Introduction

In a preliminary paper, Tsuda, Tamura, Tachikawa,
Sakai, Amakasu, Kawamura & Tkuma (1963) proposed
a lactam form (II) for the structure of tetrodotoxin.
This was inferred from chemical considerations, taking
account of an X-ray determination of the structure of
tetrodonic acid hydrobromide (I) described in part 1.
Goto, Kishi, Takahashi & Hirata (1963) proposed
independently the same structure for it on the basis of
an X-ray analysis of bromoanhydrotetrodoic lactone
hydrobromide (III) (Tomiie, Furusaki, Kasami, Yasu-
oka, Miyake, Haisa & Nitta, 1963). Further studies
were required, however, since several other possible
structures were not excluded definitely.
Diacetylanhydrotetrodotoxin (hereafter DAT) was
prepared by alcoholysis of peracetyltetrodotoxin, and
its hydroiodide (hereafter DATI) was obtained by care-
ful control of the acidity of the mother liquor. Tetro-
dotoxin can be recovered from DAT or DATI by
treating its alcoholic solution with a drop of aqueous
hydrochloric acid (5%;), but so far not from tetrodonic
acid. This fact suggests that the chemical relationship

between tetrodotoxin and DAT (DATI) may be very
close.

The present paper describes an X-ray determination
of diacetylanhydrotetrodotoxin hydroiodide. On the
basis of the structure of this compound, the structure
of tetrodotoxin was established by some accompanying
chemical work. The final chemical report has already
been published by Tsuda, Ikuma, Kawamura, Tachi-
kawa, Sakai, Tamura & Amakasu (1964). Meanwhile,
the same structure has been presented independently
by Goto, Kishi, Takahashi & Hirata (1964).

Experimental

Crystals of DATI, in the form of colourless plates,
were grown by adding ether to a methanol solution
containing hydroiodic acid. The unit-cell dimensions
of the monoclinic crystals are:

a=19-34, b=14-63, c=7-18 A, p=974°.
The space group was uniquely determined to be P2,

from the systematic absences of 0k0 with odd 4 and
the fact that this compound is a naturally occurring
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product with asymmetric carbon atoms. The density
measured by the flotation method in a mixture of car-
bon tetrachloride and tetrabromoethane was found to
be 1-69 g.cm=3. From the unit-cell dimensions and the
density, the molecular weight was calculated to be 1026,
assuming that the number of the molecules in the unit
cell is two. In a later stage of the analysis, however,
it was found that there are four molecules in the unit
cell, that is, two crystallographically independent mol-
ecules in an asymmetric unit. The molecular weight
was therefore taken to be 513.

Equi-inclination Weissenberg photographs were ta-
ken for the zero to 12th layers about the b axis with
Cu K« radiation. To obtain scaling factors among
various k layers, the photographs around the ¢ axis
were taken by the same method.

Intensities were measured by visual comparison with
a standard intensity scale. Strong and weak reflexions
were correlated by the multiple-film technique. The
maximum value of sin § observed was 0-985, and the
intensity data for 3004 reflexions were collected out of
4003 accessible hk!’s.

The sizes of crystals used were less than 0-1 x 05 x
0-8 mm. The crystals gradually became yellow and then
brown, and the intensities of reflexions in higher angles
decreased slightly on exposure to X-rays for some 300
hours. Three crystals were used to collect the complete
set of intensity data. Corrections for Lorentz and polar-
ization factors were made in the usual way but those
for absorption were neglected. Wilson’s method gave
an overall temperature factor of B=1-8 A2. This un-
expectedly low value of the temperature factor might
be due to the effect of absorption.

Structure determination

Four remarkable peaks were found in the three-dimen-
sional Patterson function. These were thought to cor-
respond to the interatomic vectors due to two iodine
atoms in the asymmetric unit. The y coordinate of one

(D]

of the iodine atoms could be put arbitrarily equal to
zero. The two heavy atoms in the asymmetric unit
eliminated the phase ambiguity inherent in space group
P2, (Fridrichsons, Mathieson & Sutor, 1963).

The first three-dimensional Fourier synthesis, shown
in Fig.1, was calculated with the phases based on two
iodine atoms. The number of peaks in this electron
distribution map was much larger than that expected
from the tentative chemical formula. Some of them
should be ghost peaks due to the large scattering factor
of the iodine atom. The clues for selecting peaks were
the peak heights and their characteristic arrangement
with reasonable interatomic distances. Examples of the
latter are shown by connecting peaks in Fig.2. Some
thirty-six atoms were introduced into the structure fac-
tor calculation. In the second electron density distribu-
tion map, shown in Fig.2, it was possible to connect
many peaks reasonably at plausible bond distances.
The structure factor calculation was made with fifty-
three light atoms. The arrangement of significant peaks
in the resulting Fourier map strongly suggested that
there were two independent molecules in an asym-
metric unit, although the detailed structures of the
individual molecules were still ambiguous at this stage.

The (F,—F,) synthesis was computed in the next
cycle of refinement with the phases calculated from
fifty-eight light atoms. Some of the atoms included in
the earlier stage had to be excluded later. In the struc-
ture factor calculation so far, all light atoms were
treated as nitrogen, with the isotropic overall temper-
ature factor, B=1-8 A2. At this stage, two systems of
joined six-membered rings were recognized in one mol-
ecule in the asymmetric unit. It was very difficult to
explain this grouping of peaks by the hypothetical
lactam form (II). After several different trial models
of the skeleton had been examined, it was concluded
that the orthoester model could fit the constellation of
peaks in the Fourier map. Sucha constellation of peaks
was also found in another molecule in the asymmetric
unit, and this result strongly supported the reliability
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of the analysis. Other functional groups were connected
to the skeleton. Thus the two molecules so built up
have essentially the same structure, as shown by for-
mula (IV).

Besides these two molecules and two iodines, a
significant peak O(78) supposed to be crystallization
water was observed. The measurement of magnetic
resonance spectra indicated that there should be one
methyl alcohol or methoxyl group per two DAT mol-
ecules. In order to find out the position of this methyl
group, the (F,— F¢) synthesis was claculated, where F,
included two DAT molecules, two iodine atoms and
O(78). The resulting map showed the peaks which
might be bonded with O(21), O(71) and O(78) at reason-
able distances. However, if the peak near O(21) is as-
sumed to be the carbon atom, it results in unreasonably
close approaches to the atoms in the neighbouring
acetyl groups at distances of 2-0, 2-1 and 2-3 A. If the
carbon is assumed to attach to O(71), there results also

Fig. 1. The composite Fourier map projected along the a axis.
Phases are based on two iodine atoms. Contour interval is
arbitrary. Black circlets indicate the final atomic positions
of two molecules in the asymmetric unit.

an unreasonable contact with the iodine atom at a
distance of 2-7 A. Because of the absence of abnormal
intermolecular contacts, the carbon atom was decided
as bonding with O(78), forming crystallization methyl
alcohol.

Some systematic disagreement between the observed
and calculated structure factors was observed for the
reflexions at low angles. This might have occurred from
neglecting the correction for absorption. Plots of F,/F,
for hkl with fixed k and / against (sin 8/1)2, an example
of which is shown in Fig. 4, indicated a large anisotropy
of the absorption effect. For convenience, we corrected
the observed structure factors for this anisotropic ef-
fect by the use of the experimental curves of the type
shown in Fig.4.

Atomic coordinates and temperature factors were
refined by the block-diagonal matrix least-squares
method. The temperature factors were taken as isotro-
pic for the light atoms and as anisotropic for iodine. In
the first two cycles, about 1000 reflexions for sin @
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Fig.2. The composite Fourier map projected along the a axis.
Phases are based on two iodine and thirty-six light atoms.

Contour interval is arbitrary. Black circlets indicate the final
atomic positions of two molecules.
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ranging between 0-22 and 0-42 were included. Three Table 1. The final atomic coordinates

more cycles of refinement were made, using all the and temperature factors (A2)

reflexions. The final R value dropped to 0-157. The

final atomic coordinates and temperature factors for For the iodine atoms, anisotropic temperature factors in the

each atom are given in Table 1, and the observed and  form of exp {—(#2By1+k2By+12Bs3+ hk B12 +kiBa3 +IhB31)}
’ were applied.

Atom x/a y/b zle B
N(1) 0-355 0-151 —0-122 12
C(Q2) 0-362 0-107 0:033 0-7
N@3) 0-406 0-137 0-182 2:0
C@4) 0-445 0221 0-155 14
C(5) 0418 0-376 0-013 25
C(6) 0-377 0-437 —0-157 0-7
C) 0-381 0-375 —0-329 1-5
C(8) 0-346 0-280 —-0-327 1-5
C) 0-387 0-235 —0-156 1-3
C(10) 0-392 0-284 0-029 09
N(11) 0-332 0-025 0-056 2-8
0(12) 0-492 0-378 —0-033 1-5
0(13) 0-304 0-436 —-0-141 1-9
C(19 0413 0-524 —0-182 31
0O(15) 0-364 0-585 —0-311 27
0O(16) 0-454 0-365 —0-354 1-9
017 0-346 0-224 —0-493 1-6
0O(18) 0-493 0-203 0-024 17
C(19) 0-465 0-231 —0-160 1-6
C(20) 0-495 0-319 —0-204 1-2
0Q1) 0-561 0-313 —0-237 34
C(22) 0-287 0-491 0-006 26
0(23) 0-321 0-495 0-165 30
C(29) 0-203 0-501 —0-020 32
=t i A

:‘,n\ . o —0- o
54 f{‘.%}@ ‘;%\@ 0(27) 0-457 0-609 —0-464 35
\.\\:(rsx‘i\@ y N(51) 0-013 0-931 —-0-329 0-5
\@ )\—é C(52) 0-026 1-015 —0-355 17
- @;‘1 N(53) 0-051 1-069 —0-198 0-9
AR C(54) 0-055 1-020 —0-005 1-0
S C(55) 0-114 0-883 0-158 00
C(56) 0-128 0-776 0-146 07
C(57 0-061 0-736 0-025 1-0
C(58) 0-042 0-775 —0-168 00
R C(59) 0-029 0-887 —0-152 00
/2 C(60) 0090 0932 —0-028 0-7
N(61) 0-011 1-055 —0-523 1-8
0(62) 0-052 0-887 0-264 07
0(63) 0-180 0-761 0-016 21
Fig.3. The final composite Fourier map projected along the a C(64) 0-146 0-736 0-338 30
axis, contours being drawn at intervals of 1 e.A-3. Contours 0O(65) 0-157 0-642 0-329 1-0
for the iodine atoms are omitted and their positions are 0(66) 0-001 0-756 0-134 09
shown with black circles. 0(67) —0-013 0-736 —0-274 1-1
0(68) —-0-014 0-998 0-026 04
F. C(69) ~0-026 0-906 —0-019 0-8
£ C(70) —0-009 0-852 0-175 2:0
2k o(71) —0-057 0-860 0-295 1-2
C(72) 0-241 0-804 0-058 22
0(73) 0-267 0-858 0-166 3-8
C(74) 0-287 0-761 —0-086 26
C(75) 0-162 0-598 0-483 0-7
C(76) 0-165 0-497 0-462 2-5
o7 0-162 0-644 0:634 20
1 0O(78) 0-390 0-961 —0-553 32
C(79) 0-433 0-949 —0-376 35
1(81) 0-2253 0-0000 —0-3941 *
1(82) 0-1902 0-2433 0-1903 1

By B B3z Biz By B3 (x109)

0 o 02 03 (s8I} * (81) 121 123 543 —50 —306 51
Fig.4. F,/F, value against (sin 8/1)2, T 1(82) 94 116 1195 97 296 13



230

1
2
3
.
s
.
1
.

<

Ve ~o v SwA -

svrwne

THE CRYSTAL STRUCTURES OF DERIVATIVES OF TETRODOTOXIN. II.

Table 2. Observed and calculated structure factors ( x 10)
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Table 2 (cont.)
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Table 2 (cont.)
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calculated structure factors are listed in Table 2. Com-
putations were done on an IBM 7090 computer with
programs written by the authors.

Discussion

Fig.3 shows the superimposed sections of the electron
density distribution cut through the atomic centres of
DATI and methyl alcohol. It is conceived that the
general structure of the DAT molecule is now estab-
lished, except its absolute configuration. The fact that
essentially the same structure has been deduced from
the two independent molecules in the asymmetric unit
is additional evidence of the reliability of the present
analysis. In the present paper, except in Figs.1, 2 and
3, the molecules are drawn with the correct absolute
configuration, by taking account of the result by To-
miie, Furusaki, Kasami, Yasuoka, Miyake, Haisa &
Nitta (1964) who have determined the absolute con-
figuration of bromoanhydrotetrodoic lactone hydro-
bromide, another derivative of tetrodotoxin.

The present compound and tetrodonic acid have the
same perhydroquinazoline skeleton. The conformation
of substituent atoms to the cyclohexane ring is the
same for these two compounds; O(17) and C(14) are
in equatorial positions and O(13) is in axial position.
The structural relationship between DAT and tetro-
donic acid may be described as follows: Let us start
from the hypothetical epitetrodonic acid (V), in which
the configuration at C(19) is antipodal to that in tetro-
donic acid. The ortho-ester may, then, be formed by
combining the acid carbonyl with the hydroxyl groups,
O(12) and O(16). The skeletal structure of DAT so
built up is similar to that of adamantane, which is a
cage molecule consisting of four six-membered rings
in the chair form.

AC21-4

(V)

Intramolecular bond lengths and angles in the two
independent molecules are shown in Fig.5 and Table 3
respectively. The estimated standard deviations in the
atomic coordinates are approximately 0-004 A for the
iodine and 0-07 A for the light atoms. Hence, the stand-
ard deviation of the bond lengths between the light

Table 3. Bond angles

C(2)—N(1) -C(9)  126° C(52)-N(51) C(59)  123°
N(1) -C(2)—N@3) 121 NG1-C(52)-N(53) 119
N(1) -C(2)—N(11) 124 N(S1)-C(52)-N(61) 122
N@3) -C(2)—N(11) 115 N(53)-C(52)-N(61) 119
C(2)—N@3) -C(4) 117 C(52)-N(33)-C(54) 115 -
N(3) ~C(4)—C(10) 105 N(53)-C(54)-C(60) 106
N(@3) -C(4)—O0(18) 109 N(53)-C(54)-O(68) 108
C(10)-C(4)—O(18) 99 C(60)-C(54)-0O(68) 106
C(6)—C(5)—C(10) 115 C(56)-C(55)-C(60) 117
C(6)—C(5)—0(12) 102 C(56)-C(55)-0(62) 103
C(10)-C(5)—0(12) 113 C(60)-C(55)-0(62) 105
C(5—C(6)—C(7) 102 C(55)-C(56)-C(57) 105
C(5)—C(6)—-0(13) 109 C(55)-C(56)-0(63) 108
C(5)—C(6)—C(14) 112 C(55)-C(56)-C(64) 116
C(1H—C(6)—0(13) 102 C(57)-C(56)-0(63) 100
C(7—C(6)—C(14) 110 C(57)-C(56)-C(64) 116
O(13)-C(6)—C(14) 120 0(63)-C(56)-C(64) 115
C(6)—C(7)—C(8) 117 C(56)-C(57)-C(58) 117
C(6)—C(7)—O(16) 108 C(56)-C(57)-0(66) 110
C(8)—C(7)—0(16) 110 C(58)-C(57)-0(66) 107
C(H—C(®)—CO) 102 C(57)-C(58)-C(59) 109
C(7)—C(8)—0(17) 117 C(57)-C(58)-0(67) 116
C(9)—C(8)—O0(17) 111 C(59)-C(58)-0(67) 110
N(I) -C(9)—C(8) 109 N(51)-C(59)-C(58) 114
N(1) -C(9)—C(10) 104 N(51)-C(59)-C(60) 113
N(1) ~C(9)—C(19) 115 N(51)-C(59)-C(69) 113
C(8)—C(9)—C(10) 118 C(58)-C(59)-C(60) 111
C(8)—C(9)—C(19) 115 C(58)-C(59)-C(69) 110
C(10)-C(9)—C(19) 95 C(60)-C(59)-C(69) 96
C4)—C(10)-C(5)" 113 C(54)-C(60)-C(55) 114
C(4)—C(10)-C(9) 101 C(54)-C(60)-C(59) 96
C(5)—C(10)-C(9) 111 C(55)-C(60)-C(59) 115
C(5)—O0(12)-C(20) 108 C(55)-0(62)-C(70) 116
C(6)—O0(13)-C(22) 113 C(56)-0(63)-C(72) 116
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C(6)—C(14)-0(15)
C(14)-0(15)-C(25)
C(7)—O(16)-C(20)
C(4)—O(18)-C(19)
C(9)—C(19)-0(18)
C(9)—C(19)-C(20)
0(18)-C(19)-C(20)
0(12)-C(20)-0(16)
0(12)-C(20)-C(19)
0(12)-C(20)-0(21)
0(16)-C(20)-C(19)
0(16)-C(20)-0(21)
C(19)-C(20)-0(21)
0(13)-C(22)-0(23)
0(13)-C(22)-C(24)
0(23)-C(22)-C(24)
0(15)-C(25)-C(26)
0(15)-C(25)-0(27)
C(26)-C(25)-0(27)

Table 3 (cont.)

108
112
114
111
105
113
110
106
106
109
112
111
113
125
107
120
106
125
129

C(56)-C(64)-0(65)
C(64)-0(65)—-C(75)
C(57)-0(66)-C(70)
C(54)-0(68)-C(69)
C(59)-C(69)-O(68)
C(59)-C(69)-C(70)
0(68)-C(69)-C(70)
0(62)-C(70)-0(66)
0(62)-C(70)-C(69)
0(62)-C(70)-0(71)
0(66)-C(70)-C(69)
0(66)-C(70)-0(71)
C(69)-C(70)-0(71)
0(63)-C(72)-0(73)
0(63)-C(72)-C(74)
0(73)-C(72)-C(74)
0(65)-C(75)-C(76)
0(65)-C(75)-0(77)
C(76)-C(15)-O(77)

111
117
115
108
102
112
105
109
107
107
109
109
116
139
103
118
114
118
128

atoms is about 0-1 A, and that of the bond angles is
about 6°. None of the bond lengths and angles deviate
significantly from their normal values. The average
values of the bond lengths are 1-53 A for C-C, 1-33 A
for C-N (in the guanidine group), 146 A for C-N,
1442 A for C-O and 1-23 A for C=0. It should be
pointed out that the corresponding bond lengths and
angles in the two independent molecules are in good
agreement as seen from Fig.5 and Table 3.

The crystal structure viewed along the c¢ axis is il-
lustrated in Fig.6, where anticipated hydrogen bonds
are shown by the broken lines. The hydrogen bond
lengths and short intermolecular contacts are listed in
Table 4. The donors of the hydrogen bonds in Table 4
are the atoms at x, y, z. There are six NH- - - O, three
OH---N and one OH. - -O hydrogen bond per asym-
metric unit, and these hydrogen bonds connect the

7N\
0(21)

Fig.5. Bond lengths (A).



CHIHIRO TAMURA, OSAMU AMAKASU, YOSHIO SASADA AND KYOSUKE TSUDA 235

Q
0(73) Y

¢ downward

Fig. 6. Crystal structure viewed along the ¢ axis.
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DAT and methyl alcohol molecules to form an infinite
three-dimensional network. The iodine atoms are in
the interstices of the three-dimensional network and
short contacts are found for I(81)---N(1), I(81)---N
(11), 1(82)- - - O(17) and I(82)- - - O(67). It may be sug-
gested that the iodine atoms interact with the hydrogen
atoms bonded with these nitrogen or oxygen atoms.

Table 4. Possible hydrogen bonds
and short intermolecular distances

From atom To At )
at x, y, z atom position Distance

(a) Possible hydrogen bonds

N@3) 0Q27) 11 315A
N(11) 0O(73) 4 290
0(17) N(3) 2 3-02
0O(21) O(78) 12 2-87
N(51) 0(62) 2 318
N(53) 0(66) 9 2:97
N(61) 0(62) 2 3-05
N(61) 0(67) 10 3-03
o(71) N(51) 3 3-04
0(78) N(11) 5 3-03
(b) Short intermolecular contacts
1(81) N(1) 1 371
1(81) N@11) 1 362
I(81) O(78) 4 3-57
1(81) N(53) 4 395
1(81) C(52) 4 3-91
1(81) 0O(73) 6 395
I(82) o(17) 3 3:54
1(82) 0(67) 7 3:56
O(15) C(74) 1 3-48
C(24) 0(65) 1 345
C(24) C(76) 1 3-63
C(26) C(74) 1 391
o(17) C4) 2 3-36
C(29) C(75) 2 3-83
C(24) C(76) 2 3-70
C(24) o(77) 2 3-27
Cc(25) 0(23) 2 3-50
C(26) 0(23) 2 3-28
C(26) C(64) 2 3-89
C(26) C(72) 2 3-70
C(26) 0O(73) 2 3-54
C(26) C(75) 2 3-72
C(52) 0(62) 2 3-41
C(58) 0o(77) 2 345
N(61) 0O(68) 2 3-32
N(61) o(71) 2 3-34
0O(63) Oo(77) 2 321
0(67) o(71) 2 3-59
C(74) o(77) 2 3-40
0(78) 0(73) 2 328
0(78) N@3) 5 324
C(29) C(69) 7 3-74
C(57) N(53) 7 3-59
C(57) C(54) 7 3-87
C(75) C(52) 7 3-83
C(75) N(61) 7 345
C(76) N(51) 7 3-58
C(76) C(52) 7 3-68
C(76) N(61) 7 3-59

Table 4 (cont.)

From atom To

at x, y, z atom
O(77) N(61)
C(76) Oo(71)
C@4) C(14)
C4) C(25)
C4) 0(27)
C(5) C(79)
0(12) C(79)
0(18) C(14)
0(18) C(27)
0(21) 0(73)
0(21) C(79)
0(16) 0O(78)
O(16) C(79)
C(20) C(79)
0O(21) C(26)
0O(21) C(79)
0(27) C(79)

Position 1 x y z

2 x y —1+z

3 x y 14z

4 x =14y z

S x 14y —1+z

6 x —l+y —1+z

At
positi
7
8
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12

7
8
9
10
11
12

on Distance
3-58
3-52
3-97
3-79
3-18
3-78
3-27
330
3-47
3-36
3-58
3-47
3-34
3-97
323
343
3-46

—-x —%+y -z
-x —3+y 1-z
-x  3+y -z
—-x 3ty —1-z
l—x —%+y —z
1-x —%+y -1~z

All distances less than 4-0 A between the reference molecules
at x, y, z and the neighbouring molecules were calculated.
Only those less than 4-0 A
those less than 3-6 A for the other pairs are listed.

for C---Cand C- - -1 pairs and
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