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of the haloforms (Kawaguchi, Takashina, Tanaka &
Watanabé, 1972). However, the matter cannot be
disputed in the present study where no separate
estimation is made of the contribution of the exchange
energy term of the repulsive potentials. Despite that, a
satisfactory picture of the packing forces emerges from
the present mechanical models and no additional
assumptions seem required to explain the striking
features of the crystal packing. Moreover, as is stressed
above, the respective magnitudes of the internal
molecular parameters lie within the expected ranges.
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The Structure of 9-[3-(3-Indolyl)propylladenine.
A Model for Protein/Nucleic Acid Interactions™®
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Abstract

The X-ray crystal structure of 9-[3-(3-indolyl)propyll-
adenine [C¢H (N, space group P2,/n, Z = 4, a =
14.751 (4), b = 8:239(2), c = 12:-160 (2)A, § =
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GM23966.

+ Present address: University of Tennessee, Chemistry Division,
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97.94 (3)°, ¥V = 1463.7 A3, D, = 1.339 Mg m~3] has
been solved and refined to a final R factor of 0-073
based on 1469 observed reflections. This molecule,
which serves as a model for protein/nucleic acid
associations, crystallizes in an extended conformation.
The adenine residues in the structure form endless
hydrogen-bonded chains. However, the indole and
adenine groups are out of contact with one another. A
similar lack of indole/adenine associations is observed
in the two other known crystal structures containing

© 1982 International Union of Crystallography
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indole and adenine moieties. These structural data
suggest that an indole group cannot compete effectively
with thymine for the hydrogen-bonding sites of adenine.

Introduction

Protein/nucleic acid associations provide many of the
specificities required in the molecular processes con-
cerned with the expression and transmission of genetic
information. Yet there is presently very little direct
structural data available concerning the nature of these
interactions due to the difficulties that have been
encountered in growing crystals of protein/nucleic acid
complexes that are suitable for X-ray crystallographic
analysis. These difficulties, which may stem from
common structural properties of proteins that bind
nucleic acids, have all but eliminated the possibility that
the high-resolution structure of a protein/nucleic acid
complex will be visualized for at least the next several
years. Therefore, in order to acquire structural infor-
mation on how proteins and nucleic acids associate, it
is necessary to determine the structures of model
compounds designed to exhibit these specific inter-
actions.

Experimental

9-[3-(3-Indolyl)propyl]adenine (Ind3-C-Ade®), which
was provided by Professor Nelson Leonard, had been
prepared according to the method of Mutai, Gruber &
Leonard (1975). Crystals of Ind3-C,-Ade® were grown
with difficulty by the slow evaporation of a solution of
Ind3-C;-Ade® in 1% aqueous ethanol. Crystals grew as
bundles of small plates. The crystal that was used for
the X-ray analysis, which was cut out of such a bundle,
was 0-15 x 0-23 x 0-08 mm. The symmetry of
preliminary precession photographs and the systematic
absences of their recorded reflections indicated the
space group of the crystal to be P2,/n. These
photographs also revealed that the crystal had several
smaller crystals attached to it. However, the difficulty
in growing even this relatively flawed crystal dictated
that the crystal be used for diffraction data collection.
All subsequent X-ray measurements were performed
using a Picker FACS-I diffractometer equipped with a
graphite monochromator and employing Cu Ka
radiation (4 = 1-5418 A). The unit-cell parameters, as
determined by the least-squares analysis of 12 inde-
pendent reflections, are given in the Abstract. X-ray
reflection intensities were measured using the w-scan
mode in order to minimize the inclusion of satellite
reflections because it was found that these reflections
were more likely to interfere with an intensity measure-
ment when the more conventional ¢-26 scan mode was
used. The scan rate was 0-25° min~! due to the small

THE STRUCTURE OF 9-[3-(3-INDOLYL)PROPYL]ADENINE

size of the crystal. A total of 1620 unique reflections
were measured to the limit 260 = 125°.

The three standard reflections that were monitored
after every fiftieth reflection exhibited significant decay
over the course of the data collection such that the last
set of standards measured averaged 87% of their
initially measured intensities. The reflection intensities
were corrected for this decay by a least-squares linear
equation relating the sequence in which the reflections
were measured to the average remaining fraction of the
initial intensities of the three standard reflections.

Structure determination and refinement

The intensities, /, were corrected for Lorentz—
polarization effects. Their standard deviations, o(J),
were calculated according to counter statistics using an
instrumental instability factor of 0-03 (Stout & Jensen,
1968). A total of 151 reflections had 7 < 2-330(/) and
were therefore considered to be unobserved. -

The structure was solved uneventfully by ap-
plication of the direct-methods program MULTAN
(Germain, Main & Woolfson, 1971). All 22 expected
non-H atoms were found in the E map based on the
phase set with the highest combined figure of merit. The
structure was refined by full-matrix least-squares
methods in which the quantity minimized was 2. w(I F,|
— |F,1)* and w = 1/0%(F,). The atomic scattering
factors for non-H atoms were taken from Cromer &
Waber (1965) whereas those for H atoms were taken
from Stewart, Davidson & Simpson (1965). The
refinement of the scale factor, the atomic positional
parameters and the isotropic thermal parameters, with
the later refinement of the anisotropic thermal
parameters reduced R = > |IF,| — I F,I|/> |F,| from
its initial value of 0-281 to 0-115. All H atoms were
then located in a difference Fourier map. Further
refinement was carried out in which non-H atoms were
treated anisotropically and H atoms had only their
positional parameters refined. The H-atom isotropic
thermal parameters were fixed at the isotropic equiva-
lent of the atom to which they were covalently bonded.
The refinement converged with R = 0.-073 based on the
1469 observed reflections. The highest peak in the final
difference Fourier map had a peak density of
0-18¢ A3,

Results

The atomic coordinates in the structure of Ind3-
C;-Ade’® are given in Table 1.* The molecular structure
of Ind*-C;-Ade®, as well as the atomic numbering

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 36345 (11 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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system used in this report, are illustrated in Fig. I. It
can be seen there that Ind3-C,-Ade® exhibits a
conformation such that the adenine and indole moieties
of the same molecule are out of contact.

The covalent bond distances and angles found in
Ind3-C,-Ade® are presented in Fig. 2. The dimensions of
the adenine moiety are in good agreement with the
corresponding quantities found in other crystal struc-
tures containing adenine (Voet & Rich, 1970). Like-
wise, the bond parameters of the propyl and the indole
groups are all within their expected ranges. The r.m.s.
deviation of the nine atoms of the purine group from
their least-squares plane is 0-012 A. Similarly, the nine
atoms of the indole moiety have an r.m.s. deviation of

Table 1. Atomic parameters for Ind*-C;-Ade’

The atomic positions are given as fractions of a unit-cell edge.
The quantities in parentheses are the standard deviations of their
corresponding parameters as estimated from the final cycle of
least-squares refinement. The prefixes 4 and I refer to the adenine
and indole moieties, respectively. B, is calculated according to

B, =412, Z/ﬂu a,.8;.

Beq/B
X y z (A?Y)

AN(1) 0-6682 (3)  0-8698 (4) 1-1516 3)  4-5(1)
AC(2) 0-6070 (4) 0-9032 (5) 1-0622 (4) 4.9 (2)
AN(3) 0-5718 (3) 0-8068 (4) 0-9792(3) 4-7(1)
AC(4) 0-6110(3) 0-6593(5) 0-9932(3) 3-9(1)
AC(5) 0-6753 (3) 0-6062 (4) 1-0786 (3) 3.6 (1)
AC(6) 0-7040 (3) 0-7190 (4) 1.1631 (3) 3.9(D)
AN(T) 0:6977 (3) 0-4440 (4) 1.0648 (3) 4.4 (1)
AC(8) 0-6455 (4) 0-4056 (5) 0-9724 (3) 4.6 (1)
AN(9) 0-5913(3) 0-5263(4) 0-9246 (3) 4-2(1)
AN(6) 0-7633 (3)  0-6850 (4) 1.2526 (3)  4-9(1)
C(1") 0-5241(4) 0-5213(6) 0-8239(4) 4-8(2)
C(2") 0-5566 (4)  0-6086(6) 0-7276 (3) 4:4(2)
c@3") 0-4785(4) 0.6349(6) 0-6335(4) 4-8(2)
IN(1) 0-5839(4) 0-8542(6) 0-4189 (4) 5-8(2)
IC(2) 0-5886(5) 0-7739(7)  0-5191(4) 5-4(2)
I1C(3) 0-5049 (5) 0-7222 (6) 0-5357 (3) 4.4 (2)
IC(3a) 0.4435(5) 0-7730(5) 0-4414 (3) 4.2(2)
IC(4) 0-3504 (5) 0.7576 (6) 0-4110 (4) 5:2(2)
IC(5) 0-3106 (5) 0-8288(8)  0-3112(5) 6-6 (2)
IC(6) 0-3634 (6) 0-9148 (7) 0-2438 (5) 6-5(2)
IC(7) 0-4547(6)  0-9299 (6)  0-2712 (4) 5:9(2)
IC(Ta) 0-4946 (5) 0-8574(6) 0-3702(4) 47(2)
AH(2) 0-582 (3) 1016 (5) 1.058 (3) 4.9
AH(8) 0-645 (3) 0-308.(5) 0-936 (3) 5.3
AH(6A4) 0-788 (3) 0.589 (5) 1.262 (3) 5.2
AH(6B) 0-774 (3) 0-757 (5) 1-312 (3) 52
H(1'4) 0-515 (3) 0-414 (5) 0-807 (3) 5.1
H(1’B) 0-469 (3) 0-588 (5) 0-837 (3) 5-1
H(2'4) 0-611(3) 0-551 (5) 0-705 (3) 4.9
H(2'B) 0-580 (3) 0-713 (5) 0-751(3) 4.9
H(3'4) 0-451 (3) 0-530 (5) 0.-612 (3) 5-4
H(3'B) 0-425 (3) 0-692 (5) 0-661 (3) 5.4
TH(1) 0-622 (4) 0-895 (6) 0-394 (4) 5-5
TH(2) 0-642 (4) 0-764 (6) 0-563 (4) 5-6
TH(4) 0-310 (3) 0-690 (5) 0-458 (3) 5.6
TH(5) 0-252 (4) 0-821 (8) 0-297 (5) 8.2
TH(6) 0-330 (3) 0-966 (6) 0-171 (4) 7-6
TH(7) 0-496 (3) 0-989 (6) 0-230 (4) 6-8
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Fig. 1. A stereodrawing of a molecule of Ind3-C;-Ade®. Non-H
atoms are represented by thermal ellipsoids at the 50%
probability level. H atoms are represented by spheres of arbitrary
radii. The atomic numbering scheme used in this report is
presented.

1n26°
HI'A- CIF - HIB = 118°
cr¥ - €2~ €3 = I3
H2A- CZ- HZB = 104°

C2 - €¥- €3 = 1145°
H3a- C¥- H3B = 101°

Fig. 2. A schematic drawing of Ind®-C;-Ade® showing covalent
distances (A) and angles (°). The average estimated standard
deviations of these quantities are 0-006 A and 0-4°, respectively,
for distances and angles involving non-H atoms. The correspond-
ing quantities involving H atoms are 0-04 A and 3°, respectively.
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Fig. 3. A perspective drawing illustrating the intermolecular associations in the crystal structure of Ind3-C;-Ade®.

Table 2. Hydrogen-bond parameters

D---A H---4 D—H..-4
D-H---4 (A) (A) )
AN(6)—AH(64)---AN(1)  2.966 (5) 2-14 (4) 156 (4)
AN(6)—AH(6B)---AN(7)  3-076 (6) 2-15(4) 173 (4)
IN(1)—IH(1)---AN(7Y 3-285(7) 2:67(6) 141 (5)

Symmetry code: none x,y,z; () 4 — x, —4 + y, § — z.

0-016 A from their least-squares plane. Hence, each of
these groups is essentially planar. The dihedral angle
between the least-squares planes of the adenine and
indole moieties is 83-5°.

The hydrogen-bonding interactions in the structure
of Ind*-C;-Ade’ are illustrated in Fig. 3. The adenine
groups associate in an endless chain of doubly
hydrogen-bonded molecules associating through
AN(6)—AH(64)---AN(1) and AN(6)—AH(6B): --
AN(7) hydrogen bonds. The hydrogen-bond distances
and angles in the structure are tabulated in Table 2.
It can be seen there that these hydrogen-bonding
associations have normal geometries (Voet & Rich,
1970).

The indole group is hydrogen-bonded to the adenine
of a neighboring molecule through a distorted
IN(1)—IH(1):--AN(7) hydrogen bond. This inter-
action is unusual in that the AN(7) atom serves as the
acceptor group for two hydrogen bonds. However, the
hydrogen bond involving the indole ring lies con-
siderably out of the plane of the adenine ring, with an
AN(6)---AN(T7)---IN(1) angle of 67.-7°. Further-
more, the JH(1)---4AN(7) distance of 2-67 A is quite
long for a hydrogen bond. This is reduced to the still
relatively long value of 2-51 A if it is assumed that the
IN(1)—IH(1) covalent distance is lengthened from its
refined value of 0-75 A to the more reasonable value of
0-95A. Nevertheless, it is apparent that the
IN(1)—IH(1)---AN(7) hydrogen bond is relatively
weak.

The structure of Ind*-C;-Ade® is unusual in that
there are no stacking associations between any of its
component rings. The structure exhibits no inter-
molecular contacts closer than van der Waals inter-
actions.

Discussion

Small-molecule structural studies that serve as models
for intermolecular associations in other environments
are predicated on the supposition that these
associations are not significantly influenced by crystal-
packing forces. However, crystal-packing forces prob-
ably have energies similar to those of the interactions
under study. Hence, if the intermolecular interactions
observed in a crystal structure are to be taken as
meaningful it must be assumed that crystal-packing
forces are isotropic, that is, the same in all directions so
as to have no net influence on intermolecular
associations.

Present-day theoretical descriptions of crystal-
packing forces are not of sufficient accuracy to
demonstrate unambiguously whether or not these
forces are isotropic. However, the observation that
related molecules often exhibit similar interactions in
different crystal structures is strongly suggestive that
crystal-packing forces are, in fact, isotropic. For
example, crystal structures of nucleic acid bases exhibit
recurrent patterns of hydrogen bonding (Voet & Rich,
1970) and base stacking (Bugg, Thomas, Sun-
daralingam & Rao, 1971). Likewise, globular-protein
molecules with similar amino acid sequences assume
nearly identical molecular structures. Nevertheless to
establish convincingly that a particular intermolecular
association mode is the normal tendency of the groups
involved requires that this interaction be observed in
several different crystal structures.

In Ind3-C;-Ade®, the trimethylene group serves as an
inert and flexible tether between the indole and adenine
residues so as to force these groups to crystallize
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together and yet allow them to interact with minimal
interference from other influences. The observation that
compounds of the sort Ind3-C,-X, where X = Ade’,
Gua’, Cyt' or Thy!, form stacked intramolecular
complexes in aqueous solutions (Mutai, Gruber &
Leonard, 1975) establishes the flexibility of the tri-
methylene bridge. Nevertheless, in the solid state the
existence of any preferred conformations of the
trimethylene group which might destabilize intra-
molecular interactions is of little consequence in the
exposition of specific association affinities. This is
because, assuming crystal-packing forces to be iso-
tropic, the association of groups on different molecules
should be equivalent to the association of these groups
on the same molecule.

The supposition that the intermolecular associations,
or lack of them, observed in the crystal structure of
Ind3-C,-Ade® are characteristic of adenine/indole
associations is corroborated by the crystal structure of
the complex 9-ethyladenine—indole (Kaneda & Tanaka,
1976) and that of 3-(9-adenyl)propionyltryptamine
monohydrate (Ohki, Takenaka, Shimanouchi &
Sasada, 1977). In both of these structures, as in that of
Ind3-C;-Ade’, there are no indole/adenine-ring stacking
associations although such interactions have often been
postulated to be of biological importance in the
associations of proteins and nucleic acids. Likewise, the
hydrogen-bonding patterns in all three of these struc-
tures are quite similar. In 9-ethyladenine—indole the
adenine groups form endless hydrogen-bonded chains
identical to that observed in the present study. In
3-(9-adenyl)propionyltryptamine the adenines also
form endless hydrogen-bonded chains but such that
neighboring adenine residues alternately associate
about centers of symmetry through pairs of
N(6)—H---N(1) and N(6)—H---N(7) hydrogen
bonds. In both of these latter structures, the adenine
and indole groups associate through the formation of
IN(3)—H---AN(3) hydrogen bonds whose respective
lengths of 3.03 and 3.06 A are rather long for
N—H---N associations.

The inspection of numerous adenine-containing
crystal structures reveals that only its N(1) and N(7)
positions are commonly utilized as hydrogen-bond
acceptor groups. For example, the modes of adenine/
adenine hydrogen bonding described above are the only
three types that have been observed between adenine
residues in the solid state (Voet & Rich, 1970). Adenine
position N(3) apparently participates in hydrogen
bonding only when all other hydrogen bonding accep-
tor positions on adenine are occupied. In fact, as the
present structure demonstrates, it is occasionally
observed that a hydrogen-bond donor is left unsatisfied
even though adenine N(3) is available. Hence it has
been concluded that adenine N(3) is a weak hydrogen-
bond acceptor (Shieh & Voet, 1976). Therefore, the
observation of IN(3)—H--.-AN(3) hydrogen bonding
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in the structures of 9-ethyladenine—indole and 3-
(9-adenyl)propionyltryptamine monohydrate further
indicates that the /N(3)—H group can only weakly
hydrogen-bond to adenine.

In the crystal structure of Ind3-C,-Thy', neighboring
indole and thymine residues associate by both stacking
interactions as well as an IN(3)—H--- TO(2) hydrogen
bond of normal geometry (Voet, 1980). In addition
neighboring thymine residues associate through
TN(3)—H-.-TO(4) hydrogen bonds about a twofold
axis to form an endless hydrogen-bonded helix. It is
these latter atoms that participate in Watson—Crick
A-T base pairing. It has been noted that an indole
group could hydrogen-bond to a thymine or uracil
residue that is simultaneously involved in Watson—
Crick base pairing (Voet, 1980).

In chloroform solution at 298 K nucleic acid bases
form hydrogen-bonded base pairs. Under these con-
ditions 9-ethyladenine has a self-association constant of
2-0 M~! and that of 1-cyclohexyluracil is 10-0 M~!
whereas the association constant of the complex
between these two bases is 110 M~! (Kyogoku, Lord &
Rich, 1967; Nagel & Hanlon, 1972). Therefore, the
A - T base-pairing association is much stronger than
those of A-A or T.T. The analyses of structures
containing both indole and adenine residues indicate
that indole/adenine hydrogen bonding is much weaker
than adenine/adenine hydrogen bonding. Similarly the
structure of Ind3-C,-Thy! suggests that indole/thymine
hydrogen-bonding affinity is approximately equal in
strength to that of thymine/thymine hydrogen bonding
(Voet, 1980). Hence it seems unlikely that the indole
residue of tryptophan will be effective in competing for
the Watson—Crick hydrogen-bonding sites of an A-T
base pair.

The authors wish to thank Professor Nelson Leonard
for his generous gift of Ind*-C ,-Ade?.
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Abstract
C,0H;0,, M, = 334.5, is orthorhombic, P2,2,2,,
with a = 8921(2), b = 18.076(4), ¢ =

22:647(5)A, V = 3652.0A% [at 113(2)K]; a =
8962 (4), b = 18.30(1), ¢ = 22.96 (A, V =
3765.5A% Z=8,D,, = 1-184, D, = 1.180 Mg m?
(at 295 K). The compound is a toxic cembranolide
isolated from the gorgonian Eunicea mammosa. The
molecular structure and absolute configuration have
been determined from 4191 X-ray intensity data. The
final R factor is 0-063. The compound is an epimer of
jeunicin.

Introduction

The diterpenes jeunicin (I) (van der Helm, En-
wall, Weinheimer, Karns & Ciereszko, 1976) and
eunicin (II) (Hossain, Nicholas & van der Helm,
1968) have been isolated as the major cembranolides in
the gorgonian Eunicea mammosa from Jamaica and
Bimini, respectively. Both are found to be cytotoxic
against the National Cancer Institute’s KB cell line.
Because the crude extract of the Bimini gorgonian
showed confirmed antineoplastic activity in NCI’s in
vivo bioassay against P-388 lymphocytic leukemia, we
have subjected it to systematic fractionation with
guidance at each stage by bioassays in NCI’s in vitro
KB and LE cell lines. This approach has led to the
isolation of, in addition to eunicin. a second cytotoxic
cembranolide in minor amounts. It is shown to have the
structure of (13aH, 14 fH)-jeunicin (III).

* Present address: Department of Medicinal Chemistry and
Pharmacognosy, University of Houston, Houston, Texas 77004,
USA.
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The bioactive material is contained in the chloro-
form phase. This fraction is further refined by three
successive partitions using hexane, carbon tetra-
chloride and chloroform vs 20, 25 and 35% water in
methanol respectively.

Chromatography of the residue from this phase on
Florisil in benzene/ethyl acetate, and re-chromatog-
raphy of the active fraction on silica gel using
acetone/hexane affords (13aH,14/H)-jeunicin, fol-
lowed closely by eunicin.

(13aH,14 fH)-Jeunicin (III) melts at 420-420-5 K;
[@]2°C = —31-1° (¢ = 3-0 g dm~*, CHCI;); C,H;,0,
(calc.: C 71-82, H 9.04%; found: C 71-74, H 8-93%),
m/e 334 (M), IR (KBr): 3560, 3520 (—OH), 1760
(C=0), and 1665 cm~! (C=C). Its '"H NMR spectrum
(CDCl,) shows methyl signals at 6 1-01,d,J = 7 Hz
(Me—C—H); 1.25, s (Me—C—-0O) and 1-57, bs
(Me—C=C). One proton absorption appears at 6 3-22,
m (H-1); 3.27, 1, J = 8 Hz (H-13, coupled to H-14 by
NMDR); 3:69, dd, J = 8, 10 Hz (H- 14, coupled to H-1
by NMDR); 3.90, dd, J = 3, 5 Hz (H-3); 526, bd, J =
10 Hz (H-7, coupled to 8-Me by NMDR); 5-41,4,J =
3 Hz and 6-13, d, J = 3 Hz (H,C=C, both coupled to
H-1 by NMDR).

The spectral data demonstrate the presence of an
a-methylenic lactone, a methyl-substituted olefin, a
cyclic ether and an alcohol function. A 14-membered
cembrane ring is suggested by the nature of the six C
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