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Prymnesins are potent ichthyotoxic and hemolytic glycoside molecules isolated from the red tide alga Prymnesium
parvum. Their unique molecular structure is conformationally rich with a number of key torsional bonds which were
probed with contemporary conformational searching techniques in order to describe the three-dimensional structure of the
prymnesin molecule. Important topological features include a backbone twist of 60° and an elongation length of 39.5 A
from ring “A” to ring “N” for the prymnesin-2 molecule in the nOe preferred conformation. An appreciation of these and
other molecular structural and energetic features determined by computational techniques were examined with the aim of
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understanding how prymnesin-2 exhibits it’s potent biological activity in relation to these inherent structural traits.

The historical notoriety of the series of compounds col-
lectively known as “prymnesins” has its foundations in their
unusual skeletal structure, scarcity of available purified ma-
terial, and possible mode(s) of biological action.” Only un-
til recently has the precise planar structure of prymnesin-2,
Fig. 1, been fully known,? revealing an aesthetically pleasing
and functionally diverse marine natural product consisting of
an electron-rich hydrophobic “head” section (C1 to C20), a
polyether-polycyclic “backbone” with five interconnecting
sigma bonds connecting the central four biheterocyclic moi-
eties and a pentaheterocyclic system (C20 to C74), and a
hydroxyl-rich hydrophilic glycoside-bearing “fail” section
(C74 to C90).

Our group’s interest in the applicability of contemporary
computational chemistry techniques for use in the study of
large biologically interesting organic compounds of marine
origin was prompted by our continual pursuit of a thorough
understanding of the modes of action and three-dimensional
structures of these molecules. We envisaged that through
such a study and in cross evaluation with available biologi-
cal, chemical, and NMR studies that certain pertinent aspects
with regard to molecular conformation and functional group
positioning within a molecule could be evaluated and ex-
amined in light of a “constructive biologically active model”
which could possibly be used to explain the topological and
morphological regions or sites of interaction on receptors,
channels, membranes, or binding sites. A rationale follow-
ing a similar line of thought has already been purported for
the investigation of an analogous series of compounds from
marine origin.¥

#Present working address: Japan Food Research Laboratories,
Japan Food Research Laboratories, Tama Laboratory, 6-_11- 10,
Nagayama, Tama, Tokyo 206.

Reported in this paper is a detailed computational study
and cross evaluation of the conformational properties of
prymnesin-2 using a variety of contemporary molecular me-
chanics force fields, software, and conformational search
routines with the aim of providing a molecular basis for
understanding the pronounced ichthyotoxic and hemolytic
activity of prymnesin-2.

Computational Methods and Techniques

Molecular Modeling. All molecular modeling, structure
calculations, and conformational analyses were performed on a Sil-
icon Graphics Indigo XS24 R4000 workstation using Sybyl® v6.1la
software.® The supplied Tripos force field” was used routinely with
the Powell (conjugate gradient) method in energy minimizations
and conformational runs. Minimizations were deemed to have con-
verged when either a maximum of 5000 iterations were calculated
or the gradient reached 0.01 kcalmol~! A=!. Netbatch® (as sup-
plied) was used consistently for minimization and conformational
experiments. Electrostatics were incorporated into minimization
calculations by inclusion of atomic point charges from the Gasteiger
and Marsili Charge Sets to the force field parameterization of the
atoms.”

Conformational Analysis Experiments. Conformational ex-
periments about acyclic sigma bonds were conducted by means of
torsionally driving the bond in question. Typically, the following
parameters were employed for conformational searching experi-
ments of individual acyclic sigma bonds. Starting from a confor-
mational minimum, the conformational space of any one sigma
bond was examined from O to 360 degrees about the bond in ques-
tion, at 2 degree increments, with energy minimization after each
increment of all new torsionally derived conformers (180 conform-
ers per run). For the “backbone” (rings “E” to “N” and “A” to “N”)
section, quintuplet acyclic sigma bond searching experiments using
the following search criteria were utilized; each sigma bond of the
“backbone” was probed from 60 to 300 degrees at 120 degree incre-
ments, with minimization of all new torsionally found conformers
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Fig. 1.
complexity of these molecules.
determined from nOe data.”

(243 conformers per experiment). The results were then analyzed
by means of spreadsheet and graphical representations. Examina-
tion of the conformational space of the seven-membered “D” ring
of the prymnesin system was accomplished by means of a random
torsional searching technique.® Starting structural conformers for
the seven-membered “D” ring were chosen intuitively and from
examination of the literature,>®*'? with energy minimized prior to
initiating the random searching routine. Random searches of the
“D” ring were conducted with the following parameters and conver-
gence criteria;'” Maximum cycles 1000 to 1500, Energy Window
(Cutoff) 50 to 70 kcal mol~!, Convergence threshold (for unique-
ness of conformers) 0.005 to 0.1 kcal mol~!, with a maximum of 6
to 10 conformer repetitions.

Other Molecular Mechanics Calculations. Comparative
computational studies were conducted using Insight® II (version
2.3.0) and Discover® (version 2.9.5 and 94.0)' with the CVEF
(Consistent Valence force field)'® available within the Biosym
Technologies molecular modeling software. Charges were assigned
using the potential function atom types and partial charges available
within the software.'? Minimizations were conducted using a con-
jugate gradient minimizer and were deemed to have converged when
the gradient reached 0.001 kcalmol~' A~" for all fragments inves-
tigated. Molecular mechanics minimization of fragments using the
MM2(77) force field'¥ were submitted as an internal submission
from the “Sybyl” molecular modeling software to the netbatch sys-
tem for processing. Analysis of the results was done externally to
the “Sybyl” software. The MM2(77) experiment was deemed to
have converged when the gradient reached 0.001 kcalmol™' A™",

Conformational Properties of Prymnesin

Prymnesin-2, an example from the prymnesin series of molecules illustrating the conformational and functional group
The relative stereochemistry of the “backbone” section (C20 to C74) of the molecule was

Fragmentation of the Prymnesin System.  The prymnesin
system was divided into conformationally interesting fragments
and sections with the site of fragmentation (i.e. the termini of a
fragment) being modified as follows. Where the joining atom to a
bond cleavage site was a carbon atom, this carbon was replaced with
a methyl group and for the cleavage of an ether bond, a hydroxyl
group was substituted.

Results and Discussion

The methodology used in this study of the conformational
space of the prymnesin system was one of a ‘pruning’, ‘com-
putation’, ‘analysis’, ‘rebuild’, ‘analysis’ approach. Such a
technique was adopted in order to best use the available in-
strumental facilities and also allow reasonable experimental
time frames to be followed.

To analyze the conformationally complex prymnesin sys-
tem it was essential to initially simplify the system. The
prymnesin molecule is characterized by a 14 heterocyclic
ring “backbone” which links the predominantly unsaturated
C19 “head” of the molecule to the C16 highly hydroxyl func-
tionalized, sugar substituted “tail” of the molecule (Fig. 1).
To examine the conformational space about the sigma bonds
connecting the cyclic systems which constitute the prym-
nesin “backbone”, from ring “A” to ring “N” (C20 to C74),
the molecule was fragmented into discrete polycyclic sys-
tems which were individually conformationally searched.
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These fragments were (with the torsional bond of inter-
est in brackets); “E-F/G” [C36—C37-C38-C39], “F/G-H/T”
[C44-C45-C46-C47], “H/M-J/K” [C52-C53-C54-C55],
“JIK-L/M” [C60-C61-C62—C63], and “L/M-N” [C68—C69—
C70-C71], with a methy! or hydroxyl group added in place of
aconnecting carbon atom or oxygen respectively, as shown in
Chart 1. The pentaheterocyclic ring system from ring “A” to
ring “E” (C20 to C37) containing the conformationally vari-
able seven-membered “D” ring was examined as “C/D/E”
and “A/B/C/D/E” fragments as illustrated in Chart 1.

“E to N” Fragment Conformational Searching Exper-
iments. Conformational experiments about the inter-
connecting sigma bonds of the fragments, “E-F/G”, “F/G-
H/T”,“H/M-1/K”, “J/K-L/M”, and “L/M-N”", were conducted

"G/D/E"

"E - FIG"

"FIG - HI"

“H/ - JK*
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by means of torsionally driving the bond in question. Typi-
cally, starting from a conformational minimum, the confor-
mational space of any one sigma bond was examined from
0 to 360 degrees about that bond, at 2 degree increments,
with energy minimization after each increment of all new
torsionally derived conformers (180 conformers per run).

The resultant three lowest energy conformers found for
each of the fragments investigated by the torsional driving
experiments are compiled in Table 1. These lowest energy
conformers have been described as either anti (A), positive
gauche (+G), or negative gauche (—G) depending on their
relative torsional angle, defined by the carbon chain, as illus-
trated in Fig. 2.

Table 1 lists for the three lowest energy conformers of

"A/B/C/D/E"

Structure

Molecular Model
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Table 2. Summary of Force Field Results for the Five “E to N” Fragments of the Prymnesin
System
Fragement nOe Tripos force MM2(77) force CVFF force
field” field'? field"”
preferred  Lowest <+1.0 Lowest <+1.0 Lowest <+1.0
kcal® kcal? kcal®
E-F/IG A A +G&—G -G A&+G -G +G
F/G-H/T A -G A -G A -G A
H/I-J/K +G A — A — A —
JK-L/M A A —_ A — -G A
L/M-N A A -G A — +G —

a) The next lowest energy conformers found within approximately <+1.0 kcal mol~" in energy for the

Tripos,” MM2(77),!9 and CVFF!? force fields.

preferred nOe geometry (varying only in the “F/G-H/I” and
“H/I-J/K” fragment geometries), with the MM2(77) force
field varying in three fragment geometries and the CVFF
varying in all fragment geometries. To a first approxima-
tion (within 1.0 kcal mol~! of the lowest (global minimum)
energy conformation) both the Tripos and MM2(77) force
fields show the greatest similarity with the nOe preferred ge-
ometries (varying only in the “H/I-J/K” fragment geometry)
whilst the Consistent Valence force field still shows a large
degree of variation when the results are interpolated to a first
approximation.

“D” Ring Conformational Searching Experiments.
To probe the conformational space of cyclic molecules, there
are currently a number of competitive techniques which can
be used.” In this study, the conformationally interesting
“D” ring of the prymnesin molecule was examined using
a random torsional searching technique.® Although most
methods currently available have been designed and tested
only on simple (symmetric) cyclic alkanes, recent studies on
heteroatom-bearing cyclic molecules have given credibility
to these techniques for searching heteroatom, asymmetric,
poly-hybridized cyclic systems.>'® We have nevertheless
approached the study of ring conformational flexibility in
polyether-polycyclic molecules with a degree of caution.

Random torsional searching experiments of the seven-
membered “D” ring were performed on the “C/D/E” and
“A/B/C/D/E” fragments (Chart 1), with the starting confor-
mations of the “D” ring chosen intuitively and from exam-
ination of the literature.>!*!9 Cycling experiments to either
a maximum of 1000 or 1500 random increments or 6 to 10
conformer repetitions for a variety of starting conformations
revealed two unique lowest energy conformers for the seven-
membered “D” ring. These conformers were arbitrarily la-
beled as the ‘nOe preferred’ conformer (with a intracyclic
(C30-C31-C32-C33) dihedral angle of approximately —40°,
which corresponds to the preferred conformer as determined
by nOe experiments?) and the ‘Compt. derived’ conformer
(with an intracyclic (C30—C31-C32-C33) dihedral angle of
approximately +40°) (Fig. 3).

Table 3 brings together the minimized energy and torsional
angle data for the two lowest energy conformers of the “D”
ring for the three force fields used in this study. In general, all

H H
Cao H H H
~+40°
Cx OH Cas OH
H Ca

"nOe" Conformer

B

"Compt." Conformer

ooh

—« _Dihedral
C€31-C32 Bond

Fig. 3. Newman projections of the “D” ring carbon bond
bridge between rings “C” (C30) and “E” (C33) which sub-
tends the dihedral angle, C30-C31-C32-C33 (top), the
corresponding molecular models for the “C/D/E” fragment
(middle) and an overlay of the two lowest energy “D” ring
conformers for the “C/D/E” fragment. Illustrated are the
‘nOe preferred’ conformer (RHS) and the ‘Comput. de-
rived’ conformer (LHS) as determined by random torsional
searching experiments.

the force fields examined reflected similar trends, in that the
‘nOe preferred’ conformer has consistently the lower energy
of the two minimum energy conformers. Likewise, the dihe-
dral (C30-C31-C32—-C33) angles have similar magnitudes
of deflection from the eclipsed 0° conformer of approxi-
mately £40° for the ‘nOe preferred’ and ‘Compt. derived’
conformers when calculated with the Tripos and MM2(77)
force fields, whilst with the Consistent Valence force field,
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Table 3.

Conformational Properties of Prymnesin

Comparison in Force Field Energies and “D” Ring Dihedral Angles for Fragments of the Prymnesin System

“C/D/E” and “A/B/C/D/E” with the Tripos Force Field,” the MM2(77) Force Field,' and the CVFF Force Field,'”
Consisting of the Two Lowest Energy “D” Ring Conformers (the ‘nOe preferred’ and the ‘Compt. derived’)

Fragment Tripos force field” MM2(77) force CVFF force field'?
(Carbon chain (in vacuo) ﬁeld"‘)(in vacuo) (in vacuo)
numbering) Energy Dihedral Energy Dihedral Energy Dihedral
angle® angle® angle”
(kcal/mol) (degrees) (kcal/mol) (degrees) (kcal/mol) (degrees)
“C/D/E” nOe
(C26 to C37) 15.2 —43.1 47.1 —41.6 14.2 —28.2
“C/D/E” Compt.
(C26 to C37) 17.5 353 48.0 35.1 18.0 27.7
“A/B/C/D/E” nOe
(C20 to C37) 13.8 —42.6 58.0 —404 25.1 —-28.1
“A/B/C/D/E” Compt.
(C20 to C37) 17.0 34,7 59.3 33.1 29.4 21.8

a) The dihedral angle of the “D” ring is the angle subtended by the bonds C30-C31-C32-C33.

the dihedral angle was found to be consistently more acute
(£20—30°). In separate experiments on the “C/D/E” frag-
ment, it was possible to estimate the energy of activation for
interconversion of the two conformers to be approximately
1.6 kcalmol =117

Conformational Searching of the Prymnesin “Back-
bone” (C20 to C74). Compiling the results of the experi-
ments performed above, involving discrete fragments of the
prymnesin “backbone” bearing only one conformationally
flexible region, into a more conformationally demanding ex-
periment, the prymnesin “backbone”, rings “A” to “N” and
“E” to “N”, were used to further study and appreciate the con-
formational properties of the prymnesin system, particularly
with reference to gaining an understanding of the energy
and conformation of the ‘global’ “backbone” minimum in
relation to other ‘local’ “backbone” minima conformers.

The “E to N” fragment of the prymnesin system which
has five unique interconnecting sigma bonds connecting the
polyether-polycyclic systems theoretically has an infinite
number of rotatable conformers obtainable about these bonds
(and combinations thereof). However, if we make the as-
sumption that about these bonds the ground state conformer
lies in one of the three possible minimum energy conforma-
tions of either gauche (two possible conformers, +G or —G)
or anti (one possible conformer, A) (vide supra), then there
are 243 low energy conformers for the “E to N” fragment.'®
Realistically, given the size and complexity of the prymnesin
“backbone” 243 possible minimum energy conformers are a
large but attainable conformational space problem. Thus, a
pervading way to address and understand such a complex
conformational problem is by performing a quintuplet tor-
sional searching experiment, which targets each of the three
low energy regions consisting of the five sigma bonds of
the “E to N” and “A to N” “backbone” fragments. Hav-
ing done so, energetic and geometric relationships between
the nOe preferred and the computationally predicted ‘global’
minimum conformer can be evaluated. Table 4 compiles the
results of these conformational searching experiments listing
the 30 lowest energy conformer combinations and the highest

energy conformer combination for torsional searches of both
the “E to N” and “A to N” “backbone” fragments (Tripos
force field).

The minimized nOe preferred conformer can be described
as having an A/A/+G/A/A torsional chain “E to N” and
“A to N” “backbone” system. Alternatively, a “favored”
conformer for the “E to N” and “A to N” fragment is
A/—G/A/A/+G, Table 4. This bears a degree of resem-
blance to the results obtained for the individual sigma bond
searching experiments described above (particularly for the
torsional bonds from the “E” to the “L” rings) where an
A/—GJlA/A/A geometry is predicted (Table 1, Tripos force
field). Interestingly and significantly, the “A” and “+G” con-
formers for the C68—-C69-C70-C71 bond of the “L/M-N”
fragment differ in energy by only 1.6 kcalmol~! (Tripos
force field, Table 1).!?

From Table 4, the nOe preferred conformation of the
prymnesin “backbone” in both the “E to N and “A to N”
fragments lie within 2.7 kcalmol~! of the ‘global’ mini-
mum conformation and are the estimated 24 and 25 ranked
lowest energy conformer combinations for each “backbone”
section investigated. The conformer combination predicted
from individual sigma bond fragment searches (Tripos force
field) are within 1.9 kcal mol~! of the ‘global’ minimum con-
former combination and are ranked 16 of the lowest energy
conformer combinations for both fragment systems. Inter-
estingly, the nOe preferred conformer combination is 5.8
kcalmol~! and 6.0 kcal mol~! more stable than the highest
+G/+G/—G/+G/—G conformer combination for the “E to N”
and “A to N” fragment systems, respectively.

“C1 to C20” Fragment Conformational Searching.
The “head” section of the prymnesin molecule, that is “Cl
to C20”, has conceivably three structurally rigid sections,
due to distinct m-systems; C1 to C5, C6 to C13, and C15 to
C20, with many degrees of free rotation about the C5-C6,
C13-C14 and C14-C15 (sp*-sp®) o-bonds and C12-C13,
C15-C16 and C19—-C20 (sp’>-sp’) o-bonds. The intrinsic
stability of the two m-systems defined by the transoid con-
jugated butadiene systems C9-C12 and C16-C19 lies in



“ISULIOJUOD V/Y/9+/V/V paL1ajard sQu a3 s31edIpu] (q  "OndeA Ul ‘p[ay 9010 sodLi], U YIM UOHEBNIEAS O] SI9JI A3Iaus aANR[Y (B

Bull. Chem. Soc. Jpn., 69, No. 8 (1996) 2259

D—- O+ O—- O+ o+ S8 eve - O+ H—- O+ O+ L8 eve
14 14 o- 14 H—- Lt 0t 14 14 o— 14 D— St 0¢
14 14 D— 14 14 Ve 6T 14 14 o—- 14 14 Ve 6¢
14 |4 O+ |4 o— £t 8T 14 4 o— o—- - I'e Lz
14 14 O- D—- - e Le |4 14 O+ 14 - I'e Lz
14 |4 9 - 14 8T 194 14 14 o— O—- 14 8T 9
14 14 14 14 o- 8T Y4 |4 |4 O+ 14 14 Le «S¢
14 |4 D+ 14 | 4 Le @¥? 14 4 |4 |4 D— 9T €
14 |4 O+ o— O—- 9T 134 O+ 14 O—- 14 D— 9T £C
14 | 4 |4 |4 |4 $T [44 14 14 |4 14 14 14 [44
O+ 14 14 D+ D- €T 0t |4 14 D+ D— - Ve 1T
14 14 |4 - - 14 0t 14 14 D+ O— |4 (A4 0t
14 |4 O+ - 14 (44 61 Ot 4 14 o+ H—- | K4 61
o+ 14 | 4 O+ 14 0c 81 14 14 14 o— - 0c 81
O+ 14 o—- 14 D-—- 6'1 91 O+ 14 14 as 14 6’1 91
14 | 4 |4 o—- | 4 6'1 91 14 14 14 D—- 14 6’1 91
D+ O—- |4 14 H—- 8’1 ST D+ D- 1 4 O—- o- 8’1 S1
O+ 14 5—- 14 14 Sl 14! D+ O—- 14 14 o— 91 14!
O+ 14 O+ 14 o— V'l (4! O+ 14 - 14 14 Sl €1
O+ H—- 14 14 14 ¥l (4! O+ o—- 14 14 |4 LA It
O+ - 14 D— - (4! (] D+ 14 O+ 14 N vl It
o+ 14 O— o— D— [ 01 D+ 14 o—- o—- o— [ 01
O+ 14 O+ 14 |4 o1 8 O+ | 4 O+ 14 14 'l 6
ot 14 14 14 D— 01 8 O+ 14 o—- - 14 60 8
O+ o—- 14 o- 14 60 9 ot o— | 4 - vV 80 9
O+ | 4 o- D—- 14 60 9 O+ 14 4 |4 - 80 9
D+ 14 D+ D— o- Lo 14 D+ 14 14 14 14 Lo S
O+ 14 14 14 14 Lo L4 O+ 14 D+ - o—- S0 14
D+ 14 O+ D—- 4 0 £ O+ 1 4 O+ - 14 €0 €
D+ 14 14 - - €0 C D+ 14 14 D— D— 1’0 (4
O+ |4 |4 55— 14 00 1 O+ |4 |4 o— |4 00 I
(1LD-0LD  (€90-290 (SSO¥SD  (LVD-9¥D  (6€D-8€D (;~Tow 1e3Y) (1LD-0LD  (€90-290 (SSO-¥SD  (LWO-9¥D  (6€D0-8€D ( j—loul [eay)
=690-890) —190-090) -—€§0-¢SD) —SYO—+¥D) —LED—9€D) @A810U9 YUY -69D-89D0) -190-09D) —£$0-TSD) -SYOHPD) —LED-9ED) @k81ua  yuey
N-W/T W/T-3/( M/1-VH I/H-D/d 5/d-d aAnEay N-W/T W/ T3/ A/M-T/H I/H-9/d D/3-4 dANR[Y
«N 01 4., «NOV,

L. Glendenning et al.

«N 01 &, PUE N 01 V,, S3ULY 10J S[MI3[OJN UISIUWAI] Y3 JO UONOIS ,3U0gYIDg,, 3} JO YoIeas puog-ewsSig oNoAoy 19/dmumng) ay) woly symsoy pajeIngel “f dqel,



2260 Bull. Chem. Soc. Jpn., 69, No. 8 (1996)

the unoccupied antibonding m-orbitals of the sp?-carbons
(between C10—C11 and C17-18), and is a well-founded as-
sertion in organic chemistry.’® The acetylenic groups also
impart molecular rigidity into this section of the molecule
with the four sp-hybridized carbons C3, C4, C7, and C8 as-
serting linearity to the molecule from C2 to C5 and C6 to
C9. Combining these properties with the (E)-olefinic C1-C2
bond and the nOe-derived orientation at the ring contact atom
C20, implies that the “C1 to C2” portion of the prymnesin
system has essentially three primary sites of conformational
flexibility about sp>~sp® o-bonds, at C5-C6, C13—C14, and
C14—C15 and three primary sites of conformational flexi-
bility about sp>~sp> o-bonds, at C12-C13, C15-C16, and
C19-C20.

Evaluating the conformational space of the sp*-sp® o-
bonds initially, a dual torsional searching experiment was
performed on the C13—C14/C14-C15 section of the “Cl1 to
C20” fragment (C20 being replaced with a methyl group),
and as expected returned nine minimum energy conformers.
These conformations correspond to combinations of the low
energy anti and two gauche conformers for the C13-C14 and
C14-C15 bonds. All the lowest energy conformations were
of roughly equal energy and thus share equal probability
of being occupied by the lowest energy (global minimum)
conformer. Similarly, the C5-C6 bond was found to have the
staggered conformations, anti and two gauche conformers as
the three lowest energy conformers.

Interestingly, torsional searching of the sp’>—sp® o-bonds
C12C13, C15-C16, and C19-C20 revealed intriguing struc-
tural traits for these rotatable bonds. In all the cases ex-
amined, there were two lowest energy (global) minima en-
ergy conformers found which were diequally opposed (at a
torsional angle of approximately +120°) about the other low-
est energy conformer (at a torsional angle of 0°). These tor-
sional angles impart geometries about these bonds in which
the carbon olefinic chain and also the coplanar protons of
the olefinic sp?-carbons are all quasi-planar with (or eclips-
ing one thereof) one of the substitutes of the sp>-hybridized
carbon. These were the only minimum energy conformers
found for the sp?>~sp’ o-bonds.

Thus, each of the primary sites of rotation would essen-
tially adopt either one of only three low energy confor-
mational orientations, anti or one of two gauche orienta-
tions (sp>-sp*), or one of two diequally opposed positions
(sp>~sp’) in a ground state biological system. Combining
these results with the perceived free and rapid rotation about
the sp—sp? o-bonds (C4—C5 and C6-C7) suggests that the
“head” section of the prymnesin molecule has many possible
low energy conformations and degrees of spatial orientation.

Conformational Searching of the Prymnesin “Head”
(C1to C20). An appreciation of the conformational space
occupied by the “head” section of the prymnesin molecule
was accomplished by systematic torsional searching of the
fragments “C1 to C20”, “Cl to C25”, and “C1 to C38” at
all the key conformationally accessible and flexible regions
as already described, vide supra. The lowest energy con-
formations for all the “head” fragments investigated were

Conformational Properties of Prymnesin

found to exhibit an interesting structural property, in that
the diene systems, C9 to C12 and C16 to C19, adopted co-
aligned parallel orientations with the H12-H16, H11-H17,
H10- H18, and H9-H19 distance varying from 2.7 to 3.6 A,
as depicted in Fig. 4 for the “C1 to C38” fragment molec-
ular model. Given the relative intra-molecular distances
between the hydrogens of the diene systems and the lack
of nOe enhancements between these nuclei,? this energeti-
cally weak m-stacking or ni-adduct conformation®” for these
“head” section diene systems would presumably bear little
resemblance to the expected solution conformation.”” The
next lowest energy conformation for the “head” section in
which this stabilizing rt-stacking conformation is not present
is an elongated “head” section, which is approximately 5.0
kcal mol~! higher in energy (Tripos force field) (Fig. 4).
The “C74 to C90” “Tail” Section of Prymnesin. The
“tail” section, “C74 to C90”, of the prymnesin molecule was
not investigated with the computational techniques used in
this study. This hydroxyl group-fertile, glycoside-bearing
section of the molecule is conceivably very motile, with an
abundance of low-energy conformer geometries and inter-
conversion pathways. Also, at present, the stereochemistry
at each of the nine chiral centers is still unknown. Conceiv-
ably, in the absence of a protic or donor solvent, a hydrogen
bonding network may stabilize this section of the molecule
imparting some rigidity via a secondary electrostatic frame-

c

Fig. 4. “C1 to C38” fragment minimized molecular models
(Tripos force field, in vacuo) illustrating (top) an example
lowest energy m-stacking of the diene groups conformation,
with the H12-H16, H11-H17, H10-H18, H9-H19 distance
varying from 2.7 t0 3.6 A, and (bottom) an example from the
5.0 kcal mol ™! more destabilized conformation, exhibiting
an elongated “head” extension (from C1 to C20).
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work. It can also be noted that this hydrophilic region of
the molecule may be of pivotal importance with regard to
the nature and mode of the association prymnesin has with
membranes.

Reconstruction of the “E to N” and “A to N” nOe
Preferred Prymnesin “Backbone”.  The conformational
searching techniques and results described above for frag-
ments of the prymnesin backbone represent a meticulous ap-
praisal of the conformationally fertile prymnesin backbone
and suggest that the conformation of the prymnesin back-
bone indicated by NMR data compares well with all three
force fields used in this study. Table 5 compiles the data for
the reconstructed prymnesin backbone “E to N” and “A to
N”, with the conformationally flexible regions of the “back-
bone” bearing the orientations analogously found from NMR
experiments.?

By appreciating planes which lie in the “seat” section of
the chair conformation for each of the cyclic systems found
at the termini of the backbone, it is possible to mathemat-
ically describe the conformational space of the prymnesin
backbone further.”™ For example, defining a plane which
runs through the C20, C21, C23, and C24 atoms (ring “A”)
and measuring a normal to this plane which intersects the
C74 atom at the “N” ring terminus of the prymnesin system
suggests that the axial twist of the backbone, when viewed
along the axis from ring “A” to ring “N” has deviated by
approximately 4.0 A from the “A” ring plane.?® Similarly,

Table 5. Reconstruction of the Prymnesin Backbone
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describing a plane which passes through the C70, C71, C73,
and C74 atoms (ring “N”) and measuring the angle of inter-
section with the “A” ring plane infers that the axial twist of
the prymnesin backbone “A to N” is approximately one sixth
of a circle or approximately 60° (Fig. 5). This “screwing”
or “twisting” effect is a common secondary structural trait
of large biological molecules as they seek to attain a mini-
mum energy, maximum entropy steady state conformation.?
Such a second order structural characteristic may be accen-
tuated further to the conformationally freer “head” and “tail”
regions of the prymnesin system and indeed may be of par-
ticular importance, along with the type and position of the
functional moieties of the prymnesin system, to understand-
ing the possible biologically active forms or conformations
of prymnesin. Structural inference with respect to biological
activity is a well-founded mechanistic principle in bioor-
ganic chemistry and similar suppositions with respect to the
type of binding and structural characteristics of analogous
polyether-polycyclic systems have already been presented in
the literature.?®

Conclusion

The conformationally plentiful prymnesin system has been
examined computationally to reveal a backbone system “A to
N” abundant with energetically discrete and definable mini-
mum energy conformers. Principally, these local energy min-
ima can be described as comprising the three low energy anti

The Polyether-Polycyclic Region for Ring Systems “E to N” and “A to N” in the ‘nOe Preferred’ Orientation, Minimized

Energies and Geometrical Characteristic Features

(All data derived from the Tripos force field and Sybyl® V6.1a software.)

Ring(s) Dihedral/Torsional “E toN” “AtoN”
bonds

D¥(degrees) C30-C31-C32-C33 — —46.2

E-F/G¥ (degrees) C36-C37-C38-C39 —171.5 —1722

F/G-H/T”(degrees) C44-C45-C46-C47 —179.2 —179.6

H/I-J/K® (degrees)
J/K-L/M? (degrees)
L/M-N?(degrees)

Fragment characteristics

Total energy (kcal mol™")

Elongation length® (A)

Magnitude of backbone twist”(degrees)
Height of C74 above“E”ring plane® (A)
Height of C74 above“A’ring plane® (A)
Height of C33 above“N”ring plane” (A)
Height of C20 above“N”ring plane” (A)

C52-C53-C54-C55 71.0 70.6

C60-C61-C62-C63 —172.3 —172.5

C68-C69-C70-C71 179.4 179.4
— 41.4 54.1
— 29.7 39.6
— 97.3 64.4
— 9.9 —
— — 4.0
— 11.0 11.1
— — 17.5

a) The “D” ring conformation and the conformation of all the polyether-polycyclic interconnecting sigma bonds are those conformations

adopted by the nOe derived structure.

b) “Elongation length” is defined as the straight line distance between the two termini at each end of
the fragment (ie. from C33 to C74 for the “E to N” fragment or from C20 to C74 for the “A to N” fragment).

¢) “Backbone Twist” can be

defined as the angle subtended by the two planes formed by the “seat” section of the chair conformers for the rings found on the extremities of

the fragments (between rings “A” and “N” or “E” and “N”, respectively).

d) The “A” ring plane is defined as the plane which passes through

the “seat” section of the chair conformer of this ring and thus which passes through the atoms, C20, C21, C23, and C24.23 e) The “E”
ring plane is defined as the plane which passes through the “seat” section of the chair conformer of this ring and thus which passes through

the atoms, C33, C34, C36, and C37.2%

f) The “N” ring plane is defined as the plane which passes through the “seat” section of the chair

conformer of this ring and thus which passes through the atoms C70, C71, C73, and C74.2
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Fig. 5. Energy minimized (Tripos force field) molecular models of the “E to N” (LHS) and “A to N” (RHS) reconstructed prymnesin
“backbone” in the nOe preferred orientation illustrating the intramolecular “backbone” ‘twist’ of the “E to N”” fragment and the “A

to N” fragment.

and two gauche conformers which occur for the torsional in-
terconnecting sp>—sp> o-bonds between the polyether-poly-
cyclic moieties and the two ring conformations of the seven-
membered “D” ring which differ by approximately —40° to
+40° about the dihedral C31-C32 bond and are comparable
in energy.

Structurally, the prymnesin backbone in the nOe preferred
conformation possesses an “intramolecular-twist” of approx-
imately 60° from true and has an intramolecular elongation
length of approximately 39.5 A, for the “A to N” section of
the prymnesin system.

Through this computational study of the conformational
space of prymnesin-2, it has been possible to energetically un-
derstand, describe and visualize the three-dimensional struc-
ture of the prymnesin molecule. In light of this computational
study which clearly examines the interplay of conformation-
ally flexible regions with structurally rigid sections, it be-
comes apparent that the prymnesin molecule possesses three
important regions for bioactivity, these being the “head”,
“backbone”, and “tail” regions. The structural and energetic
results presented here are currently being cross examined
with coincidentally achieved and previously published bio-
logical activity data with the aim of understanding how the
positioning of functional groups within the molecule, the in
vivo and in vitro forms of the molecule, and the possible
molecule/receptor interactive form of the molecule, produce
the pronounced potent biological activity exhibited by these
molecules. Therefore, this study serves as a starting point
for i) our further investigation of the mechanism and rela-
tionships between the molecular structure of prymnesins and
their pronounced ichthyotoxicity and hemolytic activity, and
ii) the study of the molecular dynamics and interplay of con-
formational energetics of the prymnesin system, which are
concurrently underway in our laboratory.
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