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Abstract: The NMR solution structure of calyculin A (1) in chloroform exhibits intramolecular interactions,
resembling the original crystal structure’. In methanol, calyculin A has the hydrogen bonding moieties
solvent exposed. Dephosphonocalyculin A in chloroform resembles calyculin A in chloroform and the
crystal structure of calyculin A. Dephosphonocalyculin A in methanol resembles calyculin A in methanol.
© 1999 Elsevier Science Ltd. All rights reserved.

Calyculin A (1) was first isolated as the major active constituent from the marine sponge Discodermia calyx
isolated from the Gulf of Sagami. Its unique molecular structure consists of an octamethyl
polyhydroxylated 28 carbon fatty acid, with two linked y-amino acids. It has an Z,E,E,E-tetracne system in
the C,, moiety, a B-hydroxytetrahydrofuran that is esterified by phosphoric acid and whose hetero oxygen
forms a spiro ketal with a yhydroxytetrahydrofuran linked to two y-amino acids. The X-ray crystal
structure displays many short intramolecular contacts, one of which is between the C11 hydroxy and the
nitrogen of the amide resulting in a constrained ring. Other intramolecular bonds determined from the X-
ray crystal structure involve the oxygen atoms of the phosphate group with C13-OH, C36-N(CH,),, and with

N{oxazole).'

(1) R =POH,, (2) R=H.
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Figure 1: The crystal structure of Calyculin A. Carbon atoms are coloured white, oxygen atoms red,

nitrogen atoms blue, and phosphorus atoms orange. The protons have not been displayed. This figure and

Figure 2 were pictured using the SYBYL software package (Tripos Associates).

The absolute stereochemistry of calyculin A and other calyculins were later determined.” The CD spectrum
of a pentanoic acid, obtained by degradation of calyculin A indicated a 2S stereochemistry for the pentanoic
acid, which corresponds to 34S of the calyculins.” A series of other calyculins, des- N- methylcalyculin and
calyculinamides have since been isolated from D. calyx’ and from other marine sponge sources including
the New Zealand deep- water marine sponge, Lamellomorpha strongylata.*

Recently a dephosphorylated form of calyculin A (2) has been isolated from D. calyx and its structure
determined by COSY, HMQC, and HMBC analyses and its stereochemistry unambiguously confirmed to be

the same as calyculin A.°> This was achieved by the conversion of calyculin A into an 11, 13-acetonide
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derivative, and dephosphorylation using a mixture of dioxanc and pyridine to form the acetonide derivative
of dephosphonocalyculin A.> Biological testing of the calyculins has shown strong activity in cytotoxicity
assays (P388 and L1210 leukemia cells)'> and more specifically, inhibitory activity against protein
phosphatases 1 and 2A (PP1, PP2A) with ICsy values of 0.5 to 1 nM and 2 nM, respectively.®
Dephosphonocalyculin A has ICsp values of 3.0 and 8.2 nM against PP1 and 2A, respectively. It has an ICsq
value of 18 ng mL in cytotoxicity tests against the P388 cell line.’

Modeling of microcystin-LR, motuporin, okadaic acid and calyculin A has allowed for the generation of a
pharmacophore model of the proposed binding site of these molecules with PP1. The pharmacophore model
proposed consists of a central core containing a conserved acidic site and two potential conserved hydrogen
bonding sites, and a non-polar side chain.” This study has been used for development of a combinatorial
library, based on the results of the modeling study and the compounds studied have been determined to
inhibit cells in the Go phase.® Since the advent of the published X-ray crystal structure of microcystin-LR
with PP1,” molecular modeling studies showing calyculin A in the binding site have been published.'®
These studies indicate calyculin A interacts within the central binding site. Two of the modeling studies
have indicated that calyculin A could occupy the central binding area, extending the hydrophobic nitrile tail
into the hydrophobic groove, with the central phosphoric acid moiety positioned over the central metal
binding region, and the polyhydroxylated, amine (or “basic™) portion of the inhibitor extending into the
acidic groove, and possibly interacting with E256,'®"1%

We have performed an analysis of the NMR solution structures of calyculin A in order to determine the
relationship between the solution structures and the proposed docked structures of calyculin A into PPI1.
Due to the critical role the phosphate played in the modeling analyses of calyculin A and PP1, and lack of a
reported modeled analysis of dephosphonocalyculin A in PP1, an NMR analysis for the solution structures
of these compounds have been performed. The assignments of calyculin A in chloroform-d, and methanol-
dswere performed by COSY (in CDCl;) and TOCSY (CDCl; and CDsOH)."" Dephosphonocalyculin A in
chloroform and methanol-d; were assigned by COSY, TOCSY, and HMQC (CDCl; only) analyses."
Solution structure conformations for these two molecules were performed by NOESY and ROESY analyses,
at varying mixing times ranging from 50 ms to 250 ms, followed by solution structure generation using
MacroModel.'? Of the twenty lowest energy structures generated for each set of solution structures, only
one conformation was noted for each set.

Calyculin A in chloroform, as seen in Figure 2A, strongly resembled the crystal structure, with a number of
strong intramolecular ROE’s observed between the basic portion of calyculin A (the C34-C38 region) and
the spiroacetal region, specifically between C32-C16, C38-C13 and between C9-amide. Restrained
molecular dynamics and subsequent the minimisation procedure were performed in a “virtual” chloroform

solvent. Because of the nature of this solvent, the potential hydrogen bonding moieties, the amide, the
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tertiary amine, and the poly-hydroxy moieties are internal to the molecule, shielded from the solvent by the

carbon backbone of the molecule. ROE constraint ranges were violated by no greater than 1 A. Strong
intramolecular hydrogen bonds observed include C11-OH and C34-OH; C11-OH and amide NH; C11-OH
and C37-QCHs, and a weaker hydrogen bonding interaction between C21-OH and O16. The twenty lowest
energy structures had an average RMSD of 0.8A + 0.52A and had final energies of 40- 90 kJ mol™".

Figure 2: (A) The solution structure of Calyculin A in chloroform. (B) Calyculin A in methanol. (C)
Dephosphonocalyculin A in chloroform, and (D) Dephosphonocalyculin A in methanol.

The solution structure of calyculin A in methanol can be seen in Figure 2B. The structure in this solvent
forms a conformation with the phosphate moiety and the hydrophilic moieties exposed to the solvent. The
dynamics and minimisation analyses were performed in a virtual water solvent. Constraints generated from
ROE interactions involved the strong interactions within the hydrophobic region. Other weaker ROE
interactions were observed between the basic region (the polyhydroxy region extending from carbon 34 to

carbon C38) and the spiroacetal region (from carbonl6 to carbon 23), for example between amide NH and
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C43; and shorter intramolecular regions, for example between C14 and H1l. After dynamics and

721

minimisation analyses, the constraints resulting from ROE's were violated by no greater than 0.9 A. )

Significant intramolecular hydrogen bonding interactions for calyculin A in methanol were observed
between the amide NH and C35-OH, with less significant interactions observed between C1 nitrile and C21-
OH; between C35-OH and C11-OH and between C34-OH and C11-OH. The twenty lowest energy
structures observed had an average RMSD of 0.64A + 0.24A, and had final energies ranging from 100 - 123
kJ mol”.

Calyculin A in chloroform exhibits many intramolecular hydrogen bonds removed from solvent exposure
whereas in methanol, these groups are solvent exposed. The solution structure of calyculin A in methanol

1% 1% whilst the solution

does appear to show similarity to two of the docked structures previously reported,
structure of calyculin A in chloroform is very similar to the reported crystal structure.'

The solution structures of dephosphonocalyculin A in chloroform are shown in Figure 2C. As seen with
calyculin A, ROE interactions were observed primarily between the basic region and the spiroacetal region
of the molecule, and between the dihydroxy region (carbons 11 and 13) and the spiroacetal region.
Constraints from ROE analysis was violated by no greater than 0.81 A. Significant observed hydrogen
bonding interactions include the interaction between amide C=0Q and C35-OH, and between C13-OH and
C11-OH. The less significant intramolecular interactions occur between amide NH and C15 -OCH,, and
between amide NH and C13 -OH. The twenty lowest energy structures observed had an RMSD of 0.48A =+
0.21A, and had final energies ranging from 223- 275 kJ mol".

Dephosphonocalyculin A in methanol exhibited primarily short-range ROE interactions, and the resulting
solution structure is seen in Figure 2D. Only two longer-range ROE interactions are evident between the
basic region and the 11, C13 dihydroxy region of the molecule. After restrained molecular dynamics and
minimisation studies performed in water, the analysed constraints arising from the ROE interactions were
violated by no greater than 0.9A. Hydrogen bonding interactions were observed between C13-OH and
C11-OH, amide NH and C35-OH, C35-OH and C11-OH, and to a lesser extent, C13—-OH and C15-OCH,,
and C34-OH and Cl1 nitrile. The hydrogen bonding moicties on the molecule are solvent exposed, with the
nitrile moiety curled around. The twenty lowest energy structures had a final RMSD of 1.65A + 0.90A and
a final energy of 170- 243 kJ mol”.

The solution structure of dephosphonocalyculin A in chloroform is quite similar to the solution structure of
calyculin A in the same solvent, in that the basic region (C34- 37) and the Cl11, C13 dihydroxy region
exhibit weak intramolecular hydrogen bonding, which brings these: two regions close. Similarly to calyculin
A, dephosphonocalyculin A in methanol exhibits a structure with most hydrogen bonding groups solvent
exposed. These results mirror the apparent alteration in conformation of the solution structures of
cyclosporin A in solvents of differing polarity.” The implication of conformational studies to the interaction

of dephosphonocalyculin A with PP1 are currently being investigated by docking experiments.
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