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The traditional uses of several Mexican members of the
morning glory family (Convolvulaceae), combined with
ecological field observations, have been helpful in the
design of an efficient approach for sampling plant materials
and the selection of plants for investigation as potential
sources of novel biodynamic natural products.[1] The Mexican
variety of the morning glory plant named “heavenly blue”
(Ipomea tricolor Cav.) has been used for centuries as a cover
crop in traditional mesoamerican agriculture because it
inhibits the growth of invasive weeds. We now know that
the phytotoxins involved are the resin glycosides, collectively
called tricolorins.[2,3] Until recently, the structural complexity
of these mixtures seriously hampered the isolation of their
individual constituents. The application of recycling high-
performance liquid chromatography has allowed no less than
10 lipooligosacharides to be isolated from the aerial parts of
“heavenly blue”.[2–4] Tricolorin A was the first member of the
series to be fully characterized through a combination of
NMR and MS methods.[2,3] This compound consists of the
tetrasaccharide l-rhamnopyranosyl-(1!3)-O-a-l-rhamno-
pyrasonyl-(1!2)-O-b-d-glucopyranosyl-(1!2)-O-b-d-fucopy-
ranoside linked to jalapinolic acid to form a macrocyclic ester
with a 19-membered ring (Scheme 1). Following the elucida-
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tion of its chemical structure, total syntheses of tricolorin A in
its natural enantiomeric form were developed by Larson and
Heathcock, and by Lu and collaborators. Both teams used a
macrolactonization approach.[5, 6] F:rstner and M:ller later
used a ring-closing-metathesis strategy to form the macro-
lactone moiety and succeeded in synthesizing tricolorin A[7]

and several other resin glycosides.[8, 9]

Tricolorin A demonstrates several biological activities of
therapeutic interest, such as mammalian cytotoxicity against
cultured P-338 and human breast cancer cells,[2] antibacterial
activity against Staphyloccocus aureus and Mycobacterium
tuberculosis,[1] and antifungal potential correlated to its
(1!3)b-d-glucan synthase inhibitory activity.[10] In the cover
crop, tricolorin A acts as a nonprotonophoric uncoupler of
photophosphorylation and inhibits electron transport in the
photosystem II of chloroplasts.[11] All the bioactivities of this
lipopolysaccharide are associated with its macrocyclic struc-
ture; the glycosidic acid derived by saponification of the
lactone has been shown to be inactive in all resin glycosides
biologically tested.[1]

The difficulty involved in obtaining a useable pure sample
of an individual resin glycoside,[12] in addition to that related
to oligosaccharide crystallization,[13] represented an enormous
challenge for the structural investigation reported herein.
Protein crystallization techniques were used to avoid wastage
of the isolated tricolorin A (20 mg). The compound is
insoluble in water, which was therefore selected as the
precipitating agent.[14] The size of the crystal unit cell
indicated the presence of four independent tricolorin A
molecules per asymmetric unit.[15] Each unit contains a total
of 284 nonhydrogen atoms and is therefore similar in size to a
small protein of about 30 amino acids. The size of the
asymmetric unit, together with that of the crystal, demanded
the use of intense synchrotron radiation to collect the
diffraction data. The SIR2002 method was used to solve the
structure. Refinement with the SHELX program indicated
the presence of 18 water molecules in the asymmetric unit in
addition to the four independent tricolorin molecules
(Figure 1). All atoms in the structure were clearly visible in
the electron density maps, with the exception of two carbon

atoms in the lipid part of molecule 4. A detailed view of one of
the tricolorin A molecules is shown in Figure 2, with ellipsoids
representing thermal vibration. The largest temperature

Scheme 1. Structure of tricolorin A.

Figure 1. Graphical representation of the unit cell. The contents of the
asymmetric unit are shown with gray bonds and the molecules are
labeled as Mol1 to Mol4 for tricolorin A and W1 to W18 for water.

Figure 2. ORTEP representation of one molecule of tricolorin A, drawn
with the Platon software.[28] The ellipsoids of thermal vibration repre-
sent a probablility of 50%.
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factors were measured for the two methylbutyroyl groups that
form esters with the internal rhamnose unit. The macrocyclic
aglycon core of molecule 4 displayed slightly more disorder
than those of the other molecules.

Figure 3 shows a superposition of the four tricolorin A
independent molecules, all of which share the same global
shape, albeit with slightly different conformations of the
aglycon moiety stacked under the b-d-glucopyranosyl-(1!2)-
O-b-d-fucopyranoside moiety. The glycosidic linkages are
superimposed on the corresponding energy maps[16] (Fig-
ure 3c). Although the energy maps of the three disaccharides
differ, all three display low-energy regions centered around a
F-axis gauche conformation, as dictated by the exo-anomeric
effect. A higher level of conformational freedom is apparent
along the Y axis: the lowest energy region corresponds to a
plateau ranging from Y=�60 to 1808. While the externally
placed l-rhamnopyranosyl-(1!3)-O-a-l-rhamnopyranoside
moeity shows rather different conformations for each of the
four molecules in the asymmetric unit, the internal trisac-
charide subunit (a-l-rhamnopyrasonyl-(1!2)-O-b-d-gluco-
pyranosyl-(1!2)-O-b-d-fucopyranoside) has limited confor-
mational freedom. The four molecules each display slightly
different sets of torsion angles (see the Supporting Informa-
tion) but all of these angles yield very similar pseudo-
elongated shapes for the macrocyclic aglycon portion of the
molecule between the lactone end and the anomeric oxygen
atom of the fucose unit. In contrast, the terminal pentyl chain
is very flexible. We compared the observed conformations of
the tricolorin A molecules to those of the only related
molecule that has been crystallized, a synthetic chemical

intermediate of tricolorin A consisting of the b-d-glucopy-
ranosyl-(1!2)-b-d-fucopyranoside subunit with all its hy-
droxy groups protected.[17] The first notable difference is that
the lack of the amphipathic properties of the natural sample
limits the solubility of the analogue to low-polarity organic
solvents. Five independent molecules were refined for the
asymmetric unit of the analogue, as opposed to the four
molecules found in tricolorin A crystals. This difference
resulted in a totally different conformation and molecular
packing for the analogue. The lack of water molecules
produces a piled parallel arrangement of glycoside residues
on one side of the analogue structure, whilst the macrolactone
rings stack on the other side with alternating alpha and beta
faces. The natural compound structure consists of a succession
of hydrophilic and hydrophobic layers.

The most notable feature of tricolorin A in the solid state
is the anisotropic repartitioning of the hydrophobic and
hydrophilic sections in the crystal packing arrangement
(Figure 4). One face of the molecule exhibits an almost flat
hydrophobic wall formed by the aglycon unit, the methyl
group of the fucose unit, and the three lipophilic inner
rhamnose residues (the methyl group and the two esterified
methylbutyric acid groups). The other face presents two small
hydrophilic areas: one composed of the hydroxy groups of the
fucose and glucose residues and the other of those of the
external rhamnose unit. The 18 water molecules form a dense
network that creates a dividing layer between the hydrophilic
faces of the structure (Figure 4). The high water content of the
crystal, which is similar to that found in the accepted view of
protein crystals, means that the tricolorin A molecular

Figure 3. a) Superposition of the four independent molecules of tricolorin A. b) One of the molecules from the crystal structure of the synthetic
analogue,[17] shown with the glucose ring in the same orientation as in (a). c) Glycosidic linkage energy maps for each of the constitutive disac-
charide subunits of tricolorin A. The conformations observed in the crystal structure of tricolorin A are indicated by squares and those of the syn-
thetic analogue by circles.
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conformation in the solid state is not dominated by inter-
molecular forces and hence might be indicative of the
conformation in solution and in supermolecular aggregates.

It has been suggested that the cytotoxic properties of the
resin glycosides could be caused by their ability to perturb cell
membranes through nonselective pore formation. These
compounds have a somewhat peculiar organization in aque-
ous solution and form micelles or aggregates comparable to
those displayed by tricolorin A in the crystalline state. It is
therefore of interest to compare the architecture of the water
channel formed by the four tricolorin A molecules, which pile
up in two pairs along the c axis, with the spatial arrangement
of a lipid bilayer. The hydrophobic surface exposed externally
and elongated along the axis of the water channel is ideally
oriented for parallel interaction with the lipids of a biological
membrane upon insertion of tricolorin A into the membrane.
This hypothesis differs from predictions made by molecular
dynamics simulations and NMR studies of micellar solutions

of calonyctin A, another plant-growth-regulating resin glyco-
side,[18] which inserts perpendicularly into micelle lipid
membranes. The total extension of the channel created by
tricolorin A molecules in our study is about 30 D, which is
comparable to the width of a biological membrane such as
that of the hydrocarbon core elongation in fluid phospholipid
bilayers.[19] A schematic representation of our insertion model
is depicted in Figure 4.

The macrolactone ring is essential to the biological
activities of all resin glycosides[1] since without it the spatial
arrangement needed to form aggregates, as well as the above-
mentioned channels, probably could not take place. The dried
tubers of the medicinal members of the morning glory family
yield a purgative remedy of which the main active ingredients
are resin glycosides.[1] All the biological effects displayed by
this type of amphipathic oligosaccharide suggest that the
activity could be the result of a possible ion flux perturbation
in the target cell membrane induced by nonselective pore
formation, as illustrated by the insertion model. This model
for transmembrane channel formation is based on the crystal
structure of tricolorin A and is still speculative in nature.
Experimental and theoretical studies are called for to provide
substantiation for this hypothesis, as well as to investigate
whether other types of architecture could allow better
interaction. This first crystallographic analysis of a natural
convolvulaceous resin glycoside not only opens avenues for
further structural investigations but may also lead to impor-
tant applications of such compounds in drug design.
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