1596 J. Nat. Prod. 2001, 64, 1596—1604

Reviews

Selected Topics from Forty Years of Natural Products Research: Betalains to
Flavonoids, Antiviral Proteins, and Neurotoxic Nonprotein Amino Acids'

Tom J. Mabry*

Phytochemical Laboratories, Molecular Cell and Developmental Biology, The University of Texas at Austin,

Austin, Texas 78712

Received October 19, 2001

The elucidation by NMR and chemical methods of the unique structure of betanidin, the aglycon of the
red-violet beet pigment betanin, forty years ago at the University of Zurich, Switzerland, was the beginning
of my plant chemistry research program. Many of the same chemical and spectral techniques developed
in Zurich have been used at The University of Texas at Austin for the structure analysis of members of
many other classes of natural products including especially flavonoids, terpenoids, and alkaloids.
Investigations at UT-Austin have concerned many topics such as biochemical and molecular systematics,
biosynthetic pathways, structure—activity relationships, and the medicinal importance of natural products
and included studies of antiviral proteins in the genus Phytolacca and neurotoxic nonprotein amino acids
from cycads and other sources. Following the betalain story and an account of the early development of
my UT-Austin biochemical systematic program, the Phytolacca and neurotoxin investigations are discussed

herein.

Introduction

My forty years of natural products research began with
my postdoctorate at the University of Zirich and has
continued for four decades at The University of Texas at
Austin. Here | discuss only four topics, namely, betalains,
flavonoids, antiviral proteins, and neurotoxic nonprotein
amino acids, which together reflect the origin in Zurich of
our natural products chemistry program, followed by the
beginning of our biochemical systematic research at UT-
Austin, and finally the last two topics, antiviral proteins
and neurotoxins, which illustrate the diversity of our more
recent investigations. Some of our other research projects
are noted in the last section of this paper.

Betalain Research

No other activity influenced my career as much as my
involvement in work on the unique structures and intrigu-
ing distribution of the red-violet pigments now known as
betalains. | joined Professor Andre Dreiding’s group in 1960
in The Organic Chemistry Institute, The University of
Zurich, with my Ph.D. in organic chemistry freshly in hand
from Rice University, Houston. Dreiding suggested | work
with Dr. Hugo Wyler, an outstanding postdoctorate and
later Professor of Chemistry, University of Lausanne, on
the only plant chemistry project in his lab, namely, the
puzzling problem of the structures of the red-violet beet
pigments, sometimes referred to as “nitrogenous antho-
cyanins” (1) to account for their anthocyanin-like color and
the fact that they were known to contain nitrogen. Wyler’s
detailed work in the 1950s on betanidin (5b), the aglycon
of the main beet pigment betanin (5a), had afforded two
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key degradation products, 2 and 3, which suggested that
betanidin contained three carboxyl and two aromatic
hydroxyl groups.

1 A‘*nitrogenous anthocyanin”, R=glycosyl

HO.

HO' COOH
H

2 Degradation product from betanidin

Hj
HOOC i ~COOH

3 Degradation product from betanidin

Therefore, my first proposal was for a very mild meth-
ylation of betanidin using diazomethane in ether. Dreiding
“confessed” to me in June 2001 that he had been “appalled”
by the very concept of my diazomethane experiment
because it involved adding a few drops of an aqueous
methanol solution/slurry of the salt-like betanidin, which
is insoluble in organic solvents as well as most other
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solvents, to several liters of ether containing a large
amount of freshly prepared diazomethane. To the surprise
of everyone in the lab including Dreiding, the procedure
worked and without a fire or explosion (most of my
co-workers left the lab during the experiment!), affording
overnight a few chloroform-soluble golden-yellow crystals
of a compound we named pentamethylneobetanidin? (4b).
The neobetanidins (see 4), all of which were readily
characterized by NMR, were the first products from bet-
anidin to contain all its carbon atoms; thus, when Wyler's
NMR data for 2 and 3 were compared with the NMR
spectra of the neobetanidins, as for example, diacetylneo-
betanidin trimethyl ester (4c; Figure 1), it was evident that
the neobetanidins contained the ring systems of 2 and 3
connected by a trans double bond.
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H
H
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43 Neobetanidin, R=R=H
b Pentamethylneobetanidin, R=R,=CHj
¢ Diacetyineobetanidin trimethyl ester,
R=Ac, Ry=CHj (see Figure 1)
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N
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5a Betanin, R=glucosy|
b Betanidin, R=H

The best (but nevertheless very poor) NMR spectrum of
the highly insoluble betanidin was obtained by dissolving
a little betanidin in trifluoroacetic acid and recording the
spectrum in a sealed tube. Comparison of the “poor”
betanidin spectrum with the spectra of the neobetanidins
led in a few days to the conclusion that betanidin was a
dihydroneobetanidin (5b), a compound in which the nitro-
gen system is sufficiently basic to form a stable but
“difficult to chemically manipulate” salt-like zwitterion.
Thus, to the astonishment of the “nitrogenous anthocyanin”
proponents, the neobetanidin studies had quickly resolved
the long-standing problem of the structures of the beet
pigments,! which are all members of a new class of
pigments we named betalains.? In the next few years, our
groups in Zurich and Austin established the unique bio-
synthetic pathway to betanidin from two molecules of
DOPA: one molecule giving cyclodopa with the second
undergoing a most unusual cleavage and recyclization to
form betalamic acid (6).2 In 1972 we reported betalamic
acid to be a naturally occurring yellow pigment in the
flowers of such plants as Beta valgaris, Celosia cristata,
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Figure 1. Methylation and acetylation of betanidin (5b), the aglycon
of the glucoside betanin (5a) from the red beet, gave diacetyl neobet-
anidin trimethyl ester (4c), whose NMR spectrum quickly led to the
structures of all the beet pigments since 4c clearly contained the rings
of degradation products 2 and 3 connected by a trans double bond.

and Portulaca grandiflora and showed that it could be
readily converted in vitro to betanidin and other betalains
by simply shaking for a few minutes an acidic solution
containing betalamic acid and the appropriate amino acid.*

o

HOOC...

H
o COOH

6 Betalamic acid

While the first years of my natural products-based
biochemical systematic program at The University of Texas
are discussed in the next section, | mention here that our
interest at UT-Austin in the unusual and very limited
distribution of the structurally unique betalains led to
thirty years of collaborative research with Professor Diet-
mar Behnke, University of Heidelberg, Germany. Electro-
phoretic examination of red pigments from throughout the
plant kingdom established that the betalains only occurred
in about 10 plant families and were mutually exclusive
with anthocyanins. When these chemical data were com-
bined with Behnke's outstanding results on the distribution
and unique ultrastructural features of several forms of
sieve element plastids, much of today’s understanding of
relationships among both betalain and anthocyanin caryo-
phyllaceous groups was established.® These combined
chemical and ultrastructural data indicate that the beta-
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Table 1. Order Cayophyllales®

Suborder Chenopodiineae (betalain families)

Aizoaceae Didiereaceae
Amaranthaceae Nyctaginaceae
Basellaceae Phytolaccaceae
Cactaceae Portulacaceae

Chenopodiaceae

Suborder Caryophyllineae (anthocyanin families)
Caryophyllaceae
Molluginaceae

lain families, including such difficult to align groups as the
Cactaceae, are all closely related and belong in the order
Caryophyllales together with the anthocyanin-containing
Caryophyllaceae and Molluginaceae (Table 1).56 It is,
however, noteworthy that new parsimony analyses of
extensive molecular data (chloroplast rbcL, ndhF, and
ORF2280 sequences) obtained by one of my recent Ph.D.
students (John Clement)® indicate that the anthocyanin-
containing Caryophyllaceae is most closely related to two
of the betalain families, namely, the Chenopodiaceae and
Amaranthaceae, rather than the anthocyanin-containing
Molluginaceae.® Clement’s findings add another puzzle in
our attempts to understand the relationships among the
families universally recognized as members of the Caryo-
phyllales and also suggest that the origin of the betalains
within this order was more complex than a single caryo-
phyllaceous ancestor undergoing a one-time loss of antho-
cyanins with a subsequent gain of betalains.

UT-Austin’s Biochemical Systematics Program

While in Zurich | reluctantly’ accepted an offer to
organize a Phytochemistry Laboratory in the Department
of Botany, The University of Texas at Austin, as part of a
newly formed Biochemical Systematics Program. The UT-
Austin research initially dealt with the 15 or so species in
the southeastern United States legume genus Baptisia as
well as many members of the sunflower family, the
Asteraceae. Two botany professors, Ralph Alston and Billie
Turner, and their many Ph.D. students were preparing
hundreds of two-dimensional paper chromatograms of
methanolic extracts of leaf material from throughout plant
populations for species and genera comparisons (Figure 2).
When the large (46 x 57 cm) chromatograms were viewed
under UV light, many fluorescence “spots” were observed
and the patterns of these “spots” were generally species
specific. Significantly, hybrids tended to exhibit the com-
bined patterns of the parent species. However, it quickly
became evident that the structural nature of the com-
pounds represented by the “spots” (Figure 2) would be
necessary if one were to draw meaningful systematic
conclusions.

After arriving January 1, 1962, to an empty lab with one
small chemical bench, I immediately began to secure funds
to purchase UV, NMR, and MS instruments as well as
glassware, chemicals, and general lab equipment. A train-
ing program was organized for the botany students in
chemical techniques for the structural characterization of
flavonoids and other natural products including isolation
procedures (utilizing column chromatography with such
materials as cellulose, Polyclar, Sephadex, and silica gel).
Because the Ph.D. students were not chemists, it was
necessary to adopt safe, simple procedures for the structure
analysis of the different classes of natural products,
primarily by spectroscopy (UV, NMR, and EIMS). Thus,
to obtain suitable chloroform-soluble derivatives for NMR
of the flavonoids, most of which occur as glycosides, all
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Baptisia laevicoulis

2D Chromatogram

Figure 2. The biochemical systematic investigations underway at UT-
Austin in 1962 utilized 2D paper chromatography to distinguish species
and recognize hybrids in the legume genus Baptista as well as other
taxa. My phytochemistry laboratory was charged with providing
structures for the fluorescent “spots” detected when the chromatograms
were viewed under UV light.

hydroxyl groups in both the aglycon and glycosyl moieties
were derivatized in an easy one-step trimethylsilylation
reaction: hexamethyldisilazane and trimethylchlorosilane
were added to a pryidine solution of each flavonoid, and
the solutions were allowed to stand for a few minutes at
room temperature. Procedures were also carefully stan-
dardized for the UV analysis of all available flavonoids in
MeOH using several reagents (NaOMe, AICl3, AICI3—HCl3,
HOAc, H3BO3) (Figure 3). Our book® with all the inter-
preted NMR and UV data as well as all the detailed
isolation and derivatization procedures became the working
“flavonoid lab manual” of my co-workers for over thirty
years and is still utilized by many others worldwide.
Similar data for other classes of natural products were also
assembled,8>¢ including, in particular, sesquiterpene
lactones.8b

Soon, field botanists were deriving flavonoid, terpenoid,
and alkaloid structures, and the biochemical systematics
party at UT-Austin was on. Over the years, the research
program expanded to include a wide range of projects, most
of which were related to systematic and evolutionary
questions as well as the biosynthesis and role of natural
products in plants, and the potential value of these
compounds for man. Although only two other projects,
antiviral proteins and neurotoxic nonprotein amino acids,
are discussed here, the subjects of some of our other
interesting investigations are tabulated in the final section.
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Figure 3. In the mid-1960s NMR data for flavonoid trimethylsilyl ethers
with complete interpretations.82

Phytolacca americana (Pokeweed), Fam. Phytolaccaceae
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Suicide Mechanism: PAP enters from cell wall

with virus; PAP “destroys” ribosomes; cell
dies; no viral replication

Figure 4. Ph.D. student Maureen Bonness worked on betalains in cell cultures of Phytolacca americana before initiating studies of the mechanism

of action of Phytolacca antiviral proteins. She found that these proteins are

fully active and in high concentration in the cell walls, and when the

cells are breached by viruses, the antiviral proteins also enter, inactivating the ribosomes, causing cell death, and thereby preventing viral replication.

Antiviral Proteins from Phytolacca: Research Led
by Maureen Bonness®

In the course of investigating the red beet pigments in
cultures of Phytolacca americana, pokeweed (family Phy-
tolaccaceae), Ph.D. student Maureen Bonness learned that
the mechanism of action of another group of compounds
in this species, the antiviral proteins, had not yet been
clarified (Figure 4). She decided to investigate these
remarkable proteins known as “PAP” for “pokeweed anti-
viral proteins”, thus developing an entirely new field of

study in my laboratory. The general name for this class of
proteins is “RIPs” for “ribosome inactivating proteins”
because they inactivate ribosomes inside cells by removing
a specific adenine from the small ribosomal subunit.
Maureen, now an ecological biologist in south Florida,
wanted to understand more about the interaction between
the antiviral proteins and ribosomes within Phytolacca
americana and bring new data to bear on the hypothesized
mechanism of action for the RIPs. She meticulously isolated
ribosomes from suspension cultures of two Phytolacca
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species and obtained for the first time highly active
ribosomes. Other workers had always extracted inactive
ribosomes from Phytolacca leaves, presumably because the
ribosomes had come in contact with the antiviral proteins
during the isolation process. Maureen was able to demon-
strate that Phytolacca ribosomes are quite sensitive to
attack by Phytolacca antiviral proteins and that the
Phytolacca suspension cells do not contain a soluble factor
that protects Phytolacca ribosomes from endogenous an-
tiviral proteins.®1%a Bonness and co-workers established
that Phytolacca antiviral proteins are sequestered in leaf
cell walls in fully active form and in very high concen-
tration;1% also, antibody testing of seven additional species
of Phytolacca (mostly from Mexico) indicated that all these
species produced similar antiviral proteins. Maureen'’s
doctoral studies®0 helped clarify the local suicide model
for PAP’s in vivo antiviral mechanism, that is, that these
antiviral proteins, being in high concentration in active
form in plant cell walls, may serve as readily available
ribosome-inactivating (and thus cell-killing) agents when
cells are breached by viruses, thereby preventing viral
replication (Figure 4).

There remains considerable interest in RIPs because of
their potent antiviral activity. Monsanto scientists as well
as other groups have been able to genetically engineer crop
plants with virus protection by incorporation of an RIP
gene.™ More recently, recombinant DNA containing genes
for Phytolacca PAP and for a peptide specific for a receptor
on a tumor cell has yielded a recombinant factor that can
bind and inhibit the growth of these tumor cells,*? dramati-
cally increasing interest in the application of these powerful
antiviral proteins as agents against many other viruses
including HIV, the AIDS virus.13

Neurotoxic Nonprotein Amino Acids: Research
Led by Delia Brownson415

The final topic selected for the Oaxaca presentation
describes our effort to bring new evidence to bear on the
question of whether a nonprotein amino acid from the
Guam cycad Cycas micronesica is a factor in the neuro-
disease that occurs among the native population on the
island of Guam in the western Pacific. The disease,*® which
is referred to in this paper as the “Guam disease”, has been
extensively studied among the Chamorro population on
Guam, where it is known as “lytico-bodig”. The discussions
here cover (1) the excitatory mechanism of nonprotein
amino acids;'” (2) the neurotoxicity of two well-known
excitatory nonprotein amino acids, domoic acid® (8) and
B-oxalylaminoalanine (BOAA)® (9); and (3) Delia Brown-
son’s data on the Guam cycad toxin, f-methylaminoalanine
(BMAA) (10), which suggest how BMAA might be involved
in the Guam neurodisease.

The Excitatory Mechanism of Nonprotein Amino
Acids.’#1517 It has long been known that compounds
structurally similar to the neurotransmitter glutamic acid
(7) are often “excitatory” because they can open glutamate
ion channels in the brain, which can lead to an imbalance
of neuronal cytosolic Ca?*, resulting in abnormal “excited”
behavior. Thus, excitotoxic nonprotein amino acids usually
contain a glutamate-like moiety, that is, one basic amine
and two carboxyl groups connected by a short carbon chain.
Because the opening of ion channels can lead to excess Ca?"
in brain cells, which is a major cause of neurodiseases,
some of these excitatory nonprotein amino acids are also
neurotoxic.l” Here we consider three excitatory nonprotein
amino acids, two of which are well known to cause neuro-
diseases, while the third, which we investigated, has been
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implicated in the Guam disease, the devastating neuro-
disease that occurs among the native population on Guam.

Domoate Exposure.1*1518 Domoic acid is an example
of a well-established excitatory nonprotein amino acid that
is also neurotoxic. In 1987, human consumption of blue
mussels that had fed on domoic acid-producing diatoms led
to an outbreak of “amnesic shellfish poisoning” on Prince
Edward Island, Canada.l41518 The mussels had concen-
trated the domoic acid, and it was quickly established that
the single compound domoic acid had caused the neuro-
disease. In this incident over 100 people sustained perma-
nent brain damage, memory impairment, and seizure
activity. Several people died, and autopsies revealed lesions
in certain regions of the brain including the hypothala-
mus.® Therefore, in recent years U.S. and Canadian laws
require that shellfish that have fed on blooms of domoic
acid-producing diatoms and are destined for the market-
place must be tested for the presence of domoic acid. While
domoic acid (8) is structurally more complex than glutamic
acid (7), it nevertheless does contain a glutamate moiety,
which may account for its excitotoxic/neurotoxic activity.

HzN——THCHaCHz——COOH

COOH
7 Glutamic acid

glutamate moiety «_ .

- -

8 Domoic acid

Neurolathyrism.1#151% Neurolathyrism is another neu-
rological syndrome caused by an excitotoxin of dietary
origin. The disease is endemic to certain parts of Africa
and Asia, particularly Ethiopia, Bangladesh, and India, and
the name reflects the association of the disease with
ingestion of seeds of the legume Lathyrus sativus (the
chickling pea), which often is a staple food during periods
of drought.?® This neurodegenerative disease is character-
ized by muscle weakness involving the legs, often culmi-
nating in irreversible paralysis of the legs. Autopsies of
individuals with neurolathyrism reveal damage to cells in
the motor cortex and spinal cord. The symptoms of neuro-
lathyrism generally occur after 2—3 months of excessive
consumption of the L. sativus seeds. The nonprotein amino
acid p-oxalylaminoalanine (9), which is found in L. sativus
seeds, has been established as the sole cause of neuro-
lathyrism: injection of adult monkeys with pure BOAA
caused paralysis of the lower limbs and all the other
symptoms of neurolathyrism.® BOAA (9) is structurally
very similar to glutamic acid (7) and thus is in accord with
the structural requirements for the excitotoxic/neurotoxic
theory for nonprotein amino acids.

HoyN—CHCH,NHCO—COOH

COQOH
9 B-Oxalylaminoalanine (BOAA)
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Figure 5. Seeds from the Guam cycad Cycas micronesica (A) contain
p-methylaminoalanine (BMAA), a nonprotein amino acid which has
been implicated in the Guam neurodisease, a disease that has
behavioral symptoms and pathological features of Parkinson’s (B), ALS
(C), and Alzheimer’s.

The Guam Disease, a Neurodegenerative Disorder
in the Western Pacific.1471620 Delia Brownson's 1996
results provide yet another clue as to how the nonprotein
amino acid f-methylaminoalanine (BMAA) (10) from seeds
of the Guam cycad Cycas micronesica might be involved
in the neurodisease that is referred to here as the Guam
disease.14-1620

HoN——CH,NHCH;

COOH
10 B-Methylaminoalanine (BMAA)

The disorder is of high incidence in several genetically
and geographically distinct ethnic groups in the western
Pacific, occurring in the indigenous populations of the
Mariana Islands (Guam, Rota), Irian Jaya, and the Kii
Peninsula of Japan.14~16 The disease has been studied most
extensively among the Chamorro population of Guam,
where some patients manifest signs of parkinsonism
characterized by slowed movements, tremor, and rigidity,
while others exhibit the progressive limb weakness com-
mon with amyotrophic lateral sclerosis (ALS) (Figure 5).
Still other patients develop cognitive dysfunction typical
of dementia found in patients with Alzheimer’s.

Epidemiological studies strongly suggest that the Guam
disease represents neurological damage caused by some
environmental factor. While the incidence of the Guam
disease tends to cluster among families, it lacks a demon-
strable genetic or infectious origin. Family members such
as spouses who are not genetically related may each
develop the disorder, whereas offspring who no longer live
on Guam or no longer practice the traditional Chamorro
lifestyle are less likely to develop the disease. Among the
ethnic groups in the western Pacific with a high incidence
of the Guam disease, traditional medical and dietary use
of cycads has been documented and this use has changed
in a manner correlated with the prevalence of the Guam
disease.1® The high incidence of the disease on Guam was
detected in the years following World War 11, and it is well
known that the Chamorros relied heavily on the seeds of
cycads as a source of dietary starch during the Japanese
occupation of Guam from 1941 to 1944.1¢ Traditional use
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of cycads by the Chamorros has decreased with western-
ization of their lifestyle, in accord with the lower incidence
of the disease today.?°

Although six decades have passed since the suggestion
was made that among the native populations in the
western Pacific the Guam disease might be correlated to
the consumption of cycad seeds, this hypothesis has been
difficult to substantiate or discount.?! First, it should be
noted that the nonprotein amino acid $-N-methylamino-
alanine (BMAA) (10) from the seeds of the Guam cycad
does not contain the suggested structural requirements for
excitotoxic/neurotoxic activity; that is, it has two basic
amine groups instead of one and one carboxyl group instead
of two. Nevertheless, BMAA was found to be convulsant
when administered to chicks, mice, rats, and rabbits. In
mice, BMAA induced abnormal behavioral activity includ-
ing muscle spasms and seizures and in young rats produced
neurological dysfunctions related to acute neuron degen-
eration. In 1987 Spencer and co-workers® reported that
after being fed BMAA daily for 12 weeks macaques
exhibited tremors, weakness of forelimbs, immobility, and
disinterest in their surroundings, symptoms that pro-
gressed over several months to include irritability, blank
staring, and a slowed, shuffling gait. Upon autopsy, neu-
ronal damage was evident in the motor cortex, spinal cord,
and the substantia nigra. Thus, the behavioral symptoms
and pathological features in the macaques were similar to
those observed in the Chamorro patients with the Guam
disease.

We received NIH funding in 1992 to further investigate
how BMAA might cause the Guam disease and to conduct
analytical work on many other species of cycads for their
nonprotein amino acids. For the latter studies we col-
laborated (under the auspices of an NSF COBASE grant
for interactions with Eastern European scientists) with Dr.
Petr Husek, Prague, Czech Republic. Husek had developed
a derivatization procedure for amino acids allowing rapid
GC (and GC—MS) profiling of the amino acids in aqueous
samples from hospital patients.?? In our lab, amino acid
mixtures were extracted from cycad plant material with
aqueous ethanol, and the extracts were passed over col-
umns of cation-exchange resins prior to the Husek deriva-
tization procedure in pyridine/water with ethyl chlorofor-
mate followed by ethanol treatment, all at room tem-
perature. Mixtures of N-ethoxycarbonyl ethyl esters were
obtained (Figure 6), which were subjected to GC and GC—
MS analysis; this method was used for the detection and
identification of the amino acids in many cycad species.!423

When new nonprotein amino acids such as 11 and 12
(from seeds of Cycas revoluta) were encountered, they were
structurally characterized.?

+

Ha
@U i
o0~

11 Cycasindene

co0~
NHZ*

o H._-COO
12 Cycasthioamide

The second aspect of our NIH-funded studies to deter-
mine if BMAA is a factor in the Guam neurodisease proved



1602 Journal of Natural Products, 2001, Vol. 64, No. 12

Reviews

0] 0] o) o

éll—OH CI-—(I'lz—OEt g—0-(,l,—OEt EtOH g—OEt
R—CH _— R—-éH (o] —_— R—(!)H o]

ILHz Pyridine/H,0O ILH—C—OEt Pyridine/H,0O ILH—C~OEt

Figure 6. To profile by GC the amino acids in leaf and seed material of many cycad species, the amino acids in the extracts were derivatized
using ethyl chloroformate followed by ethanol in a procedure developed by Petr Husek, Prague.

Brownson's_;l’est for BMAA's ability to
increase Ca  levels in rat brain cells:
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Figure 7. Ph.D. student Delia Brownson developed a procedure using fresh brain cells from newborn rats and the dye fura-2 to test whether
BMAA (10) could increase Ca?" levels in the rat brain cells; for results see Figure 8.
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Figure 8. Brownson showed that BMAA (10) could indeed increase
Ca?* levels in the rat brain cells, but only in the presence of
bicarbonate, implicating the carbamate of BMAA (14), a derivative that
is structurally similar to glutamic acid (7).

to be a more difficult matter. Since it is well known that
excess Ca?" in brain cells can produce the damage associ-
ated with various neurodiseases, Ph.D. student Delia
Brownson spent several semesters developing procedures
for evaluating the ability of BMAA to elevate the intra-
cellular calcium levels in dissociated newborn rat brain
cells. Brownson employed freshly isolated rat brain cells
which she loaded with the fura-2 dye, a dye that changes
its fluorescent spectrum when complexed with Ca?* (see
13, Figure 7). She then determined under what conditions,
if any, BMAA could cause Ca?" to enter the fura-2-loaded
brain cells and produce the easily measured spectral
changes. Intracellular calcium levels did, in fact, increase
in a concentration-dependent manner in the rat brain cells
when they were treated with BMAA, but the BMAA-
mediated Ca?" increases were clearly dependent not only
on extracellular calcium concentrations but also on the
presence of bicarbonate ions (Figure 8). Moreover, the
bicarbonate dependence was shown not to result from the

increased sodium concentration or pH changes of the
solution.

Brownson’s findings support the hypothesis that a
product of BMAA combined with CO, might be the culprit
involved in opening ion channels allowing calcium ion
levels to elevate in the brain cells. A BMAA-carbamate (14)

H2N-——TH2NCH3——COOH

COOH
14 Carbamate of BMAA

has previously been shown to be formed at about 9%
concentration in an equilibrium reaction at physiological
pH's in the presence of bicarbonate or CO,; the carbamate,
unlike BMAA (10), has a structure similar to glutamic acid
(compare 7, 10, and 14).172 Therefore, Brownson’s findings
suggest that the carbamate of BMAA (14) may be a factor
in the Guam disease. Before closing this section, one other
intriguing finding for BMAA is worth mentioning. As noted
above, the Guam disease occurs in two other areas in the
western Pacific, one being Irian Jaya, where the neuro-
disease is prevalent among members of the Asmat tribe,
and the other is the Kii peninsula, Japan; in both these
regions Cycas revoluta produces abundant seeds that are
medicinally used by both indigenous populations. We found
that, in addition to 11 and 12, the seeds of Cycas revoluta
also contain BMAA!

Other Research Activities

In addition to John Clement, Maureen Bonness, and
Delia Brownson, who are mentioned above, other outstand-
ing students include Morris Cranmer, Gene Miller, Al
Wohlpart, Bud Kroschewsky, Jim Wallace, Tom Swift,
Genie Brackenridge, Janis Potter, Walter Renold, James
Mears, Geraldine Howard, Bill Dement, Christina Chang,
Linda Kimler, Bill Padolina (his son Gani will finish in
2002 with me), Mann-chin Shen, Zeinab Baset, Saifu
Dossaji, Neil Carman, Dan Hosage, Anne Joughin, Eloy
Rodriguez, Fred Seaman, Dennis Clark, Gary Brammer,
Jim Gill, Dan DiFeo, Charles Bohnstedt, Anne Joughin,
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Hugh Waldrum, Munira Al-Khubaizi, Barbara Timmer-
mann, Paula Neuman, Laura Serven, Kathleen Kerr, Scott
Lewis, Susan McCormick, Mark Leidig, Bob Kerr, Johna-
than Gershenzon, Ed Stewart, Doris de Luengo, John
Norris, Douglas Gage, Nianbai Fang, Ki-Joong Kim, Feng
Gao, Esther Lee, Nick Mirante, Paul Pare, George Mitchell-
Tapping, Patricia Koch, Bomao Miao, Hani Moubasher,
Jackqueline Froemming, Fayez Kandil, Ming Liu, David
Qin Liu, Val Bishop, Espanta Seradge, Hong Lu, Meide
Pan, Carol Mandelbaum, Schalk Van Rooyen, Eman Hag-
gag, and finally a very fine student who worked closely with
my group and finished in 2001 in Poland, Malgorzata
Wojcinska. Some of the diverse research areas of these
students as well as those of a number of unlisted excellent
postdoctorates are noted below.

» Systematic and evolutionary investigations involving
chemical studies®* of geographical races, disjunct taxa,
ploidy levels as well as DNA—RNA hybridization and
chloroplast DNA sequence analyses;2

o Development of new UV, NMR, HPLC, and GC tech-
niques;?%

o Chemistry of biosynthetic pathways and cell develop-
ment;2’

e Complex structural investigations;?8

e Unusual taxonomic distribution patterns;2°

» Bioactivities including antitumor, antifungal, anticata-
ract, antibacterial, antioxidant, and dermatological activi-
ties;30

o Chemistry of plant—insect interactions including in-
hibition and deterrence, growth inhibition, and resistant
plants;3!

» Phytoestrogens, phytoalexins, and metabolic channel-
ing in the phenylpropanoid pathway.%?
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