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Foreword

THE ACS SYMPOSIUM SERIES was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset, but are reproduced as they are submit-
ted by the authors in camera-ready form. Papers are reviewed
under the supervision of the editors with the assistance of the
Advisory Board and are selected to maintain the integrity of the
symposia. Both reviews and reports of research are acceptable,
because symposia may embrace both types of presentation.
However, verbatim reproductions of previously published
papers are not accepted.
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Preface

BRASSINOSTEROIDS, a new group of biologically active natural prod-
ucts, are under consideration as another class of phytohormones. Their
discovery and development mark a major milepost in the field of plant
growth regulators, and have had a profound effect on plant physiology
and agronomy. These natural products are also of interest to other disci-
plines, such as mycology, entomology, horticulture, and (perhaps in the
future) even mammalian physiology. The potential economic effects
these environmentally benign compounds may have on grain crop yields
are immense.

The original discovery of brassinolide, a natural plant-growth promoter
extracted from bee-collected pollen, was made at the USDA Agricultural
Research Center in Beltsville, Maryland. Although the USDA terminated
brassinosteroid research, others around the world have carried on the
work. This volume addresses the history, biochemistry, physiology, practi-
cal applications, production, synthesis, and entomological effects of these
compounds.

As the product of significant international effort, this book offers a
compilation of the current work in the field. To date, it is the only
comprehensive review of the subject. Without the generous support of
the Division of Agrochemicals of the American Chemical Society and the
substantial help of Maureen Rouhi, the book would have been impossible.
We also thank BASF AG, Hoechst AG, Firmenich AG, Mandaus AG,
Schering AG, Shell Agrar AG, and Stickstoffwerke AG Piesteritz which
generously supported the Halle workshop. Without the effort of all these
people, this volume would not have been possible.

HORACE G. CUTLER GUNTER ADAM

Richard B. Russell Research Center Institute of Plant Biochemistry
Agricultural Research Service Weinberg 3

U.S. Department of Agriculture Halle/Saale, O—4050, Germany

Athens, GA 30613

TAKAO YOKOTA
Department of Biosciences
Teikyo University
Utsunomiya 320, Japan

July 22, 1991
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Chapter 1

U.S. Department of Agriculture Brassins
Project: 1970—1980

G. L. Steffens

Beltsville Agricultural Research Center, Agricultural Research Service, U.S.
Department of Agriculture, Beltsville, MD 20705

The discovery of a new naturally occurring group
of plant growth promoting substances, termed
brassins, from various sources of pollen was
reported in 1970 (Nature 1970, 225:1065). In 1974
a cooperative effort for identifying the active
component (s) of brassins was initiated among
U.S.D.A. scientists at the Northern Regional
Research Center (NRRC), Peoria, IL; the Eastern
Regional Research Center (ERRC), Philadelphia,
PA; and the Beltsville Agricultural Research
Center (BARC), Beltsville, MD. To obtain enough
crude pollen extract for identification, about
227 kg of bee-collected rape (Brassica napus L.)
pollen was processed via a pilot plant-size
solvent extraction procedure at ERRC and
partially purified at BARC (Ind. Eng. Chem. Prod.
Res. Dev. 1978, 17:351) . A few crystals (4 mg) were
obtained at NRRC and subjected to x-ray
crystallographic analysis to determine structure
(Nature 1979, 281:216). This biologically active
plant growth promoter, brassinolide
(2¢,3a,22a,23a~-tetrahydroxy-24a-methyl-g-homo~7-
oxa-5a-cholestan-6-one], was found to be a
steroidal lactone with an empirical formula of

CpgHg0y (MW = 480). The concentration of
brassinolide in rape pollen is estimated to be
about 100 parts per billion. Syntheses of

brassinosteroids, biologically active analogues
of brassinolide, were first conducted at BARC (J.
Organic Chem. 1979, 44:5002).

The structure of the unique biologically active plant
growth promoter, brassinolide, from pollen of the rape
plant (Brassica napus L.) was published in 1979 (1). That

This chapter not subject to U.S. copyright
Published 1991 American Chemical Society
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publication was the culmination of more than 10 years work,
at first by a few USDA scientists at Beltsville, MD and
later by a multi-disciplinary team at three USDA locations:
The Northern Regional Research Center (NRRC), Peoria, IL;
The Eastern Regional Research Center (ERRC), Philadelphia,
PA; and The Beltsville Agricultural Research Center (BARC),
Beltsville, MD. This Chapter presents an historical
perspective of the research effort that 1led to the
isolation and identification of brassinolide and to the
first synthesis of brassinosteroids, the group of compounds
that are structural isomers of brassinolide (2). General
aspects of the project, along with details of the chemistry
of natural and synthetic brassinosteroids have recently
been published (3). Additional information on biological
and chemical properties of brassinolides will be presented
in the Chapters that follow.

Prior to 1970 - BARC, Beltsville, MD

Early in his career, J.W. Mitchell (ret.) was interested in
the possibility of finding plant hormones and growth
substances in extracts of pollen (4) and immature seeds
(5). The rationale for this was the fact that such plant
tissues have the capacity for rapid growth which most
likely is stimulated or triggered by specific hormones or
growth substances. In order to determine if plant growth
inhibiting or promoting substances reside in these or other
plant tissues, active components needed to be extracted, at
least partially separated from impurities, and then
subjected to some type of biological assay system.
Mitchell sought out and developed plant bioassay systems
for the purpose of evaluating and documenting specific
responses to known and newly discovered plant hormones and
growth substances (6).

1970 to 1974 - BARC

Mitchell's search for biological activity in pollen led in
1970 to the first published report on the biologically
active fraction, termed brassins, from an ethyl ether
extract of pollen of the rape plant (Brassica napus L.) (7).
The partially purified biologically active extract from
rape pollen will be referred to as "brassins" in this
Chapter. The extract was partially purified via a thin
layer silica gel chromatographic procedure. Biologically
active fractions were detected and monitored via the "bean
2nd internode bioassay" (6). Fractions from the
chromatogram were mixed with a carrier (fractionated
lanolin) and applied, with the aid of a dissecting
microscope, to 1 mm long 2nd internodes of bean plants
(Phaseolus vulgaris L., cv. Pinto). Plants were grown for
four days under 700 foot-candles of fluorescent light (9
hr. photoperiod) in a room maintained at 20°-23°C and then
the internodes were measured. The initial report indicated
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that ...."brassins induced very marked elongation of both
second and third internodes of the intact plants when
appiied at the rate of 10 ug per plant. For example,
second internodes grew an average of 155 mm during four
days immediately after treatment, while controls treated
with the fractionated lanolin alone grew only 12 mm." (7).
Histological studies showed that the response to brassins
was different from the response induced by gibberellic
acid. Reported chemical and physical properties of
brassins suggested that it was a "family" of new plant
hormones that appeared to have glyceride structures.

Further studies of pollen extracts of a number of
different plant types for brassins-like activity showed
that some induced the same type activity whereas others did
not, and some were inactive (8, 9). Because rape pollen
was a rich source of brassin-like activity, and because it
could be relatively easily obtained, it was chosen for
further detailed chemical and biological studies.

Along with the bioassay studies, an active program to
investigate the physiological properties of brassins was
being pursued. Worley and Mitchell (10) showed that
brassins accelerated growth of the treated internodes, as
well as internodes above and below the treated area, in
beans. These responses involved both cell elongation and
cell division which caused marked changes in the vascular
anatomy of leaves above the site of brassins application.
Studies by Worley and Krizek showed that woody plants also
responded to brassins treatment much the same as bean
plants (11) and that 1light influenced the way bean
internodes responded to brassins (12). More controversial
was the report by Mitchell and Gregory (13) that brassins
increased the overall growth of plants. These findings
were the basis for postulating that brassins may function
by providing hormonal control at fertilization for
accelerating and enhancing overall plant growth and
development - the "alpha hormone" function. Criticism (14)
was also directed at the apparent lack of detailed chemical
and physical information on the active component(s) of
brassins.

Although there was no formal response to the published
criticism, much effort was devoted to answering some of the
questions posed and to evaluating the effects of brassins
on intact plants under both greenhouse and field
conditions. Unpublished data [Mitchell, J.W., USDA, (ret.)
personal communication, 1973] obtained from several
cooperative experiments in different parts of the country
suggested that field-grown cereal and vegetable crops
responded to brassins treatment by producing larger seed
yields and/or larger plants. Many detailed greenhouse and
growth chamber studies were also conducted at Beltsville
based on the concept that brassins stimulated plants to
express, more fully, their growth potential. This then
allowed brassins-treated plants to attain full development
sooner, provided the environment was suitable (15).
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Because of the need for larger amounts of brassins,
one phase of the chemistry program during this period
centered on a convenient, practical, and reproducible
method for their production from dried rape pollen. The
preparative thin- and thick-layer chromatographic method
reported by Mitchell et al. (7) was quite time-consuming.
Mandava et al. (16) successfully developed a more rapid
procedure for the production of brassins using column
chromatography. The procedure was based on three steps -
1. the extraction of dried rape pollen with ethyl ether to
yield a crude extract, 2. the chromatographic clean-up of
the crude extract on a silica gel column with benzene-
methanol-acetic acid (45:8:4,v:v:Vv) to yield a biologically
active extract, and 3. the further purification of the
active extract via preparative silica gel thin layer
chromatography with diisopropyl ether-acetic acid
(95:5,v:v) to yield brassins. The other phase of the
chemistry program continued to be directed towards
determining the chemical identity of the active
component (s) of brassins. At this point Mandava and
Mitchell (17) speculated that brassins were composed of
fatty acids linked by an ester bond to glucose at carbon 1
in the p-form.

Prior to his retirement from the USDA in 1974,
Mitchell sought increased support to establish field trials
to evaluate the effects of brassins for enhancing yields of
several crop plants. Because the purification, isolation,
and identification of the active component(s) were proving
to be so very difficult, Mitchell also sought additional
support for a concerted research effort in these area. The
ARS administration considered both aspects to be of
importance and plans for a multi-disciplined, multi-
location project were made.

1974 to 1980 - NRRC, Peoria, IL; ERRC, Philadelphia, PA;
BARC, Beltsville, MD

In 1974 plans were submitted by the NRRC, ERRC, and BARC
outlining the extent and type of input that would be
available from each location for extracting large amounts
of brassins from rape pollen and for the chemical isolation
and identification studies. The overall program was
coordinated at Beltsville (G.L. Steffens with assistance
from M. Jacobson for chemical aspects). The pilot plant-
size extraction of rape pollen was conducted at ERRC (M.F.
Kozempel) ; the large scale chromatographic clean-up of the
crude extract for the production of active brassins was
done at BARC (N. Mandava); and the isolation, purification
and identification of the active component(s) of brassins
were undertaken at NRRC (M.D. Grove) and BARC (N. Mandava).
All bean 2nd internode assays required to follow biological
activity during all stages of the project were conducted at
BARC (J.F. Worley and D.W. Spaulding). Field studies in
the U.S. and Brazil were also coordinated through BARC
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(G.L. Steffens). A number of other scientists made major
contribution to the program, as will be shown. It was a
multi-phase project and each phase will be discussed
separately although several phases were usually being
conducted simultaneously.

Purification, 1Isolation, and Identification of Active
Component(s) of Brassins. As indicated, the brassins
complex was found to contain glucosyl esters of fatty acids
(17) which were thought to be the active brassins
constituents. Starting with this information, glucosyl
esters from rape pollen were purified and esters of these
types were synthesized (18, 19, 20). However, neither the
esters purified from pollen nor those synthesized proved to
have brassins-like biological activity in the bean 2nd
internode test. It was therefore concluded that components
other than glucosyl esters, most likely present in very
small amounts, were responsible for the biological activity
of brassins.

Because of the apparent low concentration of the
active component(s) in the brassins complex, it was
necessary to plan for the extraction of a large quantity of
rape pollen. Honeybee-collected rape pollen was available
from Canada since pollen is used in specialty-type natural
food products, for example baked goods. Arrangements were
made (not without some difficulty) to obtain a large lot
(over 1/4 ton ) of rape pollen from Canada for a pilot
plant-scale extraction at ERRC. Earlier work by Mandava et
al. (16) was the basis for the pilot plant extraction
procedure that was developed and used (21). Contributors
to the project, in addition to M. Kozempel and N. Mandava,
were H. Kenney of ERRC; J.F. Worley, D. Matthees, J.D.
Warthen, Jr., M. Jacobson and G.L. Steffens of BARC; and
M.D. Grove, NRRC.

Pilot Plant Extraction - ERRC. An outline of the
pilot plant extraction steps is shown in Figures 1 and 2.
Batches of pollen (5 batches of 45.5 kg each, for a total
of 227 kg pollen) were extracted first with deionized water
in a 227 L kettle to remove simple sugars. The aqueous
slurry was filtered via a Sparkler filter and the filter
cake continuously washed with water until the filtrate was
clear and colorless. The washed pollen (filter cake) was
then freeze-dried, moved back to the extraction kettle and
extracted with 114 L of 2-propanol. The slurry was pumped
to a Sparkler filter, allowed to soak, and the 2-propanol
drained off. The pollen cake was extracted in this manner
7 more times and then it was recycled to the extraction
kettle where it was again extracted with 114 L of 2-
propanol, After filtration, the pollen was washed twice
with 2-propanol and then recycled to the extraction kettle
for a final 2-propanol extraction (a total of eleven 2-
propanol extractions). The 2-propanol was evaporated in a
glass evaporator at <40°C to yield ca. 7.6 L of concentrate
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Figure 1. Flow diagram for the isolation of brassins from rape pollen. (Reproduced from
reference 21. Copyright 1978 American Chemical Society.)
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Figure 2. Diagram showing the pilot plant extraction process. (Reproduced from
reference 21. Copyright 1978 American Chemical Society.)



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch001

8 BRASSINOSTEROIDS: CHEMISTRY, BIOACTIVITY, AND APPLICATIONS

per 45.5 kg pollen (38 L per 227 kg pollen). Suspended
solids were removed using a large centrifuge and the liquid
was further concentrated under vacuum which reduced the 38
L to 16 kg of a brown syrupy concentrate from the 227 kg of
pollen.

S8olvent Partition and Column Chromatography - BARC.
The 16 kg of brown syrupy concentrate were partitioned
between methanol and carbon tetrachloride in about eighty
batches. Usually 200 g of the concentrate were dissolved
in 1000 ml of carbon tetrachloride and placed in a
separatory funnel, 100 ml of water were added, the funnel
thoroughly shaken and, on standing, a two phase system
developed. A set of five separatory funnels, each
containing 400 ml of carbon tetrachloride, 200 ml methanol,
and 26 ml of water, was arranged in a series. The lower
carbon tetrachloride phase from the original separatory
funnel was transferred to the first funnel of the set of
five. After shaking and allowing the layers to separate,
the lower phase was transferred to the next funnel and this
procedure was repeated through all 5 funnels (6 transfers).
After the final transfer, the aqueous methanol layers from
all the funnels were combined and the solvent evaporated.
The 16 kg of brown syrupy concentrate from the 227 kg of
pollen was reduced to ca. 7.5 kg of dark brown gum.

Chromatographic columns (85 X 9 cm) were packed with
ca. 1500 g silica gel in benzene-MeOH-acetic acid
(90:16:8,v:v:v) to a bed length of ca. 50 cm. 100 g
portions of the biologically active dark brown gum were
mixed with 200 g of silica gel in 2-propanol, and, after
the 2-propanol was evaporated, the brown powder was applied
to the prepared column. The column was then eluted with
benzene-MeOH-acetic acid (90:16:8,v:v:v) and the eluate
monitored via spectrophotometry. Active fractions that
correlated with a maximum % transmittance at 400 nm
appeared after the first 3 L of solvent eluted.
Thereafter, 1 L fractions were collected and those showing
activity were combined. After solvent evaporation, about
450 g of active material from 181 kg of pollen were
obtained (ca. 564 g active material per 227 kg pollen,
equivalent).

A second column chromatography clean-up step similar
to the first was then conducted on the active material from
the first column. Sixty g batches of the active residue
were applied and the column successively eluted with
increasing concentrations of methanol in chloroform.
Biocassay monitoring showed that essentially all the
activity was eluted from the column when the methanol
concentration reached 10-20%. The second chromatography
step reduced the 450 g of active material to ca. 200 g of
active brassins per 181 kg pollen (ca. 252 g active
brassins per 227 kg pollen, equivalent).
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Active Component Identification - NRRC and BARC.
Active brassins from the second silica gel column was
distributed to chemists at all three USDA locations where
additional purification steps and various procedures for
the identification of the biologically active brassins
component(s). Data on these highly purified samples were
obtained by various spectrometric methods including
electron impact, chemical ionization, and field desorption
mass spectrometry. Grove at NRRC subjected the highly
active brassins sample to successive chromatographic
separation on silica gel (chloroform-methanol, 9:1,v:v;
toluene-absolute ethanol, 9:1,v:v), on C,, Hi-flosil
(methanol-water, 6:4,v:v), and by HPLC on p-Bondapak C.g
(methanol-water, 65:35,v:v). Fractionation was guided by
bioassay results. As the active brassins component became
concentrated, responses in the bean 2nd internode assay
progressed from internode elongation to swelling and
curvature, to internode splitting (Figure 3). Using these
procedures Grove obtained ca. 4 mg of crystals from
methanol, which represented ca. 40 kg of pollen (23 mg
crystals per 227 kg pollen equivalent or about 100 parts
per billion). The structure of the active component
(Figure 4), termed brassinolide, was completely established
by single crystal X-ray procedure.

Information obtained from the various sources showed
that the active brassinolide molecule [2«,32,22(R),23(R)~-
tetrahydroxy-24 (S)-methyl-B-homo-7-oxa-5a-cholestan-6-one
or 2a,3a,22a,23a-tetrahydroxy—24a-methyl—B-homo-7-oxa-5a-
cholestan-6-one] is a polyhydroxylated steroidal lactone
with an empirical formula of C 40, and a molecular welght
of 480. The presence of a lacione moiety in the B ring of
a naturally occurring plant steroid was relatively unusual.
Additional details on the chemical and physical properties
can be found in the 1979 paper by Grove et al. (1).
Contributors to this paper, in addition to M.D. Grove,
were, G.F. Spencer and W.K. Rohwedder of NRRC; N. Mandava,
J.F. Worley, J.D. Warthen and G.L. Steffens of BARC; J.L.
Flippen-Anderson, Crystallographer, The Naval Research
Laboratory, Washington, DC.; and J.C. Cook, Jr., University
of Illinois, Urbana, who provided important spectral
information. It should be noted that D.W. Spaulding had
conducted about 9000 bean 2nd internode assays at BARC by
the time brassinolide was identified.

8ynthesis of Brassinolide Analogues - BARC. After the
structure of brassinolide was established, it only took a
short time for brassinolide analogues to be synthesized by
Thompson et. al. (2). Two highly physiologically active
brassinosteroids, structural isomers of brassinolide, were
synthesized from ergosterol. The synthesis of compounds
with brassins activity and the comparative X-ray analyses
again confirmed the structure of the steroidal nucleus of
brassinolide. The synthesis of these brassinosteroids also
provided a method for the preparation of large enough
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Figure 3. Responses of bean internode segments in the “bean 2nd internode assay” to
increases in concentration (left to right) of the active component of brassins nearing final
purification. (Reproduced with permission from reference 22. Copyright 1981
Butterworth—Heinemann.)

Figure 4. Chemical structure of brassinolide.



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch001

1. STEFFENS  USDA Brassins Project: 1970—1980 11

quantities of active brassinosteroids for greenhouse and
field evaluations. Additionally, brassinolide itself and
its 22p,23p-isomer were synthesized from a C-24 epimeric
60:40 mixture of 22-dehydrocampesterol (24a-methyl) and
brassicasterol (24B-methyl) obtained from oysters (22).
Synthesis of brassinolide via C,, steroids had been reported
earlier by two laboratories (23,24).

1974 and 1975 Field Evaluations of Brassins. Starting in
1974, brassins were prepared from rape pollen as outlined
by Mandava et al. (16) for use in field experiments
conducted in the U.S. and Brazil . Earlier work suggested
that treatment of seeds with brassins prior to planting
resulted in increases in plant size and/or seed yield under
greenhouse (13) and field conditions [Mitchell, J.W., USDA
(ret.) personal communication, 1973; see also (15)]. The
earlier report (13) suggested that brassins may stimulate
the growth of smaller, slow growing plants to a greater
degree than those growing more vigorously. Therefore, an
objective of these field experiments was to determine if
plants from brassins-treated small seed grew to the same
size and produced as much seed as plants grown from large
seed. Thus, prior to planting, seeds were separated into
average, small and large sizes. In order to obtain field
data as rapidly as possible, cooperative field experiments
were established in Brazil during the U.S. winter of 1974-
75 using soybeans as the test crop. Additional experiments
were established in the U.S. during the 1975 growing season
using soybeans and barley as test crops. These field
experiments were coordinated at BARC (G.L. Steffens) with
statistical design and data evaluation directed by E.J.
Koch, BARC.

1974-75 Soybean Field Experiment - Brazil.
Cooperative experiments were established in Nov. and Dec.
1974 by H.C. Minor, Soybean Ecologist,
EMBRAPA/USAID/WISCONSIN, near Porto Alegre, Brazil (30°S
latitude). They consisted of two plantings, each with 15
treatments replicated 6 times ~ 3 seed sizes (average,
small and large) and each seed size treated with five
levels of brassins (untreated, solvent only, 150 ppm, 300
ppm and 450 ppm). Soybean seeds were divided by size at
BARC, treated by soaking for 1 minute in dichloromethane
solutions containing the brassins, dried, and shipped to
Brazil. 1In brief, no significant differences were found,
or the differences that were found followed no pattern
related to brassins treatment for most of the 22 variables
evaluated, which included seed yield and plant size
(Steffens, G.L., USDA, unpublished data).

1975 Soybean Field Experiments - Seven U.S. Locations.
Field experiments at seven locations in the U. S. were
established to determine if increased seed yields could be
obtained by treating soybean with brassins prior to
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planting. Seeds of eight cultivars, representing eight
soybean maturity groups, were again divided into average,
small and large sizes at BARC and each was treated by
soaking for 1 minute in dichloromethane solutions
containing brassins at 0, 200 or 400 ppm (9 treatments X 6
replicates). Two cultivars were planted at each of the
seven locations (14 plantings). When average data over
locations were considered, brassins application dosage had
no statistically significant effect on seed yield or weight
per 100 seed. The application of 400 ppm brassins to seed
prior to planting significantly increased protein of seed
from the resulting plants (about 0.5 %) compared to that of
seed from untreated plants or plants treated with 200 ppm
brassins. However, the differences found were considered
minimal and of no major economic importance (Steffens,
G.L., USDA, unpublished data). The experiments were
conducted at Brookings, SD (C.D. Dybing and A.D. Lunden);
Urbana, IL (R. Johnson, and R.L. Cooper); Beltsville, MD
(R.C. Leffel and G.L. Steffens); Portageville, MO (G.
Shannon and V.D. Luedders); Raleigh, NC (C.A. Brim);
Stoneville, MS (E.E., Hartwig) and Gainesville, FL (K.
Hinson) .

1975 Barley Field Experiments - Five U.8. Locations.
The barley experiments were similar to the U.S. soybean
field experiments. Barley seeds of 4 cultivars were
divided into 3 seed sizes at BARC (average, small and
large) and treated by soaking in dichloromethane solutions
containing brassins at 0, 200 or 400 ppm. Two cultivars
were grown at each of 5 locations (10 plantings of 9
treatments X 6 replicates). When values were averaged over
all locations no significant differences due to brassins
treatment were observed for seed yield or seed protein
content. Examination of data from the ten individual
plantings showed that significant differences in barley
yield due to brassins application were observed in two of
the ten. As with the soybean experiments, the differences
found due to brassins treatment were relatively small and
not considered to be of economic importance (Steffens,
G.L., USDA, unpublished data). The locations were Aberdeen
and Tetonia, ID (D.M. Wesenberg and H.C. McKay); Bozeman
and Moccasin, MT (E.A. Hockett and G.D. Kushnak); and
Brookings, SD (P.B. Price).

Summary of 1974-1975 Field Experiments. From these
rather large and detailed soybean and barley field studies,
it was apparent that biological activity of brassins was
not transferred into economic yield increases via the
technique used to treat the seed in these experiments.

Intact Plant Studies with Brassins - BARC. Because yields
were not increased in the 1974-75 field studies by the
brassins treatment procedure used, application techniques



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch001

1. STEFFENS  USDA Brassins Project: 1970—1980 13

other than seed treatment were investigated. Greenhouse
and preliminary field experiments at BARC using various
application techniques showed that brassins caused growth
responses in many instances. Responses were most
pronounced when preparations were applied as sprays to very
young seedlings in greenhouse experiments. Significant
increases in the yield, for example, of radishes, some
leafy vegetables, and potatoes were also obtained in
preliminary field experiments when applications of brassins
were made to young seedlings or, in the case of potatoes,
to "eyes" prior to planting [Meudt, W.J. USDA, (ret.) and
Gregory, L.E., USDA, (ret.), unpublished data].

After synthetic brassinosteroids became available in
1979, field studies were initiated with active analogues
(25, 26, and see also 27). In a 1979 study, aqueous
solutions of 0.01 ppm brassinosteroid were applied as
sprays to seedlings of lettuce (two varieties), radishes,
peppers, tomatoes, beans, and corn grown in small field
plots. Plants were treated as the seedlings broke ground
and spray applications were repeated three more times at 2-
day intervals. At maturity, the brassinosteroid treatments
significantly increased (P<0.0l1) the average size of
lettuce heads by 25-32% (mean of three crops). The yield
of radishes was increased by about 20% (significant at
P<0.05). Increases of 9% in the fruit weight of peppers
and of 6% in the weight of beans per plant were obtained
(not significant at the 5% level). Significant differences
were obtained, however, when the data were analyzed as a
frequency distribution of size of harvestable fruits.
Fruit 1lots from treated plants contained a higher
percentage of larger-sized fruits than lots from untreated
plants. Fruit size variations within treatments were
apparently too great to allow significance when the data
were subjected to evaluation by analyses of variance
procedures. No differences were observed for yields of
tomatoes and corn. The 1979 field results obtained with
the synthetic brassinosteroid analogue were similar to
those obtained in 1977 with brassins extracted from rape
pollen [Meudt, W.J. USDA, (ret.). unpublished data].

Bioassay Studies of Brassins - BARC. As indicated by
Mandava (3), bioassay systems have been rather extensively
used to study brassins physiology. In addition to the bean
2nd internode bioassay, the bean first internode curvature
bioassay (28) and the mung bean epicotyl bioassay (29) were
found to be useful by Meudt and Gregory. In many cases,
details of early brassins studies using these and other
assay systems were not published because the chemical
nature of the active component(s) of brassins was unknown
at the time. However, types of responses obtained with the
synthetic brassinosteroids were essentially the same as
those obtained with brassins (29, 30, 31, 32, 33).

Bioassay information obtained with synthetic
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brassinosteroids also began to be obtained at BARC shortly
after they were synthesized and some of these findings were
summarized by Meudt (27). Early studies with brassins
(34), as well as later studies with synthetic
brassinosteriods, showed that, in the presence of auxin,
their application enhanced stem segment-growth of etiolated
beans (Phaseolus vulgaris L. cv. Bush Burpee Stringless).
However, when applied alone to tissues low in auxin, as in
this bioassay (28), they caused very 1little cell
enlargement. It was found that brassinosteroids could
increase the sensitivity of the bean tissues to auxin 10-
to 50-fold and therefore were considered to be auxin
synergists. Using the bean first internode curvature
bioassay he developed, Meudt observed that brassins
stimulated gravity-induced curvature of the bean sections.
He also found that younger tissues were more responsive
than older tissues and that brassins stimulated ethylene
production in the bean plumular hook closing bioassay. The
brassins response was, however, different from the hook
closing response caused by ethylene [Meudt, W.J., USDA,
(ret.) personal communication, 1990].

Using the mung bean bioassay, Gregory et al. (35)
found that brassins enhanced epicotyl growth of cuttings
and the response was even more marked with crystalline
brassinolide - at 2 X 107 M brassinolide enhanced epicotyl
growth ten fold. It caused epinasty of the epicotyl at 2
X 10® M and higher, but caused no hypocotyl elongation.
Additional information can be found in references (3) and
(29) .

J.H. Yopp, Southern Illinois University, Carbondale,
became interested in the brassins project in its early
stages (36) and he conducted cooperative brassins studies
with both Mitchell and Mandava. Yopp et al. (37, 38)
evaluated brassins responses in a number of auxin,
gibberellin, and cytokinin bioassays and showed that
brassins responded similarly to some of the known hormones
in certain systems but not in others. These studies led to
more cooperative investigation of brassinolide and other
brassinosteroids (39, 40).

Interest in the brassinosteroids grew as a result of
these bioassay studies and much cooperative work has been
conducted with scientists in various parts of the world
using brassinosteroid samples synthesized by M.J. Thompson,
USDA, (ret.) (3, 31).

Epilogue

During the decade since publication in 1979 of the
structure of brassinolide (1), and the synthesis of the
first brassinosteroid (2), also in 1979, events related to
the "brassins project" have taken some interesting turns.
At this point (October 1990), there seems to be little
interest in developing brassinosteroids for agricultural
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usage in the U. S. Later chapters in this book will show
that interest in the chemistry and physiology of
brassinosteroids, as well as in their potential
agricultural uses, has been especially strong in Japan.
There continues to be some interest in the physiology of
the brassinosteroids in the U.S. but there seems to be
considerably more interest in Japan, in several European
countries, and in Australia and China.

As to the USDA scientists who had a major involvement
in the joint project, the careers of some individuals were
advanced because of having been involved in the project
whereas in other cases, scientific careers were simply
interrupted without much reward. Several of the key
scientists died shortly after the program was complete
(J.F. Worley, BARC and M.D. Grove, NRRC; and also H.
Kenney, ERRC). A number of individuals have retired or
left the USDA (J.W. Mitchell, L.E. Gregory, W.J. Meudt,
M.J. Thompson and M. Jacobson of BARC retired and N.B.
Mandava took a position outside USDa). None of the
remaining scientists are in any way now connected with
brassinosteroid research. The information obtained with
the funds and scientific effort expended by the U. S.
Department of Agriculture on the "brassins project" is, for
the most part, being further expanded by scientists in
other countries of the world.

The use of a company or product name does not constitute an
endorsement by USDA nor imply approval to the exclusion of
other suitable products.
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Chapter 2

Brassinosteroids in Leaves of Distylium
racemosum Sieb. et Zucc.

The Beginning of Brassinosteroid Research in Japan

Hiroshi Abe! and Shingo Marumo?

!Department of Plant Protection, Tokyo University of Agriculture and
Technology, Fuchu, Tokyo 183, Japan
2Department of Agricultural Chemistry, Nagoya University, Chikusa,
Nagoya 464, Japan

The first preliminary report of brassinosteroids in Japan
was released in 1968 under the title " The Presence of
Novel Plant Growth Regulators in Leaves of Distylium
racemosum Sieb. et Zucc. " two years before the first
report on the development of brassins, the crude
brassinolide, by Mitchell et al. in Nature(l). From 430 kg
of leaves 751 ug of Distylium factor A1, 50 ug of A2 and
236 ug of B were isolated and all showed much higher
activity than indole-3-acetic acid [IAA] on a rice-lamina
inclination bioassay. However, the very minute amounts
precluded any chemical studies at that time. Just after
the structure of brassinolide was announced by the USDA
group in 1979, (225, 23S)-24-homobrassinolide and
brassinolide were synthesized by Japanese chemists, and
their biological activity was examined by the rice lamina
inclination (or joint) test. Both compounds showed activity
levels ten thousand times stronger than the activity of
IAA, demonstrating that this bioassay was exclusively
specific for brassinosteroids and was not contaminated by
other plant hormones. Distylium factors were
reinvestigated, and A1 was identified as a mixture of
brassinone and castasterone and B as a mixture of
brassinolide and 28-norbrassinolide.

Distylium racemosum Sieb. et Zucc., known as "Isunoki" in
Japanese, is an evergreen tree belonging to the family
Hamamelidaceae. It is well known that several varieties of aphids
form insect galls on the young, fresh leaves or buds of this tree.
The aphid, Neothoracaphis yanonis, attacks the small, young leaves
on the tree. The attacked leaf soon begins to swell and to form a
quite small gall (gall diameter, 1-2mm) in Spring. In May, the
insect gall on the leaf rapidly grows and enlarges (gall diameter

0097—6156/91/0474—0018306.00/0
© 1991 American Chemical Society
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about 1 cm). Distylium factor research was began in an effort to
identify the substance which induces the abnormal grov:rth,
swelling and expansion observed during insect gall formatlop.
Prof. Munakata of Nagoya University found an active substance in
the neutral fraction of methanol extracts of the insect galls when
bicassayed by means of a rice-lamina inclination (or joint) test
[LJT], which had been established as an auxin bioassay in 1965
by Prof. Maeda of Nagoya University(2).

In 1966, we carried out further investigations for the
purification, isolation and elucidation of the chemical properties of
the active substance.

Distylium Factors: Novel Plant Growth Regulators in Fresh Leaves
of Distylium racemosum Sieb. et Zucc.

A preliminary experiment revealed the presence of the
active substance not only in the insect galls on the leaves but
also in fresh healthy leaves of Distylium racemosum. Fresh healthy
leaves (430 kg) of the plant, therefore, were collected in the
suburbs of Anjo city at the end of May, 1966. Methanol extracts of
the material were separated by conventional techniques to give an
ether-soluble neutral substance having fairly strong activity in
the LJT. The neutral substance was chromatographed on a silicic
acid column (mhexane-EtOAc-EtOH), from which Distylium factor A
fraction, including A1 and A2, was eluted with 80% EtOAc-n-
hexane, and then Distylium factor B with 100% EtOAc. Each fraction
was furthermore purified repeatedly by Sephadex LH-20 gel
filtration column chromatography(EtOH), Silica gel TLC (Kieselgel H,
EtOAc), and alumina column chromatography (EtOAc-EtOH) affording
three kinds of active substances. All three were detected on a
thin-layer chromatogram as a purple spot under ultraviolet light
upon heating with 0.5% vanillin-H2SOs.

The amount of Distylium factors A1, A2, and B, named after
their botanical source, was 751, 50 and 236 ug, respectively. The
Rr values of Distylium factors on silica gel TLC developed with
EtOAc were: A1, 0.35; A2, 0.55; B, 0.13. The values of PPC
developed with isoPrOH/NH4OH/H20 (8:1:1, v/v) were: A1, A2, B,
0.9-1.0. These factors had clearly different Rr values from the
known phytohormones, were negative for Ehlrich and Salkowsky
reagents, and were detectable as a purple spot under ultraviolet
light after spraying with H2S04 containing 0.5% vanillin,
suggesting that they are non-indolyl compounds. The amounts
isolated were too small to technically perform their structural
determination by means of spectroscopic analysis at that time, so
it was decided to halt the studies at this point.

Biological activities of Distylium factors were investigated
using several known biocassays for plant hormones. Distylium
factors B and A1 were found to exhibit much higher activity than
IAA in the LJT; that is, the same inclinations of lamina joint
sections were observed when the factors were applied at
concentrations of one hundredth and one thirtieth, respectively.
These factors also displayed stronger elongation than IAA in the
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Avena first-internode test, the activity of B was about 10 timfes
higher, whereas they showed lower activity in the Avena co!eoptlle
section test at a concentration of 0.01 ppm, and were negative for
the Avena curvature test at a concentration of 5 ppm. The letter
is a classical bioassay for auxin detection. The cytokinin activjty
of B was also tested and recognized in the radish leaf expansion
test and tobacco pith callus test. The activity of B was nearly
equal to that of kinetin at a concentration of 0.1 ppm. GA activity
was also examined, but was not detected in either the rice
seedling or the dwarf maize seedling elongation tests. As
described above, the results of tests clearly indicated that
Distylium factors were new types of plant growth regulators which
combined some of the attributes of auxin activity with those of
cytokinin activity and which had a broad spectrum of plant
physiological activity.

The universality of distribution of Distylium factors A and
B in plants was tested using methanol extracts of fourteen plant
species. Plants surveyed were Disanthus cercidifolia (leaves),
Hamamelis japonica (leaves), Corylopsis glabrescens (leaves),
Pittosporum tobira (leaves), Camellia sasanqua (leaves), Thea
sinensis (leaves), Cocculus trilobus (leaves), Viburnum awabuki
(leaves), Phaseolus vulgaris (shoots), Pisum sativum (seeds), Vicia
faba (seeds), Dolichos lablab (seeds), Glycine max (seeds) and
Arachis hypogaea (seeds). After partition of the neutral
substances, separated from methanol extracts, between CH3CN and
n-hexane, the CH3CN-soluble portions were charged onto an Al203
column. Distylium factor A was eluted with 20% EtOH in EtOAc and
then Distylium factor B with 40% EtOH in EtOAc. Both fractions
were applied to the LJT. Distylium factors A and B were confirmed
to be present not only in Distylium racemosum, but were found to
be distributed widely across a variety of higher plants surveyed.

As mentioned above, the research into Distylium factors has
provided the following significant information.
Distylium factors:
(1) are detectable as a purple spot under UV light after spraying

0.5% vanillin-sulfuric acid and then heating;
(2) shows several hundred times higher activity than IAA in LJT;
(3) possesses a broad spectrum of biological activities compared
with the known phytohormones; and

(4) are distributed widely in the plant kingdom.
We reported these results in Agric. Biol. Chem. in 1968 (J3).

Purification and Isolation of Corn Factor from Corn Germ Oil

In relation to Distylium factors research in Distylium
racemosum leaves, Prof. Munakata has further studied the
provisionally named " Corn factor " from corn germ oil(4). He has
examined many plant oils in an effort to obtain a better source of
novel plant growth regulators, including coconut oil, corn germ
oil, cotton seed oil, linseed oil, olive oil, peanut oil, poppy oil,
rape oil, sesame o0il, soya oil, and turpentine oil, and found that
corn germ oil showed a most remarkable activity in the LJT. Based
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on the purification procedure for Distylium factor, an active
substance named Corn factor was extracted and separated from
the neutral fraction of the oil and finally isolated in the form of
needle crystals with a yield of 2 mg. The activity of Corn factor
was about 2500 times higher than that of IAA in the LJT, but was
similar to IAA in the Avena first internode test. Further studies
on the chemical structure of Corn factor could not be conducted
because of insufficient yield.

The Rice Lamina Inclination as a Specific Bioassay for
Brassinosteroids

The isolation and structural determination of brassinolide
[BR] was reported in Nature by Dr. N. B. Mandava and co-workers
at the USDA in 1979(5), and was subsequently announced in Chem.
& Eng. News(6). The steroidal skeleton of the chemical structure of
BR prompted us to examine the effect on the LJT. (225,235)-
homobrassinolide was synthesized by Mori in 1980(7 at our
request just after the structural determination of BR. BR itself
was also produced by Ikekawa and his co-workers the same
year(8). Wada, a co-worker in our group, tested the activity of BR
and homobrassinolide on rice lamina inclination and found that
both compounds dramatically induced the inclination of laminae
(see Table I) as expected(9). These findings strongly suggested

Table I. Effect of brassinolide, homobrassinolide2 and IAA on the
lamina inclination of rice seedlings

Angle degrees between laminae and sheaths (+standard error)

Conc

(1 g/ml) IAA Brassinolide Homobrassinolide
O0(control) 91 + 6.6

50 124 + 8.6

10 90 + 1.7

5 101 +12.4
1 85 + 9.0

0.5 161 + 9.1 175 + 8.3
0.1 169 +11.6 159 + 9.7
0.05 158 + 8.5 159 + 9.8
0.01 156 + 9.9 155 +12.9
0.005 163 + 7.2 151 £11.0
0.001 150 +16.2 114 +12.7
0.0005 143 +11.1 123 + 6.6
0.0001 116 + 9.8 112 £17.1

a8 This compound is a stereoisomeric mixture of 2a,3a,22R, 23R
and 2a,3a,22S5,235 tetrahydroxy-24.S-ethyl-B-homo-7-oxa-5a -
cholestan-6-one.
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that Distylium factors might be brassinosteroids, and we tl}us
began to reinvestigate those plant growth promoting ster(_nds
distributed in various plant sources using LJT. At the same tl{ne,
many Japanese chemists started to search for naturally occurring
brassinosteroids in plants.

After brassinosteroids were identified in Chinese cabbage
shoots(10,11), followed by green tea leaves(12,13), we tried to
identify Distylium factors A and B in the fresh healthy leaves of
Distylium racemosum ,which were again collected in the suburbs of
Anjo city in 1982. (See Figure 1.)

Identification of Distylium Factors A1 and B as Brassinosteroids

The ethyl acetate-soluble neutral fraction partitioned from
fresh Isunoki leaves (16 kg) was purified by successive
chromatographic separations on silica gel (mhexane-EtOAc-EtOH),
Amberlite XAD-2 (H20-EtOH), and on silica gel for preparative
HPLC (1 x 100cm, CHCl3-EtOH) to give an active faction. The active
fraction was further purified by repeated HPLC on Fuji ODS-Q3 (2
x 25cm, CH3CN:H20=60:40) and on Develosil ODS-5 (4.6 x 250mm,
CH3CN:H20=50:50) to afford the two active substances. The polar
fraction appeared to contain a substance chromatographically
similar to brassinosteroid-lactone itself, while the less polar
fraction contained a brassinosterocid-ketone-like substance. Final
identification of these active substances was carried out by GC-MS
analysis after conversion to the bismethaneboronate derivative,
which was established by Dr. lkekawa and his co-workers as a
microanalytical method for brassinosteroids(4). Four
brassinosteroids were identified from the Isunoki leaves, namely
brassinolide and norbrassinolide from the polar fraction
corresponding to Distylium factor B, and their biosynthetic
precursors, castasterone and brassinone from the less polar
fraction corresponding to Distylium factor Ai. Distylium factor Az
has yet to be identified, but is probably a 2-deoxy-type
brassinosteroid, which may be the biosynthetic precursor of
brassinosteroid-ketone, castasterone and/or brassinone. Thus, the
Distylium factors were found to be brassinosteroids(15).

The amount of endogenous BS obtained by the GC/MS
method was estimated to be approximately 156ng of
norbrassinolide, 23ng of brassinolide, 16ng of brassinone, 133ng of
castasterone per one kilogram fresh weight leaves. However, this
quantification data is considered to be an underestimate due to
losses encountered during sample purification, but it still remains
quite a small quantity.

A Modified Method of the Rice Lamina Joint Test for
Brassinosteroids

The LJT bioassay was developed for an auxin bioassay by
Dr. Maeda of Nagoya University in 1965(2). As mentioned above,
the LJT is extremely sensitive and specific to BS. We established a
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Figure 1. Brassinosteroids identified from Distylium racemosum
leaves.

micro-quantitative analytical method for BS bioassay and examined
the sensitivity of various rice cultivars to determine suitable
experimental conditions. We selected the Italian cultivar Arborio as
one of the most suitable for this brassinosteroid bioassay
system( 16).

After soaking rice seeds in a 0.25% aqueous solution of
Benlate (fungicide) for 48hr, the seeds were cultivated at 28-29 °C
in darkness on a plastic net floating on distilled water in a plastic
tray. Lamina joint sections were excised from etiolated 6~7-day-
seedlings, which consisted of the second leaf lamina (0.5-lcm
long), the second lamina joint, and the second leaf sheath (0.5-1lcm
long). These sections were floated on distilled water for 24hr.
Sections, uniformly bent to an angle of about 30 degrees between
the lamina and the sheath were then selected and seven to ten of
the sections were incubated in one ml of 2.5 mM aqueous
potassium maleate buffer solution containing the test sample. After
incubation for 48hr under the same conditions, the magnitude of
the angle induced between the lamina and the sheath was
measured. Every operation was carried out under red light
wavelengths, except for the final measurement step of the angle.
This modified procedure is now the standard method for BR
detection in Japan.

Conclusion

The beginning of brassinosteroid research in Japan was
initiated with Distylium factor research. Distylium factors were
discovered in Distylium racemosum leaves, when bioassayed, using
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LJT and were found to be brassinosteroids as expected. The
amount of four brassinosteroids was estimated to be lower than
about 150ng in one kilogram of fresh leaves of Distylium
racemosum. The small amounts obtained make it easy to see that
the quantity of crude Distylium factors purified in 1968 had been
too small to allow elucidation of the chemical structure. The LJT
for purification of Distylium factor and Corn factor was shown to
be the most suitable bioassay method for identifying naturally-
occurring brassinosteroid. It is well-known that successively new
analogues of brassinolide were isolated and identified from many
kinds of plants using this bioassay. Brassinolide is the first
steroid compound with plant growth-promoting activity to be
discovered in plants. The unique chemical structure and plant-
physiological activity of brassinolide and its analogues has
attracted the special interests of organic chemists and plant
physiologists.
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Chapter 3
Natural Occurrences of Brassinosteroids

Seong-Ki Kim

Biotechnology Laboratory, Korea Research Institute of Chemical
Technology, P.O. Box 9, Daedeog-Danji, Taejon 305—606,
Republic of Korea

Brassinosteroids are steroidal plant hormones which promote plant growth. To date
the presence of over sixty kinds of brassinosteroids has been verified from various
plant sources and thirty one of them fully characterized. In this chapter, the
distribution and structural characteristics of the naturally-occurring brassinosteroids
are discussed.

Distribution of Brassinosteroids in the Plant Kingdom

In 1970, Mitchell and colleagues reported that a lipoidal extract obtained from rape
(Brassica napus L. ) pollen elicited strong elongation activity in the bean second-
internode bioassay (1). The activity was distinguished from other known plant
hormones in that the lipoidal extract promoted not only cell elongation, but also cell
division. The activity was termed ' brassins' activity and extracts showing the same
type of activity were also obtained from pollens of other plants (see ref. 2). Thus they
proposed that new types of lipoidal plant hormone coined the ' brassins' were
contained in pollen.

From 40 kg of rape pollen, 4 mg of an active compound was eventually isolated
and shown to be the novel plant growth substance brassinolide (1) (3). The structure,

as determined by X-ray crystallography, was [ (2o, 3o, 22R, 23R )-tetrahydroxy- 24
o-methyl-B-homo-7-oxa-5a-cholestane-6-one].  This structure was unique in
possessing a 24a-methyl, a 7-oxalactonic B ring, and vicinal hydroxyls on the A ring
(C20 and C3a ) plus a side chain (C22R and C23R ).

Brassinolide and its analogs were immediately synthesized chemically (4-8) and
evaluated in several bioassays. Wada et al. reported (9) that brassinolide and its
synthetic analog, homobrassinolide, was very active at 0.0005 pg and 0.005 pg/ml in
the rice lamina inclination assay, which was originally developed for detecting indole-
3-acetic acid (10). Later, Yokota et al. isolated 95 pg of the second naturally-

occurring brassinosteroid, castasterone (3) from 40 kg insect galls of chestnut
(Castanea crenata ) using the rice lamina inclination assay for monitoring the

0097—-6156/91/0474—0026$06.00/0
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purification steps (11). '"H-NMR revealed that castasterone contained a 6-ketonic B
ring instead of a 7-oxalactonic B ring in bassinolide. Castasterone was, therefore,
considered to be a biosynthetic precursor of brassinolide.

Generally, immature seeds have been demonstrated to be one of the richest
sources of plant hormones. Thus, Yokota et al. examined brassinosteroids in
immature seeds of Dolichos lablab (12-15). As a result, two C brassinosteroids with
a 24-exomethylene [ dolicholide (2) and dolichosterone (4) ]; two C, brassino-
steroids with a 24(E)-ethylidene [ homodolicholide (10) and homodolichosterone
(11) ]; and two 6-deoxodihydro brassinosteroids [ 6-deoxodihydrocastasterone (5)
and 6-deoxodihydrodolichosterone (6) ] were unequivocally identified and later the
presence of brassinolide and castasterone were determined. The content of the major

brassinosteroid, dolicholide, was 200 pg/kg, which paralleled the concentration of
brassinolide in rape pollens.

Microanalytical techniques, consisting of methaneboronation of the vicinal
hydroxyls ( bismethaneboronate or methaneboronate-TMS-ether ) have been
developed by Takatsuto et al. for the GC/MS or GC/SIM of brassinosteroids (16).
Consequently brassinone (15), 24-ethylbrassinone (12) and 28-norbrassinolide (14)
were detected by GC/MS without isolation from Chinese cabbage ( Brassica
campestris ), green tea ( Thea sinensis ) and chestnut insect galls ( Distilium
racemosum ) (17-19). The presence of brassinolide and castasterone in the tissues of
these plants has been also detected.

A combination of the rice lamina inclination assay and GC/MS or GC/SIM
analyses have allowed for identification of the brassinosteroids in various plant
tissues: These include brassinolide, 6-deoxodihydrocastasterone, brassinone from the
insect galls of Castanea crenata (18,20); castasterone and 6-deoxodihydrocastasterone
from the stems, leaves and flowers of Castanea crenata (20); brassinolide,
castasterone, typhasterol (7), and teasterone (8) from leaves of Thea sinensis (21-23);
castasterone and brassinone from the fruit of Pharbitis purpurea ( Japanese morning
glory ) (24); brassinolide, castasterone and 24-epibrassinolide(29) from immature
seed and/or pollen of Vicia faba ( broad bean ) (25, 26); brassinolide and castasterone
from the pollen of Alnus glutinosa ( European alder ) (27).

Among the plant sources investigated, immature seeds of Phaseolus vulgaris
have been vigorously examined and it was found that immature seeds of P. vulgaris
contained brassinolide, castasterone, dolicholide, dolichosterone, 6-deoxodihydro-
castasterone, 6-deoxodihydrodolichosterone and 6-deoxodihydrohomodolichoster-
one (13) (28, 29). In addition, a number of unidentified brassinosteroids have been
also detected by HPLC and GC/MS analysis (29). From large scale experiments with
seeds ( 136 kg ), over sixty kinds of brassinosteroids have been found (30, 31).
Among them thirteen free brassinosteroids, 2-epicastasterone (16), 3-epicastasterone
(17), 2,3-diepicastasterone (18), 3,24-diepicastasterone (19), 1B-hydroxycastasterone
(21), 3-epi-1o-hydroxycastasterone (22), 3-epi-6-deoxodihydrocastasterone (20), 25-
methyldolichosterone  (23), 2-epi-25-methyldolichosterone (24), 2,3-diepi-25-
methyldolichosterone (25), 2-deoxy-25-methyldolichosterone 26), 3-epi-2-deoxy-
25-methyldolichosterone (27) and 6-deoxodihydro-25-methyldolichosterone (28),

and two brassinosteroid conjugates, 23-O-f-D -glucopyranosyl-25-methyldolicho-
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Figure 1. Structures of free brassinosteroids from plants. 1; brassinolide, 2;
dolicholide, 3; castasterone, 4; dolichosterone, 5; 6-deoxodihydrocastasterone, 6; 6-
deoxodihydrodolichosterone, 7; typhasterol, 8; teasterone, 9; 24-epicastasterone, 10;
homodolicholide 11; homodolichosterone, 12; 24-ethylbrassinone, 13; 6-
deoxodihydrohomodolichosterone, 14; 28-norbrassinolide, 15; brassinone, 16; 2-
epiacstasterone, 17; 3-epicastasterone, 18; 2,3-diepicastasterone, 19; 3,24-diepicasta-
sterone, 20; 3-epi-6-deoxodihydrocastasterone, 21; 1B-hydroxycastasterone, 22; 3-
epi-1-a-hydroxycastasterone, 23; 25-methyldolichosterone, 24; 2-epi-25-methyldoli-
chosterone, 25; 2,3-diepi-25-methyldolichosterone, 26; 2-deoxy-25-methyldolicho-
sterone, 27; 3-epi-2-deoxy-25-methyldolichosterone, 28; 6-deoxodihydro-25-
methyldolichosterone, 29; 24-epibrassinolide.
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sterone (30) and 23-O- B-D -glucopyranosyl-2-epi-25-methyldolichosterone (31) were
isolated in pure state (30-34). Their structures have been characterized by 400 MHz
'H-NMR. Besides these new brassinosteroids, typhasterol and teasterone were also
found. Much information concerning the structural characteristics of other as yet
uncharacterized brassinosteroids has also been accumulated using GC/MS analyses.

The presence of brassinosteroids in monocots has also been demonstrated.
Typhasterol ( 2-deoxycastasterone ) from cattail ( Typha latifolia ) pollen (35),
castasterone and dolichosterone from rice shoots ( Oryza sativa ) (36) and
castasterone, typhasterol and teasterone from corn ( Zea mays ) pollen (37) were
identified.

The occurrence of brassinosteroids in gymnosperms has been reported from
conifers. Yokota et al. isolated typhasterol ( 2-deoxycastasterone ) from pollen of
Japanese black pine ( Pinus thunbergii ) (38) and identified castasterone and
typhasterol from shoots of sitka spruce ( Picea sitchensis ) (39). Kim et al. also
identified castasterone and brassinolide from cambial scrapings of Scots pine ( Pinus
silverstris ), using a modified dwarf rice lamina inclination assay which showed a
synergistic response of brassinosteroids with indole-3-acetic acid (40).

The brassinosteroids, 24-epicastasterone (9) and 24-ethylbrassinone have been
identified in lower plant such as the green alga, Hydrodyction reticulatum (41).
Brassinosteroids from the green algae would be interesting for analysing the
biosynthetic relationship between brassinosteroids and major sterols related to C24
alkylation.

In summary, twenty nine free brassinosteroids and two brassinosteroid
conjugates have been fully characterized from thirteen angiosperms including 10
dicots and three monocots, three gymnosperms, and a green alga. These findings,
combined with Mictchell and Mandava's preliminary bioassay data for ' brassins '
activity (2), suggest an ubiquitous distribution of brassinosteroids throughout the
plant kingdom.

Although plant roots have not yet been investigated, it is likely that all plant
parts contain brassinosteroids. It would appear that reproductive tissues, such as
pollen and immature seed, have a relatively higher content ( x2-3 ) of brassinosteroids
than vegetative tissues, suggesting that brassinosteroids may be connected to the
physiology of reproductive growth. In this respect, it is worth nothing that insect galls
of Castanea crenata and Distilium racemosum contain higher amounts of
brassinosteroids than normal tissues, suggesting a possible role for the brassino-
steroids in the abnormal growth of plant tissues.

Among all naturally-occurring brassinosteroids, brassinolide and castasterone
are considered to be the most important brassinosteroids because of their wide
distribution as well as their potent biological activity.

The Structural Characteristics of Naturally-occurring Brassinosteroids

All the naturally-occurring brassinosteroids are known to be derivatives of Sa-
cholestane. Diverse structural variations thus come from the kinds and orientation of
functionalities on the skeleton.
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With respect to B ring oxidation stage, brassinosteroids are grouped into 7-
oxalactonic ( 1, 2, 10, 14, 29 ), 6-ketonic ( 3, 4, 7-9, 11, 12, 15-19, 21-27 ) and non-
oxidized brassinosteroids ( 5, 6, 13, 20, 28 ). In general, 7-oxalactonic
brassinosteroids have greater activity than do the 6-ketonic and non-oxidized
congeners. The 6-ketonic brassinosteroids are active ( sometimes as active as 7-
oxalactonic brassinosteroids ), but non-oxidized brassinosteroids reveal almost no
activity in the bean internode assay and very weak activity in the rice lamina
inclination assay (29,42). It has been considered that the 6-ketonic brassinosteroids
can be converted to lactonic brassinosteroids by Baeyer-Villger-type oxidation, as
seen in the chemical synthesis of lactonic brassinosteroids. Recently Yokota et al.
demonstrated that *H-labelled castasterone ( 3, 6-ketonic brassinosteroid ) was
converted to *H-labelled brassinolide ( 1, 7-oxalactonic brassinosteroid ) in crown
gall cultures (43). Non-oxidized brassinosteroids have also been considered to be
precursors of G6-ketonic brassinosteroids. However, because of the very low
biological activity of non-oxidized brassinosteroids, these do not appear to be
converted into biologically active 6-ketonic congeners (42).

Brassinosteroids are grouped into C,, C5, and C, steroids like the typical
phytosterols. These classifications result basically from different alkyl substitutions in
the side chain, that is no substituent in C,, steroids ( 14, 15 ), a methyl ( 1, 3, 5, 7-9,
16-22, 29 ) or an exomethylene ( 2, 4, 6) at C24 in Cy, steroids, and an ethyl at C24
(12 )or an ethylidene at C24 ( 10, 11, 13) or an exomethylene at C24 with a methyl
at C25 ( 23-28 ) in C, steroids. The structure-activity relationship reveals that
alkylation in the side chain is necessary for biological activity. More especially, the
presence of a saturated alkyl ( a methyl or an ethyl ) at C24 and a methyl at C25
makes brassinosteroids biologically more active. Thus, 25-methylbrassinolide bearing
both 24-methyl and 25-methyl functions has been chemically synthesized and it is
more potent than brassinolide which, until now, had been considered to be the most
potent brassinosteroid (44).

Most of the brassinosteroids carry an S -oriented alkyl ( a methyl or an ethyl ) at
C24. Three exceptions are 24-epicastasterone ( 9 ), 3, 24-diepicastasterone ( 19 ) and
24-epibrassinolide ( 29 ).

Brassinosteroids are polyhydroxysteroids. Because all brassinosteroids carry
vicinal hydroxyls at C22R and C23R, variations in the A ring structure may be found.
Twenty three brassinosteroids carry other vicinal hydroxyls at C2 and C3 ( 1-6, 9-20,
23-25, 28, 29 ). These streoids can be thus classified as tetrahydroxysteroids.

Concerning the orientation of the vicinal hydroxyls, only the 2., 3o were discovered
in those brassinosteroids characterized earlier. However, brassinosteroids carryng
2B-3a- [ 2-epicastasterone ( 16 ), 2-epi-25-methyldolichosterone ( 24 )], 2a, 3B- [ 3-
epicastasterone (17 ), 3-epi-6-deoxodihydrocastasterone ( 20 ) and 3,24-
diepicastasterone ( 19 ) ] and 2B, 3B- [ 2,3-diepi-castasterone ( 18 ) and 2 3-diepi-25-
methyldolichosterone ( 25 ) ] vicinal hydroxyls have also been identified in the
immature seed of P. vulgaris. With respect to orientation of the vicinal hydroxyls at

C2 and C3, all kinds of combination have occurred. Decreasing order of activity 2ct,
30> 20,38> 2B,30e> 2B,3B shown by structure-activity relationship suggests that the
a-oriented hydroxyl at C2 is essential for strong biological activity (30).
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Four trihydroxysteroids carry an isolated hydroxyl at C3. Typhasterol and 2-
deoxy-25-methyldolichosterone carry a 3o-hydroxyl, but teasterone and 3-epi-25-

methyldolichosterone carry a 3B-hydroxyl instead. These trihydroxysteroids are
considered to be precursors of the tetrahydroxybrassinosteroids. The two remaining

known steroids carry the fifth hydroxyl at Cla ( 3-epi-la-hydroxycastasterone ) and

C1B ( 1B-hydroxycastasterone ). These pentahydroxysteroids are probably catabolites
of the tetrahydroxysteroids because the introduction of the fifth hydroxyl has no
effect in bioassays (30).

There are two conjugates that are glycopyranosyl ethers of 25-methyldolicho-
sterone and its 2-epimer(Fig. 2). It is interesting that glucosylation only occurrs with
the hydroxyl at C23. The biological activity of these conjugates most likely depends
on the activity of their aglycones (34).

Structural characteristics of unknown brassinosteroids in immature seed of P.
vulgaris have been elucidated by GC/MS analyses. They are either stereoisomers of
known brassinosteroids, or brassinosteroids that have been oxidized during
metabolism [ 23-keto-brassinosteroids ( 34 ), brassinosteroids bearing either
carbonyl ( 32 ) or hydroxyl ( 33 )], or brassinosteroids bearing an extra carbon atom
[ CO (35)o0r COO (36)] on the A ring ( Fig. 3 ). However, their complete
structures remain to be characterized (30).

It seems probable that when all the brassinosteroids have been elucidated, and
their specific biological roles assigned, a complex picture will emerge much as it has
for the gibberellins. However, each of them may be useful for select agrochemical
use.

o
HO,
. H,OH
N2 HO
HO' i
o Hi H
H OH
30 H

Figure 2. Structures of brassinosteroid conjugates from P. vulgaris seed.
30; 23-O-B-D-glucopyranosyl-25-methyldolichosterone, 31; 23-O-B-D-glucopy-
ranosyl-2-epi-25-methyldolichosterone.
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Figure 3. Possible structures of representative unknown brassinosteroids in P. vulgaris seed.
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Chapter 4
Synthesis of Brassinolide

T. C. McMorris, J. R. Donaubauer, M. H. Silveira, and T. F. Molinski

Department of Chemistry (0506), University of California—San Diego,
La Jolla, CA 92093—0506

Several reported syntheses of brassinolide, (22R,23R,24S)-
2a,30,22,23-tetrahydroxy-24-methyl-B-homo-7-oxa-5a-cholestan-

6-one, involve a C-22 aldehyde derived from stigmasterol, which is
used for construction of the sidechain with chiral centers at C-22,
C-23 and C-24. In our synthesis, (20 S)-68-methoxy-3a,5-cyclo-
Sa-pregnane-20-carboxaldehyde was reacted with the anion of 2,3-
dimethylbutenolide at —78 °C to give a lactone which was readily
converted to the desired sidechain. Functionalization of the steroid
nucleus completed the synthesis. We have investigated an
alternative approach starting from 22,23-bisnor-5-cholenic acid-3p-
ol acetate, in which functionalization of the nucleus is first carried
out leading to the intermediate 6-ethylenedioxy-2a,3a-
isopropylidenedioxy-bisnor-5a-cholanal. The aldehyde can be used
in aldol condensations with the lithium salt of 2,3-dimethyl-
butenolide or of 3-isopropylbutenolide, giving analogs of
brassinolide with the natural 22R,23R stereochemistry.

The identification of brassinolide (1) by workers at the USDA laboratories in
Beltsville, Maryland in 1979 (1) was a most significant event because it
established steroids as a new class of plant hormones. We were particularly
interested in the structure of brassinolide as a result of our studies with somewhat

OH

LN
OH

Ho
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similar steroids which function as hormones, or perhaps more accurately,
pheromones, in the sexual reproductive process of the aquatic fungus Achlya (2).
They include male-activating steroids antheridiol and deoxyantheridiol as well as
female-activating steroids dehydro-oogoniol and oogoniol (3).

We have developed a synthesis of antheridiol in which the key step is an
aldol condensation of a C-22 aldehyde with the anion derived from 3-isopropyl-
but-2-enolide (4) which gives directly the sidechain of antheridiol as illustrated by
structures 2 and 3. In this reaction, chiral centers are created at C-22 and C-23.
The stereochemistry at C-22 in the major product is that predicted by the Cram rule
(i.e. R) and careful study of the reaction showed that the stereochemistry at C-23
is determined by the temperature at which the aldol reaction is carried out. If the
temperature is maintained below —70 °C, the major product has the R configuration
at C-23. Thus, this method could be used to construct the sidechain of
brassinolide with correct stereochemistry at C-22 and C-23.

i
C.
\\H
! " + 0

Different Synthetic Routes to Brassinolide

Before discussing our synthetic studies, mention should be made of different
approaches employed in the synthesis of brassinolide by other investigators. The
most practical method would be to start with a readily available steroid having the
same carbon skeleton as brassinolide, and then introduce the required functional
groups in rings A and B and the sidechain. In the case of 28-homobrassinolide
(5), the ideal starting compound would be the abundant sterol stigmasterol (4).

OH
23
~ 22 24
OH
HO,
o
HoY
4 5

Literature methods have been available for some time for functionalization of rings
A and B to give the 2a,3a-dihydroxy-B-homo-7-oxa-6-one structure.
Stigmasterol possesses a 24-o. ethyl group and a A22 double bond which, in
principle, can be hydroxylated, leading to the 22R,23R,24S product.
Unfortunately, the standard method of cis hydroxylation, reaction of the alkene
with osmium tetraoxide, gives almost exclusively the isomeric 225,23S product
(5-12). Less direct ways involving epoxidation of the A22 double bond of a
stigmasterol derivative, followed by trans ring opening of the resulting epoxides
by HBr-acetic acid then an inversion reaction at the carbon-bearing bromine, by

37
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o

a;:;tc;zy ion, gave a mixture of the 22R,23R and 22S§,23S isomers in low yield
(13,14).

The required starting compound for the synthesis of brassinolide by
hydroxylation of a A22 double bond is 22-dehydrocampesterol, which is not
readily available (7). It can be isolated as a mixture with the C-24 epimer,
brassicasterol, from oysters (Crassostrea virginica), but the mixture is difficult to
separate. It is more readily prepared by synthesis (6). For the synthesis of 24-
epibrassinolide, brassicasterol, which can be obtained from rapeseed oil, is an
obvious starting compound (15). Ergosterol, which is readily available, has also
been employed (16).

A more widely used approach to brassinolide is reaction of a C-22
aldehyde, derived from stigmasterol, with a carbanion containing a double bond
(or potential double bond). In nearly all cases, epoxidation of the double bond
was employed to introduce one or both oxygen functions (17-24). A synthesis of
the brassinolide sidechain starting from pregnenolone has also been reported (25).

Synthesis of Brassinolide

Our first synthesis of brassinolide started from stigmasterol which was converted
to (20S)-6B-methoxy-3a,5-cyclo-Sa-pregnane-20-carboxaldehyde (2). This
pathway involved formation of the mesylate with methanesulfonyl chloride in
pyridine and tetrahydrofuran, treatment of the mesylate with potassium acetate in
methanol, and ozonolysis of the i-sterol with reductive work-up.

The aldehyde was then used in an aldol reaction with the anion from 3-
isopropylbut-2-enolide. [The lactone was prepared in the following way:
bromination of 3-methyl-2-butanone under kinetic conditions (-15 °C) afforded the
1-bromo derivative. The bromine was displaced by acetate on refluxing a solution
in acetone with anhydrous KOAc. Reaction of the resulting keto-acetate with the
anion from triethylphosphonoacetate afforded the desired butenolide in 55% yield.]
The anion was generated in tetrahydrofuran from the butenolide and lithium
diisopropylamide and was cooled to -78 °C before addition of the aldehyde. The
temperature was maintained below -70 °C for Sh and the reaction was quenched
with ammonium chloride at this temperature. Under these conditions (kinetic) the
22R23R intermediate (3) was obtained in 65% yield (26).

The preferred stereochemistry at C-22 (R) is predicted by the Cram or
Felkin-Anh models for the transition state (27). The stereochemistry at C-23
appears to be determined by the approach of the anion as shown in Scheme I. Itis

oLi
¢ \
H
H
RR
0__,.uf_ ]
e, 0 qut I
/ | St —H
0 cl St —> HC S0
\ I H
Hw
RS
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seen that path A involves fewer steric interactions and is thus favored over path B,
which results in the predominance of the 23R stereochemistry. When the aldol
reaction mixture was allowed to warm up to 0°C before quenching, the major
product was the 22R,23S isomer. Apparently, the reversible nature of the aldol
reaction led to the more stable product at higher temperature.

Catalytic hydrogenation of the intermediate butenolide (3) (Pt/activated
carbon, freshly distilled dioxane) gave a 78:22 mixture in high yield. Fortunately,
the major product (6) was subsequently found to have the desired stereochemistry
at C-24, i.e. S. This result could not be easily predicted.

The remaining steps in the construction of the sidechain were high yielding
and relatively standard reactions. Reduction of the lactone with LiAlHy afforded
the trihydroxy derivative (7) in 90% yield, and this compound was heated with
2,2-dimethoxypropane (55-60 °C) and pyridinium p-toluenesulfonate to form the
22,23-acetonide and a mixed ketal at C-29. The crude product was refluxed in
methanol for 1h to give the C-29 hydroxy compound (8) in an overall yield of
92%. Oxidation of the primary alcohol with pyridinium dichromate gave the
corresponding aldehyde (9) (94%) which was decarbonylated with tris (triphenyl-
phosphine) rhodium chloride to give the 24S methyl compound in 78% yield. The
overall yield for the sidechain synthesis starting from the aldehyde was 32%.

OH Y OH OH
Y

st O St OH
6 7
o)
1 \*’o k'/
St
8 9 10
o)% OH
., "&/ ~
OH
HO,
HO' 11 12
HO' )

Regeneration of the 38-hydroxy-AS-ene (11) in the usual way (p-TsOH,
acetone-water,2h,reflux) followed by mesylation and treatment with diborane-
tetrahydrofuran then hydrogen peroxide and sodium bicarbonate gave the 3-
mesyloxy-6-hydroxy compound. Oxidation of the alcohol and treatment of the
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resulting ketone with lithium bromide in dimethylformamide at 150 °C, (1.5h)
afforded the AZ-ene together with some of the A3-isomer. Cis hydroxylation of the
AZ-ene with osmium tetraoxide (catalytic amount) and N-methyl morpholine-N-
oxide and removal of the acetonide protecting group (acetic acid, 60 °C) gave
castasterone (12). Brassinolide was obtained by forming the 2a,3a-diacetate (in
the intermediate containing the acetonide at C-22,C-23) then oxidation with 3,5-
dinitroperoxybenzoic acid. The protecting groups were removed by treatment with
potassium carbonate in methanol followed by heating the crude product in acetic
acid. The overall yield of brassinolide from the intermediate with the correct
sidechain was 15%.

The key aldol reaction for constructing the sidechain has also been used
with other butenolides. 2,3-Dimethylbut-2-enolide gave with the aldehyde (2),
22R,23R hydroxy butenolide (13) in 74% yield together with small amounts of the
22R,238 isomer (6%) and 22S,23S isomer (10%). Catalytic hydrogenation of the
butenolide gave the saturated lactone 14 (77%), which was found to have the 24S
configuration. Reduction of the lactone with LiAlH4 gave a triol which was
converted to the acetonide (15). The free primary hydroxyl was then removed by
treatment with methane sulfonyl chloride in pyridine followed by reaction of the
mesylate with LiAlH4. The overall yield for the four steps from the saturated
lactone was 70%.

OH

13

OH

15 HO 16

It should be noted that catalytic hydrogenation of 22R,23R butenolides
from the aldol reactions gave products which had mainly the 24S stereochemistry.
Initially, we had reasoned that if hydrogenation occurred at the face of the
butenolide ring nearest the C-22 hydroxyl, the first butenolide would yield the 245
product while the second would yield the 24R isomer. The only explanation we
can give for the fact that both yield mainly the 248 isomer is that the favored
conformation of the sidechain is different in the two compounds so that the more
accessible face for hydrogenation for 3 is opposite to that for 13.

Subsequent to our use of butenolide anions in aldol reactions to construct
sidechains of steroids, two groups have reported a similar method for synthesis of
brassinolide or its analogs. Kametani and co-workers employed the dianion of 3-
isopropyltetronic acid which was reacted with a 20-keto steroid. The aldol product
was dehydrated and the product hydrogenated to furnish the brassinolide sidechain
(28,29). Zhou and Tian have used the reaction of a C-22 aldehyde derived from
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hyodeoxycholic acid with the anion from 3-methylbutenolide. Hydrogenation and
methylation of the aldol product then led to the brassinolide sidechain (30).

We have felt for some time that our method of synthesizing brassinolide
(and homobrassinolide) might be improved by carrying out modification of the
steroid nucleus before constructing the sidechain. One advantage would be that
hydrogenation could be done without any risk of affecting the nucleus. (This is
not the case when an i-sterol is hydrogenated.)

a,__COOH 4\;0"0
AcO >< H
0
\J

17 18

The target intermediate for the new synthesis is 2a,3a-isopropylidene-
dioxy-6-ethylenedioxy-bisnor-5a-cholanal (18), which we have prepared starting
from commercially available 3B-acetoxy-bisnor-cholenic acid (17). This
compound is readily obtained from stigmasterol. Functionalization of rings A and
B was carried out using the same reactions as mentioned above for our first
synthesis. The aldehyde (18) has also been synthesized in a slightly different way
from stigmasterol by other workers (6, 30). Aldol condensation of the aldehyde
and the anion from 3-isopropylbut-2-enolide under kinetic conditions gave a 60%
yield of the 22R,23R butenolide (19). The structure has been confirmed by X-ray
crystallographic analysis of the corresponding 2,3a-dihydroxy-6-ketone.
Completion of the synthesis requires a few steps similar to those that have been
used in our previous synthesis of brassinolide.

In conclusion, several groups including ours find that stigmasterol is the
most suitable starting material for preparation of brassinolide and its analogs
possessing the 22R,23R,24S stereochemistry. Many steps are required for the
conversion, but the majority of these are high-yielding, and further refinements in
the less satisfactory steps are certainly possible.
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Chapter 5

Synthesis and Some Practical Aspects
of Brassinosteroids

V. A. Khripach, V. N. Zhabinskii, and R. P. Litvinovskaya

Institute of Bioorganic Chemistry, Byelorussian SSR Academy of Sciences,
220045, Minsk, Zhodinskaya, 5/2 Union of Soviet Socialist Republics

This brief review covers the period of the last
ten years in the development of brassinosteroid
chemistry in our laboratory. Our interest has
been focused on the synthesis of natural
brassinosteroids (brassinolide, homobrassinoli-
de, epibrassinolide, norbrassinolide, etc.),
their analogues and intermediates starting from
stigmasterol, ergosterol, or pregnenolone. Some
aspects of biological activity are discussed.

The isolation and structural elucidation of brassinolide
(1), a novel polyhydroxysteroidal lactone with strong
plant growth-promoting activity, was the beginning of
intensive study of a new class of phytohormones, termed
brassinosteroids (BS). Since then, a number of related
compounds have been identified and isolated from various
plants (2,3). The ability of BS to activate at very low
concentrations the metabolic and growth processes was
established and consequently to increase total plant
productivity. These properties, along with specific
structural features and extremely low content of BS in
natural sources, made their synthesis especially
interesting. The efforts of scientific groups in diffe-
rent countries (USA, Japan, Italy, and some others) led
to the elaboration of many schemes for BS synthesis (2,3,
and Lakhvich,F., Khripach,V., Zhabinskii,V. Uspekhi
Khim., in press.). In extending our studies in natural
and transformed steroids, BS synthesis was the subject in
our laboratory for a number of years. During this period,
different synthetic approaches starting with accessible
natural steroids have been developed, and a 1lot of
natural BS and their analogues have been synthesized and
biologically tested in laboratory and field conditions.

0097—-6156/91/0474—0043$06.00/0
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Synthesis of BS from stigmasterol. For our purpose
commercially available stigmasterol 1 was attractive as a
starting material because its 3p-hydroxy-5-ene functiona-
lity permitted the necessary transformations of the
cyclic part and the side chain. The conversion of 1 into
natural BS was achieved using two different strategies:
a) with the retention of the carbon skeleton for the
synthesis of 029 derivatives; and b) via the C-22

aldehyde for the construction of new sidec hains,
especially for BS of the c27 and 028 series.The

transformation of 1 into 22S,23S-homobrassinosteroids
without replacement of the native side chain is shown in
Figure 1. The tosylate of 1 was solvolysed to the
corresponding 3,5-cyclo-6-alcohol which upon oxidation
gave cycloketone 2 (4), the key intermediate in BS
synthesis from stigmasterol. The c¢ycloketone 2 was
treated at room temperature with hydrobromic acid to
regioselectively give the bromoketone 3. Its
dehydrobromination in boiling DMF in the presence of
lithium carbonate followed by hydroxylation of the
resultant dienoketone with osmium tetroxide gave (5) the
tetrahydroxyketone 4, the 22S,23S isomer of the natural
hormone ethylbrassinone. Finally, 22S,23S-homobrassino-
lide 5 was synthesized from 4 via successive steps by
protecting the hydroxyl groups, Baeyer-Villiger
oxidation, saponification and relactonization. Another
synthesis of 5 was also accomplished (Figure 2) (6-9). It
eliminated the necessity of protecting and deprotecting
the hydroxyl groups and gave a relatively good yield of

1. TsCl )
2. KOAc, \ \
MeZCO HBr
stigmasterol > e
1 3. [o] ge? N\
H
(o) (o]
2 3
OH 1.L12003
DMF
2. OsO4
OH 1. 1\020 \
HO\ 2. CF3C03H HO\
HO’ 0 3. KOH HO’
H o 4, HCl H o
5 4

Figure 1. Synthesis of 22S,23S-homobrassinolide
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Br
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Figure 2.Alternative synthesis of 22S,23S-homobrassinolide

the desired product. The key step to this approach was
the regioselective addition of bromine and hydrogen
bromide to the double bond and cyclopropane of 2,
respectively. Subsequent Baeyer-Villiger oxidation of the
tribromoketone 6 and debromination with simultaneous
dehydrobromination of 7 wunder the action of lithium
carbonate in boiling DMF led to the dienolactone 8. The
oxidation of the latter with osmium tetroxide afforded
the tetrahydroxylactone 5. Unfortunately, the direct
hydroxylation of 22-ene precursors leads, preferentially,
to the 225,235 configuration of hydroxyl functions. That
is why for the synthesis of BS, possessing natural
configurations of substituents in the side chain, we used
an approach (10,11) based on the transformation of
22R,23R-epoxides which are the major isomers in the
epoxidation of 22-olefines with MCPBA. As shown in Figure
3, the epoxidation of 3 and further dehydrobromination
gave the unsaturated epoxide 9. Trans-opening of the
epoxide ring with HBr and acetylation followed by
nucleophilic substitution of bromine in the bromoacetate
intermediate gave the diacetate 10. It was further
transformed into homocastasterone 11 and homobrassinolide
12 in the usual way. The same method has been also
employed for the synthesis of 22S8,238-homo-
brassinosteroids (9,12).
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1. HBr Ohc
2. AcCl
3. AcOH, H,O0
4. Ac,0 ' OAc
——————_——’—
)
? 10

1. KOH
2. Oso

1. MCPBA
2. DMF
3 ——

OH

HO, 1. Acy0 HO
2. CF,CO,H
—‘———-—
Ho” 0 3 KoH Ho”
0 12 4 ya

Figure 3. Synthesis of homobrassinolide

1. oso, \\\\\ AgOAc,
2. Br, 2,AcOH HO,,
2 ——
3. L12003 W
DMF

13

Figure 4. Synthesis of A -analogue of 22s,23s-
homobrassinolide
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Some BS-analogues with additional double bond in the
A-cycle were synthesized using the a-cis-hydroxylation
method developed by us earlier (13-16). As shown in
Figure 4, the oxidation of 2 with osmium tetroxide
followed by bromination and dehydrobromination led to
dienoketone 13 which was subjected to hydroxylation under
the action of iodine and silver acetate in agqueous acetic
acid to give the unsaturated BS analogue 14,

Synthesis of BS via 22-aldehydes. A large number of BS
possessing both natural and unnatural side chains
(brassinolide, norbrassinolide, homobrassinolide and
their isomers) have been synthesized employing the
reaction of sulfone derivatives 16 with the steroidal
22-aldehyde 15, as shown in Figure 5 (18-20). Sulfones 16
were obtained from isovaleric acid by successive steps of
a-alkylation, LAH-reduction, tosylation of resulting
alcohols, nucleophilic substitution of tosylates by
sulfide anion and MCPBA-oxidation of the corresponding
sulfides. Reaction of the aldehyde 15, obtained from
stigmasterol, by ozonolysis of the 22-double bond, with
the carbanion derived from 16 and further acetylation
gave PB-acetoxy sulfone 17. Its reduction with Na-amalgam

CHO C') R
l-Ph_fv/£\T/ OAc R
o] 1. Na/Hg
16 +
BuLi 2. [H7]
o SOzPh ——
2. Ac20
00
LJ 15 17
R OH

HO,
——— )

B ——— ]
R=(S)~-Me HO’ B 19: z=-
0 0
18 R=H, Me, Et 20: Z=0

Figure 5. Synthesis of brassinosteroids via sulfones
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Library
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followed by deprotection gave an olefinic product 18 with
a complete carbon skeleton. The construction of the
22,23-dihydroxy functionality starting from 18 and
subsequent transformation of the diols into aim products
were achieved as discussed above for homobrassinolide. It
should be pointed out that this method in the case of
brassinolide synthesis gives with 7.8% a higher total
yield than the approach proposed earlier by K.Mori et al.
(21) with 1.3% starting from stigmasterol. Along with the
products of the normal 20B-series some 20a-methyl
analogues of BS have been synthesized in a similar
manner.

A number of methods for the side chain construction in BS
synthesis utilizes a reaction of steroidal 22-aldehydes
with various vinyl carbanions. The main shortcomings of
these approaches are the formation of 22p-alcohols along
with desired 22a-isomers and relatively low yields of the
latter. It was found (22) that employing the carbanion
bearing trimethylsilyl substituent at the anionic center
led to a substantial increase of 22a-alcohol formation.
Thus, the reaction of vinylsilane 21 with aldehyde 15
gave a 10:1 mixture of alcohol 22 and its 22B-isomer in
97% total yield (Figure 6). Epoxidation of 22 followed by
the nucleophilic cleavage of the Si-C-bond afforded the
epoxide 24 as a major product. Otherwise, the removal of
the trimethylsilyl group followed by epoxidation of the
resultant alkene 25 led to brassinosteroid intermediate
26. The further synthetic path from 26 to brassinolide is
known (23,24).

Li OH OH

(o]
y) !"'
S Me3
1s 21 N siMe3 MCPBA 51Me3
> -
22 23
Bu4NF Bu4NF
ono\ OH °”o~
Y Z 4
MCPBA
«———.——_
26 25 24

Figure 6. Synthesis of BS-intermediates via vinylsilanes
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Synthesis of BS from ergosterol. Among natural BS one of
the most promising for ©practical application in
agriculture is epibrassinolide. This is because of its
high biological activity and the relative ease of
employing synthetic schemes based on the wuse and
modification of the intact side chain of easily available
ergosterol. As shown in Figure 7, following the procedure
of Barton et al. (25) the first step of our approach (26)
to epibrassinosteroids from ergosterol 27 was the
reduction of the diene system in the B-cycle by the
action of Li in diethylamine. The isomer 29 was converted

Li
ergosterol +
27 Et,NH-HMPA  HO” Ho”
29

) !

S S
Li,CO,
DMF
—‘—_—-——
B’
oY Y
31 30
OH
1. MCPBA 4@
2. DMF
OH
HO,
—<—_
—‘——-
Ho”
H H
0 32: g=- 0 34
33: 2=0

Figure 7. Synthesis of epibrassinolide
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without isolation into the 3-bromo derivative 30 which
was further transformed into the dienoketone 31. The
latter was hydroxylated with osmium tetroxide to give
24-epicastasterone 32 and its 22S,23S-isomer. 24-Epi-
castasterone 32 was transformed, after chromatographic
separation, into 24-epibrassinolide 33 in the usual way.
An alternative synthesis of 33 was performed via
epoxyenone 34. Synthesis of brassicasterol 29 free from
its 5-dihydroergosterol is shown in Figure 8. Dienoketone
35, obtained from ergosterol 27 in two steps, was reduced
with lithium in liquid ammonia in the presence of NH4cl
to give 29.

N ALlorrh), O\ Li/NH, N\

2. HCl
————p— ————

Ho” o’ Ho”

27 35 29
Figure 8. Synthesis of brassicasterol

Syntheses via heterocyclic intermediates. During the last
few years we have been interested in developing new
approaches in the construction of steroid polyfunctional
side chains using heterocyclic intermediates which
contain the desired functionality in a latent form.
Especially attractive in this respect seems to be the use
of isoxagzoles and 2-isoxazolines - the adducts of
1,3-dipolar cycloaddition reactions of nitrile oxides
with unsaturated compounds (27). For the construction of
the side chain having a brassinolide-like carbon skeleton
we studied the cycloaddition (28-30) of the steroidal
acetylenes 36 and olefines 40, prepared from 3p-acetoxy-
pregn-5-en-20-one to iso-butyronitrile oxide, as shown in
Figure 9. Both reactions proceeded with high regio- and
stereoselectivity (in the case of 40 the major product 41
had R configuration at C-22) to give the cycloadducts in
good yields. The oxidative dehydration of 41 under the
action of thionyl chloride in DMF afforded (31) the
isoxazole 38. The latter was also prepared from 37 under
acidic condition. The catalytic hydrogenation of the
isoxazole 38 over Raney nickel gave the enaminoketone
with the natural (20B-methyl) configuration at <C-20
(28,29) which was further transformed into 39 in the
usual way (26). Unsaturated ketones 39 are known
intermediates in brassinolide synthesis (32,33). Two
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OH o9 —N 0—N
I A TA N A
N
ipreno TsOH
——-——’_ _’—
36 37 socl, l 38
OH on—N /////” 2
LA L] S
lpreno
——
40 41 39

Figure 9. Synthesis of 22-en-24-ones via isoxazoles

other routes for transformation of isoxazolines 43 into
22-en-24-ones 39 were then elaborated by us as shown in
Figure 10. The first one included the cleavage of the
heterocycle under strong basic conditions (action of
DMSO-anion) followed by hydrolysis of the resultant
enoxime 44 (34). In the second route the isoxazolines 43
were hydrogenated over Raney nickel in acidic medium
(35,36) to afford the PB-ketols 45 which were then
dehydrated by TsOH in refluxing benzene to give the
eneketone 39. Using the isoxazolines 43 we realized a
highly efficient synthesis of unsaturated ketones 49 and
alcohols 50, well known intermediates of brassinolide
(37,38). The reaction sequence involved the reductive

NOH

O0——N
N N
T1013

preno el “ T~ 39

B .

OH O
42 43 \\\\‘\
H,/Ni-Ra TsOH
45

Figure 10. Synthesis of 22-en-24-ones via isoxazolines
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cleavage of isoxazolines 43 giving ketols 46 as shown in
Figure 11. Their interaction with methyl lithium produced
22,23-diols 47, which were oxidized into 22-keto
derivatives 48 with Jones reagent (Khripach,V.A.,
Litvinovskaya,R.P., Baranovsky,A.V., Akhrem,A.A. Dokl.AN
SSSR, in press.). The dehydration of alcohols 48 with
thionyl chloride in pyridine gave eneketone 49. Its
reduction with complex hydride proceeded stereo-
selectively to give the allylic alcohol 50. Further
transformation of 50 to brassinolide is known (38).

Practical application. Along with the elaboration of
syntheses of BS we studied their biological activities.
At first the action of BS was compared with those of
auxins and giberellins using the appropriate laboratory
tests. But these results did not reflect the real value
of BS as means for increasing plant productivity. Later,
we synthesized a sufficient quantity of BS to carry out
large scale field testing in different regions of the
USSR. A significant increase in seed productivity was
noted for lucerne following BS treatment. The plants were
treated with aqueous solutions of 24-epibrassinolide and
homobrassinolide. Doses of BS were 50 mg in 500 liters
per hectare. Yield increases were 16% for homobrassino-
lide and up to 26% for 24-epibrassinolide (Figure 12).
Similar results have been obtained for peas. The plants
were sprayed with solutions of 24-epibrassinolide twice -
at the 8-9 leaf stage and at the budding stage. The
average increase of crop yield was 2800 kg/ha. An example
of the action of brassinosteroids on barley is shown in
Figure 13. In this case, 24-epibrassinolide was compared
with brassinolide. Brassinolide was more active at doses
of 10 mg/ha, but less active at doses of 50 and 100

O—N OH OH
—_—— ——— —
43 ‘' 46 47
OH o
/ /
——— ——— ———
48 49 50

Figure 11. Synthesis of key intermediates of brassinolide
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mg/ha. Crop yield increases were up to 25%. Good results
have been obtained for potatoes. Depending on the phase
of treatment, the increased crop yield amounted to
11-34%. Additionally, data on increased plant producti-
vity were obtained for buckwheat, soy-bean, rye, wheat,
hay and maize. It should be noted that treatment with
brassinosteroids did not give pronounced results every
time.

160

150 4

140 — v

130 2

120 4 7

10 4 Y.
i, R 7%
o 80 LN ///,, N
g 70 NP
< 60 _: t p
T 50__3\ N

40 {\p b

30 I\

20 {0\

1(()) i, \y//
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Variants
Key: =1, Control; , 24-Epibrassinolide; £=3, Homobrassinolide

Figure 12. Action of BS on crop yield of lucerne
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Figure 13. Action of BS on crop yield of barley
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Chapter 6
Types of Brassinosteroids and Their Bioassays

L. Kohout!, M. Strnad?, and M. Kaminek®

Unstitute of Organic Chemistry and Biochemistry, Czechoslovak Academy
of Sciences, 166 10 Prague 6, Czechoslovakia
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166 30 Prague, Czechoslovakia

Some structure-activity relationships, synthe-
sis of new brassinosteroids, and new sensitive
bioassays for brassinosteroids are presented.

More than ten years ago the active principle of brassins -
brassinolide (BR) - was isolated and its structure deter-
mined (1). BR is very interesting from a botanical point of
view, because of its activity in promoting plant growth. BR
is also very interesting for chemists for several reasons:
a) BR is a naturally occurring steroid compound with a seven
membered ring B, b) isolation of BR from natural material
is very difficult, mainly because of its low content (0.1
ppm in rape pollen), and c) because BR is very active in
promotion of plant growth, its isolation from natural
sources is very difficult and, in addition, its synthesis is
not very simple and synthetic yields are very low, it is
important to synthesize BR analogues - brassinosteroids
(BRst) - which would have an acceptably high specific
activity. Furthermore, it would be helpful if the synthetic
route were easier for the congeners compared to the tedious
steps necessary to produce BR.

Here, we shall describe the synthesis of some new BRst,
our findings in structure-activity relationships and a more
sensitive bioassay for BRst.

Because BR was not available at the beginning of our
studies and because 24-epibrassinolide I (24-epiBR)

((22R, 23R, 24R) -2a,32,22,23-tetrahydroxy-24-methyl-7-oxa-B-
homo-5a¢-cholestan-6-one) has almost the same activity as BR,
we prepared this compound as a standard possessing high
specific activity. For the structure-activity relationship
studies it was necessary to have also a standard with low
specific activity for comparison and we chose a cholestane
analogue of BR, compound II (2a,3a=-dihydroxy-7-oxa-B-homo-

0097—6156/91/0474—0056$06.00/0
© 1991 American Chemical Society
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5a-cholestan-6-one), an analogue with the same structural
features in ring A and B as BR but possessing the cholestane
side chain. This compound (II) has a very low activity both
in the second internode bio-assay (2) and in the rice lamina
inclination test (3).

In the course of the synthesis (4) of this cholestane
type of BRst (II) we prepared also compounds with 28,3B8-diol
group (III), the 6-oxa-7-keto isomer of II (IV) and, of
course, the 6-keto derivative V, which is an analogue of
castasterone.

HO., HO
HO™ o HO (o]
o o I
Ho.., HO.,
HO™ o Ho™"
© o)
v v

Some structure-activity relationships have been

reported in the literature (5, 6):

- two cis hydroxyl groups are necessary in the side

chain in positions 22 and 23 in the molecule for high
activity in the bean second internode bioassay (that
means that compound I would be much more active than II)

- compounds with a lactone group in the B-ring are much
more active than compounds with a 6-keto group only (II
would be more active than V)
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- compounds with a "normal" lactone group, for example 6-
keto-7-oxa-, are more active than compounds with an
"isomeric" lactone group, for example 7-keto-6-oxa (II

more than IV)

- compounds with 2a,3a-diol group exhibit higher activity
than compounds with 28,38-diol group (II more than III).

Although the differences between activities of the

cholestane analogues were small, agreement with these data

was found (Table I).

Table I
Bean Second Internode Bioassay
Compound No. E (mm)
I 32
II 14
v 9.5
IV 8
IIT 7

E means elongation of the
second internode to control
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OR OR
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Next we devoted our attention to the androstane type of
BRst. For their preparation we used two reaction pathways
(7): the first used androstane compound VI as a starting
material. Olefin VIII was prepared either through halogeno
derivative VII or directly from cyclopropano derivative VI.
Olefin VIII was then converted to diol IX and this diol with
trifluoroperacetic acid afforded the androstane analogue of
BR, compound X (R=H). This compound has the same structural
features in the A and B ring as BR but instead of a side
chain there is only one hydroxyl group which is in position
178.

The second method uses the pregnane derivative XI as a
starting material. This compound, on hydroxylation with
osmium tetroxide, afforded the diol XIIa. This diol was
then converted to the androstane analogue X. The same
approach was independently published also by Kondo and Mori
(3). As a by-product of hydroxylation of olefin XI with
osmium tetroxide, we obtained 28,3B-diol XIV and, from this,
the lactone XV. However, when we treated XII (a
correspondlng diacetate, respectively) with trifluoro-
peracetic acid we found that oxidation of the side chain
surprisingly proceeded much faster than oxidation of the B
ring. Thus we obtained not only compound X but also an
intermediate, compound XIIIb, and on hydrolysis compound
XIIIa, that is the androstane analogue of castasterone.

RO,
ro™"
X1 XI Q)R H
(e} - b) R=Ac
!-\ x
(o]
HO. RO..,,
Ho RO“
o) Xlv Xt a)R=H
b) R=Ac

OH

HO

HO
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In a similar way we also obtained from olefin XI the
pregnane analogues XVI and XVIII.

All but one of these compounds exhibited very 1low
activity in the bean second internode bioassay. If 24-epiBR
elongates the second internode by about 32 mm,

OH OH
HO..,, HO.,,
——
HO™" HO™ o
5 xvi S Xviil
OH OH
HO HO
—i
HO HO o
o XVl o XIX
OH
HO HO
H
o XX o XX!

compound XIIIa elongates it by about 26 mm. This was the
first example that a 6-keto analogue is more active than the
corresponding lactone.

Later, we found more contradictions to structure-
activity relationships as reported in the literature (5, 6).
For example compound XX with 58-H was more active (12 mm)
than compound XVII (10 mm). Both these compounds, and also
compound XIX, were more active than compound XVIII. We also
discovered that compound XXI which was without any
substituent in position 17 exhibited quite high activity
(17.5 mm) . This compound is very special from another point
of view also: it exhibits two peaks of almost equal activity
at different application concentratjons (they, differ by
about three orders of magnitude: 10 and 10 M in their
application rate). All these compounds do not exhibit
typical BR activity, i.e. swelling and splitting of the
second internode; they only stimulate elongation of the bean
second internode.
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Therefore, we also synthesized a similar compound
(XXII) with a 2a,3a-diol group which is even more similar to
BR and should theoretically be more active than XXI. In the
course of this synthesis we also prepared compounds XXIII
and XXIV. Unfortunately, all prepared compounds exhibited
very low biological activity. The most desired compound
(XXII) was practically inactive. This is another example in
which a compound with a 28,38-diol group (XXI) may be more
active than the isomeric compound with a 2a¢,3a-diol group.

In addition, it is interesting that lactones XXIII and
XXIV also exhibited two maxima in the bioassay, similar to
compound XXI. While the activity of XXIII was very low (3 to
4 mm), the activity of XXIV was about 2.5 times higher.
Hence, in this case the isomeric lactone XXIV (6-oxa-7-
ketone) is again more active than the normal lactone XXIII
(7-oxa-6-ketone) .

HO HO.,
HO HO™
o XX XX
HO., HO..,,
W o
HO" 0 HO™ (o)
o XXl XXIV

HO.,,

HO™

XXV XXVI

In the next synthetic series we prepared compounds with
two oxygen atoms in the side chain - however not as a diol
but as an ester group.

Surprisingly, we found that compounds with 3-methyl-
butanoate group (XXV) as well as with a 2-methyl-butanoate
group (XXVI) in position 178 exhibited very high activity
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in the bean second internode bioassay. 2-Methyl-butanoate
XXVI (at 10 'M applied per plant) thickened the second
internode in a way similar to BR (24-epiBR, respectively),
and 3-methyl-butanoate (XXV) even induced splitting of the
second internode, that is they exhibited a typical BR
effect.

From all that has been mentioned here it follows that
there are many possible modifications in the structure of
BRst which can influence activity of the molecule and, up to
now, we are not able to accurately predict that activity.
Even such structural features as two hydroxyl groups in
positions 22 and 23 in the side chain are not necessary for
a compound to exhibit either low or high biological
activity.

Sensitive Bioassays for BRst

Since the discovery of the new plant growth promoter, BR,
much effort has been made to evaluate its biological
activity using a number of bioassay systems that are used
for auxins, gibberellins and cytokinins. During the course
of our investigation of structure-activity relationships of
BRst, we used and increased the sensitivity of two different
bean internode bioassays (4, 8, 9). These bioassays are
based either on the enhancement of auxin-induced curvature
of plant organs or on stimulation of organ elongation. On
the basis of the results of Meudt and Thompson (10),
indicating that BRst sensitize plant tissue respond. to
auxin, one can assume that bioassays based on auxin-specific
organ curvature also respond to BRst. These bioassays are,
however, usually less convenient for large scale testing. On
the other hand, tests based on stimulation of stem
elongation are generally less sensitive that the curvature
tests (Table II).

Table II
Sensitivity of Different Biocassays for BRst
Bioassay Digegtl?ﬁl Reference
Bean first internode curvature 3x10 (11)
Sensitized bean first internode -13
curvature 3x10_11 (9)
Bean second internode elongation 2x10 (11)
Sensitized bean second internode -14 a
elongation 1x10_, (this c.)
Rice lamina inclination test 1x10_9 (12)
Radish seedling elongation 8x10_g (13)
Tomato hypocotyl elongation 4x10_12 (13)
Wheat leaf-unrolling 1x10_l4 (14) a
Pea inhibition 1x10 (this c¢.)*=

a . . . . .
this ¢. = in this communication
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Differences between two groups of tests can be
demonstrated by the first and the second bean internode bio-
assays which are based on the curvature and elongation of
internodes, respectively. In this chapter we would like to
report: A) how the sensitivities of these two bioassays can
be increased, B) to compare the activities of several
synthetic BRst in the two tests, and C) to describe a new
bioassay for BRst based on growth inhibition.

The First Internode Bioassay (15) is based on the curvature
of the first internode section after insertion of a paper
disc containing auxin to one side of the morphologically
basal part of the internode. When it is used for the testing
of BRst, the paper discs containing tested BRst are applied
to the internode 1 h prior to auxin application. BRst
stimulate the lag-phase of auxin action and its activity is
expressed as a difference in internode curvature between
BRst + IAA tested sections and controls treated with auxin
alone.

Our improvement of this test is based on the incubation
of internode sections in the inversed position (9). Under
these conditions the substances undergoing test are applied
to young auxin-sensitive apical internode tissues and auxin
is translocated basipetally toward the zone of curvature
(Figure 1). Using this simple improvement the sensitivity of
the test to IAA was increased 1,000 times; as little as 10
fmoles of IAA can be detected.

High sensitivity to auxin was closely related to the
elevated sensitivity to 24-epiBR (I). As shown in Figure 2,
the dependence of curvature of internode sections on the
amount of 24-epiBR applied is expressed by a two peak curve.
When evaluated on the first peak basis, inversion of
sections caused an increase in the sensitivity of bioassay
by factor 100. The unusual two-peak-response is probably a
result of interactions of the two growth regulators applied
successively to the internode sections, that is, 24-epiBR
and IAA. The first peak was always recorded when equimolar
quantities of the two regulators were used.

The Bean Second Internode Bioassay (16) was adopted for BRst
testing by Thompson et al. (11). Our improvement of this
test is based on the following modifications (Figure 3):
A. Bean seedlings were grown in Hoagland's solution diluted
1:10 from which nitrate was omitted. This resulted in
shortening of the second internode in controls and
enhancement of the relative effect of 24-epiBR on their
elongation. Inspired by the expe;}yents of Artheca (17) who
found synergistic action of Ca with BRst and IAA on
ethylene production in bean plants, we tested the effect of
Ca concentration in nutrient solution on the sensitivity
of the., test under consideration. a concsqpration of 3
mmol.l ~ was found optimal. The level of Mn
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Figure 1. The effect of inversion of bean first internode sections on distribution of 4C-
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Figure 2. The effect of inversion of bean stem sections on their response to 24-epiBR.
(Reproduced with permission from reference 9. Copyright 1985.)
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in the nutrient solution produced a similar effect.

B. Substances under study were applied in 5 microliter drops
of fractionated lanolin to the sear left after the removal
of bract from the base of the second internode. A crucial
condition for sensitivity in the bioassay is the length of
the second internode which has to be about 2 mm long at the
time of BRst application.

The second internode test is not specific to BRst. As
shown in Figure 4, gibberellic acid (GA,), IAA and even
trans-zeatin are also active in this bioas%ay. However only
BRst are able to induce internode splitting as reported by
(11).

The sensitized second internode elongation bioassay is
about 100 times more sensitive to 24-epiBR compared to the
sensitized first internode test (Figure 5) when the first
peak of activity in the later is taken into account. For
this reason and because of low labour input and high
reliability, the second internode bioassay can be
recommended for large-scale testing of BRst preparations
free of other plant growth regulators. The first internode
test can be used for testing samples that are auxin free and
for characterizing the specificity of their hormonal action.
It is also an excellent bioassay for testing auxin activity.
With respect to the double phasic response of internode
curvature and also, in some cases, of internode elongation
to BRst, the estimation of their biological activities must
be based on testing of broad range doses of substances under
the test.

Different Activities of Several Brassinosteroids in Two
Bean Internode Tests. It is a well-known phenomenon that
structurally closely related plant growth regulators exhibit
different orders of activity in different bioassays. This
makes it difficult to define the criteria of specificity of
their hormonal action. The same situation exists in the case
of BRst, and it can be documented by the comparison of
different BRst in the two bioassays.

In addition to 24-epiBR (I), the following compounds
were used as standards: II, X and (22R, 23R, 24R)-2a,3®,22,23-
tetrahydroxy-24-methyl~5a-cholestan-6-one (XXVII). We found
that the activities of the compounds paralleled the
published data (2, 3, 8, 18) and corroborate the
suitability of the plant material used in the bioassay. It
means that elimination of the 7-oxa function (XXVII),
replacement of the side chain by an hydroxyl group (X), and
removal of the 22 and 23 hydroxyl group (II) did not change
the order of activity.

The substances shown in Figure 6 are new compounds
synthesized previously (10). The most significant difference
in bioassay activities was obtained in the case of 2a,3a-
dihydroxy-7-oxa-6-0xo0-23,24-dinor-B-homo-5a-cholanic acid
(XXVIII) when compared with 24-epiBR. The side chain of this
BRst is shorter and terminated at the position 22 with a
carboxyl group. This modification makes compound XXVIII 10
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Figure 3. Scheme of the bean second internode bioassay.

120 GA,
100
m 80 i
E 24-BR
Y60
z
Q
< L
3 40 t_z
o]
@20t
IAA
0 I~ 1_;\0
.20 L
o ©* o 0 @

GROWTH REGULATORS [mol]

Figure 4. Effect of 24-epiBR, IAA, GA,, and trans-zeatin
on growth of the bean second internode.
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times more active than 24-epiBR in the first internode
curvature test (Figure 7) while in the second internode
elongation test its activity is much lesser (Figure 8).
Compounds XXIX and XXX with an amide group in the side chain
exhibit relatively high activity in the first internode
curvature test while their effect on internode elongation is
much less significant. Extension of the side chain of the
amide derivative by one carbon increased the activity in the
second internode bioassay while decreased it in the first
internode curvature test.

New Bioassay for Brassinosteroids - Pea Inhibition Test. The
response of plant tissue to BRst varies with the
concentration of BRst applied. In most cases, an optimum and
lower BR concentration induces elongation and curvature.
Supraoptimal concentrations do not inhibit growth, but split
the bean second internode as the result of a unique
biological response to cell division and cell elongation
(11). It was shown that in all bioassay systems BRst
themselves only promote growth and BRst per se are never
inhibitory.

There are, however, other ways of regulating growth by
BRst. For example BRst inhibit the growth of etiolated
seedlings at high concentrations. This inhibition is
probably caused by ethylene production which is mediated by
BRst. Thus, in some cases the inhibition of growth, in
particular the elongation of etiolated pea stems by high
concentrations of BRst can be completely accounted for by
BRst-stimulated ethylene production. The same effect was
also observed after application of auxin (Figure 9). The
effects of ethylene involve alteration of the normal planes
of cell growth. Radial swelling or abnormal radial expansion
of stems, such as that seen in the response of etiolated pea
seedlings, results from inhibited elonga-tion, increased
radial expansion and probably also it accounts for leaf
epinasty. These effects caused by ethylene which was induced
by 24-epiBR application, were used as the basis for the
devolepment of a new bioassay for BRst (Figure 10). This
test is very sensitive, because as little as 10 fmol of 24-
epiBR may be detected. The elon-gation of the stems was
linearly dependent on the 1loga-rithm of 24-epiBR
concentration over four orders of mag-nitude (Figure 9).

On investigating the basis of the enhanced sensitivity
of the present test, we found that several factors are
involved.

First is the application of substances under study in
fractionated lanolin as 5 microliter droplets to sear left
after bract removal. A critical condition for sensitivity in
the bioassay is the length of the stem which has to be
approximately 5-10 mm long and must be at the early stage of
the logarithmic phase of growth . Application in lanolin is
important because it appears that BRst must be in continual
contact with the plant. When BRst are removed, or applied in
water, ethanol or another solution, the concentration of
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ethylene probably rapidly decreases and plants start to
elongate. Moreover, as the etiolated tissue greens it
becomes less sensitive to BRst. Therefore, it is quite
important that plants must be kept either in dark or under
a green light (540 nm) and all operations must be carried
out also under these conditions.

The last factor influencing the sensitivity of the test
is cultivar of the pea plants. Comparing about 20 different
cultivars we found that in many cultivars the growth of pea
stems does not continually decreased with the increase of
24-epiBR concentration and the growth response is often
biphasic (Figure 11). Cultivar "Amino" was found suitable
for assays - it grows fast and the elongation response to
applied BRst is not multiphasic.

Factors influencing the sensitivity and specificity of
this test are under further investigation and will be
described in detail elsewhere.

® SIRIUS
O GOLF
A AMINO

Cmm3

STEM LENGTH
2

10'15 1I0'13 10-11 10-9

24- EPIBRASSINOLIDE  Cmol J

Figure 11. Sensitivity of different pea cultivars to
24-epiBR.
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Chapter 7

Aspects of Synthesis and Bioactivity
of Brassinosteroids
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0-7101, Germany
‘Institute of Biotechnology, Leipzig, O—7050, Germany

The synthesis and bioactivity of new types of brassino-
steroid analogs as well as original biological effects of
brassinosteroids on radish and higher fungi are presented.
Oour chemical work involved pathways to the following three
groups of structural analogs: 2,3-seco brassinosteroids,
6,6-seco compounds and analogs with a spirostan side chain
moiety. Contrary to the 6,6-seco series some prepared
2,3-seco compounds were shown to be quite active in the
rice lamina inclination test, for example the 2,3-seco
tetrahydroxy lactone 11 showing 80% of the response of
(228,23S)-homobrassinolide 3. A similarly high bioactivity
was obtained with the spirostan analogs 23 and 29. In
first microbial transformations from (22S,23S)-homocasta-
sterone 18 and 3 the corresponding 12B-hydroxylated bras-
sinosteroids 33 and 34, respectively, were obtained by
fermentation with cCunninghamells echinulsta. In biologi-
cal experiments with radish cotyledons brassinosteroids
induced a marked increase of invertase activity probably
due to an activation of the de movo synthesis of this en-
zyme. Furthermore, not only was strong growth promotion
observed in mycelial cultures of Psilocybe cubensis and
Gymnoprilus purpuratus for the first time, but also stimu-
lating effects of brassinosteroids have been found on hig-
her fungi, suggesting an additional physiological role of
these compounds in lower plants.

Since the discovery of brassinolide 1 in 1979 (1) brassinosteroid
research has been a field of intense activity. With respect to fur—
ther chemical work, efforts were directed to the discovery of new

0097—6156/91/0474—0074$06.00/0
© 1991 American Chemical Society
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naturally occurring brassinosteroids as well as to the synthesis of
native members and structural analogs for further biological inves-
tigations (2,3). Extensive studies on the physiology and molecular
mechanisms of this new group of steroidal phytohormones were con-
ducted in many laboratories and investigations are under way to
check their practical application as ecologically safe bioregulators
and stressmodulators both in agriculture and horticulture (4,6). An
essential link within these Interdisciplinary research activities

are the structure-activity relationships of brassinosteroids which
are under further development and need additional investigations. In
this contribution our recent results on the synthesis and bioactivi-
ty of new types of brassinosteroid analogs having an opened ring A
and B of the steroidal skeleton, respectively, as well as the
preparation of spirostan analogs will be discussed. Also the first
biotransformations of the brassinosteroids are presented. These
original biological studies involve investigations on the influence

of brassinosteroids on growth and invertase activity in radish
cotyledons and growth promoting effects observed for the first time
on ABasidiomycetes

Synthesis of New Brassinosteroid Analogs

Of special Interest for practical applications, as well as for futu-
re receptor studies, are the structure-activity relationships of the
brassinosteroids. As postulated (6) the structural requirements for

a high activity are the following: (22R,23R)-vicinal diol moiety;
(24S)-methyl- or ethyl group; 7-oxa-lactone or 6-oxo functionality;
3a-hydroxy group, 2a,3a-vicinal diol or 3a,4a-vicinal diol and A/B-
trans-fused ring junction.

However, some side chain epimers like 24-epibrassinolide 2, trisepi-
brassinolide and (22S,23S)-homobrassinolide 3 show remarkable activ-
ity and are therefore used widely for biological experiments. Fur-
thermore several structural analogs with a shortened side chain
moiety are active in specific test systems (7). Thus, structure-ac-
tivity relationships of brassinosteroids are a field of continual
development and require further examination.

For an interaction to occur with a putative brassinosteroid recep-
tor, both stereospecifically arranged vicinal diol functions in the
ring A, as well as in the side chain, can be assumed as important.
In our synthetic program for modified brassinosteroids, we were es-—
pecially interested in new types of analogs with the ring A- and
B-seco structure to study the influence of the geometry of this mo-
lecular adaptation on biological activity.
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2,3-seco Brassinosteroids. Our synthesis of brassinosteroid analogs
with the 2,3-seco structure involves, as a key step, the periodate
cleavage of the acetal protected 2a,3a-dihydroxy-6-ketone 4, which
is readily available from stigmasterol (8). The unstable product,
dialdehyde 5, was immediately reduced with NaBll4 to give the diol 6.
Hydroxylation of the diacetate of 6 with OsO«/NMMNO, and deacetyla-
tion, yielded the tetrahydroxy compound 7. The deprotected 6-ketone
8 was found to be in an equilibrium with its hemiacetal 9. Baeyer-

HO-.

ACO\/\
AcO
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Villiger oxidation of the tetraacetate 10 with CFsCOsH, and sapo-
nification, afforded a 3:1 ratio of the 2,3-seco-6-oxalactone 11 and
the 6-membered lactone 12, the latter arising from an intramolecular
translactonization of the corresponding 7-oxa-lactone (9).

6,6—seco Brassionosterolds. For preparation of 5,6—seco analogs,
the 2a,3a-dihydroxy-6-ketone 13 was irradiated in methanol to af-
ford, via a Norrish type I mechanism, the ketene 14, which reacted
spontaneously with the solvent to give the corresponding 6,6-seco
ester 16, Hydroxylation of the A22-double bond to 16 followed by
saponification led to the tetrahydroxylated 6,6-seco carboxylic acid
17, which could be obtained alternatively by irradiation of
(225,23S5)-homocastasterone 18 via 16 (10).

-

1 ]
NcooH  HO~ ‘\cooMe  HO-

0
17 16 18

Spirostan Analogs. In our program for the synthesis of modified
brassinosteroids, we further developed a reaction sequence leading
to new types of analogs with the spirostan side chain molety., Dios-—
genin 19, (Ri=Rz= H) and other spirostans, for example isochiapa-
genin 19, (Ri= OH, Rz= H) or bahamgenin 19, (Ri=Rz= OH), are inter-
esting starting compounds, which are readily available by extraction
of plant sources like DJioscores species or Solsnum balhamense. Such
spirostans possess the suitable prerequisites for an easy introduc-
tion of the A/B ring functionalities of brassinolide 1, show the
presence of oxygen functions in the position C-22 and exhibit (in
the case of isochiapagenin and bahamgenin, for example) additional
functionalities in the C/D rings, which are of special interest for
structure-activity considerations.

The reaction sequence used for the introduction of the A/B ring
structural features is given in the structural diagrams. The synthe-
sis was carried out by starting with diosgenin 19, (Ri=Rz= H) via
tosylation, followed by isomerization with KHCOa/ acetone and oxida-
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tion with the CrOs/ pyridinium complex to afford 3a,5-cyclo-6-ketone
20. For the isomerization of 20 to the A2-6-ketone 21 the best
conditions were found to be refluxing with pyridinium hydrobromide
in DMF after attempting different procedures. Hydroxylation with
0s0«/NMMNO to the 2a,3a-diol 22 and Baeyer-Villiger oxidation of its
diacetate with MCPBA afforded the desired 7-oxa-6-oxo lactone 23 be-
sides approximately 16% of the isomeric 6-oxa-7-o0xo lactone 24.

The corresponding spirostan analogs with hydroxy functions in rings
C and D were synthesized starting with isochiapagenin 19, (Ri= OH,
Rz= H,) and bahamgenin 19, (Ri=Rz= OH) via their 12p-acetyl and
12p,16a-diacetyl derivatives, respectively; the latter were both ob-
tained by partial hydrolysis of the corresponding completely acetyl-
ated steroids with LiOH. The introduction of the lactone functional-
tty )hwolved the same steps as described for the diosgenin analog
11).

HCO00"~
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The synthesis of typhasterol and teasterone analogs possessing the
spirostan side chain was achieved starting with 3a,6-cyclo-6-ketone
20. Reaction with sulfuric acid/ acetic acid and hydrolysis afforded
the teasterone counterpart 25. Mesylation of 25, followed by reflux-
ing with LizCOs in DMF yielded, under rearrangement, the 3a-formiate
27 and also in equal amounts the A\2?-6-ketone 21. Hydrolysis of 27
gave the typhasterol analog 28. Baeyer-Villiger oxidation of both
6-ketones 25 and 28 afforded the corresponding 6-o0xo-7-oxa lactones
26 and 29, respectively. )

Furthermore, starting with hecogenin 30, (R= 0), compounds with a
lactone function in the C ring and without functionality in the B
ring were synthesized. Introduction of the vicinal diol moiety in

the A-ring via mesylation, elimination and hydroxylation with OsO«/
NMMNO to the 2a,3a-dihydroxy-12-ketone 31, followed by Baeyer-Vil-
liger oxidation with MCPBA yielded the 12-o0xa-12a-oxo compound 32
and also equal amounts of the 12-oxo-12a-oxa isomer. Similarly,
starting with tigogenin 30, (R= H2), a 2a,3a-dihydroxylated compound
31, without functions in the rings B, C and D, was synthesized (Mar-
quardt, V.; Adam, G.; Alonso, E.; Coll,F., unpublished).

Microbial Transformation of Brassinosteroids. Until now, informa-
tion concerning the microbial transformations of brassinosteroids

has not been published. Such biotransformations could open novel
pathways to additionally functionalized members for structure-ac-
tivity investigations as well as provide information about possible
metabolic processes of such compounds. Furthermore, the intermediate
metabolites may have practical application.

From qualitative screening with a series of fungi and bacteria, we
selected the fungus Cunninghamella echinulsta as a primary model for
more detailed studies. For other steroids, the hydroxylating poten-
tial of this microorganism has been reported as leading to 6f-, 1la-
and 11p-functionalized compounds (12, 13). In our case the biotrans-
formation of (22S,23S)-homocastasterone 18 and (22S,23S)-homobras-
sinolide 3 was carried out in a submerged culture of the fungus at
28 °C using malt-yeast extract as the medium. Chloroform extraction
and SiO2 chromatography afforded, in both cases, more polar main
biotransformation products. Their structures were elucidated by
spectroscopy, especially NMR, as 12B-hydroxylated brassinosteroids

33 and 34, respectively, representing the first brassinosteroids
functionalized in that position (14).

In other model experiments, we studied the biotransformation of
2a,3a-dihydroxy-5a-cholestan-6-one 35, prepared from cholesterol,
having the structural functions of castasterone only in the A/B ring
moiety. In that case, the fermentation with AMycobacterium vaccae
led, via side chain degradation accompanied by typical transforma-



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch007

80 BRASSINOSTEROIDS: CHEMISTRY, BIOACTIVITY, AND APPLICATIONS

HO-.

HO " ;

36 37

tions in rings A/B, to both 17-ketones 36 and 37 yielded an insight
into the possible metabolic sequences of the castasterone type pos—
sessing the 2a,3a-dihydroxy-6-oxo structural feature (Vorbrodt,

H.M.; Adam, G.; Porzel, A.; Horhold, C.; Dihnhardt,S.; B6hme, K.H.
Steroids, in press).

Biological Aspects

Structure-Activity Relationships of Synthesized Analogs. In our
studies on structure-activity relationships, the highly sensitive

and specific rice lamina inclination test (15) was used as the assay
for our synthesized substances (Table I). (22S,23S)-homobrassinolide
3 and 24-epibrassinolide 2 were used as standards.

Table L Biological Activity of Selected Brassinosteroid Analogs in
the Rice Lamina Inclination Test

Compound Degree of bending relative to control at a
Ne concentration of
10 6 1 0,6 0,1 (ppm)
2 106 106 93 83
3 102 99 96 85
8 78 72 38 4
11 109 38 26
12 77 33 14
16 60 22
17 37 26
22(R1=Rz=H) 11 1
23(R1=Rz2=H) 76 47
23(R1=O0H,Rz=H) 21 10 20
28 35 32 26
29 84 66
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In comparing both seco series, we noted that in general the 2,3-seco
compounds were shown to be more active than the 6,6-seco deriva-
tives. The observed response of the 2,3-seco-tetrahydroxyketone 8
and of the 5-membered lactone 12 attained approximately 80% of the
response of (22S,23S)-homobrassinolide 3 at 10 ppm, althought activ-
ity decreased rapidly at lower concentrations. Interestingly, even

the 2,3-seco analog 11, possessing the 6-oxa-7-oxo lactone function-
ality, a structural feature which normally deletes brassinosteroid
activity, gave nearly the same response as the standards 2 and 3.
These results suggest that in spite of ring opening between C-2/C-3
the hydroxy functionality in compounds 8, 11 and 12 is capable of
markedly contribute to bioactivity.

Compared to these results the response of the 6,6-seco analogs 16
and 17 was shown to be considerably lower to those of the 2,3-seco
compounds. This reflects a more substantial change in the conforma-
tion of the molecular structure in these compounds, probably caused
by rotation around the C-9/C-10 bond.

Also, in the synthesized spirostan series, especially for the dios-
genin analog 23 and the corresponding 3a-hydroxy compound 29, the
observed responses in the rice lamina inclination test were dis-
tinct., The found activity for both analogs was determined to be
nearly 80% of the value for the standard 24-epibrassinolide 2 at 10
ppm. Similarly, as established for native brassinosteroids, activity
decreased to approximately 10% in going from the 6-oxo-7-oxa lactone
to the 6-keto type as shown for compounds 22 and 23. Introduction of
a 12B-hydroxy group, as in 23 (Ri= OH, Rz= H) suppressed the re-
sponse to 26% of the parent compound. All other synthesized spiro-
stan analogs showed no, or negligible activity (Creuzburg, D.;
Vorbrodt, H.M.; Marquardt, V.; Adam, G., unpublished).

These results lead to the conclusion that for brassinosteroid activ-
ity the spirostan side chain moiety is able to substitute, at least
partially, for the 22,23-vicinal diol function.

The 12p-hydroxylated (22S,23S)-homobrassinolide 34, obtained from 3
by microbial transformation showed, at concentrations of 10 ppm and
6ppm, the same response as the parent (22S,23S)-homobrassinolide 3.
However, on going to 1ppm its activity decreased rapidly.

Brassinosteroid-Induced Stimulation of Growth and Invertase Activity
in Radish Cotyledons. Brassinosteroids act as powerful plant growth
promotors stimulating the elongation of young stem tissues in a se-
ries of test systems. Among the more than 20 applied bioassays the
bioassay using AKRaphanus sstivus (16) is useful as a quite sensitive
whole plant assay. The occurrence of endogenous brassinosteroids in
Raphanus sativus was established only very recently, where casta-
sterone and brassinolide 1 have been identified from seeds by GC-MS
analysis (17). Comparative quantification experiments with seeds and
germinated seeds carried out by GC-SIM technique showed a remarkable
shift in the ratio of both constituents from 0.4:1 to 1:1.1 in

favour of the formation of brassinolide 1 during germination. This
supports the suggestion that castasterone represents a biogenetic
precursor of brassinolide 1.

In biological experiments with Azpfhanus sativus (var. Remo) we could
also establish the growth stimulating activity of brassinosteroids

on isolated radish cotyledons. Furthermore, we have found that this
effect is accompanied by a distinct activation of invertase (Andre-
as,W.; Vorbrodt, H.M.; Adam, G., unpublished).
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In these studies, a modified radish cotyledon test used as a stan-
dard bioassay for cytokinins (18), was employed. Treatment with
brassinolide 1 and (22S,23S)-hombrassinolide 3 resulted in a large
fresh-weight gain of radish cotyledons. With brassinolide 1, this
effect is markedly distinct at 2:10-1° M leading to a weight Iin-
crease of 60% with a concomitant increase at higher concentrations.
At 2-:10° M brassinolide 1 the weight increase amounts to 166%. As
expected, (22S,23S)-homobrassinolide 3 showed a weaker growth pro-
moting effect with an observed fresh weight increase of 48 and 120%
at concentrations 2-10-¢ and 2-10 M, respectively (Figure 1), A
similar stimulating effect connected with H*-extrusion in isolated
cotyledons has been reported for 24-epibrassinolide 2 (19).

x Brassinolide 1
o (22S,23S)-Homobrassinolide 3
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Figure 1 Effect of brassinosteroids on the
growth of radish cotyledons

The radish cotyledon test was originally developed as a standard
bioassay for kinetin (18) and the lowest threshhold for activity is
6-108 M. In our hands using 2:10-3 M kinetin as the control caused
a fresh weight increase of 117% indicating an activity of about the
same order as (22S,23S)-homobrassinolide 3. The observed data show
that the fresh-weight gain of radish cotyledons can be used also as
a bioassay for brassinosteroids. The sensitivity is very high lying
in the same order of magnitude as the mung bean epicotyl bioassay
which is used for brassinosteroids (20). In promoting expansion of
cucumber cotyledons, brassinolide 1 was found to be half as effec-
tive as kinetin. However, in three other cytokinin bioassays
brassinolide 1 was ineffective.

It has been assumed (21) that the fresh-weight gain of radish coty-
ledons by kinetin is due to the activation of de movo synthesis of
the hydrolytic enzyme invertase. Seeking a similar influence of
brassinosteroids on this enzyme we also found, that brassinolide 1
and (22S,23S)-homobrassinolide 3 treatment resulted in an increased
activity of the soluble invertase even to a remarkably higher extent
than kinetin in the case of brassinolide 1 (Figure 2). This increase
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Figure 2 Promotion of the invertase activity by
brassinosteroids compared to kinetin

in enzyme activity appears after a lag-phase between 12 and 24 hours
and is connected with increased protein production. Thus, our re-
sults suggest that brassinosteroids seem to stimulate the de novo
synthesis of invertase which is considered to represent an important
enzyme in plant growth processes (22).

Growth Stimulation on Higher Fungi. In many publications the growth
stimulating and antistress effects of brassinosteroids on higher
plants have been described indicating promising results for increas-
ing crop yields and fruit quality as well as overcoming unfavourable
environmental factors. However, until now no studies about the bio-
logical effects of brassinosteroids on fungi have been published.

For our first studies with higher fungi we selected the JBasidio-
mycete, Psilocybe cubensis (Earle) Singer, as a suitable species.

This subtropical fungus is well characterized by high growth stabil-
ity under different cultivation conditions (23). The cultivation of
the mycelium was carried out on malt agar and on a horse dung/rice
grain mixture. Using (22S,23S)-homobrassinolide 3, a strong promot-
ing effect on mycelial growth and fruiting has been observed (24).
Thus, in experiments with agar using 10-2 ppm (22S,23S)-homobras—-
sinolide 3 a 2 to 3 times faster mycelial growth was established
relative to control. In the dung/grain substrate, addition of 3
caused a fruiting of the mycelium in 3 - 3.5 weeks, whereas in the
control the sporocarps were formed within 4 to 6 weeks. Furthermore,
brassinosteroid treatment increased the number of fruiting bodies in
the first flush and caused a distinctly higher dry-mass than ob-
served in the controls (Table II). The normally observed formation
of incomplete fruit bodies was almost suppressed by brassinosteroid.
Comparable effects were found for /Psilocybe cubensis with brassino-
lide 1 and 24-epibrassinolide 2 as well as with (22S,23S)-homobras-
sinolide 3 using the second fungal species Gymnopilus purpuratus
(Gartz, J.; Adam, G.; Vorbrodt, H.M.; Marquardt, V., unpublished).

The observed strong growth promoting effects in mycelial cultures of
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Table II Growth-promoting Effect of (22S,23S)-Homobrassinolide 3
in Mycelial Cultures of Psilocybe cubensis (Earle) Singer

Cultivation with Control
10-2 ppm_brassinosteroid
Biomass (dry-mass) 34 - 3.7 ¢ 2.3 - 2.7 ¢
First sporocarps
produced (weeks) 3 - 356 4 - 4.6
Number of fruiting bodies
(first flush) 4 - 7 1 -2

both fungi suggest that brassinosteroids probably play a physiologi-
cal role in higher fungi also although the natural occurrence hith-
erto has not been reported. In addition, the practical use of
brassinosteroids in fungi of commercial value to produce fruiting
bodies from mycelium, iz vitroa, is suggested from our findings.
Thus, we are pursuing further studies In this direction.
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Castasterone was found to be a biosynthetic precursor of brassinolide
using Catharanthus roseus crown gall cells. However, castasterone was
not converted to brassinolide in tissues of mung bean and rice, indicating
that growth-promoting activity of castasterone observed in these tissues
was exerted by castasterone itself.

Brassinosteroids are distributed in a wide range of plants including dicots, monocots,
gymnosperms and algae (/-3). Recently, fern was found to contain brassinosteroids
(4). And Park and his coworkers found that Catharanthus roseus crown gall cells
produce brassinosteroids (5). Such wide occurrence of brassinosteroids in the plant
kingdom and their unique biological activities suggest that brassinosteroids are the 6th
plant hormone. A present as many as 24 natural brassinosteroids are known (Figure
1), although some of them have not yet been published. In addition, we have got
further evidence that many unknown compounds are present in plant tissues (6).
However, it is likely that not the all brassinosteroids are important because many of
these are distributed in a limited number of plant species and some are biologically
inactive by-products (6). Among them, brassinolide has a strongest biological activity
and has been found in more than one-third of plant species so far examined.
Castasterone was isolated as the second brassinosteroid and elicits high biological
activity also. Distribution of castasterone is the widest among brassinosteroids and is
found in most of the plant extracts so far examined. Some HPLC analytical data for
the occurrence of brassinolide and castasterone in shoot of Pisum sativum (Yokota et.
al. Gibberellin Symposium Tokyo 1989, Springer-Verlag, in press), young stem of
Phaseolus vulgaris (7) and seeds of Psophocarpus tetragonolobus, a tropical bean
plant (Yokota et. al, unpublished data) are shown in Figure 2. Therefore, these two
brassinosteroids seem to be the most important from physiological aspects and also
from biosynthetic aspects.

Figure 3 shows hypothetical biosynthetic pathway of brassinolide. Namely
campesterol or its analogs will be converted to teasterone via several steps of
oxidation, then successively oxidized to typhasterol, castasterone and brassinolide. In
parentheses, biological activities in the rice lamina inclination assay are shown. The

0097—6156/91/0474—0086$06.00/0
© 1991 American Chemical Society
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activity increases as oxidation proceeds, suggesting that the biosynthetic pathway
shown here might be plausible. However, another explanation might be possible that
the strength of biological activity is dependent on the structural similarity to
brassinolide.

This chapter deals with metabolism of castasterone and brassinolide and discusses
the question as to whether brassinolide is synthesized from castasterone. Furthermore
the question as to whether the biological activity of castasterone is mediated through
conversion to brassinolide is also discussed.

Tracers used in this study were 24,28-tritiated castasterone and brassinolide,
which were prepared by tritium catalytic reduction of dolichosterone and dolicholide,
respectively (7). Figure 4 shows a reverse phase HPLC profile of tritiated products of
dolicholide, in which brassinolide was a major component but, in addition, its 24-
epimer was also present in the product. Tritiated brassinolide was separated from its
24 epimer by this HPLC technique. In the case of castasterone, the product was
likewise purified by HPLC to separate tritiated castasterone from its 24-epimer.

Plant tissues used for metabolism were :(1) crown gall cells of Catharanthus
roseus in which castasterone and brassinolide are endogenous (5), (2) cutting of mung
bean seedling and (3) rice seedling and explants in which castasterone and
dolichosterone are endogenous (8). It is well known that brassinosteroids promote
elongation of mung bean seedling (9. 10) and bending of rice lamina ().

Metabolism of Castasterone in Crown Gall Cells of Catharanthus
roseus.

The extract of cells of Catharanthus roseus were partially purified by reverse phase
HPLC and were analyzed by GC-MS, disclosing that the major brassinosteroids in the
cells are brassinolide and castasterone (5). Change of the contents of brassinolide and
castasterone during cell growth was pursued by GC-SIM using Dg brassinolide and
Dg castasterone as internal standards (12). As shown in Figure 5, brassinolide and
castasterone rapidly increased after the 9th day. The maximum content of castasterone
was obtained on the 12th day and was about 200ng per flask, while the maximum
content of brassinolide was obtained on the 15th day and was about 400 ng per flask.
Cell weight reached a maximum on the 12th day, then declined. The fact that
castasterone was accumulated 3 days before brassinolide suggests that castasterone is
a precursor of brassinolide.

Tritiated castasterone was fed to 12-day-old crown gall cells and incubated for 2
days. Cells and medium were separated and were extracted with methanol. The
extracts were partitioned between chloroform and water. About 30 % of the
radioactivity was present in the cell, of which 20% was chloroform-soluble and 10%
was water-soluble. On the other hand, 70% of the radioactivity was in the medium, of
which 30% was chloroform-soluble and about 40% was water-soluble. These
fractions were partially purified, then analyzed by ODS HPLC. In the chromatogram
of the chloroform-soluble fraction obtained from cells, a distinct radioactive peak of
brassinolide was observed, the incorporation rate being 5% (Figure 6). Also, in the
case of the medium, a radioactive peak of brassinolide is observed, the incorporation
being 3.5%. The identity was further substantiated by isotope dilution method in
which the putative radioactive brassinolide was mixed with cold brassinolide and
repeatedly crystallized to constant specific activity. In the chromatogram of water-
soluble fractions, radioactive peaks due to brassinolide and castasterone, as well as
polar metabolites which were eluted with little retention were observed. From this
analysis, it is most likely that polar metabolites were the first produced, but, because
of their instability, it released aglycone during storage in refrigerator.

Thus it was found that Catharanthus crown gall cells convert castasterone to
brassinolide as well as conjugates of castasterone and brassinolide. Since
brassinosteroids have been reported to affect growth of cultured cells (I3-15),
endogenous castasterone and brassinolide in Catharanthus might have their own roles
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Figure 1. Structures of Natural Brassinosteroids
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Figure 2, HPLC Profiles of Brassinosteroids Contained in Shoots of
Pisum sativum (A), Young Stems of Phaseolus vulgaris (B) and
Immature Seeds of Psophocarpus tetragonolobus (C)

Biological activity was determined by the rice lamina inclination assay. HPLC
support and mobile phase: A, C;g silica and 45% acetonitrile; B, C1g silica and
45% acetonitrile; C, silica (Aquasil) and chloroform-methanol (95:5, 1% water).
Abbreviations: CS, castasterone; BL, brassinolide.
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Relative biological activities in the rice lamina inclination assay are given in
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Crown Gall Cells Fed with Tritiated Castasterone
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in cell growth. The conversion of castasterone to brassinolide also seems important
because the conversion apparently amplifies the biological activity.

Metabolism of Castasterone and Brassinolide in Mung Bean Cuttings

Radioactive brassinolide and castasterone (each 0.1 ppm) were continuously
administered to mung bean cuttings for 72 hr. Brassinolide induced elongation more
than castasterone. During 72 hr., absorption rates of brassinolide and castasterone
were both increased. After 72 hr., most of the absorbed radioactivity was retained in
hypocotyls while only a minor part of the radioactivity was found in epicotyls. The
radioactivity present in hypocotyls was separated into chloroform-soluble and water-
soluble fractions prior to analyzing by TLC and HPLC. In the case of tritiated
castasterone feeding, the radioactivity in the chloroform soluble fraction moved to the
castasterone region on TLC. The castasterone-like compound obtained from 72 hr.
incubation was identified as castasterone by ODS HPLC. However, any conversion
of castasterone to brassinolide was not observed. On the other hand, the radioactivity
in water-soluble fraction remained at the origin in the TLC analysis. In the HPLC
analysis, most of the radioactivity was rapidly eluted with little retention. This fraction
was hydrolyzed with pectolyase which is a mixture of strong hydrolases, but a major
part of water-soluble metabolite remained unchanged. Therefore, the major
components in the water-soluble fraction seem to be non-glycosidic.

In the case of tritiated brassinolide feeding, quite similar chromatographic profiles
were obtained. Namely, in the TLC analysis, the radioactivity in the aqueous phase
remained at the origin and the radioactivity of the chloroform phase moved to the
brassinolide zone. HPLC analysis showed that the chloroform fraction contained
unchanged brassinolide, while the aqueous phase contained a fast-moving polar
metabolite. In contrast with the tritiated castasterone feeding this metabolite seemed to
be glycosidic, because it was easily hydrolyzed by pectolyase to release brassinolide.
In order to isolate the brassinolide glycoside, a large amount of cold brassinolide was
fed to a number of bean cuttings. Extensive purification resulted in the isolation of the
brassinolide glycoside. This was hydrolyzed with 1N hydrochloric acid to yield
brassinolide and glucose. Glucose was rigorously identified by GC while brassinolide
was unequivocally identified by mass spectroscopy using GC-MS. In the positive
FAB mass spectrum, a cation due to M* plus sodium was observed at m/z 665,
indicating that the metabolite was composed of one mole each of glucose and
brassinolide. In the 400MHz proton NMR spectrum of the brassinolide glucoside, all
the protons attached to carbinol carbons were assigned by modern pulse techniques.
After acetylation, proton NMR was again determined and we found that C-23 proton
and anomeric proton do not suffer acetylation shift, indicating that C-23 hydroxyls are
glucosylated. Thus the metabolite of brassinolide in mung bean was determined as 23-
O-B-D-glucopyranosylbrassinolide (25). Interestingly, naturally-occurring conjugates
of brassinosteroids (23 and 24) isolated from Phaseolus vulgaris seed also have 23-
O-glucoside structures (16). Therefore, 23-0-glucosylation seems to be important in
the metabolism of brassinosteroids.

It is now evident that castasterone is not converted to brassinolide, indicating, in
mung bean, that the biological activity of castasterone is exerted by castasterone itself
instead of a conversion to brassinolide. The major polar metabolite derived from
brassinolide is its 23-O-glucoside while, in contrast, that derived from castasterone is
non-glycosidic.

Metabolism of Castasterone and Brassinolide in Rice Seedlings and
Etiolated Leaf Explants

In the first experiment, radioactive brassinolide and castasterone were fed to roots of
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Figure 7. Reverse Phase (C18 Silica) HPLC Analysis of Whole
Extract Obtained from Etiolated Rice Leaf Explants Fed with
Tritiated Castasterone for 72 hr.

Mobile phase, 45% acetonitrile.
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three-leaf stage rice seedlings (16). The seedlings were separated into roots, shoots
and seeds prior to extracting with methanol. Since it was found that most radioactivity
was localized in the roots, further analyses were restricted to extracts from the roots.
The methanol extract was partitioned between water and chloroform and then partially
purified on C18 cartridges and silica cartridges prior to HPLC analysis. In the case of
feeding of tritiated castasterone, polar metabolites were detected in both the chloroform
and aqueous fractions. However, no trace of brassinolide was found. After enzymic
hydrolysis by pectolyase, the polar metabolites did not release castasterone or its
congeners, suggesting that the metabolites are non-glycosidic. In the case of feeding
of tritiated brassinolide, polar metabolites were formed and were also found to be non-
glycosidic as in the castasterone feeding.

The rice lamina inclination assay is very sensitive to brassinosteroids (/7). In the
second set of studies, we examined the metabolism of radioactive castasterone in the
rice lamina assay (Yokota, T. et. al., unpublished data). The fate of tritiated
castasterone was monitored for 72 hr. During incubation, again brassinolide was not
detected. However, polar metabolites accumulated and the amount increased during
72 hr. (Figure 7). The polar metabolites seemed not to be changed after hydrolysis
using either enzyme, hydrochloric acid or sodium hydroxide.

Thus castasterone is not converted to brassinolide in either rice seedlings or
etiolated leaf explants, but it is metabolized to seemingly non-glycosidic compounds.
:I‘hz’i;qforg it might be postulated that castasterone seems to be biologically active by
itself in rice.

Concluding Remarks

From the present work, two important conclusions are drawn. First, from the
experiment using Catharanthus crown gall cells, castasterone can be assigned a sole
precursor of brassinolide. Secondly, in mung bean and rice, castasterone was
converted to non-glycosidic polar metabolites but was not converted to brassinolide.
Namely, castasterone exerts its biological activity even when not converted to
b;assinolide. In other words, castasterone seems to be biologically active in its own
right.
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Chapter 9

Production of Brassinosteroids in Plant-Cell
Cultures

Akira Sakurail, Shozo Fujiokal, and Hiroshi Saimoto?

Unstitute of Physical and Chemical Research, Wako-shi, Saitama 351—01,
Japan
2Somar Corporation, Soka-shi, Saitama 340, Japan

During the course of our investigation on production of plant hormones
in plant cell cultures, a strain of crown gall cells of Catharanthus roseus
was found to produce remarkable amounts of brassinosteroid-like
active substances, which were purified and identified as brassinolide
and castasterone by GC-MS. The contents in the cells were much
greater than those of the intact plant tissues. Then, we investigated the
production of brassinosteroids in other kinds of plant cells such as
crown gall cells or normal cells from C. roseus, tobacco and rice using
the bioassay of rice lamina inclination test. Crown gall cells containing
a high level of endogenous IAA or normal cells grown in media
containing auxins were found to produce varying amounts of
brassinosteroid-like active substances.

Brassinosteroids occur widely in higher plants and act as an endogenous plant
hormone in plant growth regulation (I). Their biological activity resembles those
of the other plant hormones, auxins, cytokinins and gibberellins (2, 3). The effects
of brassinosteroids on plant cell cultures have been reported, such as promotion of
growth of calluses of various plants in combination with auxin, that is similar to that
obtained with cytokinins (4). Sala and Sala showed that brassinosteroids induced
cell enlargement of cultured carrot cells but no cell division (5). Recently, Roth et al
reported that brassinosteroids were effective inhibitors of the growth of crown gall
cells from tobacco (6). These results suggest that plant cells produce brassino-
steroids in cultures, to regulate growth and proliferation, as endogenous regulators.
However, the presence of brassinosteroids in plant cell cultures has not yet been es-
tablished. We have been studying endogenous plant hormones in plant cell
cultures. During the course of our examinations, we found that a strain of crown
gall cells from Catharanthus roseus G.Don (Vinca rosea L.) produced remarkable
amounts of brassinosteroid-like active substances, which were detected by the rice
lamina inclination test. This finding provides the possibility that plant cell cultures
could not only be used for industrial production, but may also be useful tools for
elucidating biosynthetic pathways and for physiological studies of brassinosteroids.

0097—-6156/91/0474—0097$06.00/0
© 1991 American Chemical Society
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Identification of Brassinosteroids Produced by Crown Gall Cells of
Catharanthus roseus

Two kinds of crown gall cells were generated from Catharanthus roseus through
transformation by two different strains of Agrobacterium tumefaciens carrying dif-
ferent Ti-plasmids. As shown in Table I, V208 cells produce nopaline as the char-
acteristic amino acid of crown gall cells, and V277 cells produce the amino acid oc-
topine. Each cell line was grown as suspension culture in Murashige-Skoog
medium at 27°C by shaking at 100 rpm in the dark. Both cells showed the same
growth as unorganized cell aggregates under this condition.

Table I. Crown Gall Cells of Catharanthus roseus (Vinca rosea L.)

Cell Line Induced Strain Ti-Plasmid Opine Type
V208 A. tumefaciens A208 pTi-T37 nopaline
V277 A. tumefaciens A277 pTi-B6 806 octopine

Detection of brassinosteroid-like active substances. The cells were har-
vested in several growth stages and extracted with methanol. After the removal of
methanol, the extract was subjected to solvent fractionation by usual method to give
an ethyl acetate soluble neutral fraction (NE fraction). The content of brassino-
steroid-like active substances in the fraction was examined by rice lamina inclination
test using a cultiver "Koshihikari", which is the most sensitive bioassay for brassi-
nosteroids (7). The results are shown in Figure 1. The cell extract of V208 was
found to produce remarkable amounts of brassinosteroid-like active substances at
the early stationary phase of growth. The culture filtrates were also extracted with
ethyl acetate, and the biological activity of the NE fractions was examined. As
shown in Figure 1, the contents in the filtrates were much less than that of the cell
extracts. Brassinosteroid-like active substances in the cell cultures were
accumulated in the cells. On the other hand, V277 extract showed a little activity in
every growth stage. The difference in the production between V208 and V277 cells
will'lgg discussed later. Identification of brassinosteroids in V208 cells was then
carried out.

Identification of the active principles. V208 cells from 13-day-old cultures
were collected and about 1 kg of the cells were extracted with methanol. The NE
fraction of the extract, obtained by solvent fractionation, was purified successively
with silica gel, Sephadex LH-20 and carbon column chromatography. The active
fraction was finally purified by HPLC on an ODS column. As shown in Figure 2,
the biological activity was detected in the two fractions designated A and B.
Retention times of the fractions corresponded to those of brassinolide and
castasterone, respectively. Identification was accomplished by GC-MS analysis of
the methane-boronate derivatives of these fractions. The retention times in GC and
the full mass spectra of the bismethaneboronate derivatives of fraction A and B were
identical with those of brassinolide and castasterone, respectively. Thus, structures
of brassinosteroids produced by V208 cells were unambiguously identified as
brassinolide and castasterone as shown in Figure 3 (8). The total content of
brassinosteroids in the cells was estimated to be 30-40 pg/kg fresh weight from the
biological activity.
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Figure 1. Growth profile and brassinosteroid contents of C. roseus crown gall
cells. Open circle: yields of cells; open column: brassinosteroid content in the
cells; closed column: brassinosteroid content in the culture filtrate.
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Figure 3. Structures of brassinosteroids in C. roseus crown gall cells of V208.
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Production of Brassinosteroid-like Active Substances by Plant Cells

Cell lines and culture conditions. We further studied on the production of
brassinosteroid-like active substances in plant cells which were available in our
laboratory listed in Table II. Apart from the crown gall cells of V208 and V277,
normal cells of Vn were derived from normal tissues of Catharanthus roseus, and
grown in medium containing 2,4-D. The three kinds of crown gall cells from
Nicotiana tabacum (tobacco) referred to as 3n-series were generated through
transformation by the same Ti-plasmid as in the case of V208. Of the
transformants, three different morphological clones of 3n-3 (shoot-forming
teratoma), 3n'-6 (compact unorganized callus) and 3n'-3R (friable unorganized
callus) were obtained (9). Each cell line was grown as callus of different
morphology on agar medium. CG is an octopine-type crown gall cells obtained
from tobacco through transformation by A. tumefaciens of different strain from
that of V277 (10). BY-2 was derived from normal tissues of tobacco and grown in
the medium containing 2,4-D. The line 2b-13, generated by habituation of BY-2,
was grown in the medium without addition of any plant hormones (10). The two
cell lines of Oc208 and Oc are from Oryza sativa (rice). Oc208 was obtained
through transformation of rice cells by introducing the same Ti-plasmid as that of
V208 and grown without any plant hormones in the medium. Oc was derived from
normal rice tissues and grown in medium containing 2,4-D. Each of these lines was
cultured under the conditions shown in Table II and harvested in several growth
stages.

Examination on the production of brassinosteroid-like active sub-

stances. The cells were extracted with methanol, and the NE fractions of the
extracts were subjected to bioassay using the rice lamina inclination test by the same

Table II. Cultured Cells Examined for Brassinosteroid Production

CellLine Origin Characteristics Culture Condition

V208 Catharanthus crown gall cell MS3, suspension®

V277 roseus crown gall cell MS, suspension

Vn normal cell MS+2,4-D (0.5 ppm),
suspension

3n-3 Nicotiana crown gall cell MS, agard

3n'-6 tabacum crown gall cell MS, agar

3n'-3R crown gall cell MS, agar

CG crown gall cell LSb,suspension

BY-2 normal cell LS+2,4-D (0.5 ppm),
suspension

2b-13 habituated cell LS, suspension

0Oc208 Oryza sativa crown gall cell MS, suspension

Gc normal cell MS+2,4-D (1.0 ppm),
suspension

3 Murashige-Skoog medium supplement with 3% sucrose.

b Linsmaier-Skoog medium supplement with 3% sucrose.

¢ Cultured by reciprocal shaking at 100 rpm in the dark at 27°C.
d Cultured in the dark at 27°C



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch009

9. SAKURAIET AL.  Production in Plant-Cell Cultures 101

Table III. Contents of Brassinosteroid-like Active Substances

and Auxin
Endogenous Auxin added
Plant Material Cell Line Activity of Auxin to Medium
Brassinosteroid__IAA (ng/g fw.) 2,4-D (ppm)
Catharanthus roseus
Cultured Cells V208 ++++ 680 -
V277 + 36 -
Vn +++ 21 0.5
Shoots and Leaves +
Nicotiana tabacum
Cultured Cells  3n-3 + 1.4 -
3n'-6 + 1.5 -
3n'-3R + 3.6 -
CG ++ 630 -
BY-2 ++ 2.4 0.5
2b-13 - <1 -
Shoots and Leaves +
Oryza sativa
Cultured Cells  Oc208 ++ 10 -
Oc +++ 2.3 1.0
Shoots and Leaves +

Activity of brassinosteroid is expressed as, -: not detected, +: <0.1, ++: 0.1-1,
+++: 1-10, ++++: 10-100 ng/g f.w. equivalent to brassinolide.

procedure as described before. Some representative results are shown in Figure 4
and 5. As shown in Figure 4, octopine-type crown gall cells of tobacco, CG,
produced more amounts of the active substances than nopaline-type cells of tobacco,
3n-3. The other cell lines of 3n-series with different morphologies gave similar
results to 3n-3, even though they are the same type of crown gall cells as V208.
Figure 5 showed that normal cells from C. roseus, and tobacco, produced varying
amounts of the active substances.

The results of all cell lines examined are summarized in Table ITI, together with the
contents in the mother plants of shoots and leaves. The mother plants of C. roseus,
tobacco and rice were grown in a glass house under natural light. Shoots and leaves
approximately 10 to 20 cm in length were harvested and extracted with methanol.
The biological activity of the NE fractions of the extracts was examined in the same
manner as those of the cell extracts.

From the results so far obtained, certain crown gall cells and normal cells from C.
roseus, tobacco and rice were found to produce brassinosteroid-like active sub-
stances, and their amounts were greater than that of their mother plant tissues. Since
normal cells produced the active substances and the production by crown gall cells
did not depend on their tumor types, T-DNA transformed to the cell genome is not
directly involved in the production. Therefore, the production of brassinosteroid-
like active substances was found to depend on neither the original plant nor the Ti-
plasmid of crown gall cells.
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Effects of Plant Hormones on Production of Brassinosteroids in Cell
Cultures

As described in the first section, two crown gall cell lines of V208 and V277 from
C. roseus showed remarkable difference in the production of brassinosteroids. That
is, nopaline-type cells of V208 produced greater amounts of brassinosteroids than
octopine-type cells of V277. It seems probable, therefore, that there must be some
differences in levels of endogenous plant hormones between these cell lines of dif-
ferent tumor types, even though both cells grow in a similar manner as unorganized
cell aggregates. Consequently, the endogenous levels of cytokinins and IAA in
V208 and V277 cells were analyzed (11).

Analysis of endogenous cytokinins. The cells, cultured in the same condi-
tion as described before, were harvested in several growth stages and extracted with
80% methanol. The extracts were purified successively with Cellulose P-1, HPLC
on a Hitachi gel 3011C and on an ODS column. Two fractions containing ribo-
sylzeatin and zeatin were obtained, and each fraction was subjected to a combined
gas chromatography-selected ion monitoring mass spectrometry (GC-SIM) analysis
after derivatization to trimethylsilyl ethers. Quantification of zeatin and ribosylzeatin

was made by using internal standards of ds-trans-zeatin and ds-trans-ribosylzeatin
which were added before purification. The results are shown in Figure 6.

The main cytokinins in crown gall cells of C. roseus have been shown to be trans-
ribosylzeatin (12). Our results also showed that levels of trans-ribosylzeatin were
much higher at the early growth stage than that of trans-zeatin in both types of cells.
The levels of trans-ribosylzeatin in V277 cells was higher than that in V208 cells.
trans-Zeatin was at a higher level in 9-day-old cells of V208 than those of V277
cells. However, the levels of the cytokinins fluctuated during the growth stages.
No distinct differences between V208 and V277 cells were observed in the
endogenous levels of cytokinins.

Analysis of endogenous IAA. The extracts of cells with methanol were sub-
jected to solvent fractionation using methylene chloride to give methylene chloride
soluble acidic fractions. The fractions were purified by HPLC on an ODS column
and finally by HPLC on a Nucleosil SN(CH3); column with a fluorescent detector.
Quantification was made by using an internal standard of indole-3-propionic acid
which was added before purification. The results are shown in Figure 7.

Levels of IAA in V208 cells were much higher than that in V277 cells in every
growth stage. Content of IAA in V208 cells reached 20-fold much more than that of
V277 cells at the maximum stage. Because a great difference in the endogenous
levels of IAA was found between V208 and V277 cells, we compared levels of aux-
ins in the culture of cell lines examined in the second section. Endogenous levels of
IAA in Vn, BY-2, Oc208 and Oc were analyzed by the same methods as described
above, and those in 3n-series cells (9), CG (13) and 2b-13 (10) are based on re-
ported data. As shown in Table III, crown gall cells of V208, CG and Oc208, were
highly productive of brassinosteroid-like active substances, contained relatively high
levels of endogenous IAA. Moreover, normal cells of Vn, BY-2 and Oc, though
they contained low levels of endogenous IAA, and were cultured in the presence of
2,4-D, produced varied amounts of brassinosteroid-like active substances. On the
other hand, little production of brassinosteroid-like substances was detected in the
culture of crown gall cells of 3n-series and habituated cells of 2b-13 which con-
tained low levels of IAA.

Effects of exogenous auxins on the production of brassinosteroids.
As far as these results are concerned, production of brassinosteroid-like active sub-
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Figure 4. Growth profile and brassinosteroid contents of tobacco crown gall
cells. Open circle: yields of cells; open column: brassinosteroid content in the
cells.
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C. roseus crown gall cells. Brassinosteroid contents in the cells are expressed
as the response in the rice lamina inclination test.
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stances in plant cells may be related to auxin levels in the cultures. The bioassay
using rice lamina inclination tests used in this study is known to respond to auxins
(14). The response of rice lamina inclination to brassinolide was examined in the
presence of various doses of 2,4-D. Response of 2,4-D at a single dose of 100 pg
was almost equivalent to that of brassinolide at a single dose of 2 ng. In the
presence of both chemicals, the response of rice lamina inclination was additive, but
no synergistic effects were detected. This observation indicates that 2,4-D in the
cultures does not affect the bioassay for brassinosteroids.

Therefore, we examined the effect of 2,4-D added to the medium on production of
brassinosteroids using V208 and V277 cells. However, addition of 10 ppm of 2,4-
D to the culture medium at the start of the culture process caused growth inhibition
of the crown gall cells. Therefore, 2,4-D was added to the medium when cultures
were 10-days old. After culturing another 4 days, the cells were harvested and ex-
tracted with methanol. Brassinosteroid activity of the NE fractions of the cell ex-
lt;'.acts w8as examined by the rice lamina inclination test. The results are shown in

igure 8.

The octopine-type cells, V277, low in endogenous IAA and less prolific in brassi-
nosteroid production, were enhanced in the production of brassinosteroid-like active
substances by addition of 2,4-D at the concentration of 1 to 10 ppm. Even in V208
cells containing high level of endogenous IAA, the production was also increased
by the addition of 2,4-D. The effects of other auxins such as IAA and NAA were
examined by the same procedure. The production of brassinosteroid-like active
substances was increased by the addition of IAA or NAA. Among them, 2,4-D ap-
peared to be the most effective. In the results so far obtained, the production of
brassinosteroid-like active substances in plant cell cultures seems to be related to
auxin le\‘/iel; that is, high auxin level in the culture promotes the production of brassi-
nosteroids.
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Chapter 10

Microanalysis of Naturally Occurring
Brassinosteroids

Suguru Takatsuto

Department of Chemistry, Joetsu University of Education, Joetsu-shi,
Niigata 943, Japan

During the past decade, studies on brassinosteroids have greatly
widened our knowledge of the new steroidal plant hormones. This
review summarizes the studies on brassinosteroids from the view
points of bioassays and microanalyses. Highly sensitive and specific
bioassays, being employed to isolate brassinosteroids from plant
sources, are (i) bean-second internode assay, (ii) rice-lamina inclination
test, and (iii) wheat leaf unrolling test. Microanalyses for brassinos-
teroids have been developed using (i) gas chromatography/mass spec-
trometry, (i) high-performance liquid chromatography, and (iii) ra-
dioimmunoassay. The bioassays and the microanalyses have greatly
contributed to the studies on identification of many natural brassinos-
teroids and also to their distribution in plant kingdom.

Brassinolide (BL) and/or its related steroidal compounds are known collectively as
brassinosteroids (BRs). BL, present at 0.1 mg/kg in rape (Brassica napus L.) pollen,
was the first SR isolated in 1979 in a crystalline form as a new plant growth promoter
and its structure was determined by spectroscopic analysis and X-ray diffraction to be
(22R,23R, 24S)-2a,32,22,23-tetrahydroxy-24-methyl-B-homo-7-oxa-5a-cholestan-
6-one (1). In 1982, another new BL-related compound termed castasterone (CS), was
isolated in pure form from the insect galls of chestnut (Castanea crenata) and its struc-
ture was determined by spectroscopic methods to be (22R,23R,24S5)-2a,30,22, 23-
tetrahydroxy-24-methyl-5a-cholestan-6-one (2). CS differs from BL only in B-ring
functionality. Rape pollen was later shown to contain CS (3). After the discovery of
BL, chemical synthesis of BL and its related compounds, physiological study of them,
and study of the structure-activity relationship were intensively and extensively carried
out by many scientists. After these investigations, BL, 28-homoBL, and 24-epiBL,
have been tested for many years for their practical applications in agriculture fields.
These BRs have been shown to possess the following characteristics: promotion of
germination and plant growth, raising of ripening, thickening promotion, recovery
from stresses under various conditions unfavorable for plants, and effects on flowering
or its differentiation. Several excellent reviews on these subjects are available (3-11).

0097—6156/91/0474—0107306.00/0
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In isolating these BRs from plant sources, bioassays sensitive and specific to
BRs are indispensable. The bean-second internode assay was used to isolate BL from
the rape pollen, and rice-lamina inclination test was used to isolate CS from the insect
galls. After these works, the latter bioassay has been widely employed in Japan to suc-
cessfully isolate BRs from a number of plant sources, because of its simplicity, high
sensitivity, and specificity for BRs. It has now been believed that BRs are ubiquitous-
ly distributed in higher plants (phanerogams). Some lower plants (cryptogams) have
been investigated for the presence of BRs and positive results have been obtained.
These data strongly suggest that BRs occur widely in plant kingdom, like other known
plant hormones, and that BRs play some physiological functions in plant growth and
development.

Microanalytical methods for BRs have also been developed:(i) gas chromatog-
raphy/ mass spectrometry (GC/MS) analysis of BRs as bismethaneboronate (BMB)
derivatives (/2) or methaneboronate-trimethylsilyl (MB-TMS) derivatives (I3), (ii)
high performance liquid chromatography (HPLC) analysis of BRs as bisboronate
derivatives having a fluorophore or an electrophore (I4), (iii) Radioimmunoassay
(RIA) for BRs (I5). Among these microanalytical methods, the GC/MS analysis has
greatly contributed to the study on identification and characterization of a number of
natural BRs.

In this review, I summarize the BRs research from the following points: (i) dis-
u}bllalgon of BRs in plant kingdom, (ii) bioassays for BRs, (iii) microanalytical methods
o S.

Distribution of Brassinosteroids in Plant Kingdom

Since the discovery of BL and CS, intensive and extensive studies on isolation of new
BRs from plant sources and on screening of BRs in plant kingdom have been made
mainly by Japanese scientists. In these studies, a sensitive and specific bioassay, rice-
lamina inclination test (16), and a GC/MS analysis (12,13) have been very effective
and useful. Until now, twenty four BRs have been isolated and their structures have
been chemically characterized (5). The BRs are found to be distributed in angiosperms
(dicots and monocots), gymnosperms, and alga. In addition, Abe et al., have exam-
ined the pollens of 8 species of higher plants and they have identified BRs in these pol-
lens (17). From these results and the bioassay data of Mandava (3), it is most plausi-
ble that BRs are widely distributed in higher plants (phanerogams), as in the case of
other known plant hormones. Some lower plants (cryptogams) have been investigated
for the presence of BRs. Green alga, Hydrodictyon reticulatum has been reported to
contain BRs (18), and in fern, Equisetum arvense L., specific biological activity for
BRs has been obtained by the rice-lamina inclination test and BRs have been tentative-
ly identified by HPLC analysis (19). We have recently noticed the presence of BRs-
like bioactive substances in a highly purified fraction from Chrollera pyrenoidosa,
which was obtained by the rice assay (Takatsuto, S.; Abe, H., unpublished data).
These data strongly suggest that BRs also occur in lower plants, and that BRs play
some physiological functions in plant growth and development. It is now believed that
BRs are ubiquitously distributed in the plant kingdom.

As far as the amount of BRs content in plant tissues is concerned, pollens are
the richest sources of BRs, immature seeds have also high content of BRs, while
shoots and leaves have lower levels (3,4,7). Roots have not yet been examined. Other
interesting tissue is insect gall. The galls of Castanea crenata and Distylium racemo-
sum have higher levels of BRs than the normal tissues (20,21). Another high BRs
content tissue is the crown gall (nopaline type) cells of Catharanthus roseus (22). The
crown gall cells have higher contents of BL and CS than the normal cells.

In the same plant tissues the young growing tissues are likely to have higher
contents of BRs than old tissues. In Dolichos lablab immature seeds, BRs content is
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higher at a younger stage of the seed (4). In the pollens of green tea (Thea sinensis)
and lily (Lillium longiflorum), the bioactivity by rice-lamina inclination test increased
as pollens grew mature and it reached the maximum value just before anthesis and after
the anthesis the activity decreased (23). The research is interesting both because BRs
occur in pollens at a high level, compared with other tissues and because the result sug-
gestsi the possibility that BRs should play an important role in the regenerative growth
regulation.

Among the plants thus far investigated, CS occurs most frequently and BL is
the next one. Therefore, these two BRs are believed to be important. In most plants,
several kinds of BRs are found. In this respect, it is interesting that more than 30 BRs
including unknown compounds (partial structures being determined by GC/MS anal-
ysis) occur in immature seeds of Phaseolus vulgaris (24). Based on the data, it is
likely that the number of natural BRs will increase in the future.

Structural features of natural BRs are summarized as follows (3-5, 7). All nat-
ural BRs contain a steroid nucleus (most of them with the oxygen function in the B-
ring) with a side chain at C-17. Other common features for all BRs, in addition to -
oriented angular C-18 and C-19 methyl groups, are (a) a-orientation at C-5 (A/B ring
junction; (b) a-oriented hydroxyl groups at C-22 and C-23 (side chain); and (c) a-
oriented hydroxyl groups (cis-geometry) at C-2 and C-3 in ring A of the steroid
nucleus (exceptions: typhasterol contains only one hydroxyl group at C-3 in the o
position and teasterone contains a p-hydroxyl at C-3 only; both compounds lack
hydroxyl at C-2). BRs generally differ in functional groups at C-24 (steroidal side
chain): CHs, BL and CS; =CHj,, dolicholide (DL) and dolichosterone (DS); =CH-
CHj3, homoDL and homoDS; and CHs, 28-homoCS. BRs lacking the substituent at
C-24 have also been isolated. They are 28-norBL and 28-norCS.

The structural relationship between phytosterols and BRs has been proposed
from the biosynthetic points of view. All naturally occurring BRs possess carbon
skeletons identical to those of common phytosterols (e.g., campesterol, 24-methylene-
cholesterol, isofucosterol, sitosterol, and cholesterol). Thus, BRs may be speculative-
ly regarded as the enzymatic oxidation products of phytosterols with the corresponding
carbon skeletons, as is the case of the biosynthesis of other steroid hormones (e.g.,
ecdysteroids (25) and 1,25-dihydroxyvitamin D3 (26)). Although BL has recently
been proved to be biosynthesized from CS in crown gall cells of Catharanthus roseus
(27), a major part of the biosynthesis of BRs is remained to be investigated. Experi-
ments using radio-labeled precursors are required to clarify the biosynthesis of BRs in
a suitable plant system.

Bioassays for Brassinosteroids

Since the isolation of BL, BL and its related compounds have been tested by a number
of bioassays originally designed for known plant hormones. BRs have been shown to
have a broad spectrum of biological activities (3,4,8). Structure-activity relationship of
BRs has also been clarified by bean second-internode bioassay, bean first-internode
bioassay, raphanus test, tomato test, and rice-lamina inclination test (28-31).

Development of bioassays for the isolation of bioactive compounds from natu-
ral sources has played an important role in recent natural products chemistry. For the
isolation and purification of BRs from plant sources, highly sensitive and specific
bioassays are indispensable, because of the very low concentration of BRs in plants.
The following three bioassays have been employed for the BRs purification procedure
to guide the fractionation.

(1) Bean Second-Internode Bioassay
The bean second-internode bioassay was used for the isolation of BL from the
pollen of rape (Brassica napus L.) (I). The procedure of the bioassay is described in
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the literature (32). Plants were grown at 25-27°C with light 7.5 kilolux in 12-h peri-
ods. The test compound was dispersed in lanolin, and the mixture was applied to the
second internode of each 6-day-old bean seedling (Phaseolus vulgaris L., pinto vari-
ety). The internode was no more than 2-mm-long to ensure the optimum effect. Con-
trol plants were treated with lanolin only. After four days the increase in internode
length of the treated plants compared with the controls was recorded. Test plants
showed not only elongation but also curvature, swelling, and splitting of the intern-
odes, depending on the amount of BL. Both natural and synthetic BL gave elongation
with curvature and swelling at 0.01ug and splitting of the internodes at 0.1 pg. Syn-
thetic isomers of BL and ketone type BRs were also found to be active but at a higher
concentration than natural BL. Although in this bioassay gibberellins cause only elon-
gation of the treated and upper internodes, BRs characteristically evoke both cell
elongation and cell division resulting in elongation, swelling, curvature, and splitting
of the second internode. Auxins and cytokinins are not detected by this bioassay.

(2) Rice Lamina Inclination Test

Rice lamina inclination test, originally developed as a bioassay for auxins, has
been found to be a highly sensitive and specific bioassay for BRs (16). The bioassay
has been used to guide the fractionation during the purification procedure of the plant
extracts, successfully resulting in isolation and identification of a number of BRs with
both lactone and ketone groups in the B-ring. 2-Deoxy compounds (typhasterol and
teasterone) have also been isolated by this test (33-35). The rice test is routinely em-
ployed at the purification steps mainly by Japanese scientists. This test has also been
developed as a microquantitative assay for BL and CS in the concentration range of 5 x
10-5 to 5 x 10-3 ug/ml (36).

Etiolated seedlings of the rice cultivars Arborio J-1 and Nihonbare were grown
for seven days, and uniform seedlings were then selected. Leaf segments, which con-
sisted of the second leaf lamina (0.7 cm long) and the second lamina joint and sheath
(0.7 cm long), were excised. These segments were floated on distilled water for 24 h,
after which uniformly bent segments were selected. Eight of these segments were in-
cubated in 1 ml of 2.5 mM aqueous dipotassium maleate solution containing the BRs.
After the segments had incubated for 48 h at 29°C in darkness, the magnitude of the
angle induced between the leaf and sheath was measured.

In the rice test with both cultivars, a linear correlation was obtained between 5 x
1073 and 5 x 10°5 pug/ml for BL and CS. The induced angles leveled off at higher con-
centrations. Indole-3-acetic acid (IAA) was tested and was found to produce only a
weak effect, five orders of magnitude less than BL. Cytokinins were inactive and actu-
ally counteracted the effect of BL. Abscisic acid (ABA) also counteracted the effect of
BL. This assay is thus highly specific for BRs and is also the most sensitive, concen-
trations as low as 0.05 ng/ml of BL being readily detected.

Koshihikari cultivar has also been used as a highly sensitive plant in this test
(20). Dipotassium maleate is not necessarily indispensable for the bioassay, and with-
oult this, the detection limit of BRs was found to be the same as its addition in test
solution.

(3) Wheat Leaf Unrolling Test

Wheat leaf unrolling test has been developed by Wada et al. (37), in which BRs
showed strong activity. Wheat seedlings (Triticum aestivum L. cv. Norin No. 61)
were grown in darkness at 26°C for six days, and leaf segments (1.5 cm long) were
excised from the region 1.5-3.0 cm from the leaf tip under a dim green safe light. Ten
of these segments were incubated in 1 ml of 2.5 mM dipotassium maleate solution con-
taining the test sample for 24 h at 30°C in the dark. The unrolling of the leaf segment
was determined by measuring their width with calipers.
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BL and CS dramatically stimulated wheat leaf unrolling, their activity being
dose dependent. At 0.5 ng/ml both compounds markedly stimulated unrolling, and at
0.01 pg/ ml or higher, BL produced complete unrolling of the leaf segments to about
3.6 cm. This assay is about one-tenth as sensitive as the rice-lamina inclination test,
but it is simpler to carry out. GAj3 produced only slight unrolling at 0.1 to 10 pg/ml,
as did the cytokinin 6-(3-methyl-2-butenyl)aminopurine. However, zeatin, 6-(4-hy-
droxy-3-methyl-2-butenyl)-aminopurine, caused complete unrolling at 1 pg/ml and had
a measurable effect at 0.001 pg/ml. ABA, IAA, and indole acetonitrile inhibited un-
rolling of leaf segments.

There have been some reports of the isolation of BRs from plant sources, em-
ploying the wheat leaf unrolling test as a bioassay; BL was isolated in pure form from
the stems of Solidago altissima L.(38), CS was identified by the GC/MS analysis from
the highly purified fraction of the immature seeds of corn (39). Similarly, BL, CS,
and 28-homoCS were identified in the immature seeds of wheat (Triticam aestivum L.)
(40). These reports suggest that isolation and purification of BRs from plants are suc-
cessfully guided by the wheat leaf unrolling test.

Highly sensitive and specific bioassays are indispensable for the studies of iso-
lation of BRs from plant sources. The above-described three bioassays have greatly
contributed to the study of BRs and will continue to do so in the future.

Microanalytical Methods of Brassinosteroids

As reported in the structural determination of BL, CS, DL, and typhasterol, MS is an
essential technique for BRs isolated in pure form. However, in most cases, isolation
of BRs in pure form is time-consuming and tedious work because of their very low
concentration in plant materials. BRs are highly polar and involatile compounds.
Therefore, conversion of BRs into volatile derivatives in gas phase makes it easy to
characterize BRs in a partially purified bioactive fraction by GC/MS or GC/selected ion
monitoring (SIM), which are analytical techniques most frequently used in natural
products chemistry. The desired derivatives of BRs are BMBs or MB-TMSs. Another
convenient and useful technique is HPLC. HPLC has now been routinely and effec-
tively employed in the purification of natural BRs. Microanalysis of BRs by HPLC
has recently been developed, which involves transformation of BRs into derivatives
with a fluorophore or an electrophore by use of pre-labeling reagents. Immunoassay
techniques to analyze plant hormones have recently advanced and are readily accessible
by plant physiologists. RIA for BRs has also been developed. In this section, micro-
analytical methods of BRs using GC/MS (SIM), HPLC, and RIA are described.

(1) GC/MS(SIM) Microanalysis

An analytical method of BRs by GC/MS(SIM) was developed by Takatsuto et
al.(12,13,21). BRs are converted into a volatile derivative by use of the presence of
two pairs of vicinal hydroxyl groups to prepare the BMB derivative of BRs. The
derivative is suitable for gas phase analysis and also for analysis of fragmentation ions
in electron impact (EI)-mass spectra. The BMBs of BL, 28-homoBL, 28-norBL and
their corresponding 6-keto analogues, were well separated on GC using packed and
capillary columns (capillary column showed better resolution) and gave sharp peaks.
In EI mas spectrum of BL BMB, a weak molecular ion (M* = 528) was obtained and
stronger peaks at m/z 457(Cy3-Caq4 fission), 374(Cyo-Ca2 fission), 345(Cy7-Cyp fis-
sion), and 332(B-ring fission). The base peak was at m/z 155(C2¢-C2 fission). In
the case of EI mass spectra of BMB derivatives of 6-keto BRs, intensive molecular
ions and strong ions resulting from the similar fissions of the side chain were obtained.
Characteristic fragmentation patterns of BMB derivatives of BRs in EI/MS are summa-
rized in our previous review (41). In the case of 2-deoxyBRs (e.g., teasterone, ty-
phasterol), the side-chain was first methaneboronated and then the remaining 3-hy-
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droxyl group was trimethylsilylated (13). The MB-TMS derivatives were also equally
suitable for GC/MS analysis.

The GC/MS method has successfully been applied to identify traces of natural
BRs from plant sources. When a sufficient amount of purified BRs was obtained from
plants, full mass spectrum is taken by EI-MS. Our recent example is the identification
of BL, CS, and 28-norCS in the pollen of sunflower (Helianthus annuus L.) (42).
Full mass spectra of the BMB derivatives of these BRs were obtained and rigorous
identification of them was made in this study.

In the cases of much lower content or crude samples, GC/SIM was found to be
effective in detecting BRs. In the chemical ionization (CI) mass spectra the M+1 ions
were the base peaks. The presence of these peaks could be used to detect BRs. By the
technique of GC/SIM, BL (detected as its BMB, m/z 529) and CS (BMB, m/z 513)
were found in extensively purified fractions from extracts of the immature seeds and
sheaths of the Chinese cabbage, Brassica campestris var. pekinensis (43), the leaves of
green tea, Thea sinensis (44), and chestnut (Castanea crenata) galls (45). The GC-
SIM method was capable of detecting BRs at the picogram level. Using the GC/SIM
method, rigorous identification was also attained by GC/high resolution (HR)-SIM
technique. The technique was applied to the identification of BRs in the pollens of
broad bean (Vicia faba L.) (46) and buckwheat (Fagopyrum esculentum Moench) (47).
A highly purified bioactive fraction from buckwheat pollen was derivatized with
methaneboronic acid and the resulting BMB derivatives were analyzed by the GC/HR-
SIM method using a capillary column in the EI-MS mode. Under our GC/MS condi-
tions, authentic BMB derivatives of CS and BL were eluted at 13.56 and 15.16 min,
respectively. The SIM results of the derivatized samples obtained from the active frac-
tion are presented in Fig. 1. Monitoring of the molecular ion of CS BMB at m/z
512.3842 and that of BL BMB at m/z 528.3791 exhibited sharp peaks with the same
retention times as those of authentic BMBs, thereby establishing rigorously the pres-
ence of BL and CS in buckwheat pollen.

Deuterio-labelled BRs have been synthesized (48). Quantitative analysis of nat-
ural BRs by the GC/MS method employing the deuteriated BRs has been carried out
(49). In order to understand the growth retardation mechanism of S-uniconazole, the
shoots of Pisum sativum L. treated with S- and R-uniconazoles were analyzed in terms
of the levels of the endogenous GAs, BRs, and phytosterols. Only referring to BRs, it
is of interest to examine whether uniconazoles modify the biosynthesis of BRs. BRs
contained in the shoots of P. sativum L. were extracted, purified, and analyzed by the
GC/MS. GC/MS analysis of the active fraction led to the identification of CS: m/z (rel.
int.) 512 (M*, 54%), 155 (100%). GC/SIM quantitation using an internal standard
(ds-CS) revealed that the content of CS in the control plants was 0.9 ng/g fr. wt. and,
after treatment with S- and R-uniconazoles, reduced to 54% and 34% of the controls,
respectively. The result suggests that the altered metabolism of BRs is likely to be
involved in the action mechanism of S-uniconazole.

An alternative highly sensitive technique by GC/MS is that of tandem MS or
MS/MS. In this technique, the first mass filter is used to select the ion of interest from
all the other ions produced from the matrix. This ion is usually the molecular ion in the
EI mode or the protonated molecule (MH+) in the CI mode. These selected ions then
undergo collisionally activated dissociation to produce daughter ions which are then
separated by a second mass filter and analyzed. The GC/MS/MS has been applied to
identification of BRs in the pollen of European alder, Alnus glutinosa (L.) Gaertn.
(50). A crude bioactive fraction obtained from the pollen was derivatized with
methaneboronic acid and the resulting derivatives were analyzed by the GC/MS/MS in
the CI mode, because the protonated molecular ions of BRs BMBs are produced as
base peaks in the CI mode. BL and CS have been identified as their BMB derivatives
in European alder pollen.
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Fig. 1 GC/HR-SIM of the BMBs of CS and BL obtained from buckwheat pollen.
A: Detection of CS BMB by monitoring the molecular ion at m/z 512.3842.
B: Detection of BL BMB by monitoring the molecular ion at m/z 528.3791.
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The GC/MS(SIM) microanalytical method for BRs has most frequently been
employed in the analytical studies of trace levels of BRs in plants and it has greatly
contributed to the studies on identification of many natural BRs and also to their distri-
bution in plant kingdom.

(2) HPLC Analysis

Although HPLC has been employed effectively during the purification proce-
dures of natural BRs (1,51), microanalytical method using HPLC has not been devel-
oped until recent years, because BRs themselves do not have an appropriate UV-active
chromophore in the molecules. Analysis of BRs by HPLC using pre-labeling reagents
has recently been developed by Takatsuto and Gamoh (/4). As in the case of GC-MS
analysis of BRs, the HPLC method was based on boronation of BRs with boronic acid
derivatives having a fluorophore or an electrophore in the molecule. The pre-labeling
boronic acid reagents were 9-phenanthreneboronic acid (52), 1-cyanoisoindole-2-m-
phenylboronic acid (53), dansylaminophenylboronic acid (54) and ferroceneboronic
acid (55). The former three are fluorescence labeling reagents and the last one is an
electrochemical one. The derivatized BRs were effectively separated by reversed-phase
column using a mixture of acetonitrile and water as an eluent, and they were monitored
by fluorimetric or electrochemical detector with detection limit of ca. 20-50 pg, depend-
ing on the pre-labeling reagents. Among the reagents, dansylaminophenylboronic acid
is the most effective one because BRs derivatives derived from the reagent can be de-
tected at longer wavelength (Ex. 345 nm/Em. 515 nm) than those from the other fluo-
rescence reagents. Therefore, the chromatogram obtained from the derivatives is less
interfered with the matrix than that from the other derivatives. The HPLC method is
very convenient, highly sensitive and specific one. In some cases (/4), a crude BRs
fraction obtained from preparative thin-layer chromatography was sufficient to detect
known BRs, because of its high sensitivity and specificity.

In order to demonstrate the usefulness and effectiveness of the HPLC method,
BRs contained in buckwheat pollen were investigated (47). A highly bioactive fraction
was obtained by extraction of the pollen, solvent partitionings, four successive chro-
matographic purification procedures including charcoal chromatography and reversed-
phase preparative thin-layer chromatography. Aliquots of the active fraction were
derivatized with 9-phenanthreneboronic acid and dansylaminophenylboronic acid, re-
spectively. The resulting respective bisboronate derivatives were analyzed by re-
versed-phase HPLC with a fluorimetric detection of Ex. 305 nm/Em. 375 nm and of
Ex. 345 nm/Em. 515 nm, respectively. The chromatograms are presented in Figs. 2.
The sharp peaks with retention times of 11.17 and 15.62 min (Fig. 2A) were identified
as those of the bis-9-phenanthreneboronates of BL and CS, respectively, by co-chro-
matography using authentic samples. In the case of the dansylaminophenylboronates,
the peaks with retention times of 10.03 and 13.58 min (Fig. 2B) were identified as
those of the BL and CS derivatives, respectively, by co-chromatography using the
authentic samples. These HPLC data clearly indicate the presence of BL and CS in
buckwheat pollen.

The HPLC analytical method seems to be convenient for the identification and
quantitation of trace levels of known BRs in plants, because of its high sensitivity and

specificity.

(3) Radioimmunoassay

RIAs for BRs have been developed by two groups. In the RIA by Horgan et
al. (56), synthetic 24-epiBL was the hapten that was noncovalently bound to fetal calf
serum. Hybridoma clones were generated from CAF; mice and employed in an en-
zyme-linked immunosorbent assay (ELISA) for examination of BL distribution in
Brassica napus tissues. Pollen-producing tissues gave the highest ELISA values, ex-
tracts of pistils also gave high values, roots gave moderately high values, and leaves



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch010

10. TAKATSUTO  Microanalysis of Natural Brassinosteroids

Detector response

! YL

) l L] L]

0 10 20 0 10 20
Retention time (min)

Fig. 2 Chromatograms of the 9-phenanthreneboronates (A) and the dansy-
laminophenylboronates (B) of BL and CS obtained from buckwheat pollen.
Peaks: 1=BL; 2 =CS.
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and petals gave low values. It should be noted that the assay did not exhibit complete
specificity for BL or 24-epiBL, although the latter gave the most positive ELISA
values. Natural BL gave values 25% lower than the antigen whereas ecdysone, a natu-
rally occurring plant steroid and sitosterol (a very common phytosterol), gave values
50% lower, ergosterol and stigmasterol reacted considerably less effectively. There-
fore, the RIA by Horgan et al. appears to be quite unreliable and impractical.

Recently, Yokota et al. have reported the more reliable and useful RIA for BRs
and they have applied it to analysis of BRs in Phaseolus vulgaris L. (15). They com-
pared the detectability of BRs in P. vulgaris L.by employing the RIA, bioassay (rice-
lamina inclination test), and the GC/SIM methods. Antiserum against CS was pro-
duced by immunizing a rabbit with CS-carboxymethoxylamine oxime conjugated with
bovine serum albumin. In the RIA, the antiserum recognized a range of naturally oc-
curring BRs with varying specificities. Detection limits of CS and BL were approxi-
mately 0.3 pmol, which are superior to those of the rice bioassay and the GC/SIM.
Cross-reactivities of 27 compounds, including the natural and synthetic BRs, and
specificities of the antiserum in the recognition of various functional groups were in-
vestigated. Although cross-reactivities of BRs with a 24-methylene group were quite
low, it is of interest that functional groups for high biological activity obtained by the
study of structure-activity relationship (28-31) roughly hold true in the functional
group recognition.

This RIA system was successfully used for analyzing endogenous BRs in
seeds and stems of P.vulgaris L. Fig. 3 shows the distribution of BRs after reversed-
phase HPLC of shoot and seed extracts of P. vulgaris L. as determined by bioassay
and RIA. The bioassay revealed two distinct peaks of biological activity (Fig. 3A),
which were assignable to CS and BL, on the basis of the HPLC retention times. GC/
MS of the combined fractions 23-26 after methaneboronation confirmed the presence
of CS. BL could not be identified by GC/MS for the combined fractions 17,18 be-
cause of the low amount. The RIA for the same extracts (Fig. 3B) showed a promi-
nent peak of CS as well as several peaks, one of which was ascribed to BL. The esti-
mates of CS in the stem as determined by RIA and bioassay, as well as those of BL,
are in good agreement. The estimates were 2.5-fold lower than that determined by GC/
SIM using a deuterated internal standard because of the loss during purification proce-
dures. Immature seeds have been shown to contain more than 30 BRs (24). Analysis
of the extract by bioassay after reversed-phase HPLC (Fig. 3C) could not distinguish
and quantify BRs, except for CS. In contrast, RIA could make visible several sharp
peaks of BRs (Fig. 3D). One of the reasons for this is that the antiserum does not rec-
ognize biologically active BRs with the 24-methylene group. The peaks ascribable to
CS, typhasterol, and teasterone were nearly completely isolated, enabling us to quanti-
fy them. The estimates of CS obtained by bioassay and RIA were in good agreement.
Thus, it was revealed that stems are quite different from seeds in terms of species and
quantity of the endogenous BRs. In addition, the parallelism between dosages of plant
extracts and immunoreactivity was investigated because of its importance for quantita-
tive estimation. Rather crude fractions obtained after silica gel chromatography of a
seed extract were subjected to RIA at two different concentrations. The results indi-
cated that the estimates were nearly proportional to the dosages, suggesting that RIA
might be useful for rough estimates of BRs in even crude extracts, such that interfering
compounds are not present in the extract.

The RIA for BRs developed by Yokota et al. (15) is highly sensitive and spe-
cific, and it will be one of the useful microanalytical methods.

Conclusions

Studies on BRs by many scientists more than ten years have greatly widened our
knowledge of the chemistry and plant physiology of BRs, and also have paved the way
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Fig. 3 Reversed-phase HPLC of the shoot and seed extracts of P. vulgaris as
monitored by rice-lamina inclination test [(A) stem; (C) seed] and RIA with anti-
CS antiserum [(B) stem; (D) seed]. Dosages in fresh-weight tissue equivalents:
1501g inA;2ginB; 30 gin C; and 0.5 gin D. TeS : teasterone; TyS : typhas-
terol.
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to the possibility of their practical applications in agriculture. With respect to micro-
analysis of BRs, highly sensitive and specific bioassays and analytical methods includ-
ing GC/MS (SIM), HPLC, and RIA have been developed. Combination of the bioas-
says and the microanalyses has successfully led to demonstration of ubiquitous distri-
bution of BRs in the plant kingdom and identification of more than 30 compounds
from plant sources. In particular, the microanalyses will contribute to the more detailed
study on the physiological mechanism of BRs, because they are indispensable to iden-
tification and quantitation of endogenous BRs which are involved in plant growth and
development.
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Chapter 11

Molecular Analysis of Brassinolide Action
in Plant Growth and Development

S. D. Clouse and D. Zurek

Department of Biology and Molecular Biology Institute, San Diego State
University, San Diego, CA 92182

Brassinolide, a plant steroid lactone, can substitute for auxin in a
soybean epicotyl elongation assay. We have shown by two
dimensional gel analysis of in vitro translated mRNA, that sub-
micromolar concentrations of brassinolide alter the pattern of gene
expression in elongating soybean stem sections, both in the presence or
absence of added auxin. Northern blot analysis, using cDNAs
corresponding to auxin-regulated genes as probes, has shown that the
molecular mechanism of brassinolide-induced elongation is likely to
differ from that of auxin-induced elongation in this system. We have
also found that nanomolar concentrations of brassinolide can enhance
xylem differentiation in cultured explants of Jerusalem artichoke tubers.
These molecular data provide further evidence that brassinolide is a true
plant growth regulator.

Recent developments in plant molecular biology have provided powerful tools of
analysis for examining important problems in classical plant physiology at new levels
of molecular detail and at deeper levels of insight into complex regulatory mechanisms.
One critical area of plant biology which will be clarified by this molecular approach is
the control of plant differentiation and development by phytohormones. Brassinolide
(BR), a plant steroid lactone, has pronounced effects on the growth and development
of a wide variety of crop plants. As described elsewhere in this volume, BR represents
the most biologically active compound of a group of related natural products termed
brassinosteroids. BR acts at very low concentrations (10-9 M) and shows strong
synergistic interactions with auxin and additive interactions with gibberellins in many
test systems. Over the past decade, the molecular analysis of auxin, gibberellic acid,
abscisic acid and ethylene has begun in earnest in a number of laboratories and
substantial progress has been made in identifying genes that are transcriptionally
regulated by plant hormones (Z). Despite the obvious growth-promoting effects of BR
on plants and its demonstrated interactions with other growth regulators, little is
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known about the molecular mechanisms of BR action. Molecular studies on
brassinolide may have been slowed by the lack of readily available BR and radioactive
BR, and by lack of a model system with properties suitable for recombinant DNA
analysis of BR effects on plant growth.

Our laboratory has recently begun a molecular analysis of brassinolide action in
plant growth and development in collaboration with Dr. Trevor McMorris, Department
of Chemistry, University of California, San Diego (UCSD) and Dr. Michael Baker,
UCSD School of Medicine. Our broad, long-term goals are; (1) to examine the effects
of BR on gene transcription and mRNA translation in elongating, dividing and
differentiating plant cells, (2) to identify and characterize a BR receptor, and (3) to
produce large enough quantities of BR, BR analogs and radioactive BR to achieve 1
and 2. Some of the questions we wish to address are (a) what are the number and
nature of genes that respond to BR in systems such as elongating soybean stem
sections and differentiating tuber explants of Jerusalem artichoke in culture? (b) what
is the molecular basis for the observed synergism between BR and auxin and where in
the signal perception and transduction pathways of the two compounds does the
overlap occur? (c) is the mechanism of BR action similar to animal steroid hormones in
terms of binding to a zinc-fingered protein followed by transcriptional activation of
specific genes? (d) what functional groups of BR are necessary for optimal activity and
can a 'super’ BR analog be synthesized that has more potent growth effects than the
natural compound?

In order to establish a molecular data base for BR and begin to address
questions (a) and (b) above, we have examined whether BR affects the transcription of
auxin-induced genes in elongating soybean epicotyl sections using available auxin-
induced soybean sequences as probes. More generally, we have shown changes in
protein synthesis caused by BR in soybean epicotyls and hypocotyls by in vitro
translation of mRNA (+ or - BR) followed by 2-D gel electrophoresis.

Regulation of Gene Expression by Auxins

Since one of our objectives is to examine the effects of BR on auxin-inducible gene
expression, a brief review of studies on auxin-regulated gene expression follows. The
application of recombinant DNA techniques has provided the necessary tools to
demonstrate convincingly that plant hormones can cause selective and rapid changes
in the levels of specific mRNAs. The molecular mechanisms of this hormonal gene
regulation and its causal relationship to physiological processes has not, as yet, been
clarified. The role of auxins in the regulation of gene expression has been the subject
of four recent reviews (I-4). Initial studies utilized elongating tissue sections and
compared in vitro translation products on 2-D PAGE for tissues plus or minus added
auxin. Several hundred peptides appeared on the gels but only 1 or 2 % changed in
response to auxin (/). Zurfluh and Guilfoyle found that ten polypeptides (25 -35 kDa)
of soybean hypocotyls increased after treatment of the hypocotyls for one hour with
2,4-D. One of the ten increased after only 15 minutes (5). Several research groups
have reported construction of cDNAs to mRNAs that are increased rapidly after
various auxin treatments. Walker and Key (6) demonstrated a direct, rapid (15-30
min.) and selective effect of auxin on the expression of a small number of mRNAs in
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soybean tissue undergoing both cell elongation and cell division in response to auxin.
A direct causal relationship between mRNA induction and cell elongation could not be
established, however. Two of the cDNA clones (pJCW1 and pJCW2) were
characterized and later used to isolate the corresponding genomic clones from soybean
(7). Sequence data indicated the genes coded for hydrophilic proteins, showed several
regions of high homology and belonged to two related multigene families. Two
conserved sequences of 9 and 11 base pairs occurred at similar distances upstream of
the transcription start site in each gene. It was speculated these sequences might be
involved in transcriptional regulation but a functional promoter assay for auxin-
induced sequences has yet to be employed.

Hagen, et al. (8), utilized differential hybridization to isolate four auxin-
responsive clones from a cDNA library constructed from 2,4-D treated soybean
seedlings. The four clones (designated pGH1, pGH2, pGH3 and pGH4) were
induced within 15-30 min., increased 2 to 16 fold after 30 minute treatment with 2,4-D
and gave similar results in tissue excised from elongating and non-elongating soybean
hypocotyls (indicating perhaps a role in cell division as well as cell elongation).
Further studies (9) using run-on transcription in nuclei isolated from soybean plumules
(plus or minus auxin treatment) showed all four clones were transcriptionally activated
10 to 100 fold by auxin with increased rates observed within 5 minutes of 2,4-D
addition. Protein synthesis was not required for the induction as demonstrated by lack
of inhibition by cycloheximide. These results showed that in this system, auxin-
regulated gene expression is at least partly under rapid transcriptional control and
suggests that these transcriptional events are close to the primary site of auxin action.
McClure and Guilfoyle (10), isolated three additional cDNA clones, termed Small
Auxin Up Regulated (SAUR) sequences, which hybridized to small (550 nucleotides)
auxin-induced mRNAs in elongating soybean hypocotyls. The induction was specific
to auxins and was extremely rapid. The mRNAs could be detected on Northern blots
of total RNA within 2 to 5 minutes after addition of 50 uM 2,4-D. The activation of
two of the mRNAs was not affected by cycloheximide, whereas one was, indicating
different mechanisms of induction. The sequence and organization of the genomic
clones corresponding to these cDNAs has recently been published (7). Theologis, et
al. (12), isolated cDNAs to three IAA-inducible mRNAs in pea epicotyl tissue. The
induction was again rapid (15 min.), substantial (50-100 fold), and specific to auxins.
The induction was independent of protein synthesis and was abolished by the RNA
polymerase II inhibitor alpha-amanitin. Finally, van der Zaal, et al. (13), found that
treating hormone-starved cell suspension cultures of tobacco with 2,4-D caused
accumulation of seven mRNA s as early as 15-30 minutes after auxin addition. Run-on
transcription in isolated nuclei showed some of the mRNAs were increased by
enhanced transcription rates and four of the seven were induced independently of
cycloheximide. The auxin-regulated genes from soybean which have been cloned to
date, are summarized in Table I.

Effects of Brassinolide on Elongating Soybean Stem Sections

A logical place to begin our molecular studies of BR action was to use the soybean
stem elongation assays developed over the last decade by many researchers, as
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Table 1. Soybean Auxin-Regulated Genes

Clone? Size Induction Earliest Max.
pGH1 1700 3x 15 min. 4 hr
pGH3 2400 33x 15 min. 2hr
pGH4 1100 6x 15 min. 2hr
SAUR 6 560 25x 2 min. 1hr
SAUR 10A 530 26x 2 min. 1hr
SAUR 15 530 50x 2 min. 1hr
JCW1 1164 3x 30 min. -
JCW2 999 8x 15 min, -

AGH clones are described in reference 8; SAUR clones in ref. 10; JCW clones in ref.
6.

described above. Since we had on hand four auxin-inducible sequences from soybean
(pGH1-4, provided by Dr. Gretchen Hagen) and we knew that BR caused elongation
of mung bean epicotyls without exogenous auxin (I4), our first experiment was
simply to substitute BR for 2,4-D in the soybean auxin elongation system developed
by Zurfluh and Guilfoyle (5) and Hagen and Guilfoyle (8). While the early soybean
work focused on hypocotyls, our experiments utilized epicotyls from light grown
soybean seedlings because of reports that BR affects epicotyl elongation but not
hypocotyl elongation in mung bean and soybean (I5) and then, only in the light.
However, recently we have found that BR also stimulates elongation of soybean
hypocotyl sections in the absence of added auxin. Epicotyl sections (1.5 cm ) directly
below the plumules (elongating epicotyl sections) were excised from 10 day old, light
grown soybean seedlings and preincubated 2 hr to deplete endogenous auxin as
described (5). 1.5 cm sections were also taken from directly above the cotyledons
(basal epicotyl sections) and treated similarly. After preincubation, the media was
discarded and replaced with either fresh media alone or media containing 2.5 x 108 M
BR. Sections were incubated at 280 C with shaking under constant fluorescent light
for 17 hr. Figure 1 shows that BR alone, without added auxin, caused a dramatic
increase in the length of epicotyl sections from the elongating but not the basal region
of soybean epicotyls. This mimics the effect of auxin alone on this system (§). We
also found, using the same assay system that BR causes elongation of Arabidopsis
thaliana peduncles (1 cm sections taken directly below the terminal inflorescence). This
is significant in view of the importance of A. thaliana as a model system for plant
molecular biology (16).

Many view the role of BR as a sensitizer of tissue to endogenous auxin (15).
Although we incubated the sections for 2 hr without auxin, this is almost certainly not
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sufficient to deplete all endogenous auxin in the epicotyl sections and, therefore, BR
may be acting to enhance endogenous auxin activity in the epicotyl tissue. To test this
idea further, we are examining the effect of BR on the expression of auxin-inducible
genes in soybean. We have isolated total RNA from light grown soybean epicotyl
sections using assay conditions exactly as described (5). Treatments were; control (no
hormones), 2,4-D alone, BR alone, and BR plus 2,4-D. The RNA was analyzed by
Northern blot analysis in 1.2% agarose denaturing gels (7). Eight independent auxin-
inducible sequences are available: cDNA clones pGH1, pGH3, and pGH2/4 (2 and 4
turned out to be from the same gene (18)), and 5 oligonucleotides synthesized from the
published sequence of 5 independent auxin regulated genes (Table 1). We have already
shown that BR causes elongation in soybean epicotyls. Therefore, we are poised to
perform a whole series of straightforward molecular bioassays based on RNA
isolation and Northern blot analysis using the 8 auxin-up sequences as probes. By
applying BR at different concentrations and in different combinations (and order of
addition) with auxin and then testing for the effect on expression of these 8 genes, we
should be able to determine if the same pathway is being affected and if the response is
synergistic or additive. For example, suppose BR is a transcriptional activator of the
gene encoding an auxin receptor (via a zinc-fingered protein as in vertebrates?).
Trewavas (19) has proposed that sensitivity of a tissue (perhaps determined by the
number of receptors) is more critical in determining response to a hormone than the
hormonal concentration. If BR causes a rapid increase in an inducible auxin receptor,
the synergism of BR and auxin observed in many systems could be explained. It
would also explain the required preincubation of tissue with BR in order to obtain
synergism with auxin (20). If this were the case in soybean, we should observe all 8
genes being induced by BR (after a suitable lag and assuming all 8 genes are in the
same signal perception and transduction pathway). Since BR causes elongation in this
system without added auxin, if BR treatment alone does not cause up-regulation of the
genes it would work against the hypothesis that BR causes increased sensitivity to
endogenous auxin.

Figure 2 shows our initial results from these studies using as probe pGHI.
Clearly, even though BR alone causes soybean epicotyl elongation, it does not cause
the rapid induction of mRNA corresponding to the auxin-inducible pGH1. After 17
hours, there is a clear difference in GH1 expression between control and BR-treated
tissue. However, comparison of the later timepoint with the 2 hour blot indicates that
this difference in expression may be due to differential mRNA stability brought about
by BR, rather than induction of the GH1 gene. Stabilization of mRNAs by steroid
hormones is a common phenomenon in animal systems (Michael Baker, personal
communication). These results are not consistent with the hypothesis that BR is simply
sensitizing the tissue to auxin or merely increasing the endogenous levels of auxin in
the epicotyl tissue. BR appears to cause elongation by a mechanism that is different,
although very likely related to and intertwined with that of auxin. Northern blots
would also be useful in studying the effects of auxin antagonists such as TIBA on BR-
regulated expression of the 8 genes as well as with inhibitors of elongation such as
cytokinins. For example, Walker et al. (21) found that while kinetin inhibited auxin-
induced hypocotyl elongation, the auxin-induced expression of pJCW1 and pJCW2
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Figure 2. Northern Blot Analysis of 1.5 cm Soybean Elongating Epicotyl
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was not affected. The effect of kinetin on BR induced elongation and gene expression
will be of interest.

Brassinolide Affects Gene Expression in Elongating Stem Sections

As noted above, all plant hormones studied to date affect gene expression in some
way. To determine if BR also follows this pattern, we used the same RNA isolated for
Northern blot analysis of soybean epicotyls and hypocotyls for in vitro translation and
examination by 2-D gel electrophoresis. The pattern of protein synthesis induced by
auxin in this system is known (5) and we were thus be able to compare BR and auxin
effects. Figure 3 shows that BR alone, causes quantitative changes in gene expression
in excised soybean hypocotyl sections. Poly-A+ RNA was isolated from auxin-
depleted hypocotyl sections two hours after treatment with buffer or 0.34 uM
brassinolide. The isolated RNA was translated in vitro with wheat germ extract and
radiolabeled methionine and subjected to 2-D gel analysis as described by O'Farrell
(22). Proteins induced by BR are indicated by numbers, while those down-regulated
by BR treatment are marked with letters. Proteins 6, 7 and 8 are strongly induced by
BR. We were also interested to determine if BR in the presence of auxin could induce
specific peptides that were different from those induced by auxin alone. The results
shown in Figure 4 confirm that this is the case. A summary of peptides induced by
brassinolide under various conditions is presented in Table II. We have also found that
BR alters the pattern of gene expression in elongating peduncles of Arabidopsis
thaliana by a similar analysis (data not shown). Our findings that BR affects the levels
of a variety of specific gene products lends further credibility to the argument that BR
is a true plant growth regulator.

Effect of BR on H. tuberosus xylem differentiation.

Another system we are exploring in our laboratory is the auxin and cytokinin induced
differentiation of tuber explants of Jerusalem artichoke (Helianthus tuberosus) into
xylem elements. We are interested in genes that are transcriptionally activated when
tuber explants of H. tuberosus are transferred from a control (non-differentiating) to a
xylogenic medium. We chose the culture system of Markland and Haddon (23) for H.
tuberosus because the higher yield of tracheary elements (36%) and the shorter culture
period is more practical for molecular investigations than liquid culture systems (24).
The system has also been used effectively for biochemical studies (25). Figure 5
shows cells that have been cultured on control or xylogenic medium. The distinct
helical patterns of secondary cell wall differentiation in the tracheid elements (panel B)
is clearly visible. Normally, xylem differentiation in this system requires 3 to 4 days
with very few vascular elements appearing in the first 24 hr after transfer from
preculture to xylem-inducing medium. To our surprise, when BR (at 6.8 x 109 M)
was added to the xylem-inducing medium, a tenfold increase in xylem differentiation
was observed after 24 hr. This was a very extensive experiment involving
microscopically counting thousands of cells. The entire experiment was then repeated
with nearly identical results (experiment 1; 3.4 % xylem (+BR), 0.35% xylem (-BR):
experiment 2; 3.47% xylem (+BR), 0.56% xylem (-BR)). The experiment was
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Figure 3. 2-D Gel Electrophoresis of in vitro Translated Soybean Hypocotyl
mRNA. Numbers to the left indicate migration of molecular weight markers
(kilodaltons). The separating gel was 12% polyacrylamide. Numbered arrows
indicate polypeptides that are up-regulated by BR while lettered arrows show
polypeptides that are down-regulated in response to BR. Other experimental
details are described in the text. A = hypocotyl sections auxin-depleted for 2
hours followed by buffer treatment for 2 hours; A' = as in A with 340 nM BR
replacing buffer treatment.
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Figure 4. 2-D Gel Electrophoresis of in vitro Translated Soybean Epicotyl
mRNA. Experimental conditions are as described in Figure 3. B = epicotyl
sections auxin depleted for 2 hours followed by incubation with 5 x 10-5 M 2,4-
D for 2 hours; B' = epicotyl sections auxin depleted as in B followed by
incubation with 3.4 x 107 M BR for 30 minutes with a further treatment of both
3.4x 107 MBR and 5 x 10-5 M 2,4-D for 2 hours.
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repeated two more times with slightly more variable results but, as shown in Figure 6,
there is a significant increase in both the proportion of xylem elements and total cell
number, indicating BR is influencing both cell division and some process in the
differentiation pathway. To our knowledge, this is the first example of BR being tested
in such a model system of differentiation.

Table II, Specific Polypeptides Induced by Brassinolide in Elongating
Soybean Stem Sections

Treatment pl MW #Induced

1. Soy Epicotyl, 2 hr 5.0-6.0 15-25kD
340 nM BR, 50 uM 2,4-D 25-43kD
6.0-7.0 15-25kD

25-43kD

43-68 kD

2. Soy Epicotyl, 17 hr 5.0-6.0 15-25kD
100 nM BR 25-43 kD
43-68 kD

6.0-7.0 15-25kD

25-43kD

43-68 kD

3. Soy Hypocotyl, 2 hr 5.0-6.0 15-25kD
340 nM BR 25-43kD
43-68 kD

6.0-7.0 15-25kD

25-43kD

43-68 kD

7.0-8.0 25-43kD

8.0-9.0 15-25kD

25-43kD

NENAEANARNWUNHRE=EWUVND = LAEDN==N

Current and Future Research Objectives

Cloning of BR-induced genes in soybean by subtractive hybridization.
Now that we have shown a change in the pattern of gene expression in soybean stems,
our immediate goal is to clone genes that are regulated by brassinolide in this system.
Based on the results from our 2D gel analysis we chose 17 hour epicotyl mRNA as
the optimal initial experimental condition for generating a cDNA library. We have
constructed the cDNA library in a modified phage insertion vector termed Lambda Zap
II (Stratagene). This vector combines the efficiency of a phage vector with the ease of
analysis (sequencing, mini-preps) of a plasmid vector. Lambda Zap II contains a 3 kb
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Figure 5.  Differentiation of Helianthus tuberosus Explants in Culture.
Explants were cultured as described by Markland and Haddon (23). A, control
medium; B, xylogenic medium. Explants were collected after 4 days of
incubation, stained with Safferin O and photographed under phase contrast
microscopy.
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plasmid (excisable in vivo with helper phage) within a lambda phage for rapid
subcloning of inserts. cDNAs are flanked on either side by T7 and T3 promoters for in
vitro RNA transcription. Several molecular techniques have become available which
monitor changes in gene expression in two related tissue types (e.g. control and
hormone-induced). The two most applicable for our purpose are +/- screening (26)
and subtractive hybridization (27). Both procedures use probes derived from
populations of mRNAs rather than gene-specific oligonucleotides, antibodies, or
heterologous probes and therefore can identify regulated genes of unknown function.
The technique of +/- screening works well when an mRNA is abundant in one cell
type (at least 0.1% of the mRNA population) and rare or absent in another (26).
Because of a high background of common clones, +/- screening cannot detect
differential transcripts below 0.1% abundance. To detect rare transcripts (0.01% or
less of total mRNA) a "subtractive hybridization" method is used. In this procedure
labeled first strand cDNA is prepared from mRNA of one tissue and hybridized to
excess mRNA from the second tissue. Sequences common to both tissues hybridize
leaving the sequences unique to tissue one single-stranded. Single strands are
separated from double strands and the single-stranded hot probe used to screen a
cDNA library derived from tissue one. The reduction in probe complexity results in
decreased background so longer exposure times can be used. This leads to the
increased sensitivity. Figure 7 summarizes the subtractive hybridization procedure we
are currently using. Subtractive hybridization has been used successfully to identify
rare, differentially expressed transcripts in auxin-treated soybean (10), T cell
lymphocytes (28-30), rat tumois (31), SV-40 transformed mouse cells (32), human
tumor cells (33), and developing fungi (34). Cloning cDNAs for BR-responsive genes
in soybean will give us probes for monitoring the kinetics of gene induction by BR
under different circumstances, will allow in situ hybridization probes to be made and
will allow us to isolate genomic clones for future analysis of BR-regulated promoter
activity in electroporated soybean protoplasts (35) and transgenic plants.

Xylem Differentiation in Jerusalem Artichoke. As mentioned above, we have
noticed a clear effect of BR on enhanced xylem differentiation in culture. We will
isolate mRNA from differentiating tuber explants at various time-points (with or
without BR treatment) and perform in vitro translation and 2-D gel analysis to
determine the overall patterns of gene expression. To isolate genes that are
transcriptionally activated by BR treatment we will construct a cDNA library from
xlyogenic cultures + BR at 24 hr. Rather than subtractive hybridization, we will use an
elegant differential screening technique (which directly identifies transcriptionally
activated genes) first described by Somssich et al. (36). This procedure involves
differential screening of a cDNA library using labeled run-off transcripts derived from
nuclei of treated (+) and untreated (-) cells. We already have on hand transcriptionally
active nuclei isolated from xylogenic H. tuberosus explants treated with or without
BR. Cloning of these cDNAs will provide probes for kinetic studies of expression
during xylogenesis and in situ hybridization studies in developing plants to test for

xylem specificity.
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Figure 6. Effect of Brassinolide on Xylem Differentiation in Helianthus
tuberosus. Explants were harvested 24, 48 or 72 hours after incubation on
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Effects of BR on expression of xylem-specific promoter/GUS fusions
in transgenic tobacco. Since we have demonstrated an effect of BR on xylem
differentiation, we will perform a straightforward test to determine if BR modulates
promoter activity of two translational fusions of bean promoters known to be
expressed in developing xylem in transgenic tobacco. Both constructs were kindly
provided by Dr. C.J. Lamb of the Salk Institute. The first consists of the bean
phenylalanine ammonia lyase (PAL) promoter fused to a bacterial beta-glucuronidase
(GUS) reporter gene (37). PAL is the first enzyme in the phenylpropanoid pathway
leading to a multitude of products including lignin-specific monomers. Lignin is
universally associated with vascular tissue in higher plants (38) and is deposited on the
secondary walls of tracheary elements late in the xylogenic process (39). If BR affects
the differentiation of xylem in tobacco at some point in the pathway, we would expect
to see increased GUS activity (eventually) in BR treated plants. The second construct
consists of the promoter from a bean cell wall glycine rich protein (GRP) fused to
GUS (40). GRP is co-localized with the annular and helical secondary thickenings in
cell walls of xylem elements indicating a close relationship between GRP and lignin.
The construct has been shown to be specifically expressed in protoxylem tracheary
elements in the developing transgenic tobacco. We are not suggesting that BR will
regulate these promoters directly; there may be a complicated set of intermediate steps
between BR perception and promoter activation, but these experiments will be easy to
perform, rapid and may lay the groundwork for some very interesting future work.

Brassinolide Receptor Studies. The insect moulting hormone ecdysone is
structurally very similar to brassinolide. In fact, Lehmann et al. (4/) have shown that
brassinosteroids bind to the ecdysone receptor from the blowfly Calliphora vicina and
Richter et al. (42) have demonstrated that brassinosteroids delay the imaginal molt
when fed to the last larval instar of the cockroach, Periplaneta americana. Based on
these results, it is possible that the BR receptor has structural homology with the insect
ecdysone receptor. We have obtained a full-length cDNA clone corresponding to the
Drosophila melanogaster ecdysone receptor from Dr. David Hogness (Stanford
University) and are currently screening our soybean cDNA library and an Arabidopsis
thaliana genomic library in hopes of finding a structural analog to this receptor in
plants.

Conclusion

While a great deal is known about the physiology and biochemistry of plant hormones,
little is currently understood about the primary sites of action and the molecular
mechanisms of hormone action. Therefore, the information gained from the
experiments described here is relevant, particularly since no work of this kind has
been reported for brassinolide. Any attempt to alter developmental genes by
recombinant DNA techniques requires detailed knowledge of gene structure and
function. Recently, McClure and Guilfoyle (43) used antisense RNA probes to
monitor the rapid redistribution of auxin-regulated RNAs during gravitropism and
provided a clear correlation between expression of genes under auxin control and a
morphogenetic phenomenon traditionally known as an auxin response. The molecular
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analysis of cell elongation and cell division in response to auxin is also proceeding
rapidly. The interaction of BR with auxin may provide more information on this
system, as well as on the mechanism of auxin-independent elongation controlled by
BR. There are few reports to date, however, on a molecular study of the role of auxin
or BR on cell differentiation. In the case of the Jerusalem artichoke we have a system
involving a highly specialized developmental pathway which offers unique
opportunities to examine the molecular events of differentiation over time in response
to defined signals such as BR addition.

The field of plant molecular biology is rapidly accelerating towards the goal of
understanding the molecular mechanisms which underlie inducible gene responses.
The observation that auxin may stimulate transcription within five minutes (9) may
indicate that the signal transduction pathway between recognition of signal and gene
activation contains relatively few steps. Much current work in the field is centered on
the role of protein phosphorylation, plant protein kinases, and calmodulin in
modulating signal transduction, and on the purification and cloning of trans-acting
protein factors. Example is being drawn from animal transcription studies and
common patterns are being found. We are now in a position to add steroid hormones
to the list and determine whether plants share some of the same molecular mechanisms
for activation of genes by steroids as vertebrates. Besides being useful for fundamental
studies of plant growth and development, BR has been shown to have dramatic effects
on crop yields. Any increase in knowledge about the mechanisms of BR action thus
has potential applications to agriculture.
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Chapter 12

Effect of Brassinosteroids on Protein Synthesis
and Plant-Cell Ultrastructure under Stress
Conditions

0. N. Kulaeval, E. A, Burkhanoval, A. B. Fedinal, V. A. Khokhloval,
G. A. Bokebayeva!, H. M. Vorbrodt?, and Giinter Adam?

nstitute of Plant Physiology, USSR Academy of Sciences,
ul.Botanicheskaja 35, Moscow, Union of Soviet Socialist Republics, 127276
nstitute of Plant Biochemistry, Weinberg 3, Halle/Saale 0—4050,
Germany

The mechanisms for the brassinosteroid
antistress effect in plants were :anestigatgd.
In wheat leaves under heat shock (40°C)
228,238-homobrassinoclide and 24-epibrassinolide
activated total protein synthesis and induced
NOoV0 polypeptide synthesis at normal and
high temperatures. Molecular weight
determinations showed that some of the proteins
induced by brassinosterolids at normal
temperature corresponded to heat shock
proteins. 228,238-homobrassinolide also
stimulated formation of heat shock granules in
the cytoplasm and increased thermotolerance of
total protein synthesis under heat shock.
24-epibrassinolide produced a protective
effect on leaf cell ultrastructure in leaves
placed under saline stress (0.5 M NaCl) and
prevented nuclei and chloroplast degradation.

Brassinosteroids (BSs) represent a new group of plant
hormones that possess a broad spectrum of physiological
activities (1,2). A most intriguing property of BSs is
their capacity to increase stress resistance in plants,
but the mechanism of such an antistress activity still
remains unkmown (1). As cell stress resistence 1is usually
assoclated with stress protein synthesis (3,4 our aim
was to study the B8 effect on protein synthesis and
ultrastructure of wheat leaf cells at normal temperature
and under heat shock conditions. We have also studied the
influence of BSs on mesophyll cell ultrastructure under
saline stress.

0097-6156/91/0474—0141306.00/0
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on Total Protein Synthesis in Wheat Leaves.

The effect of 228,238-homobrassinolide (HBR) on protein
synthesis was studied in the first leaves of 14-day-old
wheat plants ov.Saratovskaja 29. The leaf segments were
preincubated in water or HBR solution for 18 h at 23°C
and then incubated for 2.5 h at various temperatures
(Figure 1). During the final 3§ h, the segments were
incubated in the presence of S-methionine. Uptake of
labeled methionine by leaf segments and its incorporation
into protein was analyzed. The percentage of label
incorporated into protein from its total accumulation in
leaf segments was calculated. This calculation allowed us
to compare protein synthesis activities in leaf segments
under various conditions(5).

_As Figure _EC shows, HBR at very low concentrations
(10 and 10 "M) promoted protein synthesis in leaves
under normal and high temperatures and decreased protein
synthesi_% sensitivity to heat shock. In the presence of
HBR (10 "M) the rate of prote%n synthesis at 43°C was
similar to that obtained at 23°C. However, in untroeated
leaves protein synthesis decreased 2.5 fold at 40 C as
compared to control samples (Figure 1C). as

HBR also induced also some changes in S8-methionine
uptake by leaf segments, thus indioat:hag that gBR
affected cell membranes, especially at 35 C and 45 C.
Another BRssad-epibrassinolide (EB), exerted the same
effect on S-methionine accumulation in leaf segments
and its incorporation into protein (data not presented).

Hence, physiologically active B8s (HBR and EB)
activated protein synthesis in wheat leaves, Iincreased
stress resistance of the protein synthesizing system and
modified cell membrane properties.

Polypeptides synthesized at control tempgrature (23°C) or
under heat shock conditions (2.5 h, _40") _:lgn wheat leaf
segggnts _6treated with HBR (10 .10 M) or
(10 "M,10 "M) or 1incubated in water for 18 h, were
analysed by one-dimensional SDS-PAAGE (6). Data obtained
(Pigure 2) showed that HBR and EB activated protein
synthesis and altered a set of polypeptides
synthesized both at normal temperature and under heat
shock.

At normal temperature._BHBR activated the protein
synthesis in leaves at 10 M and induced (or strongly
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Figure 2. Fluorographs of 358-methionine-labeled leat
proteins fractionated by SDS-PAAG electrophoresis (7.5 -
15 % gradient) The equal amounts of protein were

applied to each trace. The numbers on the middle indicate
the molecular weights of proteins (kDa) syntheesis of
which was acti;?ted or induced bgsBRs. Lanes: 1.6—'!gter:
2,T- HBR, _1é) M:; 3,8-HBR, 10 M; 4,9-EB, 10 M;
5,10-EB, 10 M.
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aotivateclbuthe produogion of a number of polypeptides.
While 10 EB at 23°C was much less effective in the
activation of protein synthesis than HBR, although at
10 it was as active as HBR. They both exerted
sigilar effects on the set of polypeptides synthesized at
23°C. One-dimensional electrophoresis revealed the
activation of the synthesis of 11 polypeptide groups
namely 144, 98, 94, 85, 65, 43, 36-30, 20, 16, 15, 14
kDa.

In congrol leaves placed under heat shock conditions
(2.5 h, 40°C) the production of the majority of proteins
diminiashed and the aynthesis of heat shock proteins
(HSPs) was revealed. The data concerning HSPs in roots
and coleoptiles of 3-day-old wheat seedlings (7) and in
aerial parts of 6-day-old etiolated wheat seedlings (8)
were published. They indicated the non-identical HSP
patterns in various organs (7) or wheat varieties (8).
Moreover the duration of heat shock also affeocted the HSP
pattern (7). Our experiments differed from (7,8) in the
duration of heat shock and were performed with the green
leaves of 14-day-old wheat seedlings (ov.Baratovskaja 29).
Thus the complete 1identity of HS8P patterms in our and
(T.8) experiments was hardly expected but &a certain
s:l.m%larity was revealed. Under heat shock conditions
(40 ClsﬂBR exerted a maximal effect on protein synthesis
at 10 "M (Pigure 2,8). At 40 C, BSs induced the synthesils
of the same polypeptides as those observed at normal
temperature (144, 98, 94, 85, 65, 43, 36-30, 20, 16, 15,
14 kDa). Among these polypeptides, 65 kDa protein
synthesis dominated. It will be interesting +to ocheck
whether this protein corresponds to late HB8Ps of 63-64
kDa revealed in wheat seedlings (7). Molecular weights of
some BS8-induced proteins were identical to HSPs thus
indicating the possibility of BSs participation in the
regulation of HSP synthesis. At the same time, BSs
slightly diminished the synthesis of the typical HSPs. It
is important tt@t pretreatment of leaves with BSs
preserved (at 40 C) the synthesis of many polypeptides
typical for normal temperature.ol'he production of these
polypeptides was inhibited at 40 C in the control leaves.

BSs-induced changes in the sets of proteins
synthesized in leaves were analysed in more detall by
two-dimensional SDB-PAAGE (9). Two-dimensional SDS-PAAGE
fluorographs of polypeptides syntheslized in HBR-treated
leaves at 23°C and 40°C are shown in Figure 3 and
Figure 4, respectively. At 23°C the production of 180
rolypeptides In control leaves (Figure 3 A) and of 225
polypeptides in HBR-treated ones (Figure 3 B) were
observed. HBR had strongly activated label incorporation
into the 46-65 kDa protein family subdivided to more than
20 1soforms. HBR also activated the synthesis of some
polypeptides located near the RUBISCO large subunit
(Figure 3 B, 18). The frame 1 shows the polypeptides
whose syntheslis was predominantly activated by HBR. The
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Figure 3. Fluorographs of “°S-methionine-labeled leaf

proteins fractionated by two-dimensional gel electro-
phoresis. Equal amounts of proteins were applied.
The numbers on the right indicate the_gxolecular weights
of proteins (kDa). A-water: B-HBR, 10 M. PFramed spots
indicate polypeptides the synthesis of which was highly
activated by HBR. Arrows indicate the polypeptides whose
synthesis was activated by heat shock and HBR. LS-large
subunit of RUBISCO,
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Figure 4. Fluorographs of 358-methionine—labeled leaf
proteins fractionated by two-dimensional gel

electrophoresis. Equal amounts of proteins were applied.
The numbers on the right indicate the_énolecular welghts
of proteins (kDa). A-water; B-HBR, 10 M. Framed spots
indicate polypeptides the synthesis of which was highly
activated by HBR. The temperature used was 40°c.

Other details as described in Figure 3.
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protein fluorographs, after two-dimensional gel
electrophoresis, revealed some new spots after HBR
treatment that corresponded to polypeptides 144 and 36-30
kDa, the latter are indicated by frame 2 in Figure 3 B.
HBR also activated the formation of polypeptides 85 and
98 kDa whioch are shown by arrows on Figure 3 B. They
corresponded to H8Ps (Pigure 3 B, Figure 4 B)

The preinocubation of leaves in HBR solution also
resulted in protein synthesis activation under heat shock
and to an increase in the number of spots in the
corresponding fluorographs. It indicated +that HBR
induced (or activated) synthesis of a great number of
polypeptides under heat shock. The produoction of 144
polypeptides in control leaves and of 237 dLn leaves
incubated in HBR solution were observed at 40 C (Pigure
4) & HBR treatment slightly diminished HSP synthesis at
40°C and simul taneously induced synthesis of a number of
polypeptides, induced by BSs at normal temperature. Among
these proteins, polypeptides 0:5 the 65-46 kDa family
dominated (FPigure 4 B) at 40 C. Also, HBR strongly
activated the synthesis of polypeptides loocated on the
fluorographs near the large subunit of RUB&[SCO. Synthesis
of these polypeptides was inhibited at 40 C in untreated
leaves (Figure 4 A). These data indicated that BSs had a
protective effect on the formation of polypeptides
typical for normal temperature conditions.
Two-dimensional BSDS-PAAGE has revealed at least two
protein groups, synthesis of which was induced or
activated by both heat shock and HBR. These polypeptides
were 98 and 85 kDa (arrows in Figure 4 B). The HBR
effects on protein synthesis at normal and stress
temperatures observed in wheat leaves of cv.Saratovskaja
29 were revealed also in our experiments with ov.Opal
(data not presented).

exerted similar effects on protein synthesis in
wheat leaves as HBR (Figure 5). EB was less active in the
stimulation oto polypeptide synthesis In wheat 1leaf
segments at 23 °C than HBR and the number of isoforms
induced (or activated) by EB was fewer (data are not
presented). Nevertheless EB was as efficient as HBR in
thg alteration of protein set synthesized in leaves at
42°C (Figure 5 B).

Therefore, BSs can induce significant changes in the
activity of protein synthesis in wheat 1leaves. In
addition, BSs increased the thermoresistance of protein
synthesis under heat shock and protected the ayntheais of
a great number of polypeptides which were typical for
leaves at normal temperatures. A characteristic feature
of BSs action is the induction or activation of a number
of polypeptides (65-46, 36-30 kDa), synthesis. Some of
these polypeptides were dominant at normal, and
especially at high temperatures. It 1s known that heat
shock strongly inhibits protein synthesis +typical for
normal temperatures but it did not affect BSs-induced
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Figure 5. The effect of EB on, the composition of
polypeptides _q‘ynthesized at 42 C in wheat leaves.
A-water; B-EB, 10 . Other details as described in
Figure 3.
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polypeptide synthesis. This fact supported the concept of
a protective role of +these proteins under stress
conditions.

Heat shock 1is known to exert an effect on plant cell
ultrastructure. The most typical change is represented by
the formation of ocytoplasmic heat shock granules (HSG).
These structures have been observed under heat shock
conditions in many plant cells (10-12). HSGs are
RNP-particles containing temporary (during heat shock)
non-translated mRNAs for proteins usually synthesized at
normal temperature (13). Also, they contain two general
groups of plant HSPs: high-molecular proteins and mainly
low-molecular proteins (10). It 1is suggested that HSPs
localized in granules protect mRNAs from heat
shock-induced degradation. Because of B8-activated
synthesls of a number of polypeptides with molecular
weights similar to HSPs, we have investigated the effect
of HBR on HS8G formation. Figure 6 A shows the
ultrastructure of mesophyll cells in wheat leaf segments
under heat shock conditions. Electron-dense HSGs
aggregated in small clusters and were well distinguished.
An average number of HSGs per clu%ter was 17T and the
average cluster area was 0.211 mkm 6 In leaf segments
preincubated in HBR aolutg.on (10 "M,18 h) and then
subjected to heat shock (40 C 2.5 h), HS8G formation was
also observed in the cytoplasm (Figure 6 B). Morphometric
analysis has shown that HBR stimulated the HS8G formation.
The average number of granules in clusters increased up
to 33 and the average cluster size extended up to 0.287
mkm~ . Therefore HBR stimulated both processes by 40 per
cent. These results are consonant with the HBR effect on
protein synthesis under heat shock conditions.

ture  Under Saline Stress.

The EB effects on cell ultrastructure were studied with
the first leaf of 10-day-old barley seedlings (cv.Vingr)
Leaf segments were preincubated in EB solution (10 )
or water, for 2 h and were then incubated in 0.5 M NaCl
solution during 24 h in the presence or absence of EB.
Cells of control leaves had the nuclei of nucleonema type
with diffused and condensed chromatin (Figure 7 A).
Chloroplasts revealed a well developed membrane system of
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FPigure 6. The effect of HBR on the fine structure of
HSGs_in mesophyll cells of wheat leaves under heat shock
( 40°, 2 h).A-HSGs in control leaf cells after incubation
in water:; B-HSGs 1in the cells of 10 HBR-treated
leaves. Scale bars, 3 mkm.
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Figure 7. Protective effect of 10-8 M EB on nuclear
ultrastructure in barley leaf mesophyll cells under
saline stress (0.5 M NaCl). Leaf segments were
incubated in: ééwater. 26 h; B-wgter. 2 h, +0.5 M _ NacCl,
24 h: C-EB 10 M, 26 h:D-EB,10 M, 2h, + ( EB, 10 BM +
0.5M NaCl), 24 h. Scale bars, 5 mkm.
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lamellae (Figure 8 A). 0.5 M NaCl induoced disturbance of
the ultrastructure of the nuclei and chloroplasts
including strong chromatin condensation (Figure 7 B), and
disorganization of +the ochloroplast membrane system
(Figure 8 B). EB had little or no effect on the leaf cell
ul trastructure under normal conditions (Figures 7 C, 8 C)
and significantly reduced damage induced by saline stress
(Pigures 7 D, 8 D). Hence exerted a protective effect
on barley leaf cell ultrastructure under saline stress
conditions.

Conclusions.

BSs protected cereal leaf cells from heat shock or saline
stress. Leaf pretreatment with BSs decreased cell
ultrastructure degradation from heat shock and high salt
conditions. BSs increased HSG formation which 1s supposed
to protect preformed mRNA in plant cells during heating.
BSs enhanced heat shock resistance of +the leaf
protein-synthesizing system. The effect of BSs on RNA and
protein synthesis was shown earlier (14). We observed
protein synthesis activation in wheat leaves by BSs in
normal and 35 under stress conditions. Two-dimensional
SDS-PAAGE of S-methionine labeled proteins demonstrated
B8-induced changes in the set of polypeptides synthesized
in leaves and in the rate of their synthesis.

BSs 1Induced (or strongly activated) synthesis of a
number of polypeptides. Synthesis of some of them was
dominant in 1leaves under normal and heat shock
conditions. These results permit us to conclude that BSs
induced the expression of a number of genes in wheat
leaves. At what level this regulation occurs 1is still
unknown. The changes in gene expression were demonstrated
in our experiments after prolonged period of BS action
(18 h). It 18 necessary to f£ind out when these
alterations occur in cells and whether they relate to the
previously described changes of membrane
structure/function (15,16). B8 effeot on 35membranea was
also demonstrated in our experiments by 8- methionine
uptake by leaf segments. Also, BSs significantly changed
the set of protein isoforms, as a possible result of
their effect on gene expression and (or)
posttranslational protein modification.

It 1is important that BS-induced changes in the synthe-
sized polypeptide set were observed not only at normal
temperature but also under heat shock conditions. It is
known that in the ocells of all organisms, from baocteria
to man, the synthesis of proteins typical for normal tem-
perature is inhibited by high temperature and synthesis
of HSPs 1s induced (3).8ome evidence confirm the probable
protective role of H8Ps under stress conditions (3,12).
The syntheslis of BS-induced polypeptides wunder heat
shock gives support to the assumption that BS-induced
proteins may also fulfil a protective role.
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Figure 8. Protective effect of on chloroplast
ultrastructure in the barley leaf mesophyll cells under
saline stress (0.5 M NaCl). Leaf segments were
incubated in:Azwater, 26 h;B-water, 2 h, + 0.5 M NaCl,
24 h; C-EB 10 + 26 h; D-EB 10 . 2h, + ( EB 10 +
O.5M NaCl), 24 h. Bcale bars, 5 mkm.
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Chapter 13

The Case for Brassinosteroids as Endogenous
Plant Hormones

Jenneth M. Sasse

School of Botany, University of Melbourne, Parkville, Victoria,
Australia 3052

Brassinosteroids occur widely across the plant kingdom and act at
concentrations comparable to those of the recognised hormones in
bioassays and whole plants. They have a range of effects which can
be distinguished from those of the recognised hormones, and are
especially promotive of young vegetative growth. They can move in
the plant and they interact with, and are modulated by, the effects of
the recognised hormones. They also interact with environmental
signals such as light, gravity and temperature, and can stimulate the
synthesis of particular proteins. Evidence is accumulating that the
brassinosteroids do constitute a new family of plant hormones but
there are great gaps in our knowledge and many areas in the physi-
ology and biochemistry of brassinosteroids need further research.

Physiologists have long wondered whether there are steroid hormones in plants
comparable in activity to those in mammals; is there evidence that the brassino-
steroids fill that role? In animals, a hormone is a "chemical messenger": there is
a localized site of synthesis, transport to a target tissue, control of physiological
response via concentration. The term was carried into plant physiology by
analogy, and used initially for auxin physiology. We now realize the analogy was
simplistic, particularly about one site of synthesis and transport, but Davies’ (/)
definition of plant hormones, while accurate, is very wide

"..they are natural compounds in plants with the ability to affect
physiological processes at concentrations below those where either
nutrients or vitamins would affect these processes."

There are many naturally occurring compounds that have plant growth regulatory
effects in whole plants or bioassays, and brassinosteroids are certainly potent - but
should they have plant hormone status?

0097—6156/91/0474—0158306.00/0
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The generally recognised families of endogenous plant hormones comprise:

auxins: indole-3-acetic acid
4-chloroindole-3-acetic acid
phenylacetic acid
gibberellins: >80 diterpene acids
cytokinins:  >20 purine derivatives
abscisic acid: sesquiterpene acid
ethylene: hydrocarbon.

Other candidates are the polyamine and jasmonic acid families, and all have
precursors, metabolites, conjugates, and synthetic analogues. Their biosynthesis
and metabolism, which provide additional control points for their function, are
studied intensively.

The recognised families are regarded as ubiquitous in the plant kingdom;
have multiple effects; can modulate each other’s effects; move around the plant,
free or in a conjugated form; and interact with environmental signals such as
light, water availability, gravity and temperature. Hormone signals trigger the
synthesis of particular proteins, and the search for hormone receptors, their
distribution, and the transmission and amplification of the signal are currently of
great interest. Using these criteria, do brassinosteroids behave like plant hor-
mones?

Ubiquity

The family, whose biosynthesis and metabolism are being investigated (2,3), now
consists of over 30 members (4). They have been detected in various parts of
plants, such as pollen, leaves, flowers, seeds, shoots, galls, and stems. Bioassay
evidence, particularly in angiosperms, suggests they are ubiquitous, and there is
firm chemical evidence from at least 22 plants, ranging from an alga and Equise-
tum through gymnosperms to both monocots and dicots (5,6,7,8).

Physiological activity of brassinosteroids

Specificity. Using the first member of the family, brassinolide (BR), an extensive
survey of its effects in 17 bioassays, which varied in their responses to gibberel-
lins, auxins and cytokinins, showed that BR did not behave exclusively as any one
of those hormones. In some supposedly specific bioassays BR was as effective, or
more so, as the hormone the assay was supposed to detect (9,/0). This also
applies to the rice lamina inclination assay (1), which is now frequently used.
Thus it is no longer possible to assume standard bioassays are specific, and
brassinolide cannot be classified as belonging to any of the known groups of plant
hormones. Indeed, one reviewer has remarked " .. it could be considered to
belong to all of them!" (12). The "brassin response" of swelling and splitting in
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the second internode of bean requires a high concentration of BR (/3), and at
lower concentrations elongation only is induced, like the response to gibberellin.
However, it is possible to follow isolation procedures with a carefully chosen assay
if one bears in mind the relative activities of the hormones, and their polarities and
pKa’s.

There is a sequential response to plant hormones in elongating tissue which
was first described by Wright (/4) in coleoptiles and first leaves of wheat, If his
experiment with coleoptiles is repeated, BR fits in neatly between gibberellin and
auxin. This also occurs in pea tissue, so BR is again behaving in a comparable
manner to the recognised hormones, in contrast to the general promoter, fusicoccin,
which promotes all but the most mature tissue (15). It cannot be concluded from
such experiments that putative receptors are not present in the tissue that does not
respond to exogenous hormones. Many factors could prevent a response - for
example, optimal endogenous levels of the hormone, the presence of inhibitors or
lack of effectors, physical or chemical constraints on the amplification or expres-
sion of the signal. Other endogenous hormones can also contribute to a response
induced by an exogenous hormone; clearly, knowledge of endogenous levels in
particular tissues would contribute greatly to our understanding, as would receptor
mapping.

Modulation of and by other hormones. The most BR-responsive part of the pea
stem is the transition from the hook to laterally enlarging and elongating tissue
(I5). This is a very plastic zone of the stem, and the different morphological
effect of BR can be shown clearly with segments from this zone. BR not only
promotes elongation, but it maintains a narrow basal diameter and the morphology
can be changed dramatically by low concentrations of the other regulators as well.
The experimental system can also illustrate the additive effect of gibberellin and
BR, and the interactions between BR and auxin or zeatin or abscisic acid or
ethylene (16,17,18).

BR also interacts with auxin in bending responses (19,20,21,22), and BR is
required simultaneously or as a pre-treatment for the effects to occur. Other
workers have reported interactions also, so BR can modulate the effects of the
recognised hormones, and be modulated by them. Thus, if these effects are
reflected endogenously, BR may be involved in the control of the overall form of
the plant - the particular morphology of the etiolated state would match the
properties of this regulator, but a causal role is not yet proven.

It is also tempting to call BR a botanical "juvenile hormone", prolonging
the elongating phase of growth, while auxin and particularly zeatin contribute to
lateral enlargement in the transition from hook to mature stem. Zhao et al.(23)
considered BR retarded maturation and senescence, while the work of Suge (24),
where an inflorescence reverted to a vegetative shoot, is also suggestive, as are
isolated reports of BR promoting shoot formation in tissue culture (25,26). In
whole plants, Braun and Wild (27) showed a promotive effect on photosynthetic
capacity and biomass production in the primary developmental stages, which led to
accelerated growth of the whole plant. They also noted increased synthesis of
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reducing sugars. The USDA group (28) did greenhouse and field studies, and
noted the acceleration of growth of barley and lettuce and there are now many
claims for increased yields of other crops, and a recent presentation described
potent promotive effects in a fungus (29).

Pleiotropic effects. Other properties have been reported for BR, e.g. increased
membrane permeability (30), reduction of phenotypic variation (3/) and improve-
ment of germination rates in aged seeds (32,33). There are also claims that BRs
enhance resistance to various stresses, such as cold, fungal infection, herbicide
injury and salt (34). They are protective in heat shock (35) and recently, several
authors reported enhanced resistance to chilling after BR treatment (36,37,38).
Fruit set can also be improved (39) and there are several reports of more complete
grain filling (e.g., 36,37). So the possibilities for agricultural application are of
great interest, and stability in the field, and mode of administration are under
investigation (39,40).

In reproductive growth, BR has been shown to promote the growth of
pollen tubes in vitro, at a concentration an order of magnitude below those of
auxin or gibberellin (41). Abe (42) has recently reported correlative changes in the
levels of BRs in lily pollen as it matures, with increases in two of the more active
BRs. Taken together with the response of pollen tubes in vitro (41), his data
suggest active BRs are present in mature pollen in adequate amounts to contribute
to the control of pollen tube extension in vivo.

The effect of homoBR on flowering tissues was to produce bisexual and
pistillate flowers on a staminate inflorescence. Also, sepals were deformed (24),
and one would suspect some of these effects were due to induced ethylene biosyn-
thesis, as the dosage of the brassinosteroid used was very high. Excess hormone
levels are known to induce the biosynthesis of ethylene; BR can also do this, and
it interacts with auxin and cytokinin in the induction (43). BR can also affect
endogenous auxin and abscisic acid levels in treated tissue (21,44,45). Thus BR
does have multiple and modulatory effects.

Movement in the plant

Treatment of the roots of tomato and radish plants with BR led to elongation of
the petioles and hypocotyls, and treatment of the bases of mung bean hypocotyl
cuttings led to the elongation of the epicotyls (46,47,48). In cucumber hypocotyl
segments, washing with water reduced the effect of BR treatment (49), and the
uptake of BR has been studied in detail in maize roots, where it accumulated
independently of energy supply and 30% was irreversibly bound (50).

Such behaviour is analogous to that of the recognised hormones, and the
easy uptake and movement of BR, or a conjugate or metabolite, to "target tissues"
is established. Recognition events could still be occurring in other tissues, and
hormones as messengers are also important at different levels of organization in
the plant (51,52,53). BR has been cited (51) as a possible gametophytic hormone
which "might exert an enabling effect at the highest level of plant organization, the



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch013

162 BRASSINOSTEROIDS: CHEMISTRY, BIOACTIVITY, AND APPLICATIONS

whole plant/community boundary”. While this is speculative, at lower levels of
interaction with the environment, BR does act like a hormone.

Interaction with environmental signals

BR enhances the gravitropic response and recovery from gravitropic stimulation
(22). BR also interacts with light effects. Light quality affected BR-induced inter-
node elongation in beans (54), and there was evidence for a role for BR in the
mobilization of photosynthate to particular parts of the plant (55). BR can
overcome the light-induced inhibition of elongation of etiolated plants, and there is
evidence for phytochrome involvement (56). Xu and Zhao (57) observed marked
differences in the effects of BR on peroxidase activities between light- and dark-
grown tissue. Exogenous BR also modifies the response to heat shock, preserving
protein synthesis (35) and the response to chilling has been described above.

Synthesis of particular proteins

Intact protein synthesis is necessary for BR-induced effects (58), again consistent
with the behaviour of the recognised hormones. Also levels of particular proteins
can be affected by BR treatment (27). Treatment of wheat leaves with homoBR
led to altered gene expression, with the synthesis of some new proteins, while not
affecting others. There were further alterations at high temperature, and changing
the concentration of the brassinosteroid also altered the particular profile of the
proteins synthesized (35). Recently, Clouse et al. (59) reported in vitro synthesis
of new polypeptides from RNA induced by BR treatment of soybean tissue, as
well as some down-regulation of others. The data of Xu and Zhao (57) also
suggest some down-regulation, in their case of peroxidase synthesis, with some
differences between isozymes. By analogy with steroids in mammals (60), BR
bound to a receptor protein might enhance gene expression by increasing the rate
of transcription initiation, as well as inducing de novo synthesis.

Conclusions

By the criteria listed, the evidence is consistent with brassinosteroids being a new
family of endogenous plant hormones. However, when Jacobs’ rules (61) for
determining the involvement of a hormone in a process (Presence, Excision,
Substitution, Isolation, Generality, Specificity), are considered:-

P: endogenous levels in pollen are known, but levels in responsive vegetative tissue
are not

E: there is synthesis in pollen (42) and crown gall cells (62)

S: it is assumed endogenous BR is depleted when isolated tissue sections are
treated with BR
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I: single cells respond but more subcellular studies need to be done - there are
some recent data on BR effects on enzyme activity (30,57,63) and molecular
biological approaches have begun (35,59)

G: young vegetative tissues are sensitive, for example, bean, pea, mung bean,
Azuki bean, wheat, maize, sunflower, cucumber, radish, tomato, birch, elm,
crabapple, soybean, Arabidopsis

S: the effect of BR is distinct from those of gibberellin and auxin, and there are
structure/activity variations within the brassinosteroids,

our information is incomplete, as it is for the recognised hormones also. Several
areas in the physiology and biochemistry of BRs still need study, and many ques-
tions can be asked:

what are BRs’ effects on anatomy and the physical parameters of growth;

are BRs synthesized in tissues other than pollen?

what are the endogenous levels in growing vegetative tissue?

does BR help maintain the etiolated state?

does BR modulate the phytochrome response?

what is BR’s role in pollen?

how does BR accelerate growth, particularly protein synthesis?

do BRs’ synergisms reflect increased receptor numbers?

where is BR’s putative receptor?

does it behave like an animal steroid receptor?

or is it membrane-bound, requiring a second messenger system?
Even with these and other unanswered questions, the case for the brassinosteroids
as endogenous hormones is strong, and I suggest that brassinosteroids have an
independent role in the early stages of vegetative growth. Their promotive effects
in other tissues may be accelerative of an already determined program for growth,
or the effects of other hormones. The few reported inhibitory effects may reflect
supraoptimal levels, probably mediated via ethylene, while the results with pollen

(41,42) suggest the effects of brassinosteroids must be included when the role of
endogenous plant hormones in plant growth is considered.
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Chapter 14

Brassinosteroid-Induced Changes
of Plasmalemma Energization and Transport
and of Assimilate Uptake by Plant Tissues

I. Dahse!, U. Petzold?, C. M. Willmer?, and E. Grimm?

!Lehrstuhl fuer Biophysik, Friedrich Schiller Universitat Jena,
Philosophenweg 14a, Jena, 0—6900, Germany
2Sektion Biowissenschaften, WB Pflanzenphysiologie, Martin Luther
Universitat Halle-Wittenberg, Am Kirchtor 1, Halle/Saale, 0—4020,
Germany
3Department of Biological and Molecular Sciences, University of Stirling,
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Several steroids, among them 22S,23S-homobras-
sinolide (SSHB) and 24-epibrassinolide (24-E),
were examined with respect to their effects on
plasmalemma energization and assimilate uptake
by measuring the electrical potential differ-
ence (PD) across the plasmalemma and medium
acidification, stomatal opening and uptake of
radioactive a-aminoisobutyric acid and sucrose

using different plant material. All steroids
tested cause, at least temporarily, hyperpola-
rization of the PD. No correlation of the

ability to hyperpolarize the plasmalemma with
known growth effects was found. The results
are compatible with a steroid effect on the
membrane-embedded moiety of the plasmalemma
H*-ATPase. This does not seem to be the speci-
fic effect of brassinosteroids. However, both
brassinosteroids promote solute uptake and
inhibit stomatal opening.

The uptake of nutrients into plant cells as well as their
distribution between organs and tissues is a prerequisite
for growth. and it is generally accepted that transport
demands the energization of the plasma membrane (plasma-
lemma), particularly in cases where transport is accom-
plished against the (electro-)chemical gradient of the
solute in question. 1In plants the proton motive force

0097—6156/91/0474—0167306.00/0
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across the plasmalemma (pmf = 59ApH -4 ;Atf - electri-
cal potential difference PD; pmf and4% in mV) may, in
principle, be harnessed as the driving force for solute
uptake even when its electrical component seems to be of
higher significance. There is overwhelming evidence that
the plasmalemma proton pump builds up the PD and main-
tains the proton gradient. Phytoeffectors which interfere
with this process may, therefore, affect growth. The
discovery of brassinosteroids as plant growth substances
poses the inverse issue: Are their effects on growth due
to a specific interaction with the plasmalemma proton
pump as might be suggested by analogy to the fungal
phytotoxin, fusicoccin (FC), or to the steroidal glyco-
side, ouabain, which is a powerful inhibitor of the Na,K-
ATPase in several animal cells? A clear answer is obscu-
red by the possibility of various interactions of ste-
roids with membrane proteins and/or their lipid environ-
ment and finally by the failure to find specific recep-
tors - a problem which is well known for other plant
hormones.

In order to delimit the possible mode(s) of action
of brassinosternids, we report here on a series of diffe-
rent experiments with different plants which should indi-
cate changes of membrane energization and transport as
induced by phytoeffectors. The following well-characte-
rized test systems were used: for measuring the PD:
leaves of Egeria densa (1); for recording medium acidifi-
cation: leaves of Fgeria and Vicia faba (2); for measure-
ment of stomatal opening: epidermal strips of Commelina

communis (3); for assaying ATPase activity: guard and
mesophyll cell protoplasts of Commelina (4); for sugar
and amino acid uptake: leaves of Egeria and Vicia and

conducting tissue of Cyclamen persicum (5). As a result
it was shown once again that relations in more complex
systems like tissues or organs cannot be deduced from
results obtained from transport at the cellular level.

Material and Methods

Plant Material. Growing conditions and treatment of
plant material has been described elsewhere: for the
aquatic weed, Egeria densa PLANCH., in (6), Vicia faba L.
in (2), Commelina communis L. in (7)) and Cyclamen persi-
cum MILL. in (5).

Electrophysiological Measurements. Membrane potentials
of Egeria leaf cells were measured using standard micro-
electrode technique (8). An isolated leaf was mounted in
a plexiglass chamber which was continuously perfused by a
standard medium (1.0 mM KCl, 1.0 mM Ca(NO3)2, O0.25 mM
MgS0O:s, 1.0 mM NazHPO; /NaH2POs buffer, pH 5.7). Experi-
ments were performed in the light (50 W m~2 at the leaf
level) as well as in darkness. Steroids were added at the
point when the PD reached a stationary magnitude for at
least 10 min. All phytoeffectors were added from methano-
lic stock solutions.
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Recording of Medium pH. pH measurements in the medium
were made out in unbuffered solution (10 or 20 ml) with
10 Egeria leaves (30-40 mg fresh weight) or 20 Vicia leaf
discs (200 mg fresh weight). The COz2-free aerated solu-
tion contained 1 mM CaCl2 and 1 mM KCl (Egeria) or 0.5 mM
CaClz, 0.5 mM MgClz and 250 mM mannitol as osmoticum
(Vicia) plus the steroids.

Uptake of a-Aminoisobutyric Acid (AIB) and Sucrose.
Leaves of Egeria or Vicia were incubated with radioacti-
vely labelled solutes as described (2). The uptake rate
was calculated from the initial specific activity in the
external medium. The radioactivity in the methanolic
extracts was recorded by liquid scintillation spectrome-
try.

Sucrose Absorption by Vascular Bundles. Sucrose uptake
into 2-4 mm long pieces of vascular bundles isolated from
the petiole of Cyclamen persicum was described in detail
in (5). Briefly, the tissue material was preincubated (30
min) with brassinosteroids or related compounds, which
were also present during the following incubation with 1
mM 14C-labelled sucrose (30 min). All solutions contained
1 mM CaSOs, 1 mM KCl and 10 mM morphol inoethanesulfonic
acid and were adjusted with NaOH to pH 5.0. After a 5-
min-washing procedure and extraction in methanol the
uptake rate for sucrose was determined analogously to the
experiments with leaves.

Results and Discussion

Brassinosteroids - like other steroids - are lipophilic
or amphiphilic; some of them are mesogens. These proper-
ties cause them to accumulate in membranes or at membrane
surfaces. Therefore, detailed insight into their role as
plant growth substances might be obtained by studying
their interference with membrane functions. Applied ex-
ternally, the first membrane they meet is the plasmalem-
ma. The functioning of the plasmalemma is crucial for
transport in plants. Hereafter, some results on the plas-
malemma are reported which reflect short-term effects of
the substances applied.

Effect of Different Steroids on the Electrical Cell Po-
tential of Egeria leaves. Egeria leaves maintain a high
membrane potential of about - 230 mV in the light due to
enhanced proton pumping by the plasmalemma ATPase,
whereas the PD in darkness is considerably lower (1).
Therefore, a stimulation of proton extrusion, for exam-
ple, by the addition of phytoeffectors, is electrophysio-
logically easier to detect in the dark. In contrast,
inhibition of proton pumping indicated by a depolariza-
tion of the plasmalemma should be better seen under
illumination. Consequently, the steroids tested were
applied in the light and in the dark. In the light, SSHB
and 2a-3a-dihydroxy-5a-stigmast-22-en-6-one (DHS) were
similar to each other and similar to FC in causing hyper-
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polarization of the PD whereas the common plant sterol,
stigmasterol, was less effective. 1In the dark, these
three steroids showed comparably large hyperpolarizations
(8). Surprisingly, 24-E which has been found to be highly
growth-promotive in growth tests (9) did not usually af-
fect the PD of Egeria leaf cells in the light and hyper-
polarized the plasmalemma only sometimes in darkness. The
cardiac glycoside, ouabain, was ambiguous in causing PD
changes in the light, whereas in the dark, it caused
transient hyperpolarization resting on a depolarized
state of the cell.

Effect of Steroids on Proton Extrusion. Photosynthesi-
zing leaf tissues were capable of extruding protons into
the external medium owing to the activity of the plasma-
lemma ATPase. Applying steroids in such experiments,
different results were obtained with FEgeria and Vicia.
Using Egeria leaves, SSHB, DHS and stigmasterol caused
strong medium acidification in the light and in darkness
(8). However, in accordance with its failure to hyperpo-
larize the plasmalemma, 24-E, like ouabain, did not aci-
dify the medium in any case.

In contrast to Egeria leaves, with Vicia leaf
slices, medium acidification was enhanced not only in
the presence of SSHB but also by 24-E (Figure 1). The
addition of the plasma membrane ATPase inhibitor erythro-
sine B did strongly reduce brassinosteroid-induced H* -
extrusion indicating that the stimulating effect of bras-
sinosteroids is mediated by the ATP-driven proton pump.

Stomatal Opening as Influenced by Steroids. Owing to the
fact that guard cells of stomata are highly specialized
in membrane transport, they were included in this inve-
stigation. In particular, it is known that the plasmalem-
ma proton pump delivers the driving force for the strong

60 |
| +EB
Contr
5 50 24-E
SSHB
40 1
0 4 8 10
t(min)

Figure 1. Enhancement of light-induced H* extrusion by
24-epibrassinolide (24-E; 10-7 M) and 22S,23S-homobras-
sinolide (SSHB; 10-7 M) and its inhibition by erythro-
sine B (EB; 5*10-5 M) in Vicia leaf discs.
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ion influx required for stomatal opening. Therefore,
stomatal movement is expected to provide evidence for a
modified pump activity complementary to that of measure-
ments of the membrane potential or of medium acidifica-
tion.

Following this strategy, we measured the effect of
steroids on stomatal opening in epidermal strips of Com-
melina. As a result, SSHB (not shown) and 24-E as well as
ouabain significantly inhibited stomatal opening (Figure
2) whereas DHS slightly stimulated it (not shown). Stig-
masterol did not impair stomatal movement.

Using guard or mesophyll cell protoplasts of Comme-
lina, 1in an assay according to (4), activities of solu-
bilized plasmalemma and tonoplast ATPase were found un-
changed after steroid treatment.

Effects of Brassinosteroid on Solute Uptake. According
to the results obtained with Egeria and Vicia leaf tis-
sues (2) the stimulating effect of brassinosteroids on
the proton pump should increase the proton gradient-
driven influx of organic solutes. Therefore, uptake of
ATB and sucrose into leaf tissues of Egeria and Vicia as
well as into conducting tissue of Cyclamen was measured

24-epibrassinolide ouabain
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Figure 2. Effect of 24-epibrassinolide and ouabain on
stomatal opening of Commelina epidermal strips in the
light in the absence or presence of carbon dioxide in
the air. Aperture of the control: 11.6 mm (without
CO2); 6.3 uym (with CO2).

using radioactive tracers. For comparison FC was used as
a known activator of H+*-ATPase. The results in Figure 3
and Table I demonstrate the promotive effect of SSHB and
FC on the uptake of AIB and sucrose into the leaves of
Egeria and Vicia. Additional autoradiographic studies
using Vicia leaf discs of mature, photosynthate exporting
leaves (not shown) indicated that within two minutes of
incubation, the minor vein network concentrates Cl4-
labelled sucrose. This observation is consistent with the
involvement of phloem loading. Therefore, the increased
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Figure 3. Effect of SSHB and fusicoccin (FC) on sub-
strate uptake into leaf cells of Egeria in the light
and in the dark. Concentration of external solutes:
AIB, 0.5 mM; sucrose, 5 mM. C - control.

sucrose uptake into the leaf discs appeared to result not
only from effects of FC and SSHB on sugar entry into the
mesophyll cells (as in Egeria) but also on the processes
of phloem loading.

Table I. Effect of FC and SSHB (in M) on Uptake
(uM/gFW/2h) of Sucrose (5 mM in the Incubation Medium)
in Vicia Leaf Discs in the Light

Control FC SSHB
- 10-7 10-6 10-5 10-6
4.61 4.72 4.53 5.20 5.29
(20.21) (£1.2) (£1.3) (20.08) (20.13)

Actually, the data from Table II indicates a slight,
but distinctive stimulation of sucrose uptake into iso-
lated vascular bundles of Cyclamen by brassinolide, 24-E
and DHS, whereas SSHB and stigmasterol were found to be
without any significant effect. Nevertheless, this short-
term increase in the range between 15 and 24% for brassi-
nosteroids is less effective than the fusicoccin-mediated
stimulation of sucrose absorption (33-35%). Again, this
data suggests that brassinosteroid-stimulated substrate
uptake may be mediated through the modifying of proton
gradient-maintaining pump at the plasma membrane.

Involvement of Plasmalemma Energization. For SSHB and
DHS the membrane potential measurements in Egeria leaf
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Table II. Effect of Brassinosteroids and Related
Compounds on Uptake (nmol/g FW/30 min) of Sucrose (1 mM
in the Incubation Medium) into Isolated Conducting Tissue

of Cyclamen

Treatment uptake rate stimulation (%) significancy
Control 342 + 32 - -
BR, 10-6 397 + 48 16 P < 5%
BR, 10-7 423 + 88 24 P < 5%
SSHB, 10-6 344 ¢+ 39 n.s.
SSHB, 10-7 372 £+ 70 n.s.
24-E, 10-6 379 + 49 n.s.
24-E, 10-7 402 + 33 18 P < 1%
stigmasterol, 10-6¢ 396 * 61 n.s.
stigmasterol, 10-7 394 + 54 n.s.
DHS, 10-¢ 393 + 29 15 P < 5%
DHS, 10-7 398 + 52 16 P < 5%
FC, 10-6 463 + 41 35 P < 1%
FC, 10-7 454 * 59 33 P < 1%

cells revealed the electrogenic nature of the steroid-
enhanced Ht-extrusion. Unexpectedly, this could not be
found for 24-E although good correlation of hyperpolari-
zation and medium acidification has been reported for
this brassinosteroid in Azuki bean (Vigna angulare) epi-
cotyls (9). These findings and the brassinosteroid-in-
duced H*-extrusion by Vicia leaf slices, which was inhi-
bitable by erythrosine B (Figure 1), suggest that plasma-
lemma energization displays differing sensitivity to
brassinosteroids in different plants. The strong steroid-
induced hyperpolarization of green Egeria cells in dark-
ness indicates a stimulation of the proton pump rather
than an increased resistance of the plasmalemma. This
view is additionally supported by the sensitivity of H+-
extrusion to erythrosine B. 1In contrast to our results
with Egeria, where ouabain and 24-E failed to induce
proton pumping, it has been reported that in root tissues
of maize all steroids tested enhanced proton extrusion,
whereas only for brassinosteroids or related derivatives
has growth promotion been found (10). This indicates a
stimulating effect on the plasmalemma ATPase independent-
ly of growth. Unfortunately, the comparability of these
results is limited in view of the fact that phytohormone-
induced proton extrusion is known to be different in
roots in comparison to the shoot.

Similarly, stomatal opening in epidermal strips of
Commelina was affected by the steroids tested here in a
different manner (Figure 2) although membrane energiza-
tion and hyperpolarization of guard cells are a prerequi-
site of opening. Surprisingly, both brassinosteroids,
SSHB and 24-E, (like ouabain) inhibited opening in paral-
lel, whereas the physiologically inactive (regarding
growth) DHS stimulated it.



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch014

174 BRASSINOSTEROIDS: CHEMISTRY, BIOACTIVITY, AND APPLICATIONS

The lack of effect of steroids on the ATPase activi-
ty in the assay with Commelina protoplasts is no proof
against an interaction with this membrane protein as the
experiment has been performed in the presence of a deter-
gent (Triton X-100), that is, under conditions where the
protein is not capable of vectorial transport. This
result is, rather, a hint for an interaction with the
membrane-embedded moiety of the proton pump.

Sucrose absorption by the conducting tissue of the
Cyclamen petiole has been shown to be a carrier-mediated
step accomplished by cotransport with protons (5). Stimu-
lated sucrose absorption in the presence of brassinoste-
roids as observed in this investigation may, therefore,
be attributed to a higher proton pump activity of the
plasmalemma ATPase.

Concluding Remarks

An important question, raised by the results presented
on brassinosteroid effects, is how stimulation of proton
pump cooperates with the processes of photosynthesis and
partitioning of photoassimilates as a whole. From this
investigation it is too early to draw conclusions concer-
ning the consistency of the data obtained from different
transport steps. Our aim was to find out the mode of
action of brassinosteroids on membrane transport using
for comparison other steroids; therefore, well-characte-
rized test systems were initially used. Even if this
strategy is accepted, its drawback will become evident:
the data collected from different species and organs pro-
vides only indirect evidence for the interaction of ste-
roids with membranes and is not strictly comparable. From
all information known to us, two unexpected facts
emerge: 1) We could not correlate the potency of steroids
in causing hyperpolarization and wmedium acidification
with structural requirements. 2) The lack of correlation
between the steroid effects on membrane energization ob-
tained in different systems is a hint to their differing
sensitivity.

Nevertheless, it was clearly demonstrated that bras-
sinosteroids, like the other steroids investigated here,
interact with the plasmalemma thereby showing short-term
effects on the membrane potential and/or medium acidifi-
cation. In some cases these effects correlate with stoma-
tal movement and solute uptake into leaves or conducting
tissue. The results are compatible with an effect of
these substances on the membrane-embedded moiety of the
plasmalemma H+*-ATPase yielding a modified proton pump
rate. They support, therefore, the "Annulus Hypothesis"
according to which sterol effects are caused by direct
lipid-protein binding.
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Chapter 15

Brassinosteroids Specifically Inhibit Growth
of Tobacco Tumor Cells

Thomas J. Bachl, Petra S. Roth!, and Malcolm J. Thompson?

IUniversitat Karlsruhe, Botanisches Institut II, Karlsruhe 1, D—7500,
Germany
2Beltsville Agricultural Research Center, Agricultural Research Service,
U.S. Department of Agriculture, Beltsville, MD 20705

Auxin- and cytokinin-autotrophic tobacco cells, generated through
transformation by Agrobacterium tumefaciens, were used for
studying the effect of two synthetic brassinolides (2¢,3a,228,238-
tetrahydroxy-248-methyl-B-homo-7-oxa-5a-cholestan-6-one, BR-1,
and 20,3@,22a,23a-tetrahydroxy-248-methyl-B-homo-7-oxa-5a-
cholestan-6-one, BR-2). Both artificial brassinosteroids have been
shown active in brassinolide-specific tests using intact plants or
plant organs. Both in callus and suspension cultures BR-1 and BR-
2 significantly inhibited cell growth, with BR-1 being slightly more
effective at concentrations below 108 M. This specific growth
response, becoming significant below a concentration of 10° M,
cannot be easily explained solely by membrane effects but rather
suggest the presence of specific hormone receptors mediating gene
activation/inactivation similar to the situation in animal cells. This
inhibitory effect was much less prominent, if visible at all, in
hormone-auxotroph cell lines that have also been tested, e.g. from
wild-type tobacco, carrot, and Petunia. BR-1 treated tobacco
tumor cells produce less cytokinin and auxin than the controls.
From this and other data a model is derived that might provide an
explanation of how BR interferes with the regulation of the cell
cycle in transformed cells. Ecdysone, having some structural
similarities to brassinolide, also exerted some growth-inhibitory
effect, although at concentrations about three magnitudes higher.
The preliminary data available, using radiolabeled ponasterone
that usually serves as a substrate for the kinetic analysis of insect
ecdysteroid receptors, indicates some specific binding to protein in
homogenates from LA6 cells. Since growth inhibition can be
monitored that easily, tobacco tumor cells might be useful in the
screening for other natural products having BR activity.

0097—-6156/91/0474—0176$06.00/0
© 1991 American Chemical Society
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In 1970, Mitchell et al. (Z) isolated from pollen of rape a lipoidal complex
termed "brassins” that has growth-promoting effects on plants. The active
compound was eventually identified as a steroid derivative, which was given the
name brassinolide (2). In the same year, two highly physiologically active
brassinosteroids (a generic term for all compounds structurally related to
brassinolide), 225,23S,24S (tri-epi)-brassinolide (further referred to as BR-1) and
22R,23R,24S (epi)-brassinolide (BR-2) were synthesized (3, 4). Ever since
various synthetic routes have been developed to synthesize BR and its isomers
(see elsewhere in this volume).

Brassinosteroids are reported to stimulate overall plant growth and
development, especially under stress conditions, to enhance auxin-induced
growth as well as auxin-induced ethylene production (5, 6). Brassinesteroids
interact with most of the phytohormones, such as cytokinins and gibberellins, and
in particular with auxin.

In this article we refer to the effect of brassinosteroids on plant cell cultures, in
particular on plant tumor cells.

Transformed tobacco cultures are hormone-autotroph. The integration of the T-
DNA of the plasmid from Agrobacterium tumefaciens into the plant genome
provides the genes required for the synthesis of auxin and cytokinins. The
amounts produced maintain the cells in a juvenile, undifferentiated stage and
support rapid growth. This specific condition offers the possibility to singularize
the effect of an additional growth regulator.

Like all steroids, brassinosteroids derive from a single common precursor:
mevalonic acid. Some phytohormones are synthesized totally or in part via the
isoprenoid pathway, such as abscisic acid, gibberellins and cytokinins. The
importance of this biosynthetic pathway in processes involved with cell cycle
regulation and tumorigenesis in mammals is well documented. Having in mind
the similarities between certain regulatory systems in plants and animals the
question arose whether brassinosteroids as putative plant steroid hormones
would show a specific effect on plant tumor cells.

Methods

Transformed tobacco cells (strain LA6) were kindly provided by Professor Jeff
Schell, MPI Cologne. Culture maintenance conditions as well as application of
brassinsoteroid to culture- media were described previously (7).

Ethylene evolution. Five days after the addition of brassinosteroid to the culture
media, aliquots (5 ml) of the suspension cultures were transferred to sterile
plastic tubes and tightly closed. The tubes were placed on a gyrotory shaker (140
rpm) for 12 and 24 hours and kept in the dark. Then samples were withdrawn
with a syringe and injected into a gas chromatograph (Hewlett Packard S880A;
column 1m x 3mm packed with Al,O,, 60/80 mesh; carrier N,, combustive gas



BRASSINOSTEROIDS: CHEMISTRY, BIOACTIVITY, AND APPLICATIONS

178

"pareorpur

SI (z-9d pue [-¥d) sSojeue onoyjuks oy) 03 paredurod oprjoulsselq [eINjRU
JO Ansmuayo09193s 9y, °Apmis SIy} UL PIsn SPIOIS)S JO SOIMPNIIS ] JWIYIS

ouoskpoahxoipAy—0z § H on
HO,
e OH
zov_/\/\—
HGHO
0

V suoldisiiniy
HO

YV ouoieis|yei
HO

HO

:O;O.ﬁb-O:OO—&XID

(1010)S0UEI0)ON -$C)

(s rzyeZ'dee)
opjjoujsse.g

.OH

HO

GTOUO'v270-TE6T-H0/TZOT 0T :10p | TE6T ‘v JeqWeNON @ uoiedl|dnd



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch015

15. BACHETAL.  Growth Inhibition of Tobacco Tumor Cells 179

mixture O, and H,; gas flow rate N,,H, 20/24 ml/min; temperatures: column
isothermal 80°C, oven 250°C).

Endogenous phytohormone levels

IPA: Transformed tobacco callus cultures were cultured on BR-

containing medium for 3 weeks, harvested and weighed. Plant material was
frozen in liquid nitrogen and then extracted according to the manual of the
manufacturer’s kit (see below).
The calli were homogenized using a mortar and pestle (previously chilled with
liquid N,). Then they were extracted with 10 ml per g original fresh weight 80%
MeOH containing 10 mg per liter BHT (2,6-Di-tert-butyl-4-methylphenol) at 4°C
(cold chamber) for 1h under continous stirring. At this stage an internal
standard was added. The sample was pelleted and decanted. The extraction
was repeated twice, the extracts were combined and water was added to a final
concentration of 70% MeOH. Lipids and pigments were removed by passage of
the extract through reverse-phase C,q cartridges (Pharmacia). MeOH was
removed by rotary evaporation followed by a stream of nitrogen. Immunological
quantification of IPA (isopentenyl adenosine) was performed with commercially
available assay kits (Phytodetek-IPA, Idetek, Denmark), according to the
manufacturer’s manual.

IAA: Indole-3-acetic acid content of treated calli was determined by
HPLC. The frozen calli (liquid N) were homogenized with 4 ml per 500 mg
original fresh weight cold acetone/water (80:20, v/v) in a chilled mortar, then in
a Waring Blendor. The homogenate was centrifuged for 15’ at 5000 x g,
resuspended in fresh acetone (80%) and centrifuged again. The supernatants
were combined. Acetone was removed with a rotary evaporator, the aqueous
residue was frozen at -20°C, thawed and centrifuged again (30°, 5000 x g). The
supernatant was removed by aspiration, the remaining material brought to pH 3
with 1 N HCI and extracted with ether. The ether was removed and the resulting
residue was dissolved in MeOH. HPLC was performed by using a reverse-phase
C,g cartridge (Nucleosil, Merck), using two elution solutions (A: 20% MeOH in
0.1 acetic acid; B: 100% MeOH; gradient: from 20% B to 98% B in 20’). The
standard was pure IAA in MeOH. Fractions of the samples co-eluting with the
standard were collected and spectrophotometrically identified.

Ecdysteroids: All ecdysteroids used in this work were a kind gift of Prof. Dr. Jan
Koolmann, University of Marburg. They were ecdysone, 20-hydroxyecdysone,
makisterone and muristerone for the growth experiments, as well as radiolabeled
ponasterone A for the binding assay. Preparation of stock solutions, sterilization
and addition to media was exactly the same as for brassinosteroids.

Binding assay: 20 g of freshly harvested, three-week-old transformed tobacco
calli were homogenized in a mortar with 25 ml of tris-buffer (10 mM Tris, 1.5
mM EDTA; pH 7.4 at 20°C), then in a glass homogenizer (0.37mm gap, 200 rpm)
and finally passed through 9 layers of gauze. The filtrate was centrifuged for 10’
at 2°C and 2000 rpm (Beckmann, model J-21, rotor JA 20). The pellets were
combined and resuspended in a small amount of tris-buffer, homogenized in a
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second glass homogenizer (0.1mm gap, 500 rpm) and centrifuged again. All
steps were performed in a cold chamber (2-4°C).

The procedure of the DCC-assay followed the protocol of Lehmann & Koolman
3 9.

Composition of the DCC-suspension: 2.7% (w/v) Norit A (charcoal), 0.27 %
(w/v) Dextran T 40, 0.15 % (w/v) gelatine, 10 mM Tris/HCI, 1.5 mM EDTA, 7
mM DTT, pH 7.4 at 20°C.

Assay of total binding: 133 sl of [PH]-PoA ( equivalent to 80 nM, in
MeOH; 5 pCi/ml) was dried under a stream of nitrogen and dissolved in 45 pl of
buffer.

Unspecific binding: 133 ul of (*3H)-PoA ( equivalent to 80 nM, in MeOH;
5 uCi/ml) plus 30 pl unlabeled PoA (equivalent to 24 uM, in MeOH) were dried
under N, and also dissolved in 45 ul of buffer.

To each assay 405 pl cell homogenate were added and then incubated for 9 hours
(+ 4°C). Afterwards aliquots were withdrawn (100 pl each), and 100 ul of DCC-
suspension added and well shaken for 30’, Particles of charcoal were removed in
a short centrifugation step (2’). 100 pl of the supernatants were pipetted into
scintillation vials, 4 ml cocktail were added and the samples were counted.

The specific binding is given by: Total binding minus unspecific binding.

Results

Growth Inhibition. Both brassinosteroids (BR-1, tri-epi-brassinolide, and BR-2,
epi-brassinolide) dramatically inhibit growth of transformed tobacco cultures,
with BR-1 being the more active coumpound at low (<108 M) concentrations
(Figure 1).

This strikingly differs from the well known growth-promoting effect that
brassinosteroids produce on many plants and plant segments (5, 6). Callus and
suspension cultures behaved more or less the same way (Figures 1 and 2),
although cells kept in suspension appear to be even more sensitive, possibly due
to a facilitated uptake of BR. Growth inhibition appears to be more pronounced
when comparing fresh and dry weight of BR-treated calli (Table I). This leads us
to conclude that one mechanism underlying the growth inhibition might be the
interference with processes governing water uptake in tumor cells.

The transformed tobacco cells react in a very sensitive and specific way on
brassinosteroid-treatment. Various non-transformed, hormone-heterotrophic
callus cultures such as wild-type tobacco (strain SR1I), carrot and Petunia showed
rather undefined or weak reaction upon the application of BR (7).

Ethylene Production. The production of ethylene is reduced in brassinosteroid-
treated suspension cultures (Table IT). In various other systems BR has been
reported to stimulate ethylene formation (see 6 and literature cited therein).

Effect of Further Growth Regulators. Some other growth regulators were tested
for their effect on transformed tobacco callus cultures. Triacontanol, a long-
chain alcohol with growth-promoting activities in several plant species (10) and
even in single-cell algae (11, 12), as well as its putative natural antagonist
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Figure 1: Comparison of the effect of two synthetic analogs (BR 1 and BR 2) of
brassinolide on the growth (measured as increase of fresh weight - fw - in % of
the untreated control) of transformed Nicotiana tabacum callus-cultures.
Culture period: 3 weeks. CV <5%
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Figure 2: Growth of transformed Nicotiana tabacum suspension-cultures (in %
of the untreated control) in presence of brassinosteroid BR 1. Culture period: 7
days. Concentration range: 1010t 100 M. CV >5%

heptacosanol, did not exert any significant effect at the concentrations tested
(103 M and 10™* M; data not shown).

Onxysterols are reported to act as potent inhibitors of growth in mammalian cell
systems because of their interference with sterol biosynthesis (Z3). Upon
superficial examination, brassinosteroids could be regarded as just highly
oxygenated sterols. Therefore, two oxysterols (24-ketolanosterol and 7-
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Table I: Water content of transformed tobacco callus-
cultures grown on brassinosteroid-containing medium for
3 weeks. The brassinosteroid employed (BR-1) is a
synthetic 22S,235,24S-analog of the naturally occurring
brassinolide. The concentration of BR-1 was varied from
1019M to 106 M. CV <5%

Concentration of brassinosteroid Water content
M] [% of fresh weight]
Control 97.1 + 0.2
10710 95.9 + 0.2
107 95.1 + 0.3
10°8 94.8 + 0.2
107 94.1 + 0.1
10 92.7 + 0.2

ketocholesterol, kindly provided by Dr. Ed Parish, Auburn University) were
applied to tobacco calli at concentrations from 10 M to 10 M (Figure 3). At
the lower concentrations there was no effect at all; 10 M and 10 M slightly
inhibited callus growth. The data suggests that the growth-inhibiting effect of
brassinosteroids on tobacco tumor cells cannot be solely ascribed to an
unspecific oxygenation of the sterol backbone, but is rather a function of specific
interaction with as yet unidentified genes/factors being involved in the cell cycle
regulation of tumor cells. Similarly, mevinolin, a natural antibiotic and highly
specific inhibitor of mevalonate biosynthesis and efficient growth regulator in
intact plants (14) blocked growth of LA6 cells only at concentrations higher than
1 M, about ten times higher than was shown to be required with a hormone-
auxotroph cell culture of Silybum marianum (data not shown).

Table II: Ethylene production by brassinosteroid (BR-1)-
treated, transformed tobacco suspension cultures

Ethylene
[nl/g fresh weight]
BR-1 [M] 12h 24h
Control 158 548
10'10M 130 325
108 M 139 371
107M 130 258

106 M 124 380
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Figure 3a,b: Growth of transformed Nicotiana tabacum callus-cultures in the
presence of oxysterols. a) 24-ketolanosterol; b) 7-ketocholesterol.
Concentrations of oxysterol were varied from 10 to 105 M.

Effect of BR on Endogenous Cytokinin and Auxin Content. We have previously
shown that addition of exogenous IAA (105 M and 10* M) also reduced growth
of LAG6 cells (7, 10). Simultaneous addition of IAA (10> M) and of BR-1 to the
cultures inhibited growth of cells to a lesser degree than did the application of
any of the compounds alone. Intermediate levels of BR-1 (10" and 108 M) in
combination with high auxin (10* M) even stimulated FW/DW increase
considerably, thus revealing some yet to be defined interactions between the two
phytohormones. Therefore, we were interested to measure the auxin content of
BR-1 treated LAG calli. Extractable, endogenous IAA was dramatically reduced
in brassinosteroid-treated transformed tobacco calli (Table III).
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Table III: Content of IAA in BR-1 treated, transformed tobacco cells.
IAA was determined by the aid of HPLC. Age of cultures: 3 weeks

BR-1 [M] nmoles IAA/g fresh weight
0 (control) 93.7
10°10 15.9
108 19.0
107 276
106 13.7

The content of cytokinin (IPA) was also drastically reduced (Figure 4); the
reduction was dramatic and tended to be dose-dependent. Therefore, the
growth-inhibiting effect of BR might in part be correlated to lowered amounts of
endogenous auxin and cytokinin that fall below the levels required for sustaining
growth and/or cell division. The formerly well balanced inner equilibrium of
these two phytohormones in the transformed cells appears to be severely
disturbed by the addition of BR. The striking growth-inhibiting effect of BR on
tobacco tumor cells, in contrast to its much less pronounced effect on normal
plant tissues (7) prompts the speculation of whether BR is closely involved in
processes governing tumorigenesis itself.

Effect of Ecdysteroids: Brassinosteroids are structurally related to the insect
moulting hormones, the ecdysteroids. Thus the question was raised whether

60
Transformed tobacco calli
50 Contents of cytokinin
~ as influenced by BR
£
o 407
>
]
§ 30
& 20
ﬁ N\
10+ \\ \\\\ \Q
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10

8 6
Brassinosteroid ( —log M )
Figure 4: Effect of brassinosteroid (BR-1) on endogenous cytokinin in tobacco

LAG cells. Cytokinin (isopentenyladenosin, IPA) was determined by the aid of
an ELISA test.
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125 - Transformed Nicotiana tabacum callus cultures
Growth in presence of four different ecdysteroids
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Figure 5: Effect of 4 different ecdysteroids on the fresh weight increase of LA6
calli. E: Ecdysone; OH-E: B8-Hydroxy-ecdysone; MA: Makisterone; MU:
Muristerone. Concentration range: 108 to 100 M. Age of cultures: 3 weeks.
CV < 10%

there might exist a functional, evolutionary relationship (cf. ref. 16, and
elsewhere in this volume). Various ecdysteroids were tested upon their effect on
transformed tobacco callus cultures. It has been shown that brassinosteroids
display an antiecdysteroid activity in insects (16). The concentrations employed
varied from 10° M to 10° M. The ecdysteroids inhibited growth of treated
cultures, to a much lesser extent than BR (Figure S). Only the effect of ecdysone
was clearly dose-dependent.

Due to their structural similarity, ecdysteroids might compete with
brassinosteroids for the same receptor site. With the aim of looking at a possible
interaction of both BR-1 and ecydsone, the compounds were combined covering
a wide range of concentrations (Table IV). The effect of BR-1 was largely

Table IV: Comparison of the effects of ecdyson and BR-1 on growth
of transformed tobacco callus-cultures. The concentrations of
hormones were varied as indicated. Culture period: 3 weeks. Each
value represents the mean of S replicates. CV <5%

Brassinosteroid [M] Ecdysone [M]
0 108 10”7 106
0 100 73.5 526 472
1010 69.3 70.2 76.3 63.9
10 68.2 375 55.0 52.0
108 483 79.1 50.5 57.5
107 37.1 48.1 24.9 30.6

106 21.7 18.4 4.7 4.7
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predominant, with a slight but not significant tendency of ecdysone at medium
concentrations to counteract the BR-1 effect.

Nevertheless, an initial study was done using radiolabeled ponasterone A, which
usually serves as a substrate for the analysis of ecdysteroid-receptors in insect
preparations. Indeed, in homogenates of the transformed LA6 cells a specific
binding of 23% was observed. This is not high when compared to specific
binding in insect cell-free preparations. Possibly the structural differences
between ponasterone (a plant metabolite!) and brassinosteroid is already too
extreme to exactly fit this steroid into the putative binding site of a receptor
protein. Even then this preliminary observation encourages to further efforts not
only to identify the brassinosteroid receptor, but also to gaining some more
evidence for the close relationship between the two hormone groups in plants
and animals.

Discussion

In our studies, brassinosteroid(s) exerted a strong inhibitory effect on growth of
transformed, hormone-autotroph tobacco cells, much more than on wild-type
tobacco cultures and especially on other hormone-auxotrophic cultures of
Petunia hybrida and of Daucus carota (7). Therefore, the tumor cells were
subjected to a deliberate disturbance of their endogenous auxin balance by
addition of considerably high dosages of IAA (7, 15). In fact, additional auxin
reduced the BR elicited inhibition, and in two cases remarkably sparked growth.
These results suggested that BRs interfere with the endogenous levels of auxin.
Indeed, as is shown in this contribution, BR treatment resulted in a clear
decrease of extractable IAA. Together with the finding that a parallel cytokinin
content also appears to be drastically reduced; this observation leads us to
suggest that BR might arrest the tumor cells in the cell cycle. In transformed
cells there is a high level of endogenously produced auxin and cytokinin, the
synthesis of which is ensured by a set of genes derived from the bacterial Ti-
plasmid. These are stably integrated into the plant genome (cf. refs. 7, 17, and
literature cited therein) and are involved in tumorigenesis, e.g by forcing the
cells to move on within the cell cycle and to divide perpetually. From studies on
the importance of mevalonate derivatives on the transition from the late G1-
phase to the S-phase (DNA synthesis) using mammalian cell lines, it can be
concluded that in plant tumor cells similar processes take place (discussed in ref.
17). Tt is tempting to localize the action of BR somewhere to the same point
within the cell cycle, as seems to be true with mevinolin as an inhibitor of
mevalonate biosynthesis and with other xenobiotics such as aphidicolin, an
inhibitor of DNA polymerase, or with compounds interfering with protein
glycosylation (see Scheme 2). To finally prove this working hypothesis further
studies are needed.

That the effect of BR is not simply due to the "oxidized" sterol structure is
supported by our observation that oxysterols, which are strong inhibitors in
mammalian cell cultures, were nearly inactive in our system. Again this points to
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Scheme 2: A working hypothesis of how brassinosteroids might interfere with
the cell cycle of tobacco tumor cells (see ref. 17 for a discussion of the effects of
compounds other than brassinosteroid). Putative control points, where synthesis
of mevalonate appears to be mandatory, are indicated.

the highly specific action of brassinosteroids on these undifferentiated cells.
Based on the striking structural similarity between BR and the insect
ecdysteroids, Meudt (5) suggested similar functions for brassinosteroids in plants
as have steroidal hormones in animals, functioning as primary chemical
messengers during early events of growth. Recently it has been demonstrated
that BR (or its biosynthetic precursor castasterone) can compete with
ecdysteroid for the binding site of ecdysteroid receptors of Calliphora vicina (16,
see also elsewhere in this volume), thereby raising the question of whether this
interaction did play a role in the co-evolution of plant and insect hormone
systems. In our system only ecdysone, but not other ecdysteroids tested, exerted
some inhibitory action. Although the numbers obtained for specific binding of
radiolabeled ponasterone, a few hundred cpm, are not high, the data might
indicate a further clue to the existence of BR-specific receptors in plant cells (see
also Clouse et al., elsewhere in this volume). The availability of tritium-labeled
BR (but only with an extremely high specific activity) could enable interested
research groups with identifying the putative steroid hormone receptor(s) in
plant cells. In any case the high specificity of the BR-response in our system,
especially in view of the much less pronounced effect of further growth
regulators tested (if visible at all) excludes unspecific membrane effects, that is,
disturbances in membrane architecture, as might hold true with any lipophilic
compound added in excess. It seems plausible to assume that we have observed
a specific and exclusively hormonal action of BR on plant tumor cells. Thus,
such cells might provide a further sensitive test system for BR-related growth
regulators.
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Chapter 16

Stimulation of Growth Induced
by Brassinosteroid and Conditioning Factors
in Plant-Cell Cultures

Daniela Bellincampi! and Giorgio Morpurgo?

!Dipartimento di Biologia Vegetale, Universitd degli Studi “La Sapienza”,
Rome, Italy
Istituto di Biologia Cellulare, Universitid di Perugia, Perugia, Italy

The multiplication of plant cells in culture is strongly dependent
on cell density. To obtain division of single cells in culture condi-
tioning factors (CF) produced by cells themselves must be present
in the medium. We have demonstrated that different classes of CF
are produced by cells. We have previously isolated and partially
characterized, one class of CF that stimulate growth in diluted car-
rot cell suspensions. The effect of CF on the increase of plating
efficiency can be mimicked by 24-epibrassinolide (BR). However
BR, unlike CF, induces cell enlargement and its action is synergis-
tic with CF. Experiments on cross-conditioning between different
species have demonstrated that interspecific conditioning is more
effective than the intraspecific one.

When some years ago we started researching plant cell cultures, our
aim was not to study the factors inducing cellular proliferation, but to
utilize plant cells as a tool to study the mechanism of differentiation.

In order to study differentiation processes, it was necessary to apply
methodologies on single-cell cloning to select and culture single cells indi-
vidually.

We soon discovered that the research we had planned was impossible
or at least extremely difficult because of the extremely low plating effi-
ciency of plant cells. Even using carrot cells, one of the best species for
this kind of research, at rather high cell densities (2000—1000 cell
units/mL) the plating efficiency was lower than 1% (1).

The multiplication of isolated plant cells in culture needs the presence
of elusive conditioning factors (CF) secreted into the medium by cells
themselves (2,3,4,5).

0097—-6156/91/0474—0189306.00/0
© 1991 American Chemical Society
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The inability of cells to grow at low population densities could be
caused by an excessive diffusion of conditioning metabolites, which don’t
reach the levels required for survival in the medium (6).

Several techniques for recovering colonies from single cells or cells
plated at suboptimal density require that the medium be conditioned. The
conditioning was obtained by growing single cells in a reduced volume of
culture medium, i.e.,, microdrop or microchamber culture (7,8) or by expo-
sure of the single cells to the nurse effect of high-density cell suspensions
(9,10,11). Attempts to isolate and identify conditioning factors have been
less successful.

Kao and Michayluk (12) obtained a good growth with Vicia hajstana
at an initial population density of 1-2 cellssmL. when the mineral salt
medium was enriched with organic acids, sugar, sugar alcohols and indefin-
ite supplements such as coconut water and casamino acids. They assumed
that an excessive diffusion of metabolic intermediates into the culture
medium was responsible for the inability of plant cells to grow at very
low densities. Sargent and King (13) found that cultures of soybean root
cells conditioned the medium in which they were growing; the condition-
ing lessened the apparent ammonium requirement for rapid growth but,
although the amount of NH, in the medium or in the cells is an impor-
tant factor in conditioning, its presence alone is not sufficient to induce
the process. The authors suggested that amides such as glutamine and its
derivatives could be involved in the conditioning processes. These obser-
vations, however, could be applied only to a limited number of species,
while the conditioning process is a well-known general phenomenon.

Street and his group (5,14) have demonstrated in sycamore cells that
the medium, conditioned by dense, stationary-phase cultures separated by a
dialysis membrane, promoted growth of cells at suboptimal densities.
Although a medium containing giberellic acid and amino acids
(corresponding to those detectable in a conditioned medium) reduced the
minimum cell density required for the growth from 10 x 103 cells/mL to
2 x 103, these compounds were less effective than the conditioned
medium that reduced the initial cell density to 1 x 103 cells/mL. The
failure of the conditioned medium to promote growth at lower cell densi-
ties and the evidence of beneficial effects obtained by exposing a condi-
tioned, low-density culture to the atmosphere of an actively growing cul-
ture suggested to them that some volatile product(s) must be required to
initiate single-cell division. Subsequent work (15) has shown, both in
experiments with low-density suspensions and low-density platings of cul-
tured sycamore cells, that carbon dioxide was essential to the initiation of
growth. They demonstrated that the cells were able to fix supplied carbon
dioxide into organic and amino acids, but attempts to replace the carbon
dioxide growth-promoting effect by these metabolites have not been suc-
cessful. The authors noticed that this CO, growth promotion could be
further increased by simultaneous application of ethylene (5); however,
after their failure to reproduce the promotive effect of the volatile(s)



Publication Date: November 4, 1991 | doi: 10.1021/bk-1991-0474.ch016

16. BELLINCAMPI & MORPURGO  Stimulation of Growth 191

released from the actively growing culture, they concluded that other
unknown volatiles might be involved in the conditioning processes.

Undiscouraged by the failure of the previous attempts to isolate and
determine the nature of the CFs, we shifted our interests into a new
attempt to identify these compounds.

In order to detect the effect of conditioning on growth, the stimula-
tion of multiplication on carrot cell low-density cultures was utilized as
bioassay. Our initial approach has been simply to repeat, with minor
modification, the experiments of Street (5) and we confirmed that a CF is
a molecule of low molecular weight that can diffuse through a dialysis
membrane.

We have isolated a crude CF preparation produced by carrot cells
after dialysis against distilled water (16). At variance with the results of
Street on the volatile nature of conditioning factors, we have demon-
strated that CF(s) isolated from carrot cultures could be lyophilized and
remain indefinitely active if stored at —20 °C. This finding is obviously
useful, because it allows fractionation of the crude preparation to find an
active fraction and possible identification of the chemical structure.

We demonstrated that CF is strongly water soluble (Table 1), thus it is
unlikely that CF(s) is (are) the more lipophilic factor(s) responsible for
the promotion of callus formation from barley anther cultures (17). CF is
resistant to boiling and to acidic and alkaline pH treatment (Table 2).

From Sephadex G-10 and G-15 gel filtration, the molecular weight of
CF was calculated as about 700 daltons (16). To obtain further informa-
tion about the chemical nature of CF, the active CF fraction, isolated
after Sephadex G-10 gel filtration, was treated with different enzymes.
Enzymes proteinase K, cellulase, o and § amylase did not reduce the CF
activity (data not shown).

Our results regarding chemical characterization of CF(s) were subse-
quently confirmed by other authors studying other biological systems.
Schroder et al. (18) isolated and determined some properties of viability
factors (VFs) from tobacco cells when using colony growth at suboptimal
density as bioassay. These VFs shared many chemical properties with
CF(s). Birnberg et al. (19) isolated and partially characterized condition-
ing factor(s) from a medium conditioned by Zea mays L. protoplasts
(CMF). CMF was very hydrophylic, stable after boiling, and had an
apparent molecular weight of ca. 1200 daltons.

The CF biological effect on growth stimulation was detected also in
dispersed cell culture, in which the contact between cells is avoided by
moving liquid culture. It is known that in suspension culture the growth
rate is different, with respect to the solid culture one, because cells are
subjected to different factors influencing growth, such as metabolite diffu-
sion into the medium or aeration. CF stimulated cell multiplication of
diluted cell suspensions without an evident effect on cell enlargement
(Table 3).
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Table 1. Increase of plating efficiency by CF and CF after water/diethyl ether repartition.
Ten milliliters of agar culture medium were inoculated with 1 x 102 cell units/m] and were
incubated for 20 days at 25 ° C. Mean value from three experiments and S.E. are reported.
(Reproduced with permission from reference 16. Copyright 1987 Elsevier.)

Control CF CF after water/ether repartition
Aqueous phase etheric phase
0.25+0.10 2.60+0.30 1.90+0.25 0.21+0.08

Table 2. Stability of CF under different experimental conditions. Ten milliliters of agar
culture medium with or without CF were inoculated with 1000 cell units/ml and were
incubated for 20 days at 25 ° C. Mean value from three experiments and S.E. are reported.
(Reproduced with permission from reference 16. Copyright 1987 Elsevier.)

Treatment Plating efficiency %
Control CF Increase

After dialysis 0.20+40.22 1.16+0.05 5.80
Lyophilized 0.25+0.07 1,10+0.12 4,40
PH 4 (1 day) 0.25+0.05 1.06+0.13 4,24
PH 11 (1 day) 0.25+0,05 1.14+0.19 4.56
25°C (1 day) 0.30+0.06 1.74+0.18 5.80
4°C (1 day) 0.30+0.06 1.34+0.14 4.46
100°C (15 min) 0.30+ 0.06 1.70+0.09 5.66

Table 3. Effect of CF on cell suspension cultures. 1000 cell units/ml were inoculated in
each 2 ml sample. After 10 days of growth, the packed cell volume was determined.
(Reproduced with permission from reference 16. Copyright 1987 Elsevier.)

Cell n er Packed cell volume Mean cell volume
x 10 ml
Control 4,90+0.30 0.15+0.01 1,00+0.05

CF 11.60+0,37 0.37+0,02 1,03+0.09
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One or More Conditioning Factors?

One important question is the following: Is the CF sufficient to stimulate
the multiplication of single cells in culture? Some observations convinced
us that the factor we have isolated is necessary but is not sufficient to
ensure the cellular multiplication of a single cell in culture.

The crucial observation is the following: If we plate carrot cells at
increasing dilutions (i.e., 1000, 500, 250 cell units/mL) in the presence and
absence of CF (Table 4) the plating efficiency decreases, even if in the
presence of CF it remains higher than in control cultures. This effect
was evident regardless of the concentration of the added CF (20). Also
in experiments carried out on low-density-plating carrot cells with CFs
produced from different species (20), the plating efficiency is smaller at
lower cell density. These results on positive effect of heterologous CFs
extended earlier findings on interspecificity of conditioning factors activity
(21). One possible interpretation of the failure to obtain with CF(s) high
plating efficiency at lower cell density is that CF(s) is necessary to ensure
the multiplication of the cells but it is not sufficient. Evidently the cells
receive, by the other cells present in the medium, a second signal that is
necessary for cell division.

When the cells are too dilute, they can no longer communicate with
each other and the plating efficiency dramatically drops. Therefore, a
second conditioning factor, not present in our extracts, must exist so that
we did not obtain single-cell division.

Is Brassinolide the Second Conditi