Rodney Croteau
DE-FG06-38ER13869

PROGRESS REPORT . . i it i it i e ti e tees it o e e anas e e . . 2
Objective 1. Biosynthesis and Catabolism of Monoterpenes.... 2
Objective 2. Ultrastructure of Cil Gland Senescence......... 3
Objective 3. Encyme Localization.. e e e e e ce 4
Objective 4. Developmental Regulation of Metabolism......... 5
Objective 5. Tissue Culture Systems....... e e 5

PUBLICATIONS FROM PROJECT. ... v vv e s e e e e e 6

RESEARCH PERSONNEL. ... v v v e e e e e e e e e 7

RENEWAL PROPOSAL . ..t i v vttt r s et oo esen e e e e e e e 7

BUDGET JUSTIFICATION . ittt ittt et s oo o nov oo e e e 7

BUDGET...... e e e e e e e e e e e e e e e 8

APPENDICES

PROGRESS REPORT

Reszarch over the last seven months has progr
along the lines proposed, and the current status o
research objectives is outlined belcw.

ced very closely
ezch of the original

Oniemrive 1. Ringvpnthecis and Catzknnolism of Monoterpenes, Based on
compositional analysis it is clear that geranyl pyrochosphata: (-) -
limonene cyclase catalyzes the rate-limiting step of monoterpene
biosynthesis in both peprermint and spearmint (M. piperita and M.
spicata). Difficulties encountered with variable extraction efficiency
and stability of this enzyme were traced to aggregation of the protein.
This problem was overcome by including a low level of detergent in the
extraction buffer and assay buffer, and this procedure has permitted
characterization of this enzyme in preparation for developmental
studies. In most properties, this enzyme is typical of monoterpene
cyclases; however, it is very hydrophobic which no doubt 1s responsible
for the tendency of this enzyme to aggregate.

Regarding the onset of catabolism in perpernmint leaves, the NADH-
dependent reduction of (-)-menthone to (+) -necmenthol and the UDP-
gluccse-dependent glycosylaticn of the latter are the two key enzymatic
steps in the production of the transpcrt derivative. Both enzymes have
been isolated from whole leaf extracts and are well-characterized. 1In
preparation for developmental studies, we have converted the reductase
assay from a radiochemical basis to capillary GLC analysis. The latter
is less sensitive, but also far less prone to interferences which is an
important consideration for develcpmental studies in which tissues of
vastly different ages must be analyzed. The glucosyl transferase assay
has also been simplified and is now based on simple reversed-phase
separation of the labeled glucoside following pentare extraction of
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Another area c¢i recent emgha
cdr“nor, via 1,2-campholice, i a
icult to elucidate because detect
la tone and acetate are not oLserv
ther, label appears very rapidly in e
Losberola. Two catabolic routes, havin
seem likely. The first is patter
hthe*01d and involves C€-oxygenation, ult¢na els
4-trimethyl-5-oxo-trans-2-hexenoic acid as tne 1
olite.
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The second resembles that of Pseudcmonas and involves CS-
ultimately giving rise to 5—hyaroxy-3 4,4-trimethyl~A®-
as the last well-defined metebolite. To examine the
in sace we will employ isctope dilution analysis using thecse
ge metabolites, Loth of leCh we have Jjust recently prepared bv
s. Moreover, we have devisad a means oI labeling these
tes by clezvage ©of the ca:bO"wmetnv'ene group and resynthe is
bisnoraldehyde using Wittig technigu=zs wvia the phosphcrane

frem [l4Cibromoacetate. In this wav, we will be able to follcw
isotope dilution experiment with more detalled studies using the
poropriate labeled metabolite. For the isotcpe dilution experiment, we
will apcly a 5-to 10-fold excess of either advanced metabolite to sage
roots, followed by a pulse of (+)-[U-14C]1,2~campholide, and analyze the
trapped larcel by standard radicanalytical procedures. The 1,2-
campholide required will be prepared from (+)-[U-14C)camphor obtained
biosynthetically in sage leaves via l4cos,.
camphor has been prepared.
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Roughly half of the nesded

Ultrastructure of Qil Gland Senegcenge. The bulk of our
recent effort has been dedicated to completing the ultrastructural
investigation of oil gland development and senescence, and this work is
now being prepared for publication. Developmental aspects were included
in this work when we discovered that newer fixation techniques did a far
better job of preserving hyvdrorhobic structures than did the methods
used in the 1960s when mint glands were last e:xamined in detail. A full
description of secretory cell function will be provided which differs
from earlier work largely in the fact that preservation of plastids and
vesicular structures has allowed a more detailed evaluation of the roles
of these organelles in tergene synthesis and secretion to the
extracellular cavity. The glandular stalk cell has been largely ignorec
in earlier studies. We have found this cell to be exceptionally active
in lipid metabolism during oil gland filling. Several lines of evidencs
strongly suggest that this c=11 does not participate in terpene
synthesis, but rather is respcnsible for the synthesis of the cuticle,
the lipid polymer that surrounds the gland During development, the
basal cell is quiescent, serving cnly as a supporting structure and
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conduit for phctosynthate en route to the stalk and sacrecory c2lls. As
the extracellular cavity £ills, terpere synthesis aprears to cease and
the stalk c=21l1 becomes guiescent. Later in develop ment (several weeks
after gland £illing) the secretory cells undergo rapid degeneration
Pezradation of beoth cell wall and cy :ool“Qﬂ ¢ constituents is
pronounced, with nucleus, mitochondria and other crganellzs kecoming
typically senescent The stalk cell, on the cther hand &gprears to be
rzanimated t stains very heavily for lipid, through which fully
functional crganelles are visible and around which a fully intact wall
is observed. he basal cell also seems to remain functicnal and lionic
todies and micrcbodies appear. Therz does not appear to be mcvement of
lipid (tercencids) frcem the stalk cell to the basal cell, cnly from ths
degenerate secretory cells to the stalk cell. It is tempting to sugges:
that terpenoids from the secretcry cells and cavity pass through and
around these cells to the stzlk cell, where they uncergo conversicn tc

()

the glucoside transpeort derivative. Only the water-soluble coniugate
would then pass from stalk to basal cell and thence to the vascular

system with which the lartter is generally aosoc1 ted Wn=ther this
model is valid will depend upon the outceme of the enzyme lcocalizaticn
studies.

Oniegtiye 3, Tn=vme Tocallizztion, Scearmint was chosen for initia
enzyme loczlization studies kecause c¢f the simplicity of the
zicsynthetic pathway (i.e., the primary monoterpene 1is the Xetone (-)-
caxrvone, formed by cyclization of geranyl pyrophcsrhate to (-)-limonene,
hycérouxvlation to (-)-trans-carveol and dehydrogenation). Selective
extracticn of the contents of the glancular tricheomes indicated that
essentially all of the cvclase and hydrozvlase activities resided in

these structures, whereas only about 30% of the carveol denhydrogenase
was located here with the remainder located in the rzst of the leart.
This GlSu-lDUtlon of carveol dehydrcgenase activity was ccnfirmed by
histochemical methods. Electrophorertic analysis of the partially
purified carveol dehydrogenase from extracts of both the glands and the
leaves following gland removal indicated the presence of a unique
carveol dehydrogenase species in the glandular trichomes, suggesting
that the other dehydrogenase found throughout the leaf probably utilizes
carveol only as an adventiticus substrate. These results demonstrate
that carvone biosynthesis takes place exclusively in the glandular
trichomes in which this natural product accumulates. This work has been
stbmitted for publication (preprint appended).

Scanning electron microscopy indicates that the selective
erxtraction procasdure removes all of the secrstory cells of the gland,
but it is not yet clear whether the stalk cell is removed or remains
attached to the leaf surface. The very heavily cutinized walls of the
stalk cell suggest that this cell remains attached to the epide*mal
layer ard we hope to confirm this by transmission electron microscozy.
Should this cccur, it should be poszsible to take leaves from which tre

e”retorj gland cells have reen remcved and treat them with cellulase
and pectinase to digest the mesophyll, thus leaving the epidermis
containing the stalk and basal cell. In this way it should be pcssible

m——c ey,
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to distinguish enzyme activities residing in the cecr=tory ca2lls from
those in the stalk and basal cell, and the activities residing in the
latter two cells frcm those residing in the rest of tae leal.

Cphiec-ive 4, Davelrpmantal Regulation of Metapelis=sm., Freliminary
analytical evidence suggests that, while substrate availebility probably
influences short

c
-term production of monoterpenes, the overall
accumulation of these products is most directly depencent on ths2
relative ratess of biosynthesis and catabolism as determined by the
developmental contrel of the time-course of producticn and the absolute
levels of the relevant enzymes. The activity of limonene cvclase, whiich
catalyzes the rate limiting step of monoterpene biosynthesis in
peppermint, was shcwn to increase rapidly during leaf expansion, level
off at full expansicn, and decline precipitously during the next two
weeks coincident with the degeneration of the secretory cells of the oil
glands. The glucosyvl transferase which catal the formation of the
monotervenyl transpcrt derivative exhibits activity 3-to 4-
fold that of the cyclase from the onset of e, increasing to
roughly ten times that of the maximum cyclase . The latter
increase in glucosyl transferase activity rough cides with oil
gland senescence; however, transferase activity s cyclase activity
thrcughsut. Since catabolism does not occur un '

it is clear that compartmentation of the biosynthe
pathways must occur in early development. We have to examine other
relevant enzvme activities of the biosynthetic and catabolic pathways,
yet the cata thus far obtained for two enzymes can be nicelv fitted to
the time-couvse of development based on oil analysis (yield and
compesition) and ultrastructural changes. The correlation of enzyme
activity changes with oil gland senescence and yield decline is
striking.
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Obdie~tive 5. Tissye Culture Svstems, As has been experienced by many

other investigators, we have been unsuccessful in obtaining cell
cultures of either sage or mint which accumulate significant quantities
of monoterpenes (i.e., >10 ug product/g tissue). The general failure nf
tissue culture systems (callus) to accumulate monoterpenes has often
peen attributed to the loss of such products by volatilization (a
problem now overcome by trapping technigues) or to the lack of
differaentiation required for the expression of the relevant genes oOr for
the extracellular sequestering of the lipophilic, cytotoxic terpenoid
products. The relatively few examples of mcnoterpene accumulation in
callus tissues and cell suspensions would appear to argue against the
aforementioned considerations as universal barriers to terpene
production in culture. A third rationale, often stated but never
tested, posits that monoterpenes are produced in culture but are as
rapidly degraded. Such a circumstance would obviously prcovide an
exceptionally useful alterrative to the intact plant for studies on the
regulation of terpene metabolism.

We have examined the conversion of (i-3H]geraniol to camphor, and
the transformation of [G-3H]camphor to water-soluble metabolites (the
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glucoside-glucose ester of 1,2-campholide) by s

zage cells harvested at
different stages of the culture cycle. The ablilitv to matapolize
camphor was present at all stages of the cycle, but th2 ability to
biosynthesize camphor was detectable only at the late log to early
staticnary phase transitien. We have alsc recently anzliyzed sage cells
for the presence of the first committed step of camghcr biosynthesis
catalyzed by geranyl pyvrophosphate: (+)-bcrnyl pyrochosphate cyclase.
Activity as measured in cell-free systems is absent in lag and log
phase, and exhibits a transient appearance at late locg/early stationary
phase. Thus, activity measurement in cell-free preparaticns correlates
well with the results obtained using exogenous [:d\geranlol as a probe.
Although we have not yet examined the time- cour~e of aprearance of the
key catabolic enzyme (the camphor lactonase), the results thus far
suggest that the sage cell system will be a go“c mcdel for studies on

the regulation of terpene metabolism.
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