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ABSTRACT

Tremendous progress has been made recently on improving Taxol
biosynthesis, such as elicitation and precursor feeding. This article
summarizes recent progress on the above area and provides a current
overview of research on taxane production by biological method. In
addition, the probability and foreground of regulation of taxus by genetic
© 2013 Trade SciencelInc. - INDIA

approaches are aso discussed.

INTRODUCTION

Paclitaxel (marked asTaxol® by Bristol-Meyers
Squibb) isanaturally occurring diterpenoid alkaloid
from various species of Taxus?. After morethan 20
yearsof development, Taxol gained thefirst marketing
approva from U.S. Food and Drug Administration
(FDA) for thetrestment of refractory ovarian cancer in
1992 and metastatic breast cancer in 1994, and en-
tered the generic drug market in 2000, and has been
thought asapowerful anticancer drug duringthelast 20
years. In addition, Paclitaxel hasshown promisingre-
sultsin drug-€luting coronary artery stents® because
the surface of paclitaxel stents may help prevent car-
diovascular diseaseand narrow again after surgery in
artery implanted to d oseissue. Theannua saesof Taxol
and Taxoterereached up to threebillion USD in 20042
andfour billionUSD in2007. Fromthenon, it hasranked
top oneininternationa natural anti-cancer drugs.

Asoneof themost potent chemotherapeutic agents
against arange of cancers, thedemand for paclitaxel
greetly exceedsitslimited supply fromthebark of natura
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yews. And now paclitaxel islargely produced by Taxus
cell culture methods, and the other commercial pro-
duction for paclitaxel or its closely related drug,
docetaxd issemi-synthetic meansfrom advanced pre-
cursor, such asbaccatinblll or 10-deacetyl baccatinb
11, that aremorereadily availablefrom the needles of
variousyew speciesasarenewableresource.

For theforeseeablefuture, theefficient and afford-
ablesupply of paclitaxel and itsprecursor for semi-syn-
thesiswill continueto rely upon biology methods.

The paclitaxel biosynthetic pathway involvesase-
riesof biochemical reactions. The committed stepto
paclitaxel biogenesisisthought to bethereactionin
whichthetaxanenucleusisconstructed viacyclization
of thebranch-point intermediate geranylgeranyl diphos-
phate (GGPP), diverting GGPPinto thebiosynthesis of
toxoid. Theentirepathway of paclitaxel biosynthess,
therefore, can be conceptually divided into two parts.
Theupstream pathway, which aso existsin many plants
and fungi, iscomposed of the biogenesisof GGPP. The
downstream pathway, the unique part in Taxus, consti-
tutes 18 sequential biochemical reactions (Figure 1),
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being responsiblefor the modification to the nucleus
mainly by hydroxylation and acylationto get paclitaxd,
Thehydroxylation, occurring at seven positionsof C1,
C2, C5, C7, C9, C10, C13, activates the skeleton,
and makesit possiblefor thefollowing esterificationvia
Co-A-dependent acyl/aroyl transfer at five positions of
C2, C5, C10, and C13. Among the 18 biochemical
stepsin paclitaxel biosynthetic pathway, genesencod-
ing TS (thecommitted enzyme), five hydroxylases(2a,
Sa, 7 B, 13a and 10B) and five acylases (TAT, TBT,
DBAT, BAPT and DBTNBT) have been cloned from
Taxus™®,

Engineering the paclitaxd biosynthesishasthedua
purpose. Thefirgtistoincreasetheyield of paclitaxel in
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abiological system and the second isto proofread the
biochemica stepsinthiscomplex pathway.

ENGINEERING THE BIOSYNTHESISOF
PACLITAXEL BY GENETICAND ENVIRON-
MENTAL APPROACHES

According to thetheory of metabolic engineering,
theflux of any pathway is determined by thelevel s of
intermediatesand theactivitiesof enzymesresponsble
for catayzing theseintermediates.

Themost feasblemeasureto overproduce padlitaxd
isfeeding precursor, in which exogenousintermediate
or substance which can be converted into the above
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Figurel: Outlineof taxol biosynthetic pathway
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intermediate by cell isadded to the culture system, ab-
sorbed by the Taxus cell, and incorporated into the
production of paclitaxel.

Themogt efficient Srategy toimprovepaditaxd bio-
synthesisisregulating, upward or downward, the ac-
tivity of enzymesresponsiblefor paclitaxel biosynthe-
gis, directly or indirectly, by genetic or environmental
approaches.

In altering the production of paclitaxel onehasto
keep in mind that paclitaxel isonly one among more
than 400 kinds of taxanes and hasacommon precur-
sor with any terpenoid. Therefore, inhibiting or even
blocking competitive pathways, such asthosefor the
large family of 14b-hydroxy taxoid*? and other
completiveterpenoids, such aschlorophylls, quinines,
tocopherols, carotenoid, casbene, oryzdexins, etal.is
favor to the production of paclitaxel.

Asother secondary metabolite, metabolic engineer-
ing of paclitaxdl startsfrom the overexpression of the
putative key enzyme, TS, which catalyzesthe slowest
branching step and control stheflux to paclitaxe . How-
ever, thisgpproach hasonly limited va ue, becausethe
effects of modul ating single enzymatic stepsare often
absorbed by the system with strong feedback or the
coming of the new rate-limited step. Targeting multiple
stepsin the same pathway could help to control meta-
bolicflux inamore predictable manner. Thismight in-
volveactivating severa consecutive enzymesrespon-
ghblefor paclitaxd biosynthess, whilesuppressingthose
inanother competing pathway, or using regulaory genes
to establish multipoint control over one or more en-
zymesinthecell. And the multipoint metabolic engi-
neeringisnow beginning to supersedesingle-point en-
gineering asthebetter way to manipul ate metabolic flux.
Some of the above proposed regulations have been
donethrough genetic or environmental approaches™®.

Genetic approaches

The establishment of transgenic approaches of
Taxusisrequired for metabolic engineering of paclitaxel
bi osynthetic pathway in order toimprovedrug produc-
tion. Methodsfor genetransfer in plant systemsinclude
utilization of Agrobacterium spp., polyethyleneglycal,
electroporation, and biolistictechnologies, et d.

Ingenerd, effectivetrans ent transformation method
isneeded inorder toidentify and characterizerapidly

the key regul atory genes beforeintensive, time-con-
suming stable transformation efforts can proceed. A
variety of promoters (i.e., CaMV 35S and maize
ubiquitin) have shown their ability to conduct thetran-
Sient expression of thereporter genes, such asluciferase,
GUS, and DsRed, respectively in Taxus by particle
bombardment-mediated transformation method?. The
trangt express on experiment can completewithin days
asopposed to waiting for enough biomassfor stable
transformation, which cantakemonths.

Based on preliminary works on the putative
transformants of Taxug*27 with ambiguousevidence
of stabletransformation, andthoseontheT. cuspidata
cell being sonication assisted transformed® transiently
withthehelp of Agribacterid, Thefirst stabletransfor-
mation and long-term mai ntenance of transgenic Taxus
cell suspension cultures have been achieved™> gfter
testing the many possi ble permutations of Taxus spe-
ciesand Agrobacterium strains. Inthetransformation
protocol, hygromycinwas sd ected asthe sdl ection agent
because Taxuscd | issengtiveto hygromycin, with com-
pleteinhibition of call growth at atypica selection con-
centration of 2.5 mg |-, while Taxus cultureis quite
tolerant of kanamycin, with cellsstill growing, abeit
slowly, at 800 mg I! of kanamycin. Meanwhile, a
pCAMBIA1301 bearingintron-containing GUSre-
porter geneswas sel ected asthe binary vector in order
to ensurethat glucuronidase expressionisfromtrans-
formed plant cdllsand not fromresidua Agrobacterium.
A moreredlistic estimate of transformation efficiency,
therefore, may be that approximately 1% of experi-
mentsresult in astable, maintainabl e, transgenic cell
line. However, the transformation of Taxus seemsto
bedifficult, far away from routine, and continuesto be
themgjor obstacl eto themetabolicengineeringin Taxus.
And now identifying and optimizing factorscritica for
the successful and reliabl e transformation of Taxus,
especially testing the many possible permutations of
Taxus species and Agrobacterium strains, are under
sudy for developingamoreoptima transformation pro-
tocal.

From then on, regul ating the paclitaxel production
in Taxus by genetic engineering hasbeenlistedinthe
agendaof many laboratories. It seemslikedy that over-
expression of thekey enzymeat branch point, TS, or
itsmodification to out-compete other enzymesusing
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the same substrate GGPP can divert moreflux into the
bi osynthetic pathway of taxane, while competing en-
zymes and that responsible for the degradation of
paclitaxel canaso beinhibited directly by thetechnol-
ogy of RNA interference, antisensetechnology and site
mutation to avoid the production of undesired sub-
stances. If possible, competing branches, such asthat
for thetaxanederivativeswith hydroxyl group at C14,
can beshort-circuited by theimport of enzyme shunts
that redirect flux inthe appropriatedirection. Further
increasesin flux can be achieved by using feedback-
insensitive enzymesor those modified to favor unidi-
rectional catalysisinreversiblereactions. Instead of
modulating individua steps, thefuture of metabolicen-
gineering will probably involve holistic gpproachesin
which multiplestepsaretargeted s multaneoudy. Over-
expression of thelast three acyltransferase genes si-
multaneously in transgenic Taxuswould convert rela
tively richintermediate, such as, 10-DAB and baccatin
[l in Taxus, to paclitaxel easily. In addition, regulating
the complex biosynthetic pathway of paclitaxe at mul-
tiple pointsby transforming only oneexogenousgeneis
also possible. Thetranscription factor can beused to
coordinately upregul ate several enzymeswhileapoly-
cistronic antisense RNA isbeing used to suppress sev-
era enzymesin competing pathways.

Meanwhile, Someworkswere suggested to redi-
rect the pathway for the production of novel taxanes
with agreater range and potency of anti-cancer activity
and decreased side-effects, such as taxoids 10-
deacetyl-140-hydroxybaccatin III, 10-deacetyl-19-
htydroxybaccatin 111, 13-acetyl-9-dihydrobaccatin 111,
and etc, from 13-acetyl-9-dihydrobaccatin 11, two 9-
dihydro-paclitaxel andogues(9-dihydropaclitaxel and
10-deacetyl-9-dihydropaclitaxel) were derived and
shown to possessincreased water solubility, decreased
toxicity, and improved in vivo efficacy compared to
paclitaxel*2, Thetransgenic redirection of the pathway
incell culturesto producethese new drugsdirectly, to
produce additional precursorsfor semisynthesis, and
to produce other raretaxoidsfor clinical evauation,
can bereadily envisioned asanimportant futuredirec-
tion.

As well as metabolic engineering in Taxus, re-
searchers have explored the possibility of transferring
the pathway to microbia or fast-growing plant species

BioTechnology —

that are eas er to genetically manipulatein order to pro-
ducetaxoids by metabolic engineering. By expressing
both GGPP synthase and atruncated taxadiene syn-
thase gene, taxadiene can be synthesized inthe culture
of the engineered Escherichia coli™. Further, eight
Taxol biosynthetic genesweretransformed and func-
tionally expressed in Saccharomyces cerevisiae to
obtain more advanced taxanes, such astaxadiene-5a-
acetoxy-10pB-o0l. Becausethe universal diterpenoid
progenitor GGPPisrichin most plant, moreattentions
have been paid on producing taxanes by transgenic
plant, such asArabidopsig¥, tomato*” and Artemisia
annua L (will bepublishedin other place).

It would be keep in mind that metaboli c engineer-
ing of paclitaxel must be studied in the context of the
wholecdl rather than at the single pathway level, and
that even the simplest modifications can send ripples
throughout the entire system. Attention hastherefore
shifted away fromreductionist, Sngle-geneengineering
strategi es and towards more compl ex approachesin-
volving the s multaneous overexpression and/or sup-
pression of multiplegenes. Theuseof regulatory fac-
torsto control the abundance or activity of several en-
zymesisa so becoming morewidespread. In combina-
tion with emerging methodsto model metabolic path-
ways, thisshould facilitate the enhanced production of
natura productsand thesynthesisof novel materidsin
apredictableand useful manner.

Environmental regulation

Controlled by genetic characteristicsof Taxuscel,
the biosynthesisof paclitaxel can also beregulated by
environmental factorsother than thegeneticonetoim-
provethe production of paclitaxel!®!. Taxuscell cul-
turesin bioreactor represent arelatively fast-growing
biomasswhich can be maintained under carefully con-
trolled conditionin order to increasethe production of
paclitaxd. Therefore, nearly dl studiesabout regulating
paclitaxel biosynthesi sby environmental factor were
carried out in Taxuscell culture system. Threekinds of
approaches have been proved to be very effectiveto
increase paclitaxel production: precursor feeding, in-
duced culture, and in situ separation(®.

Precur sor feeding
Precursor issubstancethat can beeasily directed
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into paclitaxel biosynthetic pathway viathe complex
metabolic network of Taxuscell. Therefore, al inter-
mediates from the bi osynthetic pathway of paclitaxel
and other substancesthat can be easily converted to
them by cell metabolism are precursorsto paclitaxel.
Addition of precursor isan effectiveway to increase
padlitaxd production by bypassing theendogenoushbio-
synthes sof the precursor, bresking through thelimit of
itsinherent low concentration, and providing moreex-
ogenoussubgtancefor enzymeresident in padlitaxe bio-
synthetic pathway.

Though complex and advanced precursors, such
as10DAB and Bactinlll, aremoreefficient to enhance
theproduction of paclitaxd production, smpleprecur-
sors, such as glycera dehyde 3-phosphate, 1-deoxy-
D-xylulose 5-phosphate, pyruvate, |PP, DMAPP, GPP,
and FPP and GGPP, which can be incorporated into
the skeleton of paclitaxel, are popularly used because
of their lower cost®. Inaddition, acetate, benzyl amino
acid, phenyldanineand their salts, linking to the skel-
eton of paclitaxel asthe acyl donator, were reported
withtheahility toimprove paclitaxel biosynthesisincdl
culturesystemf®9,

Elicitation culture

Asakind of secondary metabolite, paclitaxel does
not appear to participatedirectly inthegrowth and de-
velopment of Taxus, and it isproduced asaprotection
agent against fungi aggregation or variousstresses. Itis
assumed that the expression of thegenesencoding en-
zymesresponsiblefor paclitaxel production should be
inducibleto improvethe adaptability of Taxustothe
environmental changes. Therefore, acomplex molecu-
lar mechanism must have been devel opedin Taxusto
regul atethe production of paclitaxel at transcription or
enzymelevel inresponsiveto theseouter stresses.

Thefactor, which caninfluencethetranscription of
genescoding for enzymesres dent inthe synthetic path-
way of paclitaxel, directly or indirectly, iscaled dicitor.
According to the definition, eicitor includesnot only
theconventiond chemicd andbiologicd dicitor, but dso
the physicd stimulussuch ashest, light, magnetismand
others. For example, under the optimized condition,
paclitaxel yieldincreased six folds viaheat shock at
35-50°C for 30-60 mins*”, Themechanism of dicita-
tion begin by signd transduction process: thefirst step

istheidentification and binding of dicitor to itsrecep-
tor; then signd istransduced, magnified and passed to
effector likedomino card game; finally, thetranscrip-
tion of generelativeto paclitaxel biosynthesisisregu-
lated by the effector, resulting into more corresponding
enzymeand more paclitaxel production. However, the
detailed mechanism of dicitationin paclitaxel biosyn-
thesisisvery complex and has not been clarified up to
now. Traditionally, any substance that can increase
paclitaxel product but can not be incorporated into
paclitaxel hasbeen classfiedintodicitor.

Methyl jasmonate has been reported asthe most
effectivedicitor and theinduced content of paclitaxel
increased 19-fold®?. Both the steady state level of
MRNA and enzymatic activity of GGDSand TS Taxus
wereimproved when paclitaxel productionwasinduced
by methyl jasmonate?. By examining the expression
profileof padlitaxd biosynthetic pathway genesby RNA
gel blot analysisand RT-PCR in the Taxus cuspidata
cdl, it wasfound that the early pathway enzyme genes
GGPPS, TS, and Taxane 5o hydroxylase are
upregulated by MJélicitationwithin 6 handtill 24 h
beforetheir abundances decrease. The study reveals
thepreferencefor onesideof the biosynthetic pathway
branchin early taxane synthes's, wheretranscripts cod-
ing for Taxane 5a. hydroxylase areabundant after ici-
tation with M Jbut transcriptsencoding thetwo enzymes
for the alternative branch (TAT and Taxane 108 hy-
droxylase) are not highly expressed following elicita-
tion. Transcriptsencoding theenzymes TBT and DBAT
are a so up-regulated upon MJ dlicitation. However,
the steady-statelevels of the two enzyme transcripts
(BAPT and DBTNBT) responsiblefor the C-13 modi-
fication aremuch lower than transcriptsof early path-
way steps?d. So far, only one transcription factor,
TcAP2, wasisolated from Taxus cuspidata by yeast
one-hybrid strategy®. This factor interacts with
jasmonate responsive element and can beinduced to
expressby treatments with methyl jasmonateor sali-
cylicacid

Salicylic acid, ammonium citrate, silver nitrate,
arachidonicacid, ethylene, extractsfromfunga cell wall,
oligosaccharidewereused popularly to enhancethe pro-
duction of paclitaxd®2-39, though their mechanismsin
paclitaxel biosynthesishave been undiscovered.

Someresearchersfocused their attentionson the
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signd transfer processafter the addition of dicitor and
believed that the oxidative burst induced by dlicitors
suchassdlicylicacid, fungd elicitor and oligosaccha
ride is the key step of the signal process®>%4. Cell
apoptosiswas found when the cell of Taxuswasin-
duced by dlicitor’®!. However, the causality between
paclitaxel production and cell apoptosisis controver-
sd. Other researcherswant to solvetheproblem at the
metabolic level™*, They analyzed thekinetic change
of variouskindsof taxanein dicitation experiment, in-
ferred and validated the activity change of enzymere-
sponsiblefor paclitaxd biosynthesisastheresult of dici-
tation. Based onthedicitation kinetics, eicitorshave
been divided into more than two groups; each group
hasthe same character of dicitationkineticsandisas-
sumed to target to the same part in paclitaxel biosyn-
thetic pathway. Thetheory of acting pointishelpful to
study the synergism between dicitor, and oneinterest-
ing achievement of thetheory isthat it triumphantly sug-
gestsanoptima combination of eicitors: sdicylicacid
and citrate, one upregulating the biosynthesis of
Bactinlll, forming the skeleton of paclitaxel, and the
other improving the assembly and modification of the
C13-sidechain. Theproduction of paclitaxel induced
by thesetwo kinds of elicitor is44% higher than the
sum of paclitaxel induced by sdlicylicacid and ammo-
nium citrate respectively®d,

In addition, substances, known astheinhibitor of
competitive pathway branched from the pathway of
paclitaxel biosynthesis, arealso used toimprovethe
production of paclitaxdl. It has been reported that the
addition of inhibitor of gibberdlin biosynthes's, suchas
CCC, tetramethylammonium bromide and 2, 2-
ditmethylhydrazide, inhibited theflux from GGPPtogib-
berellin andincreased paclitaxel production. Thesimi-
lar resultswere obtained when theinhibitor of caro-
tenoid biosynthes's, including clomazoneand MPTA,
were added into the system of Taxus cell culture*?.
Finally, gibberellin and carotenoid are byproducts of
paclitaxel production and exogenous gibberellinand
carotenoid may regul ate downward the activity of en-
zymerespong blefor thar biosynthesisviaproduct feed-
back inhibition. Therefore, feeding these above sub-
stancesmay inhibit their production and redirect more
substanceflux into the pathway of paclitaxd biosynthe-

SS
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In situ separation

Separating paclitaxd fromcdlsinacdl culturesys-
tem as quick as possible would be favorable to de-
crease the degradation, reduce thetoxicity, and ease
the product feedback inhibition of paclitaxel. Thebio-
synthesisof paclitaxel wasenhanced by 40-70% when
thenon-ionicexchangeresin XAD wasadded into the
culture medium as an adsorbent of paclitaxel*®. The
more heart-stirring increase of paclitaxel (about three
or four timeshigher than that of control) wasachieved
intwo-liquid-phaseculture, inwhich cellswereretained
inwater phasewhiletaxane produced by cellswas ex-
tracted into the oil phaseandisolated fromthecellsto
eliminatethe adverseeffects of paclitaxel accumula
tionfd,

CONCLUSIONS

Up to now, environmenta factors, including pre-
cursor feeding, elicitation cultureand in situ separa-
tion, have been proved to be efficient to increase the
production of paclitaxe

Theonly obstacleto improve Taxol biosynthesis
by genetic modificationisthedifficulty of Taxustrans-
formation. Andwewill envisagetheexplosion of meta-
bolic engineering study of paclitaxel by transgenic
method when aroutine transformation of Taxusisde-
velopedinthefuture.
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