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Abstract: Two triterpene synthase8;amyrin synthase (EC 5.4.99) from Panax ginsengnd lupeol synthase

(EC 5.4.99-) from Arabidopsis thalianawere used to construct a series of chimeric proteins between these
two enzymes in order to investigate the region important for product specificity. Functional expression in
yeast and analysis of the synthase products have revealed that chimera 1, in which the N-terminal half is
B-amyrin synthase and the C-terminal half is lupeol synthase, producedskatiyrin and lupeol in a 3:1

ratio. By dividing the whole sequence into four regions, all the possible combinations of the two synthases
were constructed. Among them, chimera 7, in which only region B (the second quarter from the N-terminus)
is f-amyrin synthase, producetiamyrin and lupeol in a 4:1 ratio, indicating the importance of region B in
p-amyrin formation. Another chimera, which was created by the mixed PCR method, prgthaceytin and

lupeol in a 1:4 ratio, indicating that the sequence which is important for product distribution lies within 80
amino acid residues in region B. The incorporation experiment of PCAacetate showed that, during the
formation of lupeol, the final proton abstraction takes place from either of thegemedimethyl groups in a

1:1 ratio. This is the first demonstration of the scrambling of methyl groups during the biosynthesis of any
terpenoids. On the other hand, no scrambling of methyl groups was observed gwaimgrin formation,
indicating that the isopropyl group of the lupenyl cation must be held tightlg-aynyrin synthase protein.

On the other hand, very little is known about the triterpene-
producing OSCs. Triterpenoids are one of the most abundant
natural products commonly occurring in plants and exhibit a
wide range of structural diversifyThey are often glycosylated
after some oxidative modifications and stored in underground
parts as saponins. These triterpene saponins are often active
constituents of important crude drugs used as traditional

i h ith its i in bioloaical h medicines, and are still considered as promising candidates for
reaction together with its importance in biological systems has .., drug developmeritin some plants, they are found in

a;t;ﬁpted :nclany re_ls_ﬁarchelfs tgward ugde[sta;\gg%the mec.r:jarl"srgpicuticular wax as triterpene alcohols and their esters without
ot this catalysis. The cyclization products o —S aré WIdely' 4, ther structural modifications. These triterpenoids are regarded
distributed among eukaryotic organisms and play important roles (@) (a) Buntel, C. 3. Griffin, J. A, Am. Chem. 50992 114 9711

in biological systems. In animals, fungi, and yeast, lanosterol 9713 candida albicany (b) Corey, E. J.; Matsuda, S. P. T.; Bartel, B.
is the ubiquitous cyclization product which serves as a precursor Proc. Natl. Acad. Sci. U.S.A994 91, 2211-2215. Shi, Z.; Buntel, C. J.;

Introduction

Cyclization of 2,3-oxidosqualene into sterols and triterpenes
is one of the most remarkable and fascinating biotransformations
found in nature. The reaction is catalyzed by oxidosqualene
cyclases (OSCs) which create tetra- and pentacyclic carbon
frameworks, thereby generating a number of asymmetric ste-
reocenters in a single biotransformatiorThis fascinating

for various sterols and steroid hormorés.plants, cycloartenol
instead of lanosterol is the cyclization product which serves as
a precursor of plant sterotsMany of the mechanistic studies
on these OSCs have been focused on those which are responsib
for sterol biosynthesis. Up to now, cDNAs for five lanosterol
synthasesand three cycloartenol syntha%ékave been cloned,
and extensive studies such as affinity labeling, reaction with

Griffin, J. H. Proc. Natl. Acad. Sci. U.S.A1994 91, 7370-7374
(Saccharomyces cersiag). (c) Corey, E. J.; Matsuda, S. P. T.; Baker, C.
H.; Ting, A.; Cheng, HBiochem. Biophys. Res. Comm@f96 219, 327—
331 (Schizosaccharomyces pomie) Kusano, M.; Shibuya, M.; Sankawa,
lg.; Ebizuka, Y.Biol. Pharm. Bull. Jpn 1995 18, 195-197. Abe, |.;
Prestwich, G. DProc. Natl. Acad. Sci. U.S.A995 92, 9274-9278 Rattus
norvegicug. (e) Baker, C. H.; Matsuda, S. P. T.; Liu, D. R.; Corey, E. J.
Biochem. Biophys. Res. Commui®95 213 154-160. Sung, C. K;
Shibuya, M.; Sankawa, U.; Ebizuka, Biol. Pharm. Bull. Jpn1995 18,

substrate analogues, and site-directed mutagenesis were carriet#59-1461 Homo sapienps

out using either recombinant or purified enzymes to uncover
some aspects of the complex cyclization mecharfism.
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Scheme 1. Cyclization of 2,3-Oxidosqualene inf>Amyrin and Lupeol

2,3-Oxidosqualene Dammarenyl cation Baccharenyl cation

Lupenyl cation Oleanyl cation

B-Amyrin

HO™
Lupeol

as secondary metabolites as they are found species specifically As shown in Scheme 1, the cyclization mechanisms leading
and their function in the producing plant is yet unknown. to lupeol andg-amyrin have the early part in common. The
Generally, the cyclization mechanism of 2,3-oxidosqualene into reaction is initiated by ring opening of epoxide, followed by
various triterpenes is more complex than sterol biosynthesis ascationst cyclization via the pre-chairchair—chair conformation
they, in most cases, involve additional ring closure to generateto give the tetracyclic dammarenyl cation. Ring expansion to
a pentacyclic carbon skeleton, and more extensive methyl andthe baccharenyl cation and fifth ring closure give the tertiary
hydride shiftst To understand how each triterpene synthase lupenyl cation. The two products branch at this point, as proton
controls the complex reaction leading to the defined cyclization abstraction from one of thgemdimethyl groups gives lupeol,
product would be a major issue for the origin of the structural while ring expansion to the oleanyl cation followed by two 1,2-
diversity among these natural products and for the future hydride shifts and proton abstraction from C-12 gigesmyrin.
engineering of rationally designed triterpenoid biosynthesis.  Construction of a chimeric enzyme and analysis of its
Furthermore, it is of great interest to know whether there exist cyclization products, if any, would give detailed information
a corresponding number of product specific triterpene synthasesregarding the product specificity of the two OSCs, and hence
since it is quite common that one plant species produces moreshould provide a detailed understanding of the mechanism of
than one skeletal type of triterpenes. oxidosqualene cyclization.

Recently, two triterpene synthase cDNf&samyrin synthase
from Panax ginsengand lupeol synthase fromrabidopsis Results and Discussion
thaliana, have been cloned by our grduand by Matsuda et

10 : : . . .
al.!9 allowing us to investigate the mechanism controlling the The lupeol synthase used in this study was cloned by the PCR

product specificity. Comparison of the deduced amino acid . g
sequences of these two OSCs revealed surprisingly high 70_4%methodA. thalianacDNA was prepared by reverse transcription

identity, even though they are derived from plants belonging %f.tr:rfnl\'lg le;tnrgcée_(t:lefrrrg_rzatlhe‘:\_.nt]i;?!agloantto;_&rl]l_rrlrtlapé. ﬁﬁ’esﬂgc
to different plant families and giving rise to different cyclization immedilatel upstream Iof trl?el Start codorll ;r?d l(%) | s:te
products. From this high level of sequence identity, we y up

. : : . immediately downstream of the stop codon were designed on
speculated that the difference of only a few amino acid residues : )
should be responsible for the product specificity. Therefore, in the basis of the reported cDNA sequeA€:CR using these

this study, we set out a domain swapping study between thesePrimers andA. thalianacDNA as a template produced a 2.3 kb

two OSCs to investigate which region of polypeptide sequencesgufII f:sgttzgr?g;n;gg'vselé?gor;'(nEgS'zm(?nmn Ie?];‘iﬁggrlcsx;

is responsible for product specificity. The feasibility of this rgmoter F;ve lasmid OpS@ Yeast ml?tant GIL77dal2

approach was demonstrated by Chappell et al. for two sesquit-p 9 P P ) .

erpene cyclased hem3-6 erg.7 ura3-167which lacks lanosterol syn.thase activ-

' ity,12 harboring pOSGyp, was cultured, and recombinant protein

(10) Reyna, J. B.; Bartel, B.; Matsuda, S. P. T. GenBank/EMBL data expressed as described previoUsBmalysis of the extract of

bank Acc. No. U49919.
(11) Back, K.; Chappell, Proc. Natl. Acad. Sci. U. S.A996 93, 6841 (12) Gollub, E. G,; Liu, K.; Dayan, J.; Adlersberg, M.; Sprinson, D. B.

6845. J. Biol. Chem 1977, 252, 2846-2854.

Construction of Chimeric Clones and Expression in Yeast.
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B-Amyrin synthase (Panax ginseng) N-| <] ngr..us INFVGRQTWIZFRDIZR Y LEEg30VIas 50
Lupeol synthase (Arabidopsis thaliana) N- GEIRZHIFFTS) NFVGRQTWH » — HKA( RR 49

RI(OVK|=ME€ DL LWRMQF!| POWKYED) 13FISAT OASDGHWP I ERNSGPLFFLE Pl
JF #5 DL LWRMQF ROLLATNIBE T RR AL MOASDGHWEEESMAGP LFFLEE L
AEHREKEMLRYTYCHJONEDGGWGLE T T REN GGVNN E R 210
TF E AEHRIKEVLRIE I YCHJONEDGGWGLEJ IERNS|Y! ---EQD H R 206
i Nde |
> sﬁr EWI PPEIZAN LPHPRKIN CRYeR YLYGKRFVGPITPLIL 290
D IF D PPEM LPHPeKiNICYSRMVEN YLYGKRFVGPITPLIL 286
SRR |Ge A BKEDIYY|=HPLERIODLLAD AR\ EPLLTRWP BREKA LQqTMKHIHY EDENS|ZY ITT LY
L. Wi LYE KEDNYYRHPLIAVODI.LEDALS) EPLLTRWP ANLOWNTMKHIEYJEDENSE Y ITT IS
Bal |
GCVEKVLCHMLIRYCWVER PNGDRYFIRKHLARY PDY IWVAEDGMIKMOSFG, E\w DTGFRIOALL TGP DF] 449
cevEKVLCMLEACWVE PNGDYFIiKELAR T PDY TWVAEDGMKMOSFGSQIWRDTGFATOALL PDIITDD 446
DFIYSMYRHI SPKGE DAHGWOVSDCTAREET KCCLIRY PE 3 529
DFESMYRHIS DRHGWQVSDCTARENLKCCLE 'S Y D scl¥ 526
Hpal

RS2 G RoE FRDIVI TQALYLFISKLNYPEHRISKET oY 49 DROLPDG 609
AWEPEENA) TOALBLFAKLEYPRHREKET e OFI OBNETIZNeRy 606
GS 1 ¥ A (V1 QI%‘DDGGWG ESYLSCZi64% e 689
TH A alian i QEDDGGWGESYLSCRIZe: 8 v A 686

§20AERD|ZYPLHRAAKL) INSQI%EIGD FPOOEISGFEM 2 RNIRYPLWALQA HPLP SLGT*-C 763

QAERDEMNPLHRAAKL I TNSQWENGDEFPQOET Y CaF : RNiSSPLWALRA gFIV N*  -C 757

Figure 1. Alignment of amino acid sequences Bf ginsengs-amyrin synthase and. thalianalupeol synthase. Hyphens were introduced to

maximize homology. Identical amino acid residues are boxed. A total of 537 of the 763 amino acids are identical (70.4%). Three restriction enzyme

sites employed for chimera construction are noted. The vertical arrow indicates the position of scrambling for the pChi-mix6 clone.

this transformant confirmed the production of lupeol by means chimera 1

of reverse phase HPLC arith and 3C NMR analysis. The 1 B-Amyrin 349 Lupeol ¢
amount of lupeol produced was about half of {hemyrin o E——— ¢
produced by a transformant harboring pQf& described Bal |

below. The obtained. thaliana lupeol synthase clone was

sequenced in both strands. However, four amino acid residues B-Amyrin

were different from the reported sequence. These are isoleucine
instead of methionine at position 399, valine instead of glycine
at 503, glutamate instead of lysine at 582, and isoleucine instead ]
of tyrosine at 698. It is not clear whether these differences are ~ z#2
due to the presence of an isomeric clone within the plant or
mistakes caused by PCR.
For P. ginsengs-amyrin synthase, pOS$&y Which has been s
reported was uset. = tea
To set up the domain swapping study, we divided the whole
sequence into four regions with roughly equal length (Figure
1). Region A contains the well-conserved QW motif (sequence _AJ LM
DGGWGLH 164-170)}3 while region D contains several — o e A s
conserved QW motifs. Region C contains the DCTAE motif (TIHED
which has been predicted to lie in the active site of lanosterol Figure 2. HPLC profile of the extract from chimera 1. The horizontal
synthas€2 while region B contains a sequence corresponding line indicates the retention time in minutes.
to the WWVHTR (231236) sequence oBaccharomyces  construction of pChi 2. Introduction of each plasmid into yeast
cerevisiaelanosterol synthase which also has been demonstratedmutant GIL77 and functional expression were done as described

Lupeol

to be in the substrate binding pocKet. before®
In our initial experiment, the chimeric enzymes were con-  The yeast transformant with pChi 1 was cultured, expression
structed using the common restriction site. BGtamyrin and induced by galactose, and the product extracted with hexane.

lupeol synthases contain the commBal | site (nucleotide  separation by TLC and analysis of 4,4-dimethyl sterol fraction
number 1018, amino acid number 3404ramyrin synthase,  py reverse phase HPLC were conducted as described Hefore.
nucleotide number 1006, amino acid number 336 in lupeol Surprisingly, two peaks correspondingeamyrin and lupeol
synthase) which is located nearly in the center of the whole iy retention time were detected, with the ratio of about 3:1
sequence. Thus, thgal | and Xholl fragment of pOSECup was (Figure 2). The identity of each product/asmyrin and lupeol
ligated into theBal | and Xho | site of pOSGyy to construct was confirmed byH and3C NMR and by EI-MS analysis as
pChi 1 in which the N-terminal half is-amyrin synthase and  ell. The production level of the sum of two products was about
the C-terminal half is lupeol synthase, ande versafor the the same as that of the natiyleamyrin synthase. Generation
(13) Poralla, K.; Hewelt, A.; Prestwich, G. D.; Abe, I.; Reipen, 1.; ©Of two products by a single chimeric protein is quite interesting
Sprenger, GTrends Biochem. Sc1994 19, 157—158. in that each half of the polypeptides still reserves enough
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A A B c b Products Ratio
Kpn| Nde | Ball Hpal Xho | 67.6%  69.0% 77.2%  68.6% B-Amyrin :  Lupeol
Lupeol synthase Nf 185 340 519 763 )
y ! : — 1-C B-Amyrin synthase 100 0
Kpnl 518’ | Xho'l 1 184} 336! 516} 757
[ ] ] B-Amyrin synthase N—C Lupeol synthase 0 100
- > ES — e I L——
Kpnl Ndel Hpal Xhol i Chimera 1 75 25
[—] [— :
Chi-A Chi-D _:: Chimera2 ———— - -
* — ? ?
[— ] _
Ndel Xho | Chimera 3 0 100
l Chi-B I — ] Chimerag ————r - -
_’ “x i ]
Kpn Hpal I Chimera§ ————— = -
[ ] 3
Chi-C [ — WEEEMMN Chimera ————  trace -
Figure 3. Schematic representation of the construction of chimeric i
clones. Asterisks indicate the positions of mutations on primers for i i Chimera 7 80 20
restriction enzyme sites. o —C ) Chimeras8 ——— -
character to produce each cyclization product. In addition, as —:_ Chimerag ———  _ -
indicated in the ratio of the two products, the N-terminal half — ' chimera 10 100 0
contributes more to the production Sfamyrin. It is not clear ;
why this chimeric enzyme produced more than one cyclization C— ———— ) chimeratit ——  _ trace
product. One possible explanation for this phenomenon is that i %
. . . . B waaa. —_—— - -
protein expressed in yeast might take two different conforma- ; Chimera 12
tions and each one is responsible for one product formation. s —_——— chimera 13 _ _
Another possibility is that the chimeric enzyme forms a rather
loose active site which leads to the formation of two products. [ m——"chimera 14 - -

It has been well documented in terpenoid synthases such asrigure 4. Chimera studies betweghamyrin and lupeol synthases.
monoterpene and sesquiterpene synthases that a single enzynmhe identity of each domain is noted on the top.
is responsible for multiproduct formatidfh At the moment, we
cannot distinguish between these possibilities; however, the mutations had occurred and no other mutation due to mistakes
present result demonstrates the feasibility of this chimeric in PCR had taken place. Restriction enzyme mediated chimera
approach toward studies on the product specificity in triterpene construction was carried out to obtain 12 chimeric clones, pChi
synthases. 3 through pChi 14. These correspond to all the possible
Interestingly, this chimeric enzyme also produced minor Combinations of the two enzymes. o
triterpene alcohols (as determined on the basis of EI-MS analysis EXpression in yeast revealed that seven of these chimeric
to give m/z 426) which can be seen & 17 and 18 min on clones were inactive, giving none of the cyclization product.
HPLC. However, the amounts of these products were not The results from pChi 6 and pChi 11 showed diminished levels

sufficient to determine their structures (which will be reported Of production of each compound (about 1/10 of the active
in due course). chimeric clone as judged by HPLC). However, the remaining

On the other hand, the yeast transformant harboring pChi o three clo_nes gave inter(_esting results (Figure 4). pChi 3, in which
gave none of detectable cyclization products, indicating that this ©nlY region A isj-amyrin synthase, produced lupeol as a sole
chimeric enzyme is inactive. This might be due to aberrant Product. On the other hand, pChi 7 in which only region B is
folding of the expressed chimeric protein; however, the exact 5-amyrin synthase, produced both compounds ygiamyrin
reason for this observation is not clear. This result also shows &S & major product. These results strongly indicate that region
some limitation to the chimeric studies in that proper combina- B 1S €xtremely important fof-amyrin formation. pChi 10, in
tion of amino acid residues at the N-terminal and C-terminal Which only region C is lupeol synthase, produgedmyrin only,

halves is necessary for maintaining the active three-dimensionalindicating that region C is not important for product differentia-
structure of the protein. tion and again supporting the importance of region B for

we chose B-amyrin formation. The result of pChi 3 shows that region A
is not important for product specificity; however, together with
the fact that pChi 4 was inactive, this result indicates the
importance of proper combination of amino acid residues

To further carry out the domain swapping study,
two additional restriction enzyme sites for chimera construction.
These are th&ldel site (nucleotide number 549, amino acid
number 184) and thidpal site (nucleotide number 1546, amino ) .
acid number 516) of lupeol synthase. Sifisamyrin synthase ~ Petween the N-terminal and the C-terminal ends.

contains none of these sites, two restriction sites were generated 'S Lor the IupI)eoI f(l)rmation,_itdseedmbs thlft regiolns Cf: agg_tl)
by introducing point mutations in primers without changing the MuSt be intact lupeol type as judged by the results of pChi 1,

coded amino acids. Four primers, PNY-Nde-S, PNY-Nde-A, pCh! 3, af‘d pChi 7. This is.furthersupported by. the result from
PNY-Hpa-S, and PNY-Hpa-A, were designed in both sense and p.(:.h' ll. n t.hat region D is replaced Wamyrm synthase,
antisense directions carrying the above-mentioned point muta-91Ving diminished levels of lupeol. Comparison of the results
tions. With pOSGny as a template, PCR using these primers of pChi 3 with pCh_' 1 and pChi 7 su_gggsts_that region B also
and either of the N-terminal or C-termingtamyrin synthase alters the production of lupeol. This |mpl|§s that region B
specific primers generated four fragments (pChiA-D) carrying '€S€rves some characters for lupeol formation as well.

the appropriate restriction sites (Figure 3). These fragments were Chimeric Clone by Mix_ed P(.:R' _We have also sou_ght
sequenced in both strands to confirm that only the desired 2nother method for generating chimeric clones betyeamyrin
and lupeol synthases. Since both enzymes exhibit extremely high

(14) Croteau, RChem. Re. 1987, 87, 929-954. level of DNA sequence identity in some regions, we have
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Scheme 2. Construction of the Chimeric Clone by Mixed The above results all together have indicated the importance
PCR of region B ing-amyrin formation and determining the product
B-Amyrin ratio between lupeol. These results agree well with the finding
synthase - ' by Corey et al. that His 234 @. cereisiaelanosterol synthase
Kpn-PNY-N is important for catalysis and might be located near the C-20

protosteryl cation in the active site of the enzyfiesince
branching into lupeol an@-amyrin formation takes place at
synthase  — the lupenyl cation stage and any factor from triterpene synthase
Xho-Lup-C proteins which affects the formation gkamyrin or product
distribution should be located near the E-ring of lupenyl and/or
oleanyl cation. The location of the cation in the E-ring of these
\ triterpenes is in close proximity to the position of the C-20
protosteryl cation during the formation of lanosterol if we
Y AAAAAAAAANAAANAAAAR assume the same orientation of substrate binding relative to the
enzyme protein during cyclization.

Fate of Methyl Groups during the Biosynthesis of Lupeol
\ and B-Amyrin. As the amino acid sequence responsible for
260 the product specificity of3-amyrin and lupeol synthases has
[(E—— | been narrowed down, we were intrigued by the actual mecha-
nism leading to each different cyclization product. As shown
expected a scrambling in PCR to take place at roughly the centerin Scheme 1, the branch point between lupeol gramyrin
of the whole sequence if we use both plasmids as a templateformation is at the lupenyl cation stage. Either proton abstraction
and primers designed from each end of the sequences (Schem&om one of the methyl groups to forraxomethylene, or
2). With the mixture of pOSgyy and pOSGup as a template, ~ migration of the carboncarbon bond for ring expansion into a
primers Kpn-PNY-N designed for the'-Bnd of -amyrin six-membered ring followed by successive 1,2-hydride shifts
synthase and Xho-Lup-C designed for theeBd of lupeol and H-12x proton abstraction, differentiates the two products.
synthase were used for the following PCR. Each primer contains From the model, it is clear that H-&2and one of the terminal
a Kpn | site immediately upstream of the start codon and an methyl groups in lupenyl cation are quite close in spacial
Xhol site immediately downstream of the stop codon in order distance. Therefore, it might be possible that the same basic
to engineer the full length insert into yeast expression vector amino acid residue in botfi-amyrin and lupeol synthases is
pYES2. PCR was carried out with the first 10 cycles with 94 responsible for the final proton abstraction to terminate the
°C, 1 min, 58°C, 10 s, 72C, 10 s, and then 20 cycles with 94  reaction. To test this hypothesis, it is first important to determine
°C, 1 min, 58°C, 1.5 min, 72°C, 1.5 min with final extension  from which of the prochiral methyl groups of lupenyl cation
of 72°C, 10 min. A band corresponding to a full length of 2.3 the proton is abstracted, sindg){methyl of oxidosqualene, and
kb was detected on agarose gel electrophoresis. Control experithus of baccharenyl cation, which originates from C-2 of
ments using either pO$&Gy or pPOSGup as a sole template  mevalonate, must be in the closer side to H:Iduring the
gave no band corresponding to this position, indicating that formation of lupenyl cation.
scrambling has actually taken place. This full length fragment  To investigate the origin of C-29 and C-30 of lupeol, a feeding
was subcloned into pYES2, and six colonies were picked up experiment with [1,2°C;]acetate was carried out using the yeast
and then introduced into yeast mutant GIL77 for functional mutant GIL77 harboring pOSGe. Since C-6 of mevalonate
expression. Among these six clones, only one clone pChi-mix6 originates from intact incorporation of acetate, the biosynthetic
gave products comparable in amount to those of active chimeric origin of C-29 and C-30 could be easily distinguished, as one
clones. Both lupeol and-amyrin were produced, but this time  derived from C-6 of mevalonate should appear with a doublet
lupeol was the major product (lupgdtamyrin = 4:1). This while one from C-2 of mevalonate should appear as an enriched
clone pChi-mix6é was sequenced in order to figure out the singlet. Doubly labeled acetate was fed to yeast culture during
position of scrambling. As a result, scrambling had taken place the galactose induction and further at the resting period with
within region B, just at the sequence of MWCYC (25362) glucose as a carbon source. After extraction and isolation of
of f-amyrin synthase, and ILCYS (25458) of lupeol synthase  |upeol,3C NMR was measured. The labeling patterns were all
(Figure 1). No other mutation due to PCR was detected. consistent with the expected mevalonate pathway. Unexpectedly,

Unexpectedly, the scrambling took place at rather narrow region the signals due to C-30 (19.3 ppm) and C-29 (109.3 ppm) were
which is located further toward the N-terminus, indicating that hoth accompanied by doublets) & 42.7 and 72.5 Hz,

antisense chain extension was faster during the initial PCR cycle.respectively) (Figure 5). In addition, the signal due to C-20
The present results together with pChi 1 and pChi 3 revealed (151.0 ppm) was also accompanied by two sets of doublets
that a particular sequence in region B is extremely important (J = 42.0 and 72.5 Hz) (Figure 5). The scrambling of two
for determining the product ratio for lupeol afieamyrin. That methyl groups at the stage of DMAPP and/or IPP can be ruled
is, the only 80 amino acid long sequence between Cys 260 andout as signals of C-24 (15.4 ppm) and C-23 (28.0 ppm), the
Trp 340 ofB-amyrin synthase drastically alters the product ratio. other side of the terminajemdimethyl group, exhibited3C
pChi 1, in which the whole region B ig-amyrin synthase,  signals with and without accompanying doublet, respectively.
produceds-amyrin and lupeol in a 3:1 ratio while pChi-mix6,  This result indicates that scrambling between C-29 and C-30
in which these 80 amino acid residues are lupeol synthase,has taken place. That is, the final proton abstraction from lupenyl
produceds-amyrin and lupeol in a 1:4 ratio. Comparison with  cation takes place from either of the two methyl groups in a
the result from pChi 3 suggests that the sequence of region B1:1 ratio, demonstrating that recombinaht thaliana lupeol
up to Cys 260 (lle 185 to Cys 260) gfamyrin synthase still synthase does not control the proton abstraction from either of
retains some residues in favor gfamyrin formation. the two methyl groups. As far as we know, this is the first

VNN\NNNNNNNNNN
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(A) (B) (C)

e POM PP
TR e ; ; T e
19.6 19.4 19.2 19.0 109.5 109.0 151.5 151.0 150.5

Figure 5. Partial*3C NMR spectra (100 MHz, CD@) of lupeol obtained from incubation with [1,2C;]acetate: (A) C-30 (19.3 ppm), (B) C-29
(109.3 ppm), and (C) C-20 (151.0 ppm).

(A) (B) (C)

b

M PEM PEM
336 33.4 33.2 33.0 23.8 236 23.4 23.2 31.4 31.2 31.0 30.8

Figure 6. Partial’®C NMR spectra (100 MHz, CDG) of S-amyrin obtained from incubation with [12C;]acetate: (A) C-29 (33.3 ppm), (B)
C-30 (23.7 ppm), and (C) C-20 (31.1 ppm). The C-30 signal was overlapped with the satellite peak of C-11 at 23.5 ppm.

demonstration of the scrambling of methyl groups during the hexane-amyrin isolated, and measured f6€ NMR.16 The

biosynthesis of any terpenoids. labeling pattern was again consistent with the expected meva-
The result from lupeol synthase led us to test whether this lonate pathway. The signals which correspond to C-29 (33.3
scrambling also takes place during the formatiorgefmyrin ppm) and C-30 (23.7 ppm) appeared as one with an ac-

and see if this observation is general to all triterpenes or only companying doubletJ(= 35.1 Hz) and an enriched singlet,
specific to lupeol biosynthesis. Although C-29 and C-30 of respectively (Figure 6), indicating that no scrambling had taken
B-amyrin have already been reported to originate from C-6 and place. The signal due to C-20 (31.1 ppm) appeared with only
C-2 of mevalonate, respectively, in cell suspension cultures of one set of doublets](= 35.1 Hz), supporting the above result.
Rabdosia japonica® the information regarding the scrambling The present study indicates that, for the biosynthesis of
of methyl groups, if any, is not available. B-amyrin, no scrambling of methyl groups takes place and that
Feeding of [1,21C,]acetate was carried out in the same the ring expansion from lupenyl cation to oleanyl cation is
manner as described above using yeast mutant GIL77 harboring (16) The assignment 6fC signals due to C-2 and C-15 in the literature

pOSGny. The cells of yeast transformant were extracted with (Seo, S.; Tomita, Y.; Tori, KTetrahedron Lett1975 7) should be reversed
in that the signal ad 28.3 appeared with an accompanying doublet while
(15) Seo, S.; Yoshimura, Y.; Uomori, A.; Takeda, K.; Seto, H.; Ebizuka, the signal av 27.0 appeared as a singlet. Therefore, the signal for C-2 is
Y.; Sankawa, UJ. Am. Chem. S0od 988 110, 1740-1745. 0 28.3 and that for C-15 i§ 27.0.
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Scheme 3Fate of Methyl Groups during-Amyrin and Lupeol Formation (Dots Indicate the Carbons Originating from C-2 of
Mevalonate)

HO'

"o
2,3-Oxidosqualene Dammarenyl cation Baccharenyl cation Lupenyl cation

|

Lupeol B-Amyrin

completely controlled by the enzyme. The fact that C-30 of S-amyrin and controlling the product ratio between lupeol.
B-amyrin originates from C-2 of mevalonate demonstrates that Within these 80 amino acid residues, only 20 residues are
the isopropyl moiety of lupenyl cation rotates in a clockwise different between these OSCs. Therefore, it would be of great
direction (viewed from C-19) before C1221 bond migration interest to see which of these amino acid residues are responsible
takes place. for the above-mentioned mechanism that controls the ring
Whether these phenomena also operate in the chimeric cloneexpansion step. Furthermore, the identification of the residue
which produces botl#-amyrin and lupeol was further tested. which is in charge of final deprotonation would give a more
Thus, feeding of [1,23C;]acetate to the yeast mutant GIL77 detailed insight into the mechanism of product specificity
harboring pChi 1, in whiclf-amyrin and lupeol were producd  exhibited by these triterpene synthases. Our current efforts are
in the ratio of 3:1, was carried out. The obtaingdmyrin and directed to answer these important issues.
lupeol gave the same labeling patterns as above when analyzed
with 13C NMR (data not shown). Thus, fgramyrin, the signal ~ Conclusions

due to C-29 appeared with an accompanying doublet while C-30  The domain swapping studies described here show for the
appeared as an enriched singlet. For lupeol, the signals of bothfyst time that the product specificity of triterpene synthases is
C-29 and C-30 were accompanied by doublets, indicating the que to only a limited number of amino acid residues in the
scrambling of these methyl groups. These results show that, restricted region of the entire sequences. Considering the facts
during5-amyrin formation, stereospecific ring expansion takes that a huge variety of triterpene skeletons, which are presumed
place in both nativg-amyrin synthase and the chimeric clone, - to pe formed by a slight difference in cyclization mechanism,
while for lupeol formation, the final proton abstraction is not  occyr in nature and that one plant species often produces several
controlled at all in both native lupeol synthase and the chimeric triterpenes of different skeletal types, it is rather questionable
clone. to believe the presence of the corresponding number of product
The results obtained here using labeled acetate have pointe%peciﬁC triterpene synthases. For examplelxiris chinensis
out that, during lupeol biosynthesis, the final proton abstraction »q different triterpene alcohols were detectédccording to
takes place from both termingemdimethyl groups in equal  the recent report, two sesquiterpene cyclase clones isolated from
ratios (Scheme 3). This raises a question whether the final protonapies grandiscatalyzed the cyclization of farnesyl diphosphate
abstraction is mediated by any specific amino acid residue or into 34 and 52 different sesquiterpenes, respectively, and these
by a solvent water molecule within the active site of the enzyme. zccount for most of the sesquiterpenes found in the original
The results fromg-amyrin synthase that the origins of carbons  pjanti8 Taking these observations into account, it would be
C-29 and C-30 are strictly controlled is reasonable, since ring possible to speculate such a multifunctional triterpene synthase
expansion at the lupenyl cation stage requires a juxtapositionajsg exists in nature. As described in this paper, product
in which the empty p-orbital of the tertiary cation becomes gpecificity of triterpene synthases is governed by only a few
almost parallel to the migrating C3&21 o bond. Such  aming acid residues in a restricted region of polypeptide. It is
stereospecific ring expansion is only possible if the isopropyl now tempting to speculate that several point mutations during
cation moiety is held tightly by the enzyme protein. The the course of evolution might have generated a multifunctional
observed formation of botf§-amyrin and lupeol in some of  anzyme such as the chimeric ones described in this study. Our

the chimeric enzymes might be due to the lack of this tight efforts toward cloning of several different triterpene synthases

holding of the isopropyl moiety caused by the change in some gre now underway.

of the amino acid residues. (17) Shiojima, K.. Suzuki, H.: Kodera, N.: A H-Ch H-C
i i i 10jima, K.; SUZUKI, H.; Kodera, N.; geta, . ang, A.-C.;

. The results from the_ chlmerlc enzymes pointed out the Chen, Y.-P.Chemn. Pharm. Bull1996 44, 509-514.

importance of an 80 amino acid long sequence, spanning from ™ (1g) steele, C. L.; Crock, J.; Bohlmann, J.; CroteauJRBiol. Chem

Cys 260 to Trp 340 of-amyrin synthase, in the formation of 1998 273 2078-2089.
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Experimental Section 2.37 (1H, m), 3.19 (1H, dd] = 11, 5 Hz), 4.56 (1H, s), 4.68 (1H, s).
EI-MS (JEOL JMS-SX 102A):m/z 426 [M*] (90%); 408 [M* — H,0]
Synthesis of oligo DNA was carried out by Nihon Bioservice (40): 393 [M" — H,0—CHj] (20); 365 (40); 207 (80); 189 (100).
(Saitama, Japan). Yeast strain GIL Gal2 hem3-6 erg7 ura3-17 Construction of Chimera 1 and 2. pOSGyy was digested with
was constructed by crossing GLMATa gal2 hem3-6 erglt? to Bal | and Xho and ligated with the 1.3 kb C-terminal half fragment
INVSC2 (MATe his3-D200 ura3-16y (Invitrogen), sporulating the  of jupeol synthase obtained by digesting pQ&Gvith Bal | and Xho
resultant diploid and selecting a segregant with the desired phenStype. | (o give pChi 1 in which the N-terminal half §-amyrin synthase and
Yeast GIL77 was maintained on YEPD medium supplemented with the C-terminal half is lupeol synthase. pChi 2 was constructed similarly

ergosterol (2Qug/mL) and Tween 80 (5 mg/mL}H and **C NMR by digestion of pOSGe with Bal | and Xho | and ligation with the
spectra were recorded on a JEOL GSX400 spectrometer. Chloraform- 13y C-terminal half fragment gf-amyrin synthase.

(99.8% atcl)mZH, ISOTEC) wasl used as a solvent with solvent signal  construction of Chimera 3—14. All chimera construction was
0 7.26 for'H ando 77.0 (t) for**C as references for chemical shifts.  4rried out using plasmid DNA pT7Blue, since pYES2 contaiNee

Merck 60 Fs (0.25 mm thickness, 2& 20 cm) was used for silica | gngHpal restriction sites within the plasmid. pOS& and pOSGCur
gel TLC. All the other reagents were of reagent grade unless otherwiseygre digested witlipn | and Xbal and ligated into pT7Blue digested

noted. with the same restriction enzyme to give pQRET and pOSCup-T,

Cloning of Full Length A. thaliana Lupeol Synthase.Total RNA respectively.
was extracted from the whole plantAf thalianaby the phenot SDS Four primers were designed in order to generate fragments containing
method and lithium chloride precipitaion. RNA (@) was reverse  point mutations at nucleotides 555 and 15605i@amyrin synthase.
transcribed using 0.5g of oligo(dT) primer (RACE 32, SGACTC- These are PNY-Nde-S,/-ACTCTTAGCTACATATG TATGCGTT-

GAGTCGACATCGATTTTTTTTTTTTTT-3) as in the literaturé’ and 3: PNY-Nde-A, B-ACGCATACATATG TAGCTAAGAGTT-3 (Nde
reverse transcriptase (Superscript Il, BRL) with dNTP (0.2 mM) ina | site in bold face and mutated nucleotide underlined); PNY-Hpa-S,
total volume of 2QuL for 2 h at 37°C according to the manufacturer's 5 .GTATGATTCTGTTAAC GTGCTACTT-3; PNY-Hpa-A, B5-G-
protocol. The resulting cDNA mixture was diluted with 80 of Tris/ TAGCACGTTAAC AGAATCATACAG-3' (Hpa | site in bold face
EDTA (10 mM Tris—HCI, 1 mM EDTA, pH 7.4) and directly used as  and mutated nucleotide underlined).

a template for the PCR. A sense primer was designed at the N-terminal  pcR was carried out with pO$G~T (30 ng) as a template and the
region and an antisense primer was designed at the C-terminal region fo|lowing pair of primers (120 pmol each) with dNTP (0.2 mM), MgCl
according to the database sequencé othalianalupeol synthasé® (1 mM), andKOD DNA polymerase (TOYOBO) according to the
TheKpn | site andXhol site were introduced immediately upstream  manufacturer's protocol; Kpn-PNY-N (N-terminal specific primer for

of the ATG codon and downstream of the stop codon, respectively. g.amyrin synthase described befjrand PNY-Nde-A gave the 500
These are 5GTACGGTACCATGTGGAAGTTGAAGATAGGA-3' bp fragment Chi-A, PNY-Nde-S and Xho-PNY-C (C-terminal specific

(Kpn | site in bold face) and'SAATAAGT CTCGAG TTAATTAAC- primer for g-amyrin synthase described bef§reyave the 1.6 kb
GATAAACAC-3' (Xhol site in bold face). PCR was carried out with  fragment Chi-B, Kpn-PNY-N and PNY-Hpa-A gave the 1.5 kb fragment
primers (lug each) using=x-TagDNA polymerase (Takara Shuzo)  chj-C, and PNY-Hpa-S and Xho-PNY-C gave the 750 bp fragment
with dNTP (0.2 mM) in a final volume of 10@L according to the  chj-D. PCR was carried out for 20 cycles with a program {@8 1
manufacturer’s protocol. The reaction was carried out for 30 cycles min, 60 °C, 1 min, 74°C, 1 min, and final extension at 7%, 10

using Gradient 40 (Stratagene) with a program {@4 1 min, 58°C, min). All of the fragment was subcloned into pT7Blue and sequenced
2 min, 72°C, 3 min, and final extension at 7Z, 10 min). The 2.3 kb in both strands to confirm the desired mutation.

PCR product was separated on agarose gel electrophoresis and purified chimera 3 was constructed by digesting pQSET with Kpn | and
using & Wizard PCR Preps Kit (Promega). This DNA fragment was Nde| and ligated with the 500 bp Chi-A fragment digested with the
digested withKpn | and Xhol, ligated into the corresponding position  ggme restriction enzymes. The resulting plasmid was digestedpith

of pYES2 (Invitrogen) and subcloned int. coli strain NovaBlue I and Xho | and introduced into pYES2 to give pChi 3.

(Novagen). Plas_mid DNA was purified u:;ing a Wizard Midipreps Kit Chimera 4 was constructed by digesting pQSET with Ndel and
(Promega) to give pOSGe. For sequencing of lupeol synthase, the  xpo | and ligated with the 1.6 kb Chi-B fragment digested with the
full length clone was subcloned into pT7Blue (Novagen) and sequenced game restriction enzymes. The resulting plasmid was digestedypith
using a Thermo Sequenase Cycle Sequencing Kit (Aloka). I and Xho and introduced into pYES2 to give pChi 4.

Functional Expression ofA. thaliana Lupeol Synthase pOSGup Chimera 5 was constructed by digesting pQ&<T with Hpal and
was introduced into yeast strain GIL77 using the lithium acetate Xho| and ligated with the 750 bp Chi-D fragment digested with the
method® and plated onto synthetic complete medium without uracil same restriction enzymes. The resulting plasmid was digestedpith
(SC-U) supplemented with ergosterol (26/mL), hemin (13«g/mL), I and Xho | and introduced into pYES2 to give pChi 5.
and Tween 80 (5 mg/mL) and cultured at@Dfor selecting the desired Chimera 6 was constructed by digesting pQS<T with Kpn | and
transformant. The transformant yeast was grown in liquid culture (1000 Hpa | and ligated with the 1.5 kb Chi-C fragment digested with the
mL) for 2 days at 30C with shaking (220 rpm). Cells were collected  same restriction enzymes. The resulting plasmid was digestedpith
and resuspended in S@ medium without glucose (1000 mL), | andXho! and introduced into pYES2 to give pChi 6.
supplemented with ergosterol (2@/mL), hemin (13ug/mL), and Chimera 7 was constructed by digesting pChi 4 v | and Xho
Tween 80 (5 mg/mL), and 2% galactose was added for induction at 30 | and ligated with the 1.3 kBal | and Xho| C-terminal half fragment
°C for 10 h. Cells were again collected and resuspended in 0.1 M ¢ lupeol synthase to give pChi 7.
potassium phosphate buffer (pH 7.0) (580 mL) supplemented with 3%  cpimera 8 was constructed by digesting pChi 2 wiim | andNde

glucose and hemin (13g/mL) and cultured for 24 h at 3TC. Cells I and ligated with the Chi-A fragment digested with the same restriction
were refluxed with 50 mL of 20% KOH/50% EtOH(aq) for 1 h, and enzymes. The resulting plasmid was digested Wit | and Xho |

the mixture was extracted with hexane three times, combined, and 44 introduced into pYES2 to give pChi 8.

concentrated. The extract was purified by silica gel column chroma-  chimera 9 was constructed by digesting p@$Gwith Bal | and

tography with benzene as an eluent to give ca. 1 mg of lupeol. HPLC x4 and ligated with theBal | and Xho| C-terminal half fragment of
analysis was carried out using a SUPER-ODS column 4280 mm) pChi 6.

(TOSOH) with 95% CHCN(aq) as a solvent (flow rate 1.0 mL/min,

detection UV 202) at 40C (retention time for lupeol: 16 min}H Xho | and ligated with the Chi-D fragment digested with the same
NMR (400 MHz, CDC}) 0 0.76 (3H, s), 0.79 (3H, s), 0.83 (3H, S),  (egpriction enzymes. The resulting plasmid was digested ¥h |
0.94 (3H, s), 0.97 (3H, ), 1.03 (3H, ), 1.68 (3H, 5), 1.92 (1H, M), anqxhol and introduced into pYES? to give pChi 10.
— — - - Chimera 11 was constructed by digesting pChi 3 wiliha | and
(19) Rose, M. D.; Winston, F.; Hieter, Rlethods in Yeast Genetjcs . . . . )
Cold Spring Harbor Laboratory Press: New York, 1990. Xho | and ligated with the Chi-D fragment digested with the same

(20) Frohman’ M. A,; Dush’ M. K.; Martin’ G. FProc. Natl. Acad. Sci. restriction enzymes. The I’esulting plasmld was digested Wﬂh |
U.S.A 1988 85, 8998-9002. andXho| and introduced into pYES2 to give pChi 11.

Chimera 10 was constructed by digesting pChi 1 wltha | and
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Chimera 12 was constructed by digesting pChi 4 vl | and
Xhol and ligated with theBal | and Xho| C-terminal half fragment of
pChi 6.

Chimera 13 was constructed by digesting pChi 7 wifha | and
Xho | and ligated with the Chi-D fragment digested with the same
restriction enzymes. The resulting plasmid was digested jth |
andXhol and introduced into pYES2 to give pChi 13.

Chimera 14 was constructed by digesting pChi 9 viiin | and
Nde | and ligated with the Chi-A fragment digested with the same
restriction enzymes. The resulting plasmid was digested jth |
andXho| and introduced into pYES2 to give pChi 14.

All the chimeric clone was introduced into yeast strain GIL77 and

Kushiro et al.

and resting period. The culture condition and extraction procedure was
the same as described for lupeol synthase. For pChidmyrin, and
lupeol were separated by reverse phase HPLC using an OD®-80T
column (7.8x 300 mm) (TOSOH) with 95% CECN(aq) as a solvent
(retention time for lupeol, 56 min3-amyrin, 72 min).

Lupeol: *C NMR (100 MHz, CDC{) 6 14.5 (d,J = 36.6 Hz),
15.4 (d,J = 35.9 Hz), 16.0 (dJ = 36.6 Hz), 16.1 (dJ = 35.9 Hz),
18.0 (d,J = 35.9 Hz), 18.3 (dJ = 35.1 Hz), 19.3 (dJ = 42.7 Hz),
20.9 (d,J = 34.3 Hz), 25.1 (dJ = 34.3 Hz), 27.4 (dJ = 37.4 Hz),
27.4 (s), 28.0 (s), 29.8 (d,= 32.0 Hz), 34.3 (s), 35.6 (s), 37.1 (d,
= 35.1 Hz), 38.0 (dJ = 34.3 Hz), 38.7 (s), 38.9 (d] = 31.3 Hz),
40.0 (s), 40.8 (dJ = 36.6 Hz), 42.8 (d) = 37.4 Hz), 43.0 (dJ =

expressed similarly as with the lupeol synthase case, and the cyclization35.1 Hz), 48.0 (dJ = 32.0 Hz), 48.3 (s), 50.4 (dl = 35.1 Hz), 55.3
products were analyzed by reverse phase HPLC. From a 20 mL scale(d, J = 35.1 Hz), 79.0 (dJ = 36.6 Hz), 109.3 (dJ = 72.5 Hz), 151.0
culture for each sample, the following production level was measured: (dd,J = 72.5, 42.0 Hz).

(chimera 1)-amyrin 17 nmol, lupeol 5 nmol, (chimera 3) lupeol 11
nmol, (chimera 6)3-amyrin 1.7 nmol, (chimera 7j-amyrin 28 nmol,
lupeol 7 nmol, (chimera 1Q¥-amyrin 17 nmol.

Construction of the Chimeric Clone by Mixed PCR. PCR was
carried out using both pOS$y and pOSGure (1 g each) as a template
with Kpn-PNY-N and Xho-Lup-C as primers (ig each) with dNTP
(0.2 mM) andEx-TaqDNA polymerase (Takara Shuzo) in a final
volume of 10QuL according to the manufacturer’s protocol. PCR was
carried out for 10 cycles with a program (9@, 1 min, 58°C, 10 s, 72
°C, 10 s), and then for 20 cycles with a program @4 1 min, 58°C,

1.5 min, 72°C, 1.5 min and final extension at 7Z, 10 min). The
resulting 2.3 kb full length fragment was digested vgbn | and Xho
| and subcloned into pYES2 to obtain pChi-mix6. Introduction into

B-Amyrin: 3C NMR (100 MHz, CDC¥) 6 15.5 (d,J = 36.6 Hz),
15.6 (d,J = 35.1 Hz), 16.8 (dJ = 38.1 Hz), 18.4 (dJ = 35.1 Hz),
23.5 (d,J = 33.5 Hz), 23.7 (s), 26.0 (d] = 33.5 Hz), 26.1 (s), 26.9
(s), 27.2 (dJ = 36.6 Hz), 28.1 (s), 28.4 (d = 36.6 Hz), 31.1 (d)
= 35.1 Hz), 32.5 (dJ = 33.6 Hz), 32.6 (s), 33.3 (d] = 35.1 Hz),
34.7 (s), 36.9 (dJ = 38.2 Hz), 37.1 (s), 38.6 (s), 38.8 (d,= 36.7
Hz), 39.8 (d,J = 36.6 Hz), 41.7 (dJ = 35.0 Hz), 46.8 (s), 47.2 (S),
47.6 (d,J = 35.1 Hz), 55.1 (dJ = 35.1 Hz), 79.0 (dJ = 36.6 Hz),
121.7 (d,J = 71.7 Hz), 145.2 (dJ = 71.7 Hz).
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