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Abstract

We developed a colorimetric assay using yeast amocgpyrophosphatase (IPP1) as a
coupling enzyme to measure the activities of tegpeynthases. IPP1 hydrolyzes
pyrophosphate, the byproduct of terpene synthaswlyzad reactions, into
orthophosphate, which can then be quantitated dxtireg with molybdic acid to form

a blue color compound. As a proof of concept, thethod was used to quantitatively
characterize three santalene synthases, SaSSysaf8S$ involved in sandalwood
oil biosynthesis, and a phylogenetically distanhSa fromClausena lansium. Our
study provided the kinetic parameters of all threentalene synthases and
demonstrated the validity of the enzyme couple rimletric assay by the comparison

of this assay with the existing GC-MS method.

/ GPP \

Terpene Synthase
(FPP) — > Terpene + Pyrophosphate
(GGPP) g
IPP1 . (NH,)(Mo,0 B
2, o pi S0, 5 pMoYMol/0];
HZO, Mg2+ FeSO4 ’ HZSO4 660 nm
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Key words: Terpenoid; Terpene synthase; santalene synthadesincetric assay;

inorganic pyrophosphatase; pyrophosphate.

Highlights:

1. IPP1 is used as a coupling enzyme to quantggbene synthase activity.
2. IPP1-coupled assay can be sensitized by comtingtthe reaction mixture.

3. SanSyn has comparable kinetic parameters talsartsynthases from sandalwood.
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1 Introduction

Terpenoid (also called isoprenoid, terpene) isaacbf natural products composed of
two isoprene units isopentenyl diphosphate (IPR) dmmethylallyl diphosphate
(DMAPP) as building blocks. Depending on the numbeérthe repetitive basic
building blocks, terpenoid can be classified intonoterpenes, sesquiterpenes, and
diterpenes etc. [1]. The biosynthesis of terpeneslves catalytic activities of a large
group of terpene synthases and downstream modifitsaisuch as oxidoreduction,
hydroxylation, acetylation by a variety of otherzgmes including desaturase [2],
cytochrome P450 [3], acetyltransferase [4] etc.ng@guently, terpene is one of the
largest and structurally most diverse groups ofungt products, playing key
metabolic, structural, regulatory and defensiveesolin all kingdoms of life.
Terpenoids originated from different organisms igtp@any aspects of human life,
such as medicine [5, 6], flavor and fragrancesdidfj nutrition [8].

There are two IPP and DMAPP biosynthetic pathwd#lys: mevalonic acid (MVA)
and the 2-C-methyl-D-erythritol 4-phosphate (MEPRjthway. DMAPP and IPP
condense to form the allans isoprenoid diphosphates, geranyl diphosphate (GPP)
farnesyl diphosphate (FPP), and geranylgeranyl adiphate (GGPP) in reactions
catalyzed by the Head-to-Tarans-prenyl transferases enzymes geranyl diphosphate
synthase (GPPS), farnesyl diphosphate synthase S{iFP&nd geranylgeranyl
diphosphate synthase (GGPPS) respectively. GPP,drEPGGPP can be further
processed by theHead-to-Head prenyl transferases to makea@d Go hydrocarbon
species which are the precursors of steroids aradessids etc., or alternatively, they
can be converted by terpene cyclases to form vanoonoterpenes, sesquiterpenes,
and diterpenes with different ring structures.

Class | terpene synthases share similarity in tloaitalytic mechanisms: e.qg.
containing an aspartate rich DDgK) and an NSE/DTE motif involved in binding the
trinuclear Mg*, which triggers the departure of the pyrophosplaeup of the
substrate, leaving a carbon cation intermediatherhydrophobic pocket of the active

site. Many of the terpene cyclases are product @@mus generating multiple, in
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some cases, up to hundreds of structurally aneémteemically diverse products. To
measure the enzyme activities and kinetic parametethese enzymes are therefore
challenging. Chromatographic methods in combinatieith mass spectrometry
(LC-MS, GC-MS) are commonly used to characterizet quantitate the formation of
individual products and the sum of the productsised to determine the overall
activity. The large number of products, some wigyvdiverse structures, some with
subtle structural differences and some with lowdyieesult in the measurement of
this type of enzymes with current methods oftensinmeaccurate. Furthermore, the
LC-MS and GC-MS methods require expensive equipraendt authentic standards
that are oftentimes commercially unavailable.

Sandalwood oil is highly valued for its pleasanbiodnd used widely in perfumery
and cosmetics. The therapeutic effects of its actemponents have also been
documented in literature [9-11]. The biosynthetathpvay requiring a Class | terpene
synthase, santalene synthase, has recently beeacthaed12] (Figure 1). Two
recent publications on the same santalene syntBa&f®Sy by two different research
groups [13, 14] reported a 40 -fold difference lod k.5: value and 17-fold difference
of KeafKm. Such discrepancy could be due to the differemcegualities of the
recombinant proteins or alternatively due to th&cauracy of numerical calculation
of the integral of small peaks in chromatograpHidien profile since both groups
used GC-MS method to characterize the enzyme.

Inorganic pyrophosphatase has been used in quargiaNA and RNA synthesis [15]
and very recently terpene synthesis [16]. In thisudyg yeast inorganic
pyrophosphatase (IPP1) coupled assay was usedetonilee the activities and kinetic
parameters of santalene synthases. Two santaletfgasgs SaSSy and SspiSSy from
Santalum, and SanSyn from a tropical fri@tausena lansium (Wampee) were cloned,
expressed, and purified froEscherichia coli respectively. The three enzymes differ
in product specificity. SanSyn forms predominaitlgantalene, which accounts for >
90 % of its overall products, a percentage sigaiftty higher (~3 fold) than that of
SaSSy or SspiSSy [17]. Chromatography-based mettards limited by the
availability and purity of standards. The volatieperties of products make product

4
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enrichment difficult. Thus at the low end of subgtrconcentration in kinetic assay, it
is hard to accurately measure product formatiorms Ehprobably another main reason
that causes the controversial kinetic data in iieeature. The IPP1-coupled method
however measures the formation of pyrophosphatedmw amount of activity can

be detected by concentrating the reaction mixtblugthermore, this method can be
applied broadly to all kinds of terpene synthasH3] [and prenyltransferases [19]
some of which are of great interest as drug targete colorimetric assay has its

advantage in supporting high throughput screening.

2 Materials and methods:

2.1 Gene syntheses, plasmid construction and yeast strains

SaSSy (Uniprot # E3W202), SspiSSy (Uniprot # E3W284d SanSyn (Uniprot #
E5LLI1) were codon optimized and synthesized by €s@inBiosystems, and inserted
into pET-28a vector under T7 promoter with a C-teah Hiss tag to form
pPET28a-SaSSy, pET28a-SspiSSy and pET28a-SanSymigiagespectively. The
yeast inorganic pyrophosphatase (IPP1, Uniprot @8PD) gene was amplified by
yeast colony PCR using forward prinfBFACTTTAAGAAGGAGATATACCATGA
CCTACACTACCAGACA-3), reverse primer (ATCTCAGTGGTGGTGGTGGT
GGTGCTCGAGTTAAACAGAACCGGAGATGAAG-3, and  Saccharomyces
cerevisiae BY4742 wild type strain as template. The PCR pobduas then inserted
into pET-28a vector using Gibson assembly cloningthmd [20] to form
pET28a-IPP1 plasmid.

In order to obtaina-santalene as standard in GC-MS analysis, yeasttigene
engineering and fermentation was performed. The My#thway genes were
overexpressed by strong inducible GAL1 promotenS§a gene was amplifiagsing
forward primer (STGACATAACTAATTACATGACTTAATCATCCAATTTAACTG
GATCT-3) and reverse primer ‘(3 TAACGTCAAGGAGAAAAAACTATACATGT
CAACACAACAAGTTTCATCTG-3). The PCR product was inserted into pRS426

high copy 2 plasmid under the control of a GAL1 promoter usgiggson assembly
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cloning method to form recombinant plasmid pRS428-Gp-SanSyn, which was
transformed into the MVA pathway modified yeasasty resulting in Santa 1.0 strain

(unpublished).

2.2 Protein expression and purification

SaSSy: Recombinant SaSSy protein was produced and plrifieth some
modifications to a previously described protocol3][1 pET28a-SaSSy was
transformed intdescherichia coli BL21 (DE3) cells. The transformant was grown in
LB medium containing kanamycin (5@/mL) at 37 °C in a shaker incubator at 220
rom, and induced for the expression of SaSSy witR2 @M isopropyl
S-D-1-thiogalactopyranoside (IPTG) overnight at 20°Typically, cells from 1 L
culture were lysed with a French press (Panda plirs, Soavi) at 14,000 psi in 120
mL buffer A (20 mM sodium phosphate, pH 7.4, 500 fNdCIl, 1 mM MgC})
containing 1 mM dithiothreitol (DTT), protease ibhior cocktails (Roche), and 30
mM imidazole. The lysate was then centrifuged g0Qdx g 30 mins at 4 °C. The
supernatant was collected and subjected to 1% eftsimycin sulfate precipitation to
remove nucleic acids. The protein solution waserfdt and applied to a 5 mL Ni-NTA
high-trap column (GE). The column was washed wittcdlumn volume (CV) buffer
A containing 30 mM imidazole, and eluted with buffA containing 100 mM
imidazole. The 40 mL eluate containing SaSSy waa thalyzed against 3 L dialysis
buffer B (25 mM HEPES, pH 7.4, 10 % glycerol, 10MKCI, 1 mM MgChL, 1 mM
DTT) overnight. The resulting protein solution whgn concentrated using a YM30
centricon (Millipore) and aliquoted in eppendorfbés, flash-frozen with liquid
nitrogen and stored at -80°C freezer for later evetyc assays. The specific activity
of SaSSy is 67 nmoles - rifinmg™.

SspiSSy: pET28a-SspiSSy was transformed iBtaoli ArcticExpress cells (Agilent).
The transformant was grown in LB medium with kanamy(50 pg/mL) and
gentamicin (15ug/mL) until ODsoo reached 0.6 to 0.8, and induced for the expression
of SspiSSy with 0.2 mM IPTG overnight at 16 °C. itgtly, cells from 4 L culture
were lysed with a French press in 170 mL same limiffer used for SaSSy

6
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purification, centrifuged to remove cell debris amtbroken cells and applied to a 5
mL pre-equilibrated Ni-NTA high-trap column. Thel@mn was then washed with 12
CV buffer A containing 30 and 50 mM imidazole, aidted with 100 mM imidazole.
The eluate with 100 mM imidazole containing SspiS&s pooled and dialyzed
against 2 L buffer C (20 mM sodium phosphate, pH .mM MgC}, 1 mM DTT) to
remove salt. The resulting protein solution wasitltmded onto a 5 mL Q Sepharose
column (GE). The Q column was then eluted with Bl0linear salt gradient from
0.1 to 0.3 M NaCl in buffer C. Fractions containi@gpiSSy of high purity examined
by SDS-PAGE were collected, dialyzed, concentraied stored at -80°C freezer as
described in the purification of SaSSy. The specdrctivity of SspiSSy is 96
nmoles - miit- mg™.

SanSyn: pET28a-SanSyn was transformed irio coli ArcticExpress cells. The
transformant was inoculated into 5 mL medium arahgr overnight as described for
SspiSSy. The culture was then expanded to 200 mdiume containing tryptone
10 g/L, yeast extract 10 g/L, NaCl 10 g/L;HPO,- 3HO 1.31 g/L, KHPO, 2.5 g/L,
pH 7.2, and incubated with shaking at 220 rpm &GAVhen ORyreached 1.2, this
starter culture was diluted into a 3.0 L biorea¢eppendorf) with an initial volume of
2.0 L. The fermentation medium is consisted of tope 16.3 g/L, yeast extract
23 g/L, NaCl 12 g/L, KHPQO,-3H,0 1.31 g/L, KBPO, 2.5 g/L, pH 7.2. Glucose and
MgSOy- 7TH,O were sterilized separately and added to the fetation medium in an
initial concentration of 5 and 0.65 g/L respectywelhe initial agitation speed and
flow rate of aeration was set at 200 rpm and 2/ The dissolved oxygen
concentration was maintained above 30% saturatedenWODR}y, of the culture
reached approximately 25, the temperature was tadju® 20 °C, and IPTG was
added to a final concentration of 1 mM. During iatlon, glucose was maintained at
0.6 g/L, and pH at 7.2-7.4. After induction for B2the cells were harvested by
centrifugation at 8,000 x g for 10 min at 4 °C, ahd pellet was frozen at -20 °C.
Typically, cells (wet weight ~28 g) from 500 mL twile were lysed with a French
press in the same lysis buffer and applied to d_ra-equilibrated Ni-NTA high trap
column. The column was then washed with buffer Ataming 30 and 45 mM

7



181 imidazole, and eluted with 100 mM imidazole. Eluatataining SanSyn was pooled
182 and dialyzed against 2 L dialysis buffer C. Theul#sg protein was subjected to
183  anion exchange chromatography as described foptindéication of SspiSSy. The
184  protein collected from Q column was concentrated] Baded onto Superdex 200
185 (300 mL) and eluted with buffer B. SanSyn was e@uts a monomer. Purified
186  SanSyn was then flash frozen with liquid nitroged atored at -80°C freezer for later
187  enzymatic assays. The specific activity of thisyene is 69 nmoles- mih mg™.

188  IPP1: pET28a-IPP1 was transformed irifocoli BL21 (DE3) cells. A single colony
189  from the transformant plate was inoculated into ml5LB medium starting culture
190 containing kanamycin (5Qg/mL) and grown overnight at 37 °C. The culture was
191 then expanded to 1 L and continued to grow at 220 37 °C until O3y 0.8. Cells
192  were induced for the expression of IPP1 with 0.1 MG overnight at 16 °C,
193  pelleted by centrifugation (8,000 x g), and lysathva French press in 180 mL lysis
194  buffer of 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 100 mMaCl and 2 mM
195  Phenylmethylsulfonyl fluoride (PMSF). The cell lysavas centrifuged for 20 min at
196 15,000 x g to remove the cell debris, and nuclaimlsa were precipitated and
197 discarded by the slow addition of 1.25 % streptamysulfate. The protein was
198  precipitated with (NH),SO, (90% saturation, 4°C) and desalted by Sephade% G-2
199  with the elution buffer containing 30 mM Tris-HQIH 7.6, 3 mM pyrophosphate.
200 The protein solution (40 mL) was loaded onto a 40 DEAE-Sepharose column
201 (Sigma-Aldrich resins, home-packed column). Thetggrowas then eluted with 30
202  mM Tris-HCI, pH 7.6, 1 mM pyrophosphate containthgee step gradients (120 mL
203 each) 20, 100 and 200 mM NaCl respectively. The md0 NaCl fractions contain
204 homogenous IPP1 visualized by 12% SDS-PAGE ancefiver were collected and
205  subjected to buffer exchange (to remove pyrophdsphey (NH,).SO, precipitation
206 and Sephadex G-25. The final storage buffer is R0 Tnis-HCI, pH 8.0, 100 mM
207 KCI, 1 mM DTT, 0.1 mM EDTA, 50% glycerol. IPP1 with concentration of 1.8
208 mg/mL was aliquoted, flash-frozen with liquid nigen and stored at -80°C freezer
209 for later use.
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2.3 SDS electrophoresis

Proteins of different sources were denatured usaemmli loading buffer and heated
at 100 °C for 5 mins before applied to gel eledtamesis [21]. 10 and 12 %
polyacrylamide gel were used to separate santagnihase and IPP1 respectively.
The electrophoresis was run at a constant volt2§® (/) for 80 mins before

subjected to Coomassie staining. The gels wereoghephed with a gel imaging

system (BaiJing).

2.4 1 PP1 activity assay

An online IPP1 activity assay protocol [22] wasdigeth slight modification. Mainly
the pH of the assay buffer was changed from 9.0.# which is the optimal
condition for santalene synthase activity. The waled specific activity was 400

units/mg.

2.5 Establishment of pyrophosphate standard curve

Sodium pyrophosphate was diluted in 25 mM HEPES/p+ 10% (v/v) glycerol, 5
mM DTT and 10 mM MgClto a series of concentrations (100, 50, 25, 51dL.GuM).
Note that this buffer is the assay buffer for ogtirsantalene synthase activity. 10
IPP1 (0.1 mg/mL) was added to 1Q0 pyrophosphate standards and the reaction
mixture was incubated at 25 °C for 10 mins. Thectiea was then stopped by heat
inactivation in boiling water bath for 2 mins andoted to room temperature,
followed by centrifugation at 13,000 x g, for 5 mies. 105uL supernatant was
transferred to a new eppendorf tube. A colorimetatution was freshly prepared: 5
mL Solution A (10% Ammonium molybdate in 10N,$0;) was added to 40 mL
deionized water. 2.5 g of Fe@H,0 was then dissolved and the total volume of the
solution was adjusted to 50 mL with deionized wai€5 uL colorimetric solution
was then added to the IPP1 reaction solution (b1}, ¥hixed and incubated at 25 °C
for 10 mins. 20QuL mixture was transferred to 96-well plate foggfmeasurement
using a Tecan M200 plate readergdat 0 concentration of pyrophosphate was
subtracted to obtainAggo at various concentrations of pyrophosphate. Taedstrd

9
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curve was plotted with assays in triplicate.

2.6 FPP quantitation

The substrate of santalene synthase, FPP was pectlioom Sigma-Aldrich and
dissolved in distilled water. To determine FPP @mt&ation, a calf intestinal alkaline
phosphatase (CIP, New England Biolabs) coupledyasse performed. A typical
reaction (105.L) contains 1uL CIP (10 Units), and various concentrations of FFPP
the range of 10-20@M, Cutsmart buffer provided by NEB. The controlassay
without alkaline phosphatase. The reaction mixtwees incubated at 37 °C for 2
hours. 105uL colorimetric molybdate solution was added to dtug reaction. 20QL
was taken out from the mixture into a 96 well peAssomeasurement. Thegéyof
enzyme free sample was subtracted to olatAig, which was then used to calculate

FPP concentration using the pyrophosphate stardave.

2.7 Qualitative analyses of santalene synthase enzyme products usng GC-MS

500 pL reaction mixture containing 048V enzyme (SaSSy, SspiSSy or SanSyn), 60
uM FPP in 25 mM HEPES, pH 7.4, 10% glycerol, 5 mMMT0 mM MgC} was set
up in eppendorf tube and overlaid with 5d0hexane to trap volatile products. After
incubated for 2 hours at 30 °C water bath, theti@aenixtures were vortexed for 2
mins and centrifuged to separate the organic liyeGC-MS detection [13]. GC-MS
was carried out on a Shimadzu QP2010 GC-MS sysfmmatng in ion scan mode
(scan range: m/z 41 to 250). Samples were analygeth Rxi-1ms (30 m x 0.25 mm
ID x 0.25 um df) column. The injector was operated in splglesode with the
injector temperature maintained at 250°C. Heliuns waed as the carrier gas with a
flow rate of 1.48 mL miit. The oven program for the Rxi-1lms column was: rarhp
10°C min* from 50 to 100°C, 5°C mihto 180°C, held 3 mins, 10°C nfirio 250°C,
held 5 mins.All mass spectra were compared with the NIST1lahmprand the

literature [13].

2.8 | PP1-coupled santalene synthase activity assay

10
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Time-dependent santalene synthase activity assay: A typical assay (10QL) contains
25 mM HEPES, 10 % (v/v) glycerol, 5 mM DTT, 10 mMgRal, and 60uM substrate
(FPP). 0.2uM SaSSy/ SspiSSy or SanSyn was added and incuab8&i°C for 0, 3,
6, 9, 12 minutes. Reactions were stopped by heativation in boiling water bath,
followed by exactly the same protocol describedvabasing IPP1 as coupling
enzyme. Agoat 0 time point was subtracted fromefat each of the time points to
obtainAAeso Which was then used to calculate the amount afghyosphate produced.
Dose-dependent santalene synthase activity assay: Dose-dependent assay (100)
contains 25 mM HEPES, 10% (v/v) glycerol, 5 mM DTD mM MgC}h and 60uM
FPP. Reaction time was 5 mins. Enzyme concentratimmge from 0.1 to 0,oM.
IPP1-coupled assays for kinetic parameters: To measure the kinetic parameters of
santalene synthases, a modified protocol was ut8d A typical assay (2.5 mL)
contains 25 mM HEPES, 1% (v/v) glycerol, 100 mM Kd.5 mM tris
(2-carboxyethyl) phosphine (TCEP), 1 mM MgGind the FPP with a series of
concentrations (0.3, 0.6, 1.2, 1.8, 3.0, 4.8, 6.6,and 12uM ). The reaction was
initiated by the addition of 50 nM santalene systhal mL of reaction mixture was
immediately removed and heat inactivated in boiliveger for 2 mins and used later
as blank. At the end of the reaction (5 mins) aaoth mL reaction mixture was
stopped in the same way. The samples includingkblamere then lyophilized
overnight using a lyophilizer (CHRIST). Deionizechter was added to adjust the
volume to 10QuL. 10 uL IPP1 (0.1 mg/mL) was then added and followed teps as
previously described. The ¢4 of the blank for each assay was correspondingly
subtracted. ResultingAgsowas converted to pyrophosphate concentration nefeto
the standard curve, and the reaction velocity cthuth be calculated. The hyperbolic
curves of reaction velocities versus substrate @oimations were then analyzed using
Prism5 software to extract kinetic parameters.

All assays were performed in triplicate.

2.9 Authentic standard preparation
Yeast Santa 1.0 cells were grown for the produatibssantalene in a double phase

11
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fermentation system in the 3.0 L bioreactor (eppef)dThe organic phase contained
150 mL dodecane on the top of 1 L culture mediurd @aas used on purpose for
capturing a-santalene. Roughly 100 mL organic phase was reedvafter 72 h
fermentation. Most of the dodecane was removed ibyllation using a rotor vac
heated in an oil bath under negative pressure MR&). The headspace temperature
was set at 150 °C. Roughly 5 mL crude distilleddoici was obtained and 1 mL was
spotted on a glass-backed plate pre-coated witbas{iGF254) (20x20 cm) and
subjected to thin layer chromatography (TLC) sefi@mausing hexane as developing
solvent. The Silica gel plate was stained with KMnlddividual staining spots were
scraped off the plate separately and dissolvedxahe. GC-MS method was used to
locate a-santalene to one of the TLC spots. Hexane waslyesginoved by rotary

evaporation resulting in 7QL concentrated-santalene standard.

2.10 Authentic standard quantitation using *H NMR

5, 10, 20, 40, 6QL a-santalene standard obtained as described aboveiltesl into
500 uL CDCl; spiked with 10uL of 10 % 2,5-norbornadiene (SPC Scientific) (v/v,
diluted into CDC4). A Bruker AVANCE (| HD 400 MHz Nuclear Magnetic
Resonance Spectrometer equipped with a 5 mm BBBepaod a Z-axis pulse field
gradient was used. The key acquisition parameterd® 'H NMR spectra were as
follows: 32 scans, a relaxation delay of one sec®0d pulse width of 9.2sec at a
transmitter power of 15.00 W, temperature of 25 &€quisition time of 4.09 s, and
spectral width 8012.82 Hz with 297.8 K acquiredadpbints. The free induction
decay signal was locked using the Cp&blvent and then optimized for magnetic
field homogeneity (shimmed). The 90° pulsewidth weaibrated prior to the
experiment. All spectra were collected with samples5 mm NMR tubes and
processed using NMR software MestReNova. &ksantalene concentrations were

determined using the following equation:

4ng Ny

i Iy’

Where:

12



330 ny unknown amount of substancess$antalene
331 ns amount of substance of 2,5-norbornadiene
332 I, integral of'H peaks at & of a-santalene (defined as 1)

333 |s integral of'H peaks at €3 450f 2,5-norbornadiene

0

334

335 2.11 Correlation of 1PP1 coupled assay with GC-MS assay for Santalene synthases

336 0.5uM SaSSy was added to 3hQ reaction mixture containing 25 mM HEPES, pH
337 7.4, 10% (v/v) glycerol, 0.5 mM TCEP, 10 mM MgCand 60uM FPP to initiate the
338 reaction. At O time point, 100L was removed to a new tube and heat inactivated in
339  boiling water for 2 mins for later use as a blaok PP1 coupled assay. At 30 mins,
340 200 pL reaction mixture was transferred into two eppehtidbes, 10QuL into each
341 tube. One tube was immediately heat inactivatethaiing water for 2 mins and
342 subjected to IPP1 assay as described above. Sieagndp may result in the
343  evaporation of the volatile terpenoid products,ctiea in the other tube was
344  immediately stopped by the addition of 000.5 M EDTA (pH 8.0) for the purpose
345 of later GC-MS analysis. 20QuL hexane containing 10QuM a-humulene
346  (Sigma-Aldrich) as internal standard was added wodexed for 2 mins. After
347  centrifuged at 15,000 x g for 10 mins, the orggriase was removed for GC-MS
348 analysis. The method of GC-MS analysis was as tbestrabove. The santalene
349  authentic standard obtained by fermentation wagetil with hexane to establish a
350 series of concentrations (3-118:/M) (each spiked with 10Q@M a-humulene as an
351 internal control to calibrate the detector respoffaetor). The integral of the
352 a-santalene TIC (total ion count) peak was normdlibg thea-humulene internal
353 standard. A santalene standard curve was thuslisk&b by plotting the numerical
354  integration against the correspondingantalene concentration.

355

356 3 Results and discussion:

357 3.1 Sequence alignment and protein structure modeling

358 SaSSy and SspiSSy frofantalum album L. and Santalum spicatum respectively are
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highly homologous to each other with 95% sequedeatity but exhibit evolutionary
distance from theClausena lansium (Wampee) SanSyn, with only 31% sequence
identity based on sequence alignment (Figure S4%S$ and SspiSSy belong to
TPS-b subfamily and SanSyn belongs to TPS-a subfafi3] (Figure S2).
Regardless of the evolutionary distance, the caledl 3-D structures of SaSSy and
SanSyn are quite similar (Figure S3A). Computer efiad revealed that the structure
of SanSyn is different from SaSSy in several kesidwes at the active site that
determines the size and compatibility of the hytiaipc pocket and probably the
deprotonation position of intermediate during teaation (Figure S3B). This is likely
the reason why SanSyn forms uniformbgonfiguration santalene (>90%). These key
residues include Thr467 in the NSE/DTE motif of Sg$eplaced by a Gly in SanSyn
and a Glu297 residue at the bottom of the hydroghpbcket in SanSyn that is
absent in SaSSy. Such findings provide basis fayreatic engineering to change the

composition and odors of sandalwood oil producedhimyobial fermentation.

3.2 Protein purification

Three santalene synthases SaSSy, SspiSSy and San&$n cerevisiae inorganic
pyrophosphatase were purified to near homogenEiguce 2). The expression levels
of the three santalene synthases varied, with SalsShighest, requiring Ni-NTA,
one step of chromatographic purification, SanSya ldwest, requiring Ni-NTA, Q
sepharose and superdex 200 gel filtration, threessdf chromatography and SspiSSy
medium high, requiring Ni-NTA and Q sepharose, tsteps of purification. The
typical yield of SaSSy, SspiSSy and SanSyn werkZ,1.8 mg/L cell culture (Note
that for the expression of SanSyn a bioreactomatig much higher cell density was
used). The IPP1 expression was robust. The yiekl 18amg/L cell culture (Table
S1-S4).

3.3 Qualitative assessment of products formed by santalene synthases
The GC elution profiles and mass spectra of theti@aproducts formed by the three
santalene synthases were shown in Figure 3. S&3pi5Sy both produced mainly
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four products, a-santalene,a-exo-bergamotene,epi-p-santalene ands-santalene
respectively. The ratios of four products are &lsnsistent with a previous report [13].
By contrast, SanSyn produced predominantly one ymipd-santalene as is also

consistent with the literature [13, 14].

3.4 The use of I PP1 to establish a pyrophosphate standard curve

The activity of ourpurified IPP1 is comparable to the commercial yéaBtl with a
specific activity of 400 units per mg. One unit dibtes 1pmole inorganic
orthophosphate per min at pH 7.4 and 25°C. Theyassadition at pH 7.4 was
chosen for convenience in couple of santalene agethctivity assay. It was reported
that yeast IPP1 is active in a broad pH range P23, providing the possibility of
using it as a coupling enzyme for assays to medbaractivities of diverse terpenoid
synthases. In the presence of excess IPR)lthe increase atAgspis proportional
to the pyrophosphate concentrations (1p80) (Figure 4A). The slope is two-fold
that of the phosphate standard curve (Figure 4Bis indicates that pyrophosphate
was completely converted to orthophosphate, whiehcted with ammonium
molybdate to form phosphomolybdic acid with chagastic absorbance at 660 nm.
Figure 4A was then used as a standard curve to titaten pyrophosphate in

IPP1-coupled santalene synthase activity assays.

3.5 Time and dose dependent enzyme activities

Next, we set up end point activity assays for dlie¢ santalane synthases.
Pyrophosphate formation was measured with the ooypllPP1 enzyme.
Time-dependent linear increase of absorbance an@6@vas observed for all three
enzymes indicating time-dependent formation of piasphate (Figure 4C-E). The
formation of pyrophosphate is also enzyme dosefugd. Increase of the amount of
enzyme is proportional to the increase of pyrophasp formation as measured by

Asso confirming the validity of the IPP1- coupled agsé-igure 4F-H).

3.6 Kinetic parameter measurement
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We performed enzyme activity assays of the threeyraps by varying the
concentrations of substrates using IPP1-coupledhadet(Figure 5). Reaction
velocities against substrate concentrations exdddityperbolic curves, which were fit
to extract Menton-michelis constants. Tg values for SaSSy, SspiSSy and SanSyn
agree very well with previous reports [13, 14] ame listed in Table 1. THe, values
for SaSSy, SspiSSy and SanSyn are 4.4 + 0.2, 6.2,#.5 + 0.2 miti respectively
(Table 1). Theke: numbers for SaSSy reported by two other group® &eniri* and
0.34 S' (20 min?) [13, 14] (Table 2). Reaction conditions are veiwilar. Both
groups used GC-MS method. The impurity of “authergiandards” obtained by
different groups may account for such big diffees@ turn-over numbers. Thgy

of SspiSSy was reported to be 2.8, 3.6 times of the of SaSSy by the same
authors (Table 2) [13]. It is worth noting that S§Sand SspiSSy are highly
homologous to each other (95% identity) (Figure. &ch difference in turn-over
number between two nearly identical enzymes isgumitng. The protocol used for
kinetic parameter measurement in the same papalsas contradictory to thé&.y
number they observed [13]. Our data however shdas the catalytic activity of
SspiSSy is only slightly (40%) higher than SaSS3b(& 2). In these assays, a larger
volume of reaction mixture followed by lyophilizati to concentrate phosphate
product was critical since molybdic acid based goietric assay fails to reproducibly
guantitate phosphate at the low end of concentstidhe volatile property of
santalene and other terpenes hampers the usagmagntrating steps, when using
GC-MS and other chromatography-based methods éattlirquantitate the terpenoid
products. Such problems can be bypassed using?®&-doupled assay. To our best
knowledge, this is the first time that the kingterameters of SanSyn being reported.
It is of great interest that the kinetic parameteisSanSyn are similar to those of
santalene synthases from sandalwood. A potentigllicagion of SanSyn in
engineered microbial fermentation to produce vdriadandalwood oil thus seems
equally feasible to the usage of a sandalwood eopatt, and the advantage of this is

the chance of having dominamsantalol as the final product.
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3.7 Authentic standard preparation and quantitation

Since the activities of recombinant proteins pregaby different research groups
could vary, we decided to use traditional GC-MShodtto measure the activities of
our preparation of enzymes and to demonstrate ¢oaracy of the IPP1 coupled
assay. Towards this end, we needed to obtain aith&andard as a reference for
direct quantitation of the enzymatic products usB@-MS. A genetically engineered
yeast strain Santa 1.0 (described in “Materials mmethods”) was fermented for the
production of a-santalene, which was then enriched using oil-lshtmetary
evaporation and TLC separation as described ifinta¢erials and methods” section.
The resulting fermentation extract spiked witlull (9.83 umoles) internal standard
2,5-norbornadiene were subjected t¢ NMR. The G, hydrogen ofa-santalene
(labeled in blue in Figure 6A inset) exhibits am@weristic chemical shift at 5.20 ppm
(Figure 6A). Four hydrogens of 2,5-norbornadiemddled in red in Figure 6A inset)
share a characteristic chemical shift at 6.75 ppigufe 6A). The ratio of the
integrals of these two signals can be used to le&ithe molar ratio between
a-santalene with concentration to be determined Zbehorbornadiene with known
concentration. As an example, using the represeatapectrum (sample containing
20 pL fermentation extract) in Figure 6A, a 1.00 : 2.6%lar ratio between
a-santalene and 2,5-norbornadiene could be detednBemples containing different
amount of fermentation extract (5, 10, 20, 40,u6) spiked with 2,5-norbornadiene
were analyzed. Determined concentrationsaefantalene are proportional to the
amount of fermentation extract added (Figure 6B)e $tock of fermentation extract

was calculated to be 1340 £+ 6 mM.

3.8 Correlation of 1 PP1 coupled assay with GC-M S assay for Santalene synthases

With the known concentration efsantalene in the fermentation extract, we set up
GC-MS experiments in order to obtain the proposdlorelationship between the
integral of TIC peak and-santalene concentration as described in “Mateaals
methods” section (Figure 7). In the GC elution peo{Figure 7A), the TIC peaks
corresponding ta-santalene, the residual solvent, dodecane, anishtigr®al control,
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o-humulene (to calibrate the detector response faaterall clearly visible. The Mass
spectra of dodecane amdhumulene are also presented (Figure 7A). Plotthey
numerical integration of TIC peak against theantalene concentration generates a
standard curve (Figure 7B) that can be later referto for product formation
estimation in the enzyme reaction. To correlatellleBuple assay with the existing
GC-MS method, we performed both assays and measeeidrmation of products.
Results using both methods agree with each othethd given reaction conditions,
the four major products formed by SaSSy includhmge santalenes and bergamotene
sum up to be 12.5 + 0.1 nmoles, whereas IPP1-cdgdsay estimates the formation
of 11.5 £ 0.5 nmoles pyrophosphate in the gb@eaction system.

In this study, we aimed to develop new assaysdntadene synthases and to reconcile
the controversial kinetic data in the literatureurOresults demonstrate that
IPP1-coupled method is valid and has advantageterihining the overall activities
and kinetic constants regardless of the produadatian. Other advantages include
low cost with no need of expensive equipment andhemic standards,
environmentally friendly, fast and sensitive byilgasoncentrating the products. This
method could potentially be applied to the studyottier terpene synthases and
prenyltransferases, and used for high-throughputesing for inhibitors of drug

targets in this enzyme family.
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Figure 1. The biosynthetic pathway of sandalwood bi Specific hydroxylation at santalene and
bergamotene is catalyzed by CYP450 monooxygenas€Y(B736A167) to produce santalol and

bergamotol [12].

Figure 2. SDS-PAGE analyses of santalene synthasasd IPP1. Purified proteins of different
guantities as indicated were separated on 10% HBS(fpr SaSSy SspiSSy, and SanSyn) and a 12%

gel for IPP1.

Figure 3. GC-MS chromatogram ofin vitro assays with recombinant santalene synthases; SaSSy
SspiSSy, and SanSyn usinfE,E)-FPP as substrate Peaks: (1p-santalene, (2y-exo-bergamotene,

(3) epi-p-santalene, (45-santalene. Mass spectral data of the main compoargishown.

Figure 4. Time & dose dependent assay of santalersynthases.(A) The standard curve of
pyrophosphate in IPP1 aided molybdic acid assay.T{i® standard curve of phosphate in molybdic
acid assay. The time dependent IPP1 coupled assdZ)f SaSSy, (D) SspiSSy and (E) SanSyn. The

dose dependent IPP1 coupled assay for (F) SaSE&s{iSSy and (H) SanSyn.

Figure 5. Michaelis—Menten kinetic analysis of saaene synthased.2uM (A) SaSSy, 0.1M (B)
SspiSSy, and 0.2M (C) SanSynare subjected to IPP1 coupled colorimetric assay warying

concentrations of FPP.

Figure 6. Quantitation of a-santalene in the fermentation extract.(A) 'H NMR spectrum of
o-santalene standards (20Q) spiked with 9.83umoles 2,5-norbornadiene. (B) The standard curve for

a-santalene contents against the volumes of ferrtientextract.

Figure 7. GC-MS result of a-santalene standards.(A) GC-MS chromatogram of fermentation
extract diluted by hexane with 1QM a-humulene as the internal standard. {3antalene; (5)
dodecane; (6&-humulene. (B) The standard curve for the numeiitalgrals of TIC signals against

a-santalene concentration.
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594

595 Table 1. Kinetic parameters of three santalene syhases measured by IPP1 coupled colorimetric

596 assay.
Enzyme SaSSy SspiSSy SanSyn
Keat (Min™) 44+0.2 6.4+0.2 45+0.2
Km (M) 2709 20+x04 15+04
597

598  Table 2. Comparison of kinetic parameters obtainedising different methods.

SaSSy SspiSSy
Enzyme Christopher et Prabhakar et Christopher et
This study This study
al. 2011 [13] al. 2015 [14] al. 2011 [13]
Keat (Min™) 20.4 0.50+0.03 4.4+0.2 156 6.4+0.2
Km (M) 1.4+0.3 059+0.24 27+0.9 1.4+0.3 2.0+04
keat! K (™M™ 2.4 x 10 1.4 x 1¢ 2.7 x 16 1.9x 16 5.3 x 1¢
599
600
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