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Supplementary Methods

Isoprenoid diphosphate ligands. The preparation and characterization of (S)-15-aza-14,15-
dihydrogeranylgeranyl thiolodiphosphate (1) and 13-aza-13,14-dihydrocopalyl diphosphate (2)

. : 26,2
were described previously**?’.

Cloning, expression and purification of copalyl diphosphate synthase. The pseudomature
CPS gene from Arabidopsis thaliana lacking the N-terminal segment M1-Q84 in pDEST14
vector (AtCPSd84) was described previously®. For more efficient purification, this gene was
cloned into a T7 promoter-based expression vector with a C-terminal hexa-histidine tag.
Accordingly, the M84-AtCPS gene was amplified by PCR with the following forward and
reverse primers with flanking Eagl and BamHI sites, respectively:
GCACGGCCGATGATTAGTGTTGGAAGTAATAG and
GCAGGATCCGACTTTTTGAAACAAGACTTTG. A variant of the pET22b vector (Novagen,
USA) (pET22bCV) was created by PCR with the following forward and reverse primers with
complementary flanking restriction sites:
GCACGGCCGATGTATATCTCCTTCTTAAAGTTAAACAAA and
GCAGGATCCCACCACCACCACCACCACTGAGATCCGGCT. The M84-AtCPS gene and
the pET22bCV vector were ligated and the intervening Eagl site was removed using the
Quickchange kit (Qiagen Inc., USA) to generate a plasmid encoding the M84-AtCPS
polypeptide with the C-terminal hexa-histidine tag GSHHHHHH (M84-AtCPS-CHT). The

resulting clones were confirmed by DNA sequencing.

The M84-AtCPS-CHT protein (henceforth designated "CPS") was expressed using E.

coli OverExpress C41(DE3) cells (Lucigen, USA). CPS was expressed as previously described



for taxadiene synthase'®. The cell pellet (19 g) was suspended in 30 mL of buffer E (50 mM
K,;HPO4 (pH 7.5), 300 mM NacCl, 10% (v/v) glycerol, 3 mM [-mercaptoethanol) containing 1
mg/mL lysozyme and 1 mM phenylmethylsulfonyl fluoride, then incubated at 4°C for 2 h with
shaking. Cells were disrupted by sonication on ice with a large probe at medium power, 10 x (30
s on + 30 s off). Cell debris was cleared by centrifugation twice at 30,000g for 1 h. The clear
supernatant was applied to a pre-equilibrated Ni-NTA column (QIAGEN, USA) at a flow rate of
1 mL/min using an AKTAprime plus FPLC system (GE Healthcare Bio-Sciences AB, Sweden).
The loaded column was washed 3 times with 3 column volumes of first buffer E, then buffer E
plus 2 mM imidazole, then buffer E plus 4 mM imidazole. The CPS protein was eluted with a
gradient of 8-500 mM imidazole in buffer E at a flow rate of 2.5 mL/min. Selected fractions
were combined, concentrated to a volume of 5 mL, and purified by gel-filtration chromatography
as previously described for taxadiene synthase'®. CPS was concentrated to a maximum of 5

mg/mL and the sample purity was 99% based on SDS-PAGE analysis.

Crystallization of CPS. Screening for CPS crystallization conditions was performed by the
batch crystallization method at the HTS facilities of the Hauptman-Woodward Institute™ and
optimized at the University of Pennsylvania by the sitting-drop vapor diffusion method at 15-21
°C. Briefly, a 1-pL drop of protein solution [5 mg/mL CPS, 25 mM MOPSO (pH 6.8), 10%
glycerol, 300 mM NaCl, 1 mM DTT] was added to a 1-uL drop of precipitant solution [100 mM
sodium citrate (pH 5.4), 30 % polyethylene glycol 400, 200 mM KH,PO,] and equilibrated
against a 500-pL reservoir of precipitant solution. Rectangular prism-shaped plates appeared in
2-3 weeks and grew to maximal dimensions of 50 pm x 100 um x 200 um. These crystals
diffracted to only 4 A resolution. Addition of 2.5 mM MgCl, and 2.5 mM 13-aza-13,14-

dihydrocopalyl diphosphate (2)*’, or 2.5 mM MnCl, and 2.5 mM (S)-15-aza-14,15-



dihydrogeranylgeranyl thiolodiphosphate (1)*, to the protein solution 4-8 hrs prior to
crystallization improved the diffraction quality. Additionally, 0.1 M strontium chloride
hexahydrate and 40% v/v 1,4-butanediol from the Additive Screen (Hampton Research, USA)
were used as described in the supplier’s guidelines for co-crystallization of the CPS-1 and CPS-2
complexes, respectively. Crystals were flash-cooled after transfer to a cryoprotectant solution

consisting of the mother liquor augmented with 10% glycerol.

X-ray diffraction data collection and processing. Crystals of the CPS-1 complex and the CPS-
2 complex diffracted X-rays to 2.25 A and 2.75 A resolution, respectively, at the Advanced
Photon Source (APS), Argonne National Laboratory, beamline 24-ID-C, using incident radiation
with A =0.9795 A. All diffraction data were processed with HKL2000?. Crystals of the CPS-1
complex belonged to space group P2,2,2; with unit cell parameters a =51.32 A, b=11431 4, ¢
=129.41 A; with one molecule in the asymmetric unit, the Matthews coefficient Vy = 2.32
A’/Dalton (solvent content = 47%). Crystals of the CPS-2 complex belonged to space group
P2,2,2; with unit cell parameters a = 63.74 A, b= 188.55 A, ¢ =229.07 A; with three molecules
in the asymmetric unit, the Matthews coefficient Vi = 2.80 A*/Dalton (solvent content = 56%).

Data collection and reduction statistics are recorded in Supplementary Table 1.

Phasing and structure refinement. The recently-described crystal structure of taxadiene
synthase from Taxus brevifolia'® (PDB ID: 3P5P) allowed solution of the phase problem by the
molecular replacement method. Molecular replacement, rigid body refinement, positional
refinement, grouped and individual atomic B-factor refinement, automatic addition of waters
(using |Fo|-|F.| map at 3.0c with 3.5 A distance cut-off) was performed with PHENIX"’. Manual

model rebuilding was performed with COOT?". In the final model of the CPS-1 complex, 688 of



727 residues are present; disordered segments excluded from the final model include N-terminal
residues M84-N90 (M84 is the N-terminus of the construct), the C-terminal hexa-histidine tag
and one of its associated linker residues (S804-H810), and surface loops A618-R636 and Y732-
R737. Some portions of 1 are modeled in two alternative conformations; each conformation is

assigned 40% occupancy.

The polypeptide model of the CPS-1 complex was used in molecular replacement
calculations to determine the structure of the CPS-2 complex at 2.75 A resolution as described
above. In the final model of the CPS-2 complex, 685, 689 and 685 of 727 residues are present in
monomers A, B, and C, respectively. Disordered segments excluded from the final models of
monomers A, B, and C include N-terminal residues M84-S89, the C-terminal hexa-histidine tag
and one of its associated linker residues (S804-H810), and surface loops R621-P637 and R730-

K741 (R730-R737 in monomer B).

For both structures, refinement statistics are recorded in Supplementary Table 1.
Ramachandran plot statistics, calculated with PROCHECK??, were as follows. CPS-1 complex:
allowed 91.9%; additionally allowed 7.8%; generously allowed 0.3%. CPS-2 complex: allowed
88.8%; additionally allowed 10.6%; generously allowed 0.6%. Simulated-annealing omit maps
were calculated with CNS®. Protein structure figures were prepared with the graphics program

PyMol (http://www.pymol.org).

Sequence alignments. The sequence alignments discussed in the text were performed with
ClustalX using default parameters®*. Annotated alignments and descriptions of aligned sequences

are included as Supplementary Figures 4 and 5.



Supplementary Results

Supplementary Table 1. Data collection and refinement statistics

CPS-1 complex

CPS-2 complex

Data collection
Space group
Cell dimensions

a, b, c(A)

o, B,y (%)
Resolution (A)
Rgym
I/ol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Ryork / Riree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P2,2,2

51.32, 11431, 129.41
90, 90, 90

40.36-2.25 (2.33-2.25)*
0.120 (0.780)

11.0 (2.0)

99.4 (99.1)

5.1(4.5)

40.36-2.25
36117
0.172/0.233

5660
67
263

46
50
48

0.005
0.9

P2,2,2

63.74, 188.55, 229.07
90, 90, 90

44.52-2.75 (2.85-2.75)*
0.139 (0.768)

12.0 (2.2)

94.8 (86.1)

4.8 (4.5)

44.52-2.75
62150
0.177/0.256

16889
173
201

60
73
50

0.004
0.8

*Both data sets were collected from single crystals. Highest-resolution shell is shown in

parentheses.



Supplementary Table 2. Domain structural alignments among class I and II cyclases*

CPS Sequence identity (%) No. of C, atoms aligned r. m. s. deviation (A)
domain | TXS SHC (ON® TXS SHC (ON® TXS SHC OSC
o (269) 15 - - 207 (309) - - 2.5 - -

B (232) 45 10 9 219 (229) 178 (348) 180 (442) 1.1 3.0 2.7
v (211) 42 16 12 196 (213) 139 (271) 140 (284) 1.5 3.3 3.3

*Number of residues in aligned domains is given in parentheses. TXS = taxadiene synthase,
PDB 3P5R; SHC = squalene-hopene cyclase, PDB 1SQC; OSC = oxidosqualene cyclase, PDB

1WKae6.
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Supplementary Figure 1. Comparison of the o domain of class I and class II diterpene
cyclases. Vestigial a domain of CPS (dark blue) and the functional oo domain of taxadiene

synthase (light blue) are compared. The D’ DMAD and N’ DTKTYQAE metal binding motifs
g

of taxadiene synthase are red and orange, respectively, and Mg”" ions are magenta spheres.
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Supplementary Figure 2. Comparison of the  and y domains of class I and class 11
diterpene cyclases and a class II triterpene cyclase. The functional By domains of CPS, the
vestigial By domains of taxadiene synthase (TXS), and the functional By domains of squalene-
hopene cyclase (SHC) are compared. To highlight the double a-barrel fold, which is complete in
the B domain of squalene-hopene cyclase as (aa)s and incomplete in all others, outer a helices
are red and inner o helices are yellow. Additional helices (such as the membrane anchoring helix
8 of squalene-hopene cyclase) are white, B strands are violet, and loops are blue. The color

scheme is identical to that utilized in a previous structural comparison®.



Supplementary Figure 3. Binding of ACP at a crystal packing interface. Simulated annealing
|Fol—|F¢| omit map in which 13-aza-13,14-dihydrocopalyl diphosphate (2) is omitted from the
structure factor calculation (contoured at 3.0c); the side chains of the residues surrounding the
diphosphate group are indicated. While a, B, and y domains are blue, green, and yellow,
respectively, the y domain (light yellow) is from a different monomer. The diphosphate group of

2 accepts hydrogen bonds from H182, K186, and a water molecule (red sphere).
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Supplementary Figure 4 (continued)
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LCLMRSMMTEAEWQRTKYVWVP - TMEEYMANAVWSFALGP I WVLP
QVMYRAMLTEAEWAAGKH IPATMGEYMSEVAEPSF ALGP I VPV
QVMYRAMKTEAEWAASRHIPATMEEYMSYVGEPSFALGP IWPL
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KOWLMSWTHNE - - - - - - - - - o - -0 o m o - SAGSTGGDTALLLWVR
KOWLMAWTAKES - - - - - - - - -« o - - - - SQESIEGDTAILLVR

GRDVL+HLROAWEVWLEA+ TKEAEWSAAKYVPAT++EY+SNASVE TALGELWVLO - - - - - - v -0 0o - SILFTGGRLTEEVLSKIE+HSRFLRLM+LTGRLC

Supplementary Figure 4 (continued)
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C¥TOTXS/1-882 TS7 NID T K]
C¥HaKE8M-774 B72 [NID | ]
CIOsEKSES1-812 G695 [NID 50

FQAEKVRGQQASG | ACYMKDN - - - -
FMRIE|| KE- ELMNAITELQLRNGE - - -
FERESLEGKLNSWVSLLYHHSG - - - -

T| FGATEEDAIKHICRVWVDRALKEASFEYFEPSN DIPMGCKSF I FNL B27
5| -EATGEEEVIKEITTWYIKNMRKEIMKLVTEEKS -5- VWPRACKDWFLNM 742
15| GSISIDEAKMKAQKS IDTSRRNLLRLVLGE- - - - - .- AVPRPCKOLFWKM 7&5
C¥OsSES/1-820 G956 NDVMTYE KEMG TEKLNSYVLLOPLAAGGAASRGGGGAPAP - APASVEAARAEVRRAIQASWRDLHGLYFGSGGGSSSS - - I T/PRPCREWVFWHT 785
CHOg505/1-816 G082 NDVIMTIYE KIEWVL TWTPNS - VLLOALAA. - - - ARGGGESPTPPSPACAEAARGEVRRAIOQASWRDLHRLVYFRDDDGS - - S - IVPRACRELFWGT 721
ClS51-T84 G672 N|D | HISIF KRJE[F KEGKLNAVALHLSHNGE SGKVEEEVVEEMMMMI KHKRKELMKL | FEENG - - - -5 - - I'VPRACKDAFWNM 743

T|

T|

T|

T|

T|

L

ClifAgAB 5/1-B53 TEO NP TK|TYWQAERGQGEVASAIQCYMKDH- - - - PKISEEEALQHVYSVMENALEELNREF VNN KIPDIYKRLVFET 818
Cli¥Ghi 8 5/1-873 TEO NDTKITYCOAERNRGELWSSYOCYMREN - - - -PECTEEEALSHWYG | IDNALKELNWELANPAS NAPLCWRRLLFNT B39

ClPHLAS/1-850 T46 ND TH|TWQ AERGQGEVASAVOCYMKDH- - - - PEISEEEALKHWYYTIMDHNALDELNREFWNNR DWVPDTCRRLWFET 815
Cl¥Pal A5/1-859 TEENDTKINYEAERGOGEVASAVOCYMKDH - - - - PEISEEEALKHWYTVMENALDELNREFWNNR - EVPDSCRRLVFET B24
Cl¥PtOTS 1-850 746 ND TK|TMQAEIRGQGEVASAVQCYMKDH - - - -PEISEEEALKHWYTIMDNALDELMREFWNHNR DVPDTCRRLWFET 815

CliPaiP &/1-B87 TE3 NDTHIYEAERGOGEVASAVACYMKEH - - - -
CWAIGPPSM-802 728 LPRQYLKARRND - - - - - - - - EKEKTI - - - -
ClPsCPPE/-BO1 TIEHKLECYQKDKELKG ISCQENITN- - - - - -
CliCm CPP51/1-823 T35 HOLGHF KKHKWVTNGG I YKEKTENKMP - - - -
CWCmCGPP52/1-827 730 HQLAHF KKHEVHNNGNLYKEKTDNKMP - - - -
Cl¥le CPP5/1-B00 719 HRLRLYKGHSE - - - - - - KOVGMLTFS - - -
Gl SrGPPSM-TBT TISHD I TELHNFKEMN - - - - - - - v - oo o S----
CWEmCPPEM-793 TOB RQLSF IQSEKEMGVEGE | AAKSS I KN - - - -
CWImCGPP51/1-823 73 DSLNHRMLLSQD - - TMEKNEAR I NWIE - - -
CWimCGPP52/1-827 730 DSLKQKMLWVSQD - - PEKNEEMMSHWD - - - -
CWOsCPPS1/1-B67 TBZ DSLHAKMLLSOD- - TKKNETTINQID- - - -
CWOsGPPS2/1-800 718 SKLATKILAQ- - - - NGGSMDNVEG ID- - -
CWOsCPPE4/1-7867 G35 RKLYRRWLAQE.- - - NGKSTEKVEEID- - -
ClVAz SHG/1-631 550 ALMAL |AGGRAESEAARRGVAYLVET - - -
CliHsQECA-732 655 AMMG LMAVRHPD | EAQERGVRCLLEK- - - -

PEISEEEALKHVYTVMENALDELNREFWVHNNR -
KSMEKEMGKMVELALSESD- - - - - - -
SEVESKMQELVOMWVFQKCP - - - - - -
PEIEEDMRKLLOMY IQNSSDG - - - - -
PEIEED IRKLVQLWV IQKSSDG- - - - -
EEIEGDMOQOLAELVLSHSD-A- - - .
TTVDSKVQELVQLWVFSDTP
KELEEDMOQMLVKLWVLEKY®
KEIELNMQELAQSLLLRCDE -
DPELKLRIREFWVQYLLRLGEK
KEIELGMOELAQYLLPRVDD- - - - - -
QEVDVEMKEL IQRVYGSSSH-
QOQLDLEMOQELTRRVLOGCS
QRPDGGWDEFYYTGTGFPG
QLPNGDWPQEMN I AGWFHNKS- - - - - - -

DWVPDESCRRLWFET 832

prLDQDM 753
GIDRNI 758
----KTSNKKT 789
KTGSSET 789

Consensus

NDLKTYQAERG+GE+ASA+QCYMKDH- - - - - RGGG - -

C¥TTHS/1-B82 B2B RLCWQ IFYKF IDGYG I A-NEELKDY IRKMY IDP 1 QY
CHHalKSM1-774 743 SNVLMNLFYA. - TDDGF - TGDAILG IVKDTFYEPLS
C¥OsEKSI1-812 TG CKIVHMFYS- - RTDGFSSPRKEMVSAVNAMVKEPLKLKWVSDPYGSILSGN
C¥OsSES/1-820 TBE GKVASVFYQ- -EGDGY - ARKAMRSEMANAM I LEPLHLQE
C¥Os505/1-816 782 AKVANVFYQ- - EVDGY - TPEAMRGMANAM I LDPLHLQQ
C¥EEM1-7T84 T44 CHYLMNFFYA- - NDDGF - TGNTILDTVKD | IYNPLVLWNENEEQR
ClAgAB 5/1-853 B18 AR IMOLFYMOGDGLTLSHDMEITKEHVKNCLEQP WA
ClGhLB 5/1-873 840 ARVMOQLFYMYRDGFG I S-DKEMKDHVSRTLEDPMA
CIVPHLA S/ 1-850 2816 AR IMOLFYMDGDGLTLSHNME I KEHVKNCLEQP WA
Cli¥PalAS/1-B53 825 AR IMQLFYMDGDGLTLSHETEIKEHVKNCLFQPMA - -
ClPtOTE -850 816 AR IMQLFYMDGDGLTLSHNME I KEHVKNCLEQPMA
CliPaiF 5/1-867 B33 ARIMOLFYMEGDGLTLSHEMEIKEHVKNCLFEQPWA
ClWArGPPS/M1-802 FFOSITFLDWAKAFYYFALCG-DHLOQTHISKMLEQKM- - -
ClPsCPPE/M-801 TET KNTFFTIAKSFYYAAFCDSRTINFHIAKMLEEKWY
CWCmCGPPS1/1-823 788 KNTFLTWAKSSYYAAYFDPWTIINYHIAKMLFERMF
CVCmCPPE2M-B27 703 KOTFLTWVAKSVYYAAYFDAWTINYHIAKMLEERMF - -
ClVie GFF 5/1-800 766 KDTFLTWAKSFYYSAYCDDRTINFHIAKMLEERMY
CWErCPPEM-TBT TE4KQTFLTWMKTFYYKAWCDPNTINDHI SKM-FEIMI
Cl/SmCPPS/M-793 TEO KKAFLAVAKTYYYRAYHAADTIDTHMF KMLFEPWA - -
CWZmCGPPS51/1-823 790 KKTLWDWLRSLYYATHSPQHMIIDRHVSRW I FEPW
CWimCPPS2/1-827 TOO ROTFLS IVKSCYYAAHCPPHVYVDRHISRMIFEPMSARAK
CWOsGPPS1/1-887 833 KQTFLS IVKSCYYAANCSPHMLDQHI SEMIFEQM | - -
CWOsCPPE2/1-B00 766 RQTFLDWVKSFCYVAHCSPETIDGHI SKMLFEEDMWN
ClOsCPRPS4/1-T67 TA3 RETFLHVVKSFCYVAYCSPETIIDNHI DKM IFEQDM |
ClVAs SHG/1-631 604 -DFYLGYTMYRHWFPTLALGRYKQAIERR- - - - - - - -
ClHeOSCM-732 FOO - -CAISYTSYRNIFPIWALGRFSOLYPERALAGHP

Consensus

KRTFLLFYKSFYYAAY++P+TIKEHI+KVLFEPWALQ - - - - - - - - - - - - - o o o o oo oo

Supplementary Figure 4. Alignment of the amino acid sequences of 6 class I, 14 class II,
and 6 bifunctional class I/II diterpene cyclases along with class II triterpene cyclases
squalene-hopene cyclase and oxidosqualene cyclase. Annotations: “EDXXD-like” motif is
; E211 of CPS is ; H331 of CPS is (arginines at the same position are
magenta); T421 of CPS is ; N425 of CPS is ; Y511 of CPS is plum; DDXXD and
NSE/DTE motif of class I cyclases are red and ; DXDD motif of class II cyclases is

. Full names of the sequences are given in the following table.
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Name Full Name Organism Accession N. Class
TbTXS taxadiene synthase Taxus brevifolia AAC49310.1 I
HaKS kaurene synthase Helianthus annuus CBMS&82408.1 I
OsEKS ent-kaurene synthase Oryza sativa BAE72099.1 I
OsSES stemer-13-ene synthase Oryza sativa BAD34478.1 I
0sSOS stemodene synthase Oryza sativa AAZ76733.1 I
SrKS copalyl pyrophosphate synthase Stevia rebaudiana AAD34294.1 I
AgABS abietadiene synthase Abies grandis AAKS83563.1 I/11
GbLBS levopimaradiene synthase Ginkgo biloba AAS89668.1 I/
PtLAS abietadiene/levopimaradiene Pinus taeda Q50EK2.1 I/
PaLAS abietadiene/levopimaradiene Picea abies AAS47691.1 I/
PtDTS diterpene synthase Pinus taeda AAX07435.1 I/
PalPS isopimaradiene synthase Picea abies Q675L5.2 I/
AtCPPS ent-copalyl diphosphate synthase Arabidopsis thaliana AAA53632.1 I
PsCPPS ent-copalyl diphosphate synthase Pisum sativum AAB58822.1 I
CmCPPS1 ent-copalyl diphosphate synthase 1 Cucurbita maxima AAD04292.1 I
CmCPPS2 ent-copalyl diphosphate synthase 2 Cucurbita maxima AADO04293.1 I
LeCPPS ent-copalyl diphosphate synthase Lycopersicon esculentum BAA84918.1 I
SrCPPS ent-copalyl pyrophosphate synthase  Stevia rebaudiana AAB87091.1 I
SmCPPS copalyl diphosphate synthase Salvia miltiorrhiza ABV57835.1 I
ZmCPPS1 ent-copalyl diphosphate synthase Zea mays AAA73960.1 I
ZmCPPS2 ent-copalyl diphosphate synthase Zea mays NP _001105257.1 10
OsCPPS1 ent-copalyl diphosphate synthase Oryza sativa Q6ET36.1 I
OsCPPS2 ent-copalyl diphosphate synthase Oryza sativa Q6Z510.1 I
OsCPPS4 syn-copalyl diphosphate synthase Oryza sativa QO0JF02.1 I
AaSHC squalene-hopene cyclase Alicyclobacillus acidocaldarius BAA25185.1 I
HsOSC oxidosqualene cyclase Homo sapiens P48449.1 I

15



Az SHG1-831
Bp SHG1-857
Se SHGM-638
GhEHC/-851
Fa SHGA-704
CHSHG 1-681
Zm SHG1-658
Bo SHCM-831
Nin SHCA1-B63
Mo SHGA-B6T
Mo SHG/1-B8T
Ssp SHG1-666
Te SHCM-832
Rp SHCA-6B5
Az SHG1-833
Su SHG1-841
HsQS5GM-732
RnO5CM-733
AOSCA-TE7
AmOSG/1-762
LaQ5G1-7E0
CaQ5GM-728
ToOSGH-758
Py OSGA-780
LOSG1-761
SsQ5G1-728
BtO5CM-732

Consensus

Az SHG1-631
Bp SHG1-857
Se SHCGM-838
GhEHC/1-B51
FaSHGM-704
CHSHG 1-681
Zm SHG/1-658
Be SHCM-831
Nin SHCA1-B63
Mo SHGM-887
Mo SHG/1-887
Ssp SHG1-666
Te SHCM-532
Rp SHGA-685
Az SHG1-833
Su SHG1-841
HeQSCGM-732
RnO5CM-733
AOSCA-TE7
AmOSG/1-762
LaQ5G1-7E0
CaQ5GM-728
ToOSGH-758
Py OSGA-780
LOSG1-761
SsQ5G1-728
BtO5CM-732

Consensus

Az SHG1-831
Bp SHG1-857
Se SHGM-638
GhEHC/-851
Fa SHGAM-T04
CHSHG1-681

Zm SHG1-658
Bc SHGM-631
Nin SHCA-8683
M SHCA-BET

Te SHGM-532
Fp SHCM-685
Az SHGA1-633
Su SHG1-841
HsQS5GM1-732
RnOSGM-733
ArOECM-TET
AmOSGA-T82
LaQ5GM1-TE0
CaQ5G1-728
ToQSCGM-758
PygO5CA-7B0
LjOSGCM-781

SsQ5GM1-T28
BtOsGM-732

Consensus

13
12
12
18
a5
35
7
20
19
29
29
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KVHEEIARRTTALOSMEBRODGTWMRFCFEGAPLTDCHMIFLLKLLGR . - - - - DKEIEPFVKRLASLOTN- TWKLYEDEVGGNLSAT QS
DVERRVESLASKALMRLAGPD -+ - |IPSAELEGKIANYLRRTAS - GWSLVHDGP - FDMSATW KA
DVERGVASATRALTEMTQAD CFELEADATIPSEY ILFHQFRGT- - -EFPRPGLEAKIGNYLRRTAS - GWALWVHDGP - FDMSASWEA
DVERGVANAARALTEMTQTD CFELEADATIPSEYILFHQFRGT- - -WFRDGLEAKIGNYLRRTES - GWALWVHDGP - FDMSATW KA
---RAAERSVEHLLGREDEQ KGDLATNYTMDAEDLLLRQFLS---- IQDPETTRAAALF IRGE@L - TWNTFYGGEP-GDLSATIEA
- - -0SILASOQKHLLSLBETE GOLESNWVTITAEI ILLHKIWO.- - - - TDKKIPLNKAKNKL | SOQR - GWELFYGDG-GDLETS IEA
ALRESVQOAADWLVANBIKPD WVGRAETNATMEAQWCLALWFLG----LEDHFLRVRLGRALLDTAR - AWMHWFYGAPNGD | NATWEA
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----TLRRAIRFYSTMETQD GWGLHIEGN- STMLCTALS
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----- LKKALKFYSS5L@GED GWGLHIEGN-STMLSTALN
GVKMALRRALKFYST | MADDEHWPGDYGGPLFLLPGLY IGLYVMEVMDT ILAKEHQREMCRY | YNHENY - GUWGLHIEGC-STMLCTALN
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KY I §----- MSRDEEP - - - - - MOKBLRFITQSQ |ESSRYF TRM ALVEBEYFPMNEKVPMYPRE LNIYEFGSWARATWVWALS I VMSRAPV
KV Ig----- DDENAEH- - - - - M2 RERERALTHAM AEMSNVFTRIQEALYSWYFMYAWPMMPY FHLSKVSYWARTV IVELLVYLNAKRPV
KLAR- - - - - DDWVDSEH- - - - - MAABRAWILER IEETRVFTRI ALFSEWSWMNDDLPAMPPR LNLADWGCWARCT IVBLTYWVCTLRPR
KAITE- - - - - DDPDAFH- - - - - MRRBRE AL AA AERSNVFTRIQEBALFGD | PMRGWPWVMP A INMWEVEYWSRITY | ARLLVLMDRKP K
RLAB- - - - - DAVDAPRH- - - - - MARBAELWVRAQ VAASRVFTRI AALGOWSWMNDDVPY I PP LNVYDFACWAROT IVALTIVGSLRPS
KMAR- - - - - DDPAQSAFP- - - - - MO RBRQ AT HAM AEATNVFTRTLEALYSEWL PMIKAYFPMMP Y FHLSKVSYWARTV IVELLYLNSLRFPQ
EMIE----- DSPDAFH- - - - - MLRBRENEILAR AMRANVF TR I QEBALFSAMSWMEHY P QMP W WH TN EMAYIWA LLVLQALKPY
LASEK----YTKEDAN- - - - - MKRBEMF INER VARAHFMTKF L LSIFELSSSA MMLCLNKRFR
KMIE- - - - - DSIEAPH- - - . - MRREBREAILRR AAHANVFTRTLEALYGEVP FHLD KWV S YA LFVLOAKKPR
KMIE- - - - - DD IEAPH- - - - - MRAVREAITLQR AANANVFTRILEBALYGEVP FHLD KWV S YA LFVIQAKKPR
KMIg--- - - DDIEAPH- - - - - MRABREAITLQR AANANVFTRILEBALYBEVFP FHLDKWVSYWA LFVIQAKKPR
RLAR- - - - - DRPDEFH- - - - - MARBAGWIRDQ | AAARMFTR I AL F BWWW K| LN IYDFGCWA LTIVSAKRFPY
RLLE- - - - - WSRTDPI - - - - - MIEBQNFI | KK| ISCSRIFTKLHEAL IGCYS FTIYEMSSWA LLIVFDKKP
RELE- - - - - HRDDEEFP - - - - - LRKBRDWILS K| LANIRVFTRY)| AL IGEWFPWMEKTPNILP FSIYNFAQWA | AVLSAHRP S
KLAG- - - - - DDFAAPH- - - - - MEKBAAY IRGABGVERTRVF TRLWEALFGLWFPMDDLPTLRPR LMY DWGECWA LTIVSALRPY
MELAR - - - - - LFFPEDDR- - - - - MARLRERIILAL |QAANSYVKYVNESLFDLYPREFSPS IEP -FDL-LYQMSAWTRAIWISLG I VHAANPR
RILE----- WGPDDPD- - - - - LWVRBRN | LHKK] AN A | PSWGKF AVLNYYSMEGLNTLFP AHFSTLWCHC QVYLIMSYCYAVRLS
RILE- ---- I@PDDPD - - - - - LWVRERN | LHKEK] ANWA | PSWEKF AVLNYYSWMEG INTLFP AHPSTLWCHCROVYLBEMSEYCYATRLS
RILE- - - - - WEADLDD IKGSGCARBRKWILDH ATYTPLIGKA SILEBVYDWMSGCKP IPP FNGGTLWIYFRDIFMGVEYLYGKKFWV
RLLE- - - - - EGADGGD - - DOAMOKGREKWILDHESATA | TSWGEKF SVLGVFDWMSGNNFLEPR WHPGRMWCHCEM I YLBMS Y | YGKRF W
RLM&- - - - - EEMDGHD - - -GALFPKARRWILDR ATSIPSWGKI SVLEVYEWEGNNFLLP FHPFGRMWCHSRBMVYYLEMSYLYGKRF WV
RLLE- - - - - MEKDHPW - - - - - RETLHRL A | KNP HWG KA SILNLYEWEGWVNFAPP IHFAKWWVHTRA I YLBELGYTSANRYQ
RLLE- - - - - EELDDGK- - - GAMTKEQ SWILKHESWVTHIPSWE KL SVLEVYEWRGNNFLPP LHPGRLWCHTRMVYLBMEYLYGKRF WV
RLLIRGDEEEEIRDEAANGGSLEKBRRWI IDH ATY | PSWGKF SILEBVYEWMSGNNFLPP LHPGRMWNHCRMYYLBMEYLYGRRF WV
MRLLG- - - - - VG IEGGD- - -GAMHKBRRWILSREGATS | PSWGKF SVLGVYEWMSG INFINP LHPFGRMWCHTRHVYLBMSYLYSRRF W
RLLE- - - - - LEADHPW- - - - - RETLHSL A | KWV P HWG KA SILSLYEWEGWVNFAPP IHFGRWWWHTRA I YLELGFWSSHNR I H
RILE-----VYGPDDPD- - - - - RNLLHKK] ANWF | PSWGKF AVLNYYSMEGLNTLFR AHPST IWCHCROVYLEMAYCYSTRLS
LELLG - - - - - DDPD+FPH- -GGAMARAREWI LARGGAAA I PVFTKIWLALLGYYPWEGWFPLPPELMLLPY -WFPLHP+ KMWCWARQVYWPLSYLYAKRPY
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Supplementary Figure S (continued)
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Az SHG1-831 422 VDNTSDLPNHIPFCDFG- -EVTRBPPSE VlRHVLECFGSFGYD ------- DAWEVIRRAVEYLKRE F &R G AW Y SAR KAV a1
BpSHGM-857 438 PENTQYY.NNIF'FSDHG--ALL FRTARBVSGRCLSMEAQFGEETS - - - - - - ASSEFARRALDYMLKE &R 528
SeSHGM-636 423 ADNTRELWNELPFCDFG- - AWV IBPPSABVEAHVYEABRCYLERG - - - - - - - DG -EAVRRGWRWLLDH F &R 511
GhEHCM-851 431 ADNDKDY.NHIF‘FADHG--ALL PR TABNVEARC | SFEAQLGNP - - - - - - - EDKPVIDRAMAWLRKE F &R 520
FaSHGA-704 495 ADNVRTLTTKIPFCDFG- - EVVBPPSABVEAH | VEMEADLGRS - - - - - - - DH-PITQRAVOWLLDN FER 583
CHSHG1-681 456 PENTHLYEMNNIFPFADHG - -ALLBPPTABVSARCLSMECQTEATP - - - - - - ANSEFPAARALRYLLAE F&R 546
Zm SHGM-558 440 ANNSYTYENNIPFADHG - - ALLBPRTVEWVSARCY SMMAQAG | S- - - - - - - ITDPEKMKAAVDYLLKE F &R 528
Bo SHCM-831 425 KGVTSHIEHANLP IENAS -DM I TRPETPIY I MGRWVLEFFGETYAQN - - - - - - ELPEKQKQEA | NWLMNWV| o 1< 518
MnSHCM-663 444 ADNTYHYENY IPFSDHG - - ALLBPPTABWVEARCYSMEAQLGETR- - - - - - ESCPPLDRGWAYLLAD 8| R 534
Mo SHGA-667 440 ADNNHHYENHIPFSDHG - - ALLBPPTABVEARYYSMESQLGETR- - - - - - ATSRALDRGWVTYLLND v &R 538
Mp5HG/1-66T 449 ADNNHHYENHIPFSDHG - - ALLBPPTABVEARYVY SMESQLGEETR- - - - - - ETSRALDRGWTYLLND @R 53
Ssp SHG/-666 449 ADNTSPFPNRLPFCDFG- - EV I BPPSABVEREGHYYEMEAVEGLA- - - - - - - SH-PRTREG | EWLLAE F &R LPA 537
Te SHCM-832 420 VDNNQDN\INATF‘YGDLKVVAMI PNTABVEGRYLEMYVGECCELA - - - - - - - MDEWRWVKRG |DFLWRE F &R 500
RpSHCGM-6B5 447 KDNDKK IHAKIPFCDFG- - EALBIPPSABWVEAH | | EAFAKVGLD- - - - - - - RNHPSIWVRALDYLKRE F &R EDM 636
Az SHG1-833 428 ADPNTRELWYLRLPFFCDFG- - AV IBPPESABVEAH | VEMBAALGMRE - - - - - - - DH-PATVAGWRWLLAH F &R 516
Su SHGM-841 431 ADPNNWEFEHSQWVPFADHN - - AMLBPTCAR | BGRVLEABASQGLD - - - - - - - RNHEAVRRGAEWL | RH @R 520
HsQS5GM-732 505 TERGGHLEELLNPSEVFGD IMIBY TYV[ECHSAVMOARKYFHKRFPEHRAAE IRETLTQGLEFCRRD EE S| 2Ty 603
RnOSCA-733 508 TKRGGYLEHELLNPSEVFGD IMIBY TYVECESWVMIARRHF REYFPDHRATEIRETLNOQGLDF CRKEK| ES S| H ¥ @04
ArQSCM-TET 543 AARGRT EWLSPVEFMEDT IVEHEYV[ECHG|SA | VABARFLKEFPEHRREEWVEKF | KNAWVKY IESF I8N KTy &4
AmOSG/1-762 536 LTRSYA EI'NFAESFGD IV IBYRTAESHSAC | CABASFRMLYPGHRRDEIEKC I TKGWVQAF IEKT i H KCY 634
LaQ5G1-780 534 LTRSYP EMFNFAEIFGDVMIBYQYVECHSAA | QGEHKAFMQLHPGHRKKE IQKC I AKAANF TES | i E RTY @32
Ca0O5G/1-728 506 ¢ | KAPLLBEEKLNPAEWVFNN IMVEYRPYVECEDESWLGETYFAKYYPDYKPELIQKTISSAIQYILDS I LDY G605
ToOSCM-758 532 LTREYS ELWVNPAETFGD IV IBYRYVECHSAVVOSERSFTKLYPEHRRIQIETCIEKA | AF IERS 8 S KTY¥ &30
PyOSCGA-780 547 LTRSYAWEELLNPAETFGD |V I BYQYVIECHSA | OGEKSFMRLYPGYRRKE | EACIAKATNF IES | "8 S 45
LOSG1-761 S35 LTRSYA EKINFVETFEE IMIBFQYVECHS|AA | OGEALFTERYPEHRRIEIETC IAKAANY IES | B KsSY 633
SsQ5GH-728  S06 KIRSTLLEEKLMPAEVFNN IMVEYRYVECEDESYLGETFFAKYYPNHEFPEY ISTAIERA I KY | | SA| A LNY @05
BtO5CM-732 505 TKRGGHL ELLNF’SEVFGDIMI.YTYV CRspVMeABRKTFHKQFPDPHRAGE IRETLEQGLQF CRQK| EE S| HTY @03
Consensus
ADNTYHLL++ IPFADHGGDAMIDPP+ADVTARVVEMLAQFG+ TYP+HRREEI++AIRRAVDYLLREQDEPDG SWYGRWEWNY I YG TWFWLCALNAAGL+Y
Az SHG1-831 S12 RE- - - -PYIQOKBLDWVEQHENFP D DCREYEDP-AYAGK- -GASTFPSA LMAR | AGE - RAESEAAR GWDEPYYTETE GO0

BpSHG1-857 520 DD- - - -PRVKR LS I@NAD DEDEYKLDYRGYER- - APETSSQ LLS EWVDNPAVA LWDETRFTATG G138
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Supplementary Figure S (continued)
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Supplementary Figure 5. Alignment of the amino acid sequences of 27 class II triterpene

cyclases. Annotations: D447 of squalene-hopene cyclase is ; H451 of squalene-hopene

cyclase is ; Y495 of squalene-hopene cyclase is ; DXDD motif of class II cyclases is

; Y609 of squalene-hopene cyclase is plum; T314 of squalene-hopene cyclase

(corresponding to H331 of CPS) is . Full names of the sequences are given in the following

table.
Name Full Name Organism Accession Number Class
AaSHC squalene-hopene cyclase  Alicyclobacillus acidocaldarius BAA25185.1 I
BpSHC squalene-hopene cyclase  Burkholderia pseudomallei YP_112341.1 I
SeSHC squalene-hopene cyclase  Saccharopolyspora erythraea YP_001106521.1 I
GbSHC squalene-hopene cyclase  Granulibacter bethesdensis YP_745928.1 I
FaSHC squalene-hopene cyclase  Frankia alni YP_711680.1 I
CtSHC squalene-hopene cyclase  Cupriavidus taiwanensis YP_002008614.1 I
ZmSHC squalene-hopene cyclase  Zymomonas mobilis CAAS51958.1 I
BcSHC squalene-hopene cyclase  Bacillus cereus ZP 00239607.1 I
MnSHC squalene-hopene cyclase  Methylobacterium nodulans YP_002502189.1 I
McSHC squalene-hopene cyclase  Methylobacterium chloromethanicum  YP_002420995.1 I
MpSHC squalene-hopene cyclase ~ Methylobacterium populi ACB79998.1 I
SspSHC squalene-hopene cyclase  Streptomyces sp. ACT-1 ZP 06282416.1 I
TeSHC squalene-hopene cyclase  Trichodesmium erythracum YP_720632.1 I
RpSHC squalene-hopene cyclase  Rhodopseudomonas palustris ABJ08391.1 I
AcSHC squalene-hopene cyclase  Acidothermus cellulolyticus YP_873455.1 I
SuSHC squalene-hopene cyclase  Solibacter usitatus YP_822539.1 I
HsOSC oxidosqualene cyclase Homo sapiens P48449.1 I
RnOSC oxidosqualene cyclase Rattus norvegicus AAA91023.1 I
AtOSC oxidosqualene cyclase Arabidopsis thaliana BAF80447.1 I
AmOSC oxidosqualene cyclase Allium macrostemon BAA84603.1 I
LaOSC oxidosqualene cyclase Luffa aegyptiaca BAA85267.1 I
CaOSC oxidosqualene cyclase Candida albicans AAA34342.1 I
ToOSC oxidosqualene cyclase Taraxacum officinale BAA86933.1 I
PgOSC oxidosqualene cyclase Panax ginseng BAA33462.1 II
LjOSC oxidosqualene cyclase Lotus japonicus BAE95409.1 I
SsOSC oxidosqualene cyclase Scheffersomyces stipitis ABN66417.2 I
BtOSC oxidosqualene cyclase Bos taurus ABD24094.1 I

19



Supplementary Figure 6. Position of the “EDXXD like” motif with respect to the active site.
The B and y domains of CPS are green (with pink N-terminus) and yellow; side chains are shown
with darker colors. Carbon atoms of (5)-15-aza-14,15-dihydrogeranylgeranyl thiolodiphosphate
(1) are dark grey and aspartic acid side chains in the D*’’XDD motif are brown. The separation
between the thiolodiphosphate group of 1 and the “EDXXD like” motif (18 A) is shown with a

black dashed line.
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