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2-methylisoborneol (2-MIB) is a special terpenoid that differs from other GPP (geranyl
diphosphate)-derived monoterpenes in biosynthetic pathway. All cyclic monoterpenes are
found to undergo ring forming reaction catalyzed by singleb enzyme before being subjected to
other modifications, whereas 2-MIB needs an extra methylation step before the common
cyclization reaction. This unique reaction is catalyzed by a methyltransferase enzyme named
GPP-methyltransferase (GPPMT) with the universal methyl donor, S-adenosyl methionine
(SAM). GPPMT is a SAM-dependent methyltransferase (SAM-MTase) of which substrate is a
prenyl diphosphate intermediate in the branch chain of terpenoid biosynthetic pathway. No
other enzymes except the prenyltransferases, including terpene synthases, have been
reported to be able to catélyze these prenyl diphosphate substrates. GPPMT is the first
enzymes that has been reported to posses this special characteristic, and might be the
representative of various uncharacterized proteins encoded by genes found in the genome of
actinomycetes bacteria.

The aim of this study is to analyze the structure and catalytic mechanism of GPPMT.
Recombinant GPPMT from the genome of Streptomyces lasaliensis was oveproduced,
purified, and crystallized with and without cofactor, cofactor analog and substrate. Three crystal
forms of GPPMT were obtained from the experiment: the apo form, the binary complex form
with the cofactor SAM, and the tertiary complex form with the substrate GPP and SAM analog
sinefungin (SFG).

The overall structure of GPPMT consists of the core domain that resembles the highly
conserved structural core fold of class | SAM-MTases with additional helices in several regions.

Despite being the modification found commonly in most small-molecule SAM-MTases, the
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additional N-terminal helices as well as the following long loop are found to contain several
important residues essential for the function of the enzyme. GPPMT recognizes its substrate by
forming extensive hydrogen bond between the residues in this N-terminal region and the
functional group of GPP, the diphosphate moiety. Although these residues do not directly
participate in the methylation mechanism, they are indispensable for the catalytic activity of the
enzyme since mutation of the residues results in loss of substrate conversion ability as
confirmed by GC-MS. The diphosphate-recognizing residues of GPPMT mentioned above are
not conserved among SAM-MTases or the prenyltransferases, which use specific motif to
recognize the substrate diphosphate groups. The results suggest a novel mode of a prenyl

diphosphate substrate recognition that is limited to GPPMT.

The mechanism of enzyme catalysis was postulated. Upon GPP binding, the side chain of
the histidine residue located in the active site is moved away in order to facilitate the optimum
orientation of SAM and GPP that favors methylation, while the diphosphate group of GPP is
stabilized by the residues from the N-terminal region. Methylation is characterized by the Sy2
nucleophilic attack of GPP C2 atom to the methyl group of SAM. Based on the structure and the
enzymatic activity results, two residues: Tyr59 and Glu181, are postulated to be responsible for
activation of C2 atom to a reactive nucleophile. Glu181 is conserved among C-methylation
SAM-MTases, suggesting the major role of this residue to serve as the general base in

C-methylation catalysis of SAM-MTases.
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2-methylisoborneol(2-MIB) 1%, geranyl diphosphate (GPP)<> fanesyl diphosphate
(FPPYNLHEINBMOE ) TNAR ERRDIESERBREFOBRRT AN AR
ThHd. TRTORRKRE/ TARUIE, OEHBITHOHAENIC, RIEREERITLHZ
EBH BTV S, 2-MIB IZFRKISDRNIC A FALEh b, ZDa=—7 RIS,
B RATFNEREETHD S-TT /) VNVAFF=(SAM)E#E-T, GPP-2F 1
7V R7 =27 —EBGPPMT)IC Lk o THE S 5. GPPMT o EEiX prenyl
diphosphate T %25, prenyl diphosphate % £H & U7z X FIAAVKG % it 3 5 B
I ETHEIN TRV, GPPMT i, ZOKBIZEE 2R >Z L83fE Shiix
CHTOERTHY, COBRTHELONMREZEICLT, BAEAZ TV TEIILD
& Lies' /7 Mz HiZk« & prenyl diphosphate 2 FALBERNRER S5 Z & BRIfF &
ns.

ABFFED B BIX, GPPMT oifih & S 2 MIA+T5 2 L Th 5.  Streptomyces
lasaliensis M4/ Az 2— N & iz GPPMT 25, #i#i 2 GPPMT % KB L, B,
b x T o, EBRD» D GPPMT @ 3 20f&F 2B, Apo &, #HBIETF SAM &
BRLOITHEEE, BXUOEETHSB GPP L SAM 7Fu ' o sinefungin (SFG) &
BRO=ZTHEETHS.
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GPPMT D&k 2, 7 5 A | SAM-MTases ICBWTHE I I SRFES NI
a7 T a—V RIZEH L7227 FAA Ve, ZORAYVDOTLVT 7 bEARBRPLRS.
VTV DRSS F SAM-MTases T—RIICR B 5 & 5 REBEEMHOMIZ, NRKED
FALEEFNCHFELEVWL—TORSERD, ZORNSICHRERCERERBRERDHD L
HE SN/, GPPMT ik, Z o NRBOFIHROEE L GPP OFiE L DM TKRRKE
EHRTAI LI TEEZRBLTONS., ZHbDBRER, EEA FMLICIZE
BELRWA, BEZERTHLEBREENHEAET D LM GC-MSIZk» THR SN,
BEROMBEERIZE > TRARTHHZ EBRRENE. ALk 5ic, GPPMT®
vu Y VR A RET 5B EIE, SAM-MTases % prenyltransferases Tik, RFEINT
V72U . prenyltransferases i, 2% T# 5 prenyl diphosphate % 382 DI EDNE
F—TBERALTVS., HEEMREITORKE, GPPMT i prenyl diphosphate ZE 7D 7«
DOFHREFOZ LW RENT.

BEBICESWTHERMERGEDOA =X L ZER L. GPP BSiAT DL, IEHE
RCEBT A AFDUBEOMSHIT, SAM & GPP OFRERA Y =T —va VER
BB Lo, EEAFMMERTES L5 ICEIL. T DB, GPP o prenyl diphosphate
X, N RSEROBECL->TRENKSNDS. AFNkid GPP @ C2 [R5, SAM
DAFNVE SN2 REBELITH 2 & Ttte. BEAET L BREHREORKR, 2o
OB Tyr59 & Glu181 2%, AFULBED C2HF LYV 7a b2 ABREL LT
HESh., *0WN, Gluisl RREEFEZ AF VLTS SAM-MTases & L Tid,
methoxymycolic acid & pEBERICIRTF ST 5. E 7z cyclopropane mycolic acid &
REERE T, BETOERBIBEEXOBHEEZ L TVRZLBHFEINTEY, ZOER
BMOAMEL GPPMT @ Glu181 OMEBIXR L ThoTe. ¥ xiZ, ZOEREN,
SAM-MTases {2 & 2 RBEFF A FMALABEERICH LT—REZL LTHI 2L 275
WL TWa.

Pl b, ABFRTE, X HEEEERITICL D, 2-methylisoborneol(2-MIB) DA FRIC
METHH LW AFNVEGRBEROBELZREL, TORCHEEELHAONC L, Kt
EREMBRIZRIETERICIIZRRZbOR(H Y, Lo TEEBE—F’IX, HEENiE
BERFEELE (EORE) ORUPREINIERLILOLERDT.
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