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Abstract: Isoprenoids, a family of natural molecules with high chemical diversity are involved
in the synthesis of secondary metabolites such as carotenoids and sterols in microorganisms,
demonstrating a promising commercial prospect for industrial production. Prenyltransferase
(PT), a key enzyme in the synthesis of isoprenoids, regulates the production of secondary
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metabolites. In this paper, we review the recent studies about the isolation and identification of
prenyltransferases in microorganisms and introduce their structural features, chain length
determination mechanisms, and complex evolution. Furthermore, we overview the applications
of the regulation of enzyme gene expression and the current status of research on biosynthesis,
aiming to provide ideas for in-depth study of the mechanism of action and applications of

prenyltransferases.

Keywords: isoprenoids; prenyltransferase; phylogenetic analysis; transcriptional regulation
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T R BRI 2 5, YRR
B UL Z A LA R i d b e 1 o SR 23
H—RMEd . HAET, WA RS T
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TG EM T Z . Ban, Bh s iki
R MEHE A 1spS 51 ARG FF X H 1 7 i fk, =
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AT SE S B, WFRUE ) S SR R T
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1 XRK I REEMR
Ruzicka Z5E 1953 4R H A7 % 6 o
W eh 32 3 Fir A R ARG S ER I B &7 50 5C 2
FAIG . 5 L A B R (isoprenyl  diphosphate,
IPP) J H [R) 43 5 #4 1& — 1 L0 T4 3 £ i 1R
(dimethylallyl diphosphate, DMAPP), IPP #i
DMAPP A7 W R sz B AR Rl P55 s A%, —Fh g
VR 48 (mevalonate pathway, MVA &
12), J3—Fh ok 2C-H J-D- IR G M -4 B R ik 1%
(1-deoxy-D-xylulose 5-phosphate/2-C-methyl-D-
erythritol 4-phosphate pathway, DOXP/MEP i&
B, WRRHAEH RIS )™, A . B
MY MVA RRE EEF I mib & ),
DOXP/MEP IR AAAE TR Z2 50 T A A A=
Hh R AR A DR DA ] B A P sk AR g AR O
MVA A8 T CBthiE A femifUiEn 2 48
AN AR CEE BRI A (acetoacetyl-CoA), R
Ji R 3-F2 -3 - FBRL Y — B T A 5 B (3-hydroxy-
3-methylglutary CoA synthase, HMGS)##fb 5 &
WEAITE A PS5 =0r T4 G, EAR 3-F2E-3- 1 2k
T 4B A (HMG-CoA), Fifif5# HMG-CoA
if JL i (3-hydroxy-3-methyl glutaryl coenzyme A
reductase, HMGR)i& J5 o 2 e iR , FH 2 3G R i

IR . BR R4S 3] 1PPI'Y, DOXP/MEP
A2, IPP Fl DMAPP (4 Bt T B R i i
7£ DOXP &t F 45 8 DOXP. DOXP
# DOXP if Ji£ 5 #4 B (1-deoxy-D-xylulose-5-
phosphate reductoisomerase, DXR)if J5 4 MEP;
Bl S pAE i . BERR AL, A 2-c-F BE-D- ok A
B 2,4-3F " WETR 5 IG5 L 2-c-H BE-D- R &
b5 B 2,4- 28 — % 2 (2-C-methyl-D-erythritol
2,4-cyclodiphosphate, ME-cPP), #{#%H 2 T 4
3 4- " BEMR A B (4-hydroxy-3-methylbut-2-enyl
diphosphate synthase, HDS)f#fb 4= s E H L T
Jiidk 4- WER[1-hydroxy-2-methyl-2-(E)-butenyl-
4-diphosphate, HMBPP]; /5, HMBPP if Ji il
[4-hydroxy-3-methyl-2-(E)-butenyl-4-diphosphate
reductase, HDR][A] B4 i IPP #1 DMAPP!"!, %
ARt W B i 24 AR H R R iR 12 5. Rohmer
wig. BEMZEREE LR, RRRAIRL
%5 — > " [8] /& [Deoxyxylulose(DX)5-phosphate,
DOXPJfi44, SRMEHS MVA AR A 4
B, LhiZigte s B ET0AH 25— Dk n
FLIREEMENE 4-5R (methylerythritol 4-phosphate,
MEP)¥ iy 44 B4 K AR ir e 2214,

—7rF 5C XM HIC DMAPP 524
IPP 445 , A2 AN Rl BB < B A i A6 5 W i1k
Yyiest ) LIEFEWE IR (geranyl diphosphate, GPP,
AR R A - FE AR BERR ) . 2 JE JEFE W TR (farnesyl
diphosphate, FPP). #4 JL AL 4= JL 5 £ 0 12
(geranylgeranyl diphosphate, GGPP, WA 3k
T AL R L UF LR R R T W
(geranylfarnesyl diphosphate, GFPP)!"*! £ A [H]
T S R AL B RV F T 4 i 2405 1 A4 A
AT, A BCBALTE (monoternope, 10C). 52
i (sesquiterpene, 15C). —iifj(diterpene, 20C).
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AP O E B2 AN (3R P450 BRIEALTE |
POE P A2 Wi SR T AL, 5 AN R 4+ .
2R R R A A,

2 RRGEEGE

FF A S ARG W B R 2 R
)%+ W (isoprenyl diphosphate synthases, IPPS
5 IDS) MR 5 I M 5 5% # i (prenyltransferase,
PT) A A sl i i i U™ I R 45 A I B
A AT RE R MR A AL 7 W i S A o A v
A AR TR ST AR 2 258 cis(Z) M trans(E), 434
i 2 5 1 s 5 B2 i (cis-prenyltransferase) 1 J2
A5 s B B2 il (trans-prenyltransferase)', E
G (S X 57 I8 Ms i 5 % Tl 2 0 ) J 7 3 i 1A 5%
B A A T 0 e i i e I R AR R IR , Z
G O 2 S5 8 M 5 B A Tl 0 ) B IR 6 L
S IR AR ER Y AR A ) B R
FE, R N S A i AT DL — 28 4
5k (short-chain prenyl diphosphate synthases,
SCIPPS; C10-C25). H'4#(medium-chain prenyl
diphosphate synthases, MCIPP; C30—-C35)F1{:
% (long-chain prenyl diphosphate synthases,
LCIPPS; C40-C50)5% [ Ji SLAE R 21, kst 5
I FE L R 5 Y 26 S — 4 Ak B AT LAAE
Ry HE A 1 Bl LT R A AR A A )
IR, BAWZ . Rl My mE. Hij
XTS5 I I 2 ) T A 9 32 AR R A S AR )
o, HARGERC AW, HEE. RR5SE
A=) R R R S Y B LR R DG ST e Ak T
BORBY B, B, X5 Bl A v i A 1) e B
LIk HIRE UE N IZ A FE A a] D 1A . 7R
MAEYY, FEATREE BRI B A
B IR S I3 BE 2 7% ity (0 935 1 e SR AR BEIR 5 il
(farnesyl diphosphate synthase, FPPS) . 44~ JL AL 4
4 )L Hk £ B FR & T (geranylgeranyl diphosphate

synthase, GGPPS)Fl7 M- JE i e 5 ML W 2 & g
(geranylfarnesyl diphosphate synthase, GFPPS),
2.1 EREEHERSEE(FPPS)

Ik Je FE £ B R A 1§ (farnesyl  diphosphate
synthase, FPPS, EC 2.5.1.10)/& MVA &8 &
B 5 S, fiTifEIL DMAPP 5 IPP %4244
S4B, FPP, FPP & — 26y Jon an i e .
iy Q. K E MREMFKRP, 1975 48,
Eberhardt ZF7ERRI L P alifb i IRl AL >,
1994 4E T UORTS T X SR G e 2504 1) 57 I — 0
FER WY Ry Bl S A AS [R) 4 Bl b B 5
I S e B W AR I 2 25 R AT R AR . XSl
IKE M E N FPPS ()5 SR A58 2458 T i
HETE KB FPPS AWK/ R 32-44 kDa
TR — SR A4, TE Tl A= W A B 5T b D R D
AT SRR Bl X 2 T B4 A Ak S g o) e
ITRZRE KL, FPPS MG MET & — & W E M
FHE 725, W4l E Methanobacterium
thermoautotrophicum 1 FPPS 7E Mg* ¥ J&F hy
10 mmol/L B FF H i K, 24 Mn™ e
JEALT 2.5 mmol/L it Mg A %4, (HER &k
JE A Mn® 0 i 35 L0
2.2 A )LEE S ) LEE MBS S E8(GGPPS)

P2t )L ) LS FE R IR 5 Tl (geranylgeranyl
diphosphate synthases, GGPPS, EC 2.5.1.29), i
PREF LA i SRR IR G, ik TPP &L
it DMAPP , GPP #il FPP & /%, GGPP, N2 %
N TR GW . MakER . RS L
e LA R SRR R ET A B, H
Mt Szl sh ¥+ ) GGPPS #3% FPP 1E M/
NELPT, BT GGPPS T 7E 5 T « 2 &
AP s iias . Ir 22N E MRS
DRI 3 7 R W A T v S s e R T 7 AR 3 R B
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RIS 33 Jiff =2 — , KR SC [ 7 (Erwinia herbicola) 42 5
FEHE N RABOCHIERA ortE, crtl il crtB 57k
& pACYC184 F#E T B4 Fiki pAC-LYCPY, K
I R e = A R 20C 9 GGPPS, H. GGPPS
W5 A B B N R G O A ] R R R
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PP BRI AL B R BB T — MR e
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Yan Z£52%} NGR H crtE HE P HEAT T4 85 v 5
Li 5530 o A8 2 55 P8 B AMG IR R B0 E NGR
crtE &2 5AAE RGO Z —,
FHAS H IR ABEA L GGPP, F8UF i /A
T R A /75 21 2% AL EESE A ctrtYB
INAFAMLL R BB crtl gmid iy &m0
TEHFIF GGPP 24 & A2l £ Ak ,NGR
H CrtE £ 2R FPP AR A i GGPPP?, {H
NGR 1 FPPS EE X I BE 1 R 4 %5 € , GGPPS &
FPPS &5 [ [AIAH B A B 56 R WA FrdE— 2P 4R1T .
2.3 BHMEZXEEEHEKSE(GFPPS)

B S 1k JE B R R IR 5 T (geranylfarnesyl
diphosphate synthases, GFPPS), fz #1] )\ % £ AT 7
Natronomonas pharaonis DSM 2160 H1 5 1Y
IAEVEERAF R B B 5 C20-C25 2k
S I E Y, EE LD GGPP R Py B
e, B R RS ARG Tk o B ok (3R 1),
GFPPS £ 25 itk 5095 1, 7 ¥) GFPP
B AR R

TE S5 I L R Mg K b, 1k e AR IR

A BN 5 e LA A )L FE R 5 ity A K]
TERUEY P BTN Tz, 8 R A e
BRIBEFR | SE POt & RSMEEE K L
Ji LC-MS 5 GC-MS %7k, 456415 8%
S HT RIS R T BT,
2.4 EBEEFRGEEBEE

T SC TR, S 0 B RS I 0 R R
X, B ERRIINER WSS, S aAAE
1 5 8 KL B i (protein prenyltransferase)®™
X ATl A IS S TN e R DT A o 380 R R K g
By R I A~ D 2 R Bk A, SRR 2 1 B g M 7 PR
R4 SR Ak (prenylation of proteins)™,
JUZAFAE T HAZAM b . R R A i
WG 2 A (1) )5 5% B (farnesyl-
transferase, FTase, EC 2.5.1.58) 4k 11 JE FAk,
Bt (2) P LA L E A B EI
(geranylgeranyl-transferase I, GGTase 1, EC
2.5.1.59)Ffle AF JL A e A L 2k 8 11 5% B I
(geranylgeranyl-transferase II, GGTase II, EC
2.5.1.60) Ak iy i 4= L 34l 4 )L IR AR A& 4 10
FTase Fl GGTase D& HHAH[R] 511 o MHEEF
FAALZEFAI I B IV A4 J 1 S 8 — AR T A
PUIEA CAAX FEFEM(C: EIERR, A:
BRI AR, X: (EREAER), Hi X 5k
SR EE M S am BT A p e, 4 X
Fez ZAIR . WA . AR 2
HEHEPOLEHEABH; 4 X @RS R
BRI, A R LA LA 2 X
RNATRIT, 8 E B n] gk Je Ak g4 SOn] 1k
Pe b LIS LAY, itk GGTase I
PURME M 18 25 (1 50 PR ik v 45 4 2 CXC Bl
GGGCCC (C: EMEm, G: HAm, X: 1
AR, H gl 5k —a b B i iR iR
FZ G2/ G R (W FR A GTPases),
GTPase W% Ras MEZEHE &5 079815 2L K 3R
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k. Rho/Rac 5 4l i £ 0 o 20 1B R 6 3k | BN 2), A FTase 5 GGTase I IY) 5 5
CATBSER, Ras BOALAZILLR MRS MR RAxHH", L1, 4 FTase B HIAT,
A T LU B AN 25 G MR 225 K-RasB & FITTAE 2N GGTase IHIEHIESS
Rab A5 AL BELIE 6 CEZ MBI Hed LA L LA,

x1 HOCTBSEENRRGEEBREBER

Table 1 Isolation and identification of partial isopentenyl transferase genes

Gene Organism GenBank accession No.” References
AtFPPS Arabidopsis thaliana AAB07248 [36]
MrFPPS Matricaria recutita (L.) AHNO96159 [37]
CrFPPS Catharanthus roseus ADO95193 [38]
ispA Escherichia coli BAA00599 [39]
GsFPPS Geobacillus stearothermophilus BAA02551 [40]
MtFPPS Mycobacterium tuberculosis H37Rv WP_157154909 [41]
erg20 Saccharomyces cerevisiae AAA34606 [42]
PrFPPS Phaffia rhodozyma KJ140284 [43]
erg20 Trichoderma reesei AFX82678 [44]
HsFPPS Homo sapiens AAA52423 [45]
GgFPPS Gallus gallus P08836 [24]
LtuGGPPS Liriodendron tulipifera U0000991 [46]
AtGGPPS Arabidopsis thaliana AAA32797 [47]
idsA Corynebacterium glutamicum WP_220312883 [48]
GGPPS Deinococcus radiodurans WP_010888034 [49]
NdGGPPS Nonlabens dokdonensis DSW-6 6KD7 A [50]
DbGGPS Dunaliella salina APW83741 [51]
GaGGPS Geoglobus acetivorans AOAO0A7GEY4 [52]
BTSL Saccharomyces cerevisiae Q12051 [53]
NpGFPS Natronomonas pharaonis DSM 2160 Q3IPL1 [34]
ApGFPPS Aeropyrum pernix BAAS88983 [35]
MmGFPPS Methanosarcina mazei Gol Q8PYSI1 [54]

o AR ) S DAL R RS TR TR S5 A NCBI 2R 7%

% Isopentenyl transferase genes accessions of different species were from NCBI (https://www.ncbi.nlm.nih.gov/).

®2 BoRXIKLEHNERREIGE
Table 2 A family of prenylated proteins and their functions

Prenylation Protein GTPase Function References
Farnesylation Ras + Regulation of gene expression, cardiac hypertrophy and [65]
fibrosis
Lamin A/Lamin B — Nuclear membrane components [66]
Geranylgeranylation Rho + Regulation of cytoskeletal reorganization and gene expression [67]
Assembly of actin stress fibers
Rab + Vesicular transportation [68]
Rac + Plasma membrane secretion [69]
Cdc42/G25K - Membrane localization [70]

+: BT - AET
+: Member of GTPases; —: Not member of GTPases.
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3 FRIGEREA T SR

3.1 BREMHAE

FPPS RIS dRc ) 12 1 F 205 M AL e 7
B oo BRBEA OB OO, AR
10 ML PRAF IR AL FOPAT o BRI K
C 9% 7 A [ A b i i X S TR R B e
it £ 11 e 91 R AT HEXT , 45 3Ry HoR 45 R R X
BeHE F P A PR S LA RS X, Hod 2 A4
TRAY AR R BE RS T RO R IR ALY, SR N
Ui B89 RI PR A B — A % R A SR 1Y FE P (first
aspartate rich motif, FARM), £ VT C %t 1 8 i 4%
R ZAE T RA AR IET (second aspartate
rich motif, SARM), *#JHE Kl it FARM K& H:
R T S BRI TR A DR E XA
DX AR g 2 o X S TR0 P A Tl 1) A i
[X (chain-length determination domain, CLD)!*"7],
HAJE FARM AN [A 45 58 nDK: FPPS 15 GGPPS 43y
IR 3 M BU(& 2).

%! FPPS ) FARM #£J¥ 5 DDXXD (D: K

1% FPPS 1Y FARM Hf 4 MEEZEERRIGA
(DDXXXXD), 7 FARM L% 5 fifede
— AN RE IR ; % FPPS Y FARM 3%
51 DDXXD, &AL T FARM L iif
% 5 ,{j[41,76]o

17 GGPPS ) FARM %)% DDXXD, 7E
FARM #0555 AN B R 05 75 I 2 SE R ik L 5
% GGPPS 1Y) FARM A 4 MEE A SR G A
(DDXXXXD), 7 FARM Li#f%s 4 s 5 07
AAETETF TG FE R ; TR GGPPS 455 55 1 /Y
GGPPS #ifel, {H FARM Hifi A [ 2 ok —
EARER, K GGPPS Filfss 4 (i FI%E 5 it
NS FH AR . Bboh, 7 GGPPS F#
FIH FPP RIEM,
32 HKRZEHS

M7E FARM EUFI0EE 4 5056 5 005 AR
B, AR P AR A 28 e I — M SR W R i
KA, LA AR BE DRy X e rp 2
BRI RURAEHESE, R T ENTERE RIS 25
B FHEATE PR AR B T ORI o IR i
ZE T B (Bacillus stearothermophilus)f) FPPS
ZRAFR S113F (FRm @ IERR) T I 5 113 i 25

COOH

SARM

Saccharomyces cerevisiae
Escherichia coli
Mycobacterium tuberculosis

Methanobacterium thermoautotrophicum
Arabidopsis thaliana
Homo sapiens

LG, X: EEEAEMR), £ FARM L
55 4 DGR 5 AMLE YR 07 A IR A SRR TR A 5
FPPS
YFLV Type 1
YSLI Type 11
FSLV Type 111
GGPPS
FSLI e
SSLI Type II
ASLLI Type 111
|—].—J
Chain-length determination region
B2 ATHAEYEKHFRXGEEEBBEFNEY

Figure 2 Structure of prenyl diphosphate synthase motif regulating the chain-length of final products.
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PR RN R, T SCHA 2R AR R IR TE A
[f])=4¥) FPP/GPP EE/RL R 1:27, EZ YN
GPP"™, Ohnuma %577 g B2E A AT 58 f 7 T
20 4~ FPPS ZRAGMA, ¥ FARM L3546 5 [ B
IS 81 AR Y EATHUR, oAk RN
C20-C30 14y, BfA:RIBFS )4 15C FPP,
56 81 A2 SR 4 R /M B 2 JE TR A B
W15 2N PE 472 o GGPP, $E & HexPP,

TERT N PRI SE o e 2 6 1 5% 5 A il A
AT PR DL K il JIE P 45 5 2ok F h 2 T
RE, Nit— TEE AT H S 5856 Ml
A58 R D % il ) e A e B R AR R

Kloer Z:UM% DMAPP 5 IPP 5 [0 S b 7
it 1) JS2 17 25 P 285 5 A7 5 40 S i 44 << TR L
BUCA RIS IR B BT A, AR OV AN
Kl 3 fiR, TERNERES, —4Fi IPP H&E
FIROWES T ALRgE4G, BEJG IPP Hify C4 5
DMAPP 19 C1 fHi%, fiif5 IPP AUEEREAER, 4E
KGR PN 1 iR sh 3 A AL, LA
B PP & 596 107 B —Se B A ZE A,
UEAh, M ATTiR G A SR 3 4 Mg R 2 A

3 IPP £ 1 (i 5 DMAPP 7 A L SHIBHE
R iz REE

Figure 3 Sketch of the condensation reaction of
IPP at the I-site and DMAPP at the A-site.

REGERILTFIEN , TR A h A& EF, A&
A7 IE R A R BRI EE , FFAREDRAA
PRI P S A SR B T o

4 )R Ak e A W 2t L AT

RIRGE ST I HE RS IR A L E R
TERIABEGE 2SR MO R (4 £ E A
T RS RSB R Gk TP
— SO SN R T S S M S R Il R ok
HFR—%E, IR 4 GGPPSs & 15X —
LI 27 2% 2 F Foc 3 I — 2121994 41, Chen
S 13 4S5 IR L A il (FPPS, GGPPS,
HexPPS)/& N— LR EH LS 3 MY
e, XU S RO R R I R e N R AR 2 5 A
AR — A EEEAL T K . Vandermoten 25!
P R Al R 2R B i X S N0 S RS I P ek A
] — ARG, R H FPPS 5 GGPPS H Fljify
Z A O] REANAEAE B L AL TR O R, T 2
0 3 e [ 4R 2 K P JE P FE R 1T 7 A X — WAk
O S AT FE R Y — AR S 0 F
FEBEIEAL T8 A AR ) A

ASCHRYE M NCBI (https:/www.ncbi.nlm.
nih.gov/) G I T 2 38 I X F M A
Rl (1741, ff ] Clustal W 53 3 0 & FL R J 7
SVHEAT X, SR % ot B MEGA 11
Neighbor-Joining WA #)# R 48 & & W, il 1 iTOL
(https://itol.embl.de/)EAL (& 4). AT RS K
BTSRRI SR
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Figure 4  Phylogenetic tree analysis of trans-IPPS based on the amino acid sequences by the
neighbor-joining method. Protein sequences of trans-IPPS were used for alignment by Clustal W, and the
phylogenetic tree was developed by the method of neighbor-joining tested with bootstrap 1 000 using MEGA
11. AtGPPS: Arabidopsis thaliana; PcGPPS: Pogostemon cablin; IcGPPS: Ips confusus, PpGPPS: Pardosa
pseudoannulata. MtFPPS: Mycobacterium tuberculosis; CKFPPS: Clostridium Kkluyveri; LpFPPS:
Lactococcus piscium; GsFPPS: Geobacillus stearothermophilus; GgFPPS: Gallus gallus; MmFPPS: Mus
musculus; HsFPPS: Homo sapiens; BtFPPS: Bos taurus; SbFPPS: Sanghuangporus baumii; RtFPPS:
Rhodotorula toruloides; PrFPPS: Phaffia rhodozyma; AtFPPS: Arabidopsis thaliana, CaFPPS: Capsicum
annuum; SmFPPS: Salvia miltiorrhiza; PgFPPS: Panax ginseng; HaFPPS: Helianthus annuus; AaFPPS:
Artemisia annua; PsGGPPS: Pontimonas salivibrio; PmGGPPS: Petrimonas mucosa; SaGGPPS: Sulfolobus
acidocaldarius; GaGGPPS: Geoglobus acetivorans; SmGGPPS: Salvia miltiorrhiza, EbGGPPS:
Eschenbachia blinii; JSGGPPS: Jasminum sambac; AtGGPPS: Arabidopsis thaliana; PsGGPPS: Pissodes
strobi; AgGGPPS: Aphis gossypii; CcGGPPS: Ceratitis capitata; MmGGPPS: Mus musculus; HsGGPPS:
Homo sapiens; RtGGPPS: Rhodotorula toruloides; NcGGPPS: Neurospora crassa; PeGGPPS: Penicillium
expansum; FfGGPPS: Fusarium fujikuroi. The confidence values over 30% from 1 000 replicate bootstrap
samplings are shown at each node; GenBank accession numbers are shown in the parentheses.
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