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Abstract: (-)-Germacrene D is a monocyclic sesquiterpenoid with significant biological activity, and serves
as a key precursor in the synthesis of other bicyclic sesquiterpene skeletons. Although plant-derived germacrene D
synthases have been widely reported, fungal germacrene D synthases, particularly from genus Penicillium, remain
rarely documented. In this study, a sesquiterpene synthase gene, PAGDS, was cloned from the endophytic fungus
Penicillium herquei of Huperzia serrata. The encoded protein contains the canonical DDXXD and NSE/DTE
motifs of type I terpene synthases. To elucidate its function, PhGDS was heterologously expressed in Saccharomyces
cerevisiae and Escherichia coli, the resulting products were identified by gas chromatography-mass spectrometry
(GC-MS) and nuclear magnetic resonance spectroscopy. Two compounds were isolated from the fermentation
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products of S. cerevisiae, which were identified as (—)-germacrene D (66.01 mg-L") and germacra-1(10),5-dien-

4a-ol (0.54 mg-L"). Soluble expression of PhGDS was successfully achieved in E. coli, and in vitro enzymatic

assays demonstrated that it catalyzes farnesyl diphosphate (FPP) to produce (-)-germacrene D and germacra-1(10),

5-dien-40 -ol. This study reports the discovery and characterization of a germacrene D synthase from genus

Penicillium, providing a valuable genetic resource for the scalable production of (-)-germacrene D and its derived

sesquiterpenoids via synthetic biology.
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A]); Phanta Max Super-Fidelity DNA Polymerase. RNA
J % 37 4 71 & HiScript® 111 1st Strand cDNA Synthesis
Kit PA J2 o 4% 7 b CloneExpress 11 One Step Cloning Kit
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W77 (35 [ Fisher Scientific 24 &), 1 J2 (4 il Fil GF,, ki
BT (G St ) ). NanoDrop 406G+ (35
ThermoFisher Scientific 23 7 ); GCMS-QP2010 Ultra.
LC-20AT -l # 5 v ZOBAH (4 1 A (H 4 Shimadzu 24
#]); Rxi-5Sil MS B4 A (30 m x 0.25 mm, 0.25 um,
% [ Restek 2 #); SunFire Silica OBD #il] £ €& it £
(250 mm x 10 mm, 5 pm, 3% [F Waters /A 7); YMC-Pack
ODS-A il & & 3 # (250 mm x 10 mm, 5 pm, H A&
YMC #k £ #1); ANCE NEO 400 MHz ¥ i 3t 4% i 1%
X (& H Bruker 2 ).
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P74 pGB315 FAAF I, M &4 EcoR 1A Sac TFR ]
P VI A7 55K, % i 44 8 pYeast. 1 pYeast Jit
KiF EcoR 1# Sac VR VEA G, 5 & A [F) U5 78 1) 2k 1]
Fr Bedb AT &%, ## pYeast-PhGDS. % pET-28a Jii fii
H EcoR 11 Xho 1414k, 155 A RIVE R 1) 5L Fy Bde
AT Bz, M) pET-28a-PhGDS. ¥ 1827 1) 4y B #5 4L
%2 DHS5 o 2% 52 745 20 i, $kHCH o [ 3E 4T B V& PCR S IE,
B 50 B I P (b s BTN RHE D HR A TR A 7)o
W 7 1F #5 J5 3845 5 4 5K pYeast-PhGDS 5 pET-28a-
PhGDS.

B EEE B E k4032  F Frozen-EZ Yeast Transfor-
mation IT Kit 75 &, ¥4 5T ki p Yeast.pYeast-PhGDS 535l
B NETE EHEIKS. cerevisiae YZL141. $ALF=W0i8 A0
T SD-Ura/-Trp & FRk f A 55 77 58, 30 °CHIE R 2 K.
PRECEH AL T, 22 NaOH ¥ MR BE AL 225, DA Primer 7 AT
Primer 8 A5 Y47 H 75 PCR Y 581E . ¥ pYeast¥ A
S. cerevisiae YZL141 [T 15 18 Pk i 4 4 YZL141/pYeast,
4 pYeast-PhGDS ¥ N\ S. cerevisiae YZL141 FiT#3 [ HE 20
R A 4 9 XINOT

Table 1 Primers information

Primer .
Primer sequence (5'-3")
name
Primer 1  tataagccacccgagctATGCCTTCTATCGAAGAGATGGAGC
Primer 2 gaaattcgcecggaatt TCAAACACCAATGGGGGGC
Primer 3 tcgcggatccgaattcATGCCTTCTATCGAAGAGATGGAGC
Primer 4 ggtggtggtgctcgagTCAAACACCAATGGGGGGC
Primer 5 TCCGGTTCGAGCTCGGGTGGCTTATATTGAATTTTC
Primer 6 TCGAACCGGAATTCCGGGCGAATTTCTTATGATTTA
Primer 7 GGTTTGTGGGGCCAGGTTAC
Primer 8 GTCAATAAGAGCGACCTCATGCT
Primer 9 TAATACGACTCACTATAGGG
Primer 10 GCTAGTTATTGCTCAGCGG
ITS1 TCCGTAGGTGAACCTGCGC
1TS4 TCCTCCGCTTATTGATATGC

AEREFS AN PRI R XNOT A
S YZL141/pYeast B ¥k T 10 mL & 13 2% i & ¥ 1)
YPD (Yeast Extract Peptone Dextrose) 3% 77 3£ 71, 30 °C.
200 rmin ' RGIGIRIER o FEFP IR DL 2% e & i 4
FFr i YPD RE %3, 55 9% 24 h 5 AN N FUbE & &R
1%, B EEH SR 2~3 K. KEESEMNE, 4 000 r-min’'
WA, DLOBR Sl -l - &P E (40101) B A2
B3R, BRI 1 he & R WIHE U, 0% T8 4
JE 2T 500 uL 4R Z.15, 15 000 r-min™ 50> 15 min,
B35 T GC-MS K 7347

EWMR o B IR R KRR IR TEK
#5575 10 L, 4 000 r-min” YWAE B 1, FI 212 £ G- P i -
TRRE (4011 BRI 3 IR, B h, SRR
GG SR R BERL = 2 g KP4 300~400 H Efie
FEZEAT B8, LA - 28R 1 (100:0—8:1) B fE bt
Jii, 3 29 4 Fr. 1~Fr. 4, Fr. 1 AL &%01 (660.1 mg).
Fr. 4 (480.0 mg) £ -] £ WAH (0185 43 85, Jo/K L lE- 1k
CFE (2:98), 53 5 Fr. 4.1~Fr. 4.4, Fr. 4.4 26 &
S > B, ZHE-7K (70:30), 3 24L& 2 (5.4 mg,
t, 24.2 min).
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28a-PhGDS i ki, 2 42 °CIBL AL 2 K 3 E. coli
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B, 37 °CH B 157 12 h J5, LA Primer 9 #1 Primer 10 9
51 W4T B ¥ PCR i 3% BH P 5w B, PHPE OB fn 2 0
XNO02.

BEizRiEREBSL KK AT B B R XNO02 2
Fl T 5 50 pg-mL' R AREE F 1 5 mL LB i iR 7= 5k,
30 °C+200 rmin” 254 Fid A 558 WL 1:100 T EE
BlH KK 7= 2 OD,,, 214 0.6, B J5 I IPTG £ 249K %
4 0.05 mmol-L", 17 °C. 180 r'min" % 5 16 h. 4 °C.
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8 000 r'min” B0 10 min B, I HEET 15mL

Lysis buffer (25 mmol-L" Tris-HCI, 500 mmol-L™" NaCl,
1 mmol-L" MgCL, 5 mmol-L" Bk, pH 7.5) H, Fifi J5
FH B 75 B AR SR BEE 4 P o 3235 4 °C 412 000 r-min”
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(25 mmol-L" Tris-HCI, 50 mmol-L"' NaCl, 1 mmol-L"
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A K/ Al | 9 R H Bradford v I 5 4l 46 28 (A
WP, HH & A IR AF 2 -80 °CUKFE
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Tris-HCI#ME 2 100 pL. PAE B RIE N EHEAERN
FPEST IR, [ B 3 N ERE . SR S50 IRA S TE
30 °CK ¥ EA | B 2 h, BE J5 A 100 pL 418 2 BEREHL
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iRl
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T4 R IR BE 50 °C, {5 5 min, DLTFIE G R
10 °C-min™ F4if# %2 300 °C, f&%F 5 mino Jot B A I 2% 14
ML T %% i L 258 (electron ionization, EI), & F Y& i &
220 °C, # LG 100 °C, Kl fL K 70 eV
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ﬁj"j C1789H2811N5090516824’ ﬁj\¥‘ﬁ%y\j4048 kDa’° j‘%ﬁ
CLUSTALW 5 SR8 T~ 5L 18 (1% 2 i & B 2 AT 2 )7 )
Foxt 2 9, PhGDS B A $170 f) T AL 65 2= i 45 Blg R < 25
F3Ek, LG A 45 & FME AL BT 75 1) DDXXD (55 94~
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Figure 1 Phylogenetic tree of 44 sesquiterpene synthases, func-

tionally characterized and derived from diverse fungi

ik AL AW g (K 2A), Fodig 1 p R R (E
2B) 5 NIST %48 i 50 D (1 )i 1% ] v BE DT T, HL
O S D RRE B T m/z 161 [M-43]", 119
[M-85]", 105 [M=99]", 93 [M-111]"%% . N —L %%
PRV G5, HEAT T 10 L B TBOR K BB 57, 0 R
YIRHAT 4y B Ak, SR A1 (660.1 mg) Flik 542
(5.4 mg), H A Wy R & &AK B &84 7 MR E 1 %=
RAETT B HETE

WA T EHPIR A, LA (o] —99.5
(¢ 0.2, CHCL,) [lit. [a]} =32 (c 0.025, CHCL,)]"; GC-
EIMS m/z 204 [M]" (16), 161 (100), 133 (30), 120 (28),
119 (49), 105 (73), 93 (30), 91 (59), 82 (44), 79 (38), 77
(27), 55 (21), 41 (36). L& 1 1)'H NMR(400 MHz,
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CDCL,) d,: 5.77 (1H, d, J = 16.0 Hz, H-5), 5.25 (1H, dd,
J=16.0, 10.0 Hz, H-6), 5.13 (1H, m, H-1), 4.79 (1H, d,
J = 2.0 Hz, H-14a), 4.74 (1H, d, J = 2.0 Hz, H-14b),
2.39 (1H, m, H-2a), 2.23 (2H, m, H-9), 2.00 (1H, m, H-
2b), 2.00 (1H, m, H-7), 1.67 (2H, m, H-3), 1.51 (3H, s, H-
15), 1.43 (1H, m, H-11), 1.43 (1H, m, H-8a), 1.25 (1H, m,
H-8b), 0.86 (3H, d, J = 6.8 Hz, H-13), 0.81 (3H, d, J =
6.8 Hz, H-12); >C NMR (100 MHz, CDCL,) d,.: 149.0 (C-
4), 135.7 (C-6), 134.2 (C-10), 133.7 (C-5), 129.8 (C-1),
109.2 (C-14), 53.1 (C-7), 40.9 (C-9), 34.6 (C-3), 32.9 (C-
11),29.4 (C-2), 26.6 (C-8), 20.9 (C-12), 19.5 (C-13), 16.1
(C-15). VA E3#s 5 S0 mRP i iE FE A4 — B, 454 et
FE, WA B 8N (-)- 5 M D.

G 2 N TEEMARIBAE, LLIE GRS (o] —103
(¢ 0.1, CHCL,); GC-EIMS m/z 222 [M]" (1), 204 (12),
161 (33), 121 (20), 119 (21), 109 (23), 105 (28), 95 (25),
93 (23), 81 (100), 79 (21), 71 (22), 67 (20), 55 (21), 43
(71), 41 (29). tL&%2 () 'H NMR (400 MHz, CD,0OD)
8,:5.28 (1H, d, J = 16.0 Hz, H-5), 5.10 (1H, dd, J = 16.0,
9.6 Hz, H-6), 4.92 (1H, m, H-1), 2.31 (1H, m, H-2a), 2.26
(2H, m, H-9), 2.0 (1H, m, H-2b), 2.0 (1H, m, H-7), 1.63

A 1

0.8 4
0.6 1

0.4

Intensity / x10®

(2H, m, H-3), 1.52 (3H, t, J = 1.6 Hz, H-14), 1.45 (1H, m,
H-8a), 1.45 (1H, m, H-11), 1.32 (3H, s, H-15), 1.19 (1H,
m, H-8b), 0.87 (3H, d, J = 6.8 Hz, H-13), 0.82 (3H, d,
J = 6.8 Hz, H-12); "C NMR (100 MHz, CD,0D) 4,
141.5 (C-5), 132.8 (C-10), 130.9 (C-6), 130.5 (C-1), 73.7
(C-4), 54.4 (C-7), 42.4 (C-9), 42.0 (C-3), 34.2 (C-11),
27.9 (C-8), 25.7 (C-2), 23.5 (C-15), 21.1 (C-13), 19.4 (C-
12), 16.9 (C-14). LA %4l 5 SCRP o A — 35, 1k
AW 2 % 58 N Germacra-1(10),5-dien-4a-ol »
3 PhGDS EEEHREZFIERAFINGINGERIE

H4 PhGDS 1E K i B igh A7 nl i i Rk, 4858 A
EMT AL IRE EHE . SDS-PAGE /3 M7 S 7R 7E 40~
55 kDa Ab H B 5 — 3 B 4% A, 5 TR 4 0 A 1F
(EI3A). DLFPP A JRYIHEAT 1SN BAR S L, Js2 277 )
it GC-MS 43 #1, 45 278 PhGDS B8 % fi ft. FPP /=
% (-)-75 %% D & Germacra-1(10),5-dien-4a-ol, 1M 7E
K ] PhGDS X HE 2H A K 5 BAE =4 (B 3B), 1 —
HAIE S PhGDS AL T B

wig
ASHIF T P R 1 B AR B AT B RIS R R, )

2
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Figure 2 Identification of products from strain XNOI. A: Total ion chromatograms from GC-MS analysis of strain XNO1 and YZL141/

pYeast. *Shows an uncharacterized sesquiterpenes; B: Mass spectra of peak 1 at z, = 17.4 min with m/z 204 and peak 2 at 7, = 18.9 min with

m/z 222; C: The structural formulas of compounds 1 and 2. XNO1: The recombinant S. cerevisiae YZL141 strain harboring pYeast-PhGDS.

YZL141/pYeast: The recombinant S. cerevisiae YZL141 strain harboring pYeast
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Figure 3 A: SDS-PAGE of recombinant PhGDS. Lane M: Protein marker; Lane 1: PhGDS protein; B: Total ion chromatograms from
GC-MS analysis of in vitro assays of PhnGDS with FPP and boiled PhGDS with FPP. 1: (-)-Germacrene D; 2: Germacra-1(10),5-dien-4a-ol.

FPP: Farnesyl diphosphate

MEEEEE P herquei P i [EFFEE T HHEED S
fi PhGDS. PhGDS fF R {8 19 £ A B 15 57 o Bk 7T LAAGE
W F (-)-7 45 D Al Germacra-1(10),5-dien-4a-ol 4,
A A AR BT AN HoAth oK 8 45 8 Ak 25 4, T
KT T 7 5 2 08 3R 45 1) 5 2H 25 1 PhGDS £ 4 71 g
AL =R, B (-)-5 754 D Al Germacra-1(10),5-dien-
Ao-ol HIMEAT A I ) FL AL ), 1K T B A2 M AL SN 3
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