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ABSTRACT

Lactarius volemus is a mushroom species that produces beneficial organic compounds. A large number of these
compounds are isoprenoids. Isopenteyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) are
essential for isoprenoid biosynthesis. The reversible isomerization of IPP to DMAPP is catalyzed by isopentenyl
diphosphate isomerase (IDI, EC 5.3.3.2). However, there is no information on IDI from mushrooms. In this study, we
report a novel cDNA encoding IDI from L. volemus (LviDI). LviDI was composed of 253 amino acid residues with a
molecular weight of 28.8 kDa and anisoelectric point of 4.99. The kinetic assay results indicated that the K,,, was
0.39 M and Ve Was 0.034 umol mg™ min™. Moreover, LviDI was classified into Basidiomycota in the phylogenetic
analysis.
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INTRODUCTION

Mushrooms possess many beneficial effects, for pl@nwenty species of mushroom are effective aaiancer
[1]. Mushrooms contain many organic compounds,efcample, proteins, fats, ash, glycosides, alkalordatile
oils, tocopherols, phenolics, flavonoids, carotdspifolates, ascorbic acid enzymes, and organidsafi].
Carotenoid and tocopherol are classified into isopids.

Isoprenoids are the most diverse family of chersicahd consist of more than 23,000 compounds [2k Th
isoprenoid biosynthetic pathway is involved in thathesis of several important metabolites, suckegsenoid,
carotenoid, dolicol, and rubber [3] [4]. All of the& compounds are synthesized by the condensatithe égsomeric
5-carbon molecules isopentenyl diphosphate (IPR) dimethylallyl diphosphate (DMAPP) [2]. Isopentény
diphosphate isomerase (IDI) (EC 5.3.3.2), whiclalyaes the isomerization of IPP to DMAPP, is a kagyme for
producing isoprenoid compounds; therefore, it ipamtant to study IDI. Recently, genes encoding have been
cloned from various organisms such as hum&mssharomyces cerevisiae, andEscherichia coli. Lactarius volemus,

a mushroom species, is classified into the phyluasi@omycota, which comprises almost 23,000 spef@gs
However, there are no data on IDI from Basidiomgcot

In the present study, the IDI gene framvolemus (LvIDI) was cloned and functionally characterizédalditionally,
we carried out phylogenetic analysis of IDIs ofestfungi species.

EXPERIMENTAL SECTION
Amplification of the core domain of LviDI
The fruiting body ofL. volemus was collected from Fukushima in Japan in Auguse $ample was immediately

dipped in 4 M guanidine thiocyanate (GTC) and staae-80C. Total RNA was extracted from the fruiting body of
L. volemus by the acid guanidinium thiocyanate-phenol-chlorof AGPC) method [7]. Single-strand cDNA was

958



Norimasa Ohya and Takeshi leda J. Chem. Pharm. Res., 2016, 8(3):958-966

synthesized from Lug of total RNA with an oligo(dT) primer, according to the manufacturer’s protodbc¢he
Applied Science). The single-strand cDNA was usmddiegenerate PCR. The primers for degenerate PEIR w
designed according to previous reports on IDI gefnesy fungi. The primer sets for cloning the col@NA
fragment of LvIDI are as follows: LvIDI-ds1 and L-dal for the first PCR, LvIDI-ds2 and LvIDI-da®&rifthe
second PCR, and LvIDI-ds2 and LvIDI-da3 for thedHPCR (Table 1). PCR was carried out using HydriBleA
Polymerase (BIOLINE) as follows: 96 for 5 min; 35 cycles of & for 30 s, Tm-2C for 30 s, 72C for 1 min; and
72°C for 3 min. The PCR fragments were sub-cloned withpGEM T-easy vector (Promega, USA) and sequenced
with the ABI PRISM® 3100-Avant Genetic Analyzer (flied Biosystems). The core fragments were usetbsign
gene-specific primers for cloning the full-lengtbNA of LvIDI by rapid amplification of cDNA ends (RCE).

Cloning of the full-length cDNA of LviDI

The single-stranded cDNA for 3'-RACE (rapid ammiétion of cDNA ends) PCR was synthesized from 2of
total RNA with oligo(dT)e adapter primer (GGC CAC GCG TCG ACT AGT ACT TTTTTTT TTT TT)
according to the manufacturer’s protocol (Roche lfgp Science). The first, second, and third 3'-RAGER
amplifications were carried out with LvIDI3-adp (@BCAC GCG TCG ACT AGT AC) and specific primers as
follows: LvIDI3-1 for the first PCR, LvIDI3-2 forite second PCR, and LvIDI3-3 for the third PCR (€ab). The
single-stranded cDNA was used for 3'-RACE PCR ard wmplified using the same conditions as thosd fese
the degenerate PCR.

Single-strand cDNAs for 5-RACE PCR were synthegingth the GeneRacBf Kit (Invitrogen Life Technologies).
5-RACE PCR was performed with following primersvIDI5-1 (Table1) and the GeneRat&r5' primer for the
first PCR; LvIDI5-2 (Table 1) and GeneRalér5’ Nested Primer for the second PCR. MightyAmpNA
Polymerase Ver.2 (TaKaRa) was used for the PCRifoapion. The first and nested PCR procedures veargied
out as follows: first denaturation at°@sfor 2 min and 35 cycles of amplification (@5for 10 sec, 5% for 15 sec,
and 68C for 1 min).

Table 1. Sequence of primer used for PCR cloning

Name Sequence (5'>3)
Degenerate
LvIDI-ds1 TGY CAY CTN AWN GAR AAN ATH
LvIDI-dal NGC RAT NAR YTC RTS

LvIDI-ds2 GAG AAG ATY CANTTY CCN
LvIDI-da2 DAK RTA RTC IAY YTC RTG
LvIDI-da3 RTC RAT CTC RTG CTC NCC CCA
3' RACE
LvIDI3-1 CAT GTT GCT CAC ACC CAC TCG ACG
LvIDI3-2 TGA GAA GGA TCA GCT GGG AGT AC
LvIDI3-3 CTG ACG CGG ATACAC TATCTC GCAC
5'RACE
LvIDI5-1 GTG TTC GAGCTTCCGTGAC
LvIDI5-2 TCC TCC TCA AAG TCG TCG AG

Construction of vector for expression of LviDI

The full-length cDNA of LvIDI was cloned and amjdifl with KOD -Plus- Neo DNA polymerase (TOYOBO LIFE
SCIENCE) and the primer pair LvIDI-full-f (CGG_GGACC ATG GCC ACT ACT ACC GTG ACC) and
LvIDI-full-r (ATA AAG CTT TTA CAT CTT CAC TAC CTT GGA TCC), and then introduced into the pCald
vector (TaKaRa) through th&pn I and HindIl restriction site, namely pColdl/LvIDI. The consttuwas
transformed into BL21 competeft coli (BioLabs), and transformations were selected bpiaittin (50 ug/ml).

Expression and purification of LviDI

A single colony transformed with LvIDI was culturéd LB/ampicillin medium (3 ml) overnight at 3¢. The
cultures were transferred to fresh LB/ampicillindiuen (300 ml), which was incubated at’@7until the OQ, was
0.5 and immediately cooled down at°€5or 30 min (Cold-shock system, TaKaRa). Then, |IP@& added at a
final concentration of 0.1 mM and incubated atCltor 36 h. Cells were harvested by centrifugatio®,200 rpm
for 10 min. After suspending in Tris-HCI buffer (p80), cells were broken by ultrasonic waves. Tingpsnsion
was centrifuged at 15,000 rpm for 20 min., andstingernatant was transferred.

We used His GraviTrap (GE Healthcare) to purify theombinant protein and eluted it with the elutiorifer (20

mM Tris-HCI (pH 8.0), 500 mM NaCl, 500 mM imidazpldo remove needless salt, the eluted proteindeaalted
with a PD-10 column (GE Healthcare) and 20 mM HGI (pH 8.0).
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Enzyme assay

Enzyme assay was carried out with purified 2.uhig¢1DI, 50 mM Tris-HCI (pH 7.0), 50 mM 2-mercaptetnol, 5
mM MgCl, and 25uM [1-'C]IPP (11000 dpm). All assays were performed iplizate at 25C for 10 min
[8][9][10]. After incubation, the reaction mixturgas treated with 1 M HCI at 3¢ and extracted by diethyl ether.
The extracts were measured with a liquid scintdlatcounter. The effects of temperature (0 t6CBOpH (4 to 9),
Mg?* (0.1-25 mM), and M#i (0.0050-10 mM) were graduated.

Phylogenetic analysis

Several DNA sequences of IDI from fungi were retei@ from NCBI (http://www.ncbi.nlm.nih.gov/). The
evolutionary history was inferred using the neighjmining method [11]. The optimal tree with thenswf branch
length = 1.80575107 is shown. The tree is drawsctle, with branch lengths in the same units asetlad the
evolutionary distances used to infer the phylogeniee. The evolutionary distances were computsidguthe
Poisson correction method [12] and are in the wfithe number of amino acid substitutions per. Sitee analysis
involved 13 amino acid sequences. All positionstaiming gaps and missing data were eliminated. d heere a
total of 217 positions in the final dataset. Evioary analysis was conducted with MEGAS [13].

10 20 30 40 50 60
CCTCgLCCCLIgLLTCLICCCCttaccctitte et ttgagcATGEGCCACTACTACCET
¥M AT T TV

70 80 20 100 110 120

GACCACTACCACTCARTCTGCCCARACAGCTTICGCCACTATTIGACTTIGTCTIGGCTATIGA
T T TITTQR S AQTATFAMTTIUDILSGTYD

130 140 150 i60 170 180
CECCGAACAGTCCCGICTGATGGATGAGAGGTGTATCGTCGTTGACGAGCAGGATCGLCT
A E @ 5 R L M DEURGCTIVWVYUDEUGQQTUDHRE

i90 200 210 220 230 2490
CATTGETGCGCTITGATARARARRCATGCCACCTTATGGAGAACATCAACARAGEGCTIGIT
I1 G ALDI KU KT G CM HTLMETU NTINDNIE K T GTLL

250 260 270 280 220 300
ACACCGAGCGTICTCCGCCITIATCTTICCGCCCGICGGACGEAARGCTCCTACTGCAGCA
H R A F S A F I FRP S5 DG KL L L Q Q
310 320 330 340 350 360

GCGIGCATCTGAGAAGATTACGTICCCCGATATGIGGACARATACGTGTITGCTCACACCC
R A S EKITU FZ EPPDM®WNTMNTOGCTCSHP

370 3eo 390 400 410 420
ACTCGACGACTITGAGGAGGAARAGGTCCAGARGGATCAGCTIGGEGAGTACGGRTTGCTGE
L DDFETETEIZE KV VEUIZKDOGQILUGV YVHZRTIA AGQA

430 440 450 460 470 480
ATCACGGARGCTCGAACACGAGCTTGGCATCCCACGECAACAGACACCGETAGACCHATT
S R K L EREULGTIUPREUGQTUZPVDGTF

490 s00 s10 520 530 540

TCARTACCTGACGCGGATACACTATCTCGCACCGTCGGATGGTATGTGGEGAGAGCACEA
Q ¥ L T R I HYULAUPOGSDOGMWOGEHBHRE

550 560 570 580 580 600
AGTCGATTIATATICICITITITGACGGCAGACCTGACCGTAGCTGCCAATCGCCGAATGARAAT
¥y D ¥YI L FLTAUDWYTUVYVY A ZINDBAMDBMNEI

610 620 &30 640 650 660
TCGCGACTATARATACGTTGACAAGGCCGAGTTGCAGGTAATGITIGAGGATGAAGECAR

R DY K YV DEKA ARZTEILELUWGQVMTFTETDTETGSGN

670 680 690 700 710 720
CICATICACGCCGIGETITAAGCTARTCGCGCGEEATTITCCIGTICGECTGEIGGGACGA
5 FT P W FEKELTIA AZRDTEFLELTEGTWWDE

730 740 750 760 770 780
ACTGCTTGCACGCAAGACGAATGGEETTGTGGATGCGAAGTGTTTGANGEGATTGGCTGA
L LARIEKTMNGT YVUVYVYDA AT RKTCLIUEKTGT LA ATD
790 800 810 820 830 840
TGEEATCCAAGETACGTGAAGATGTAAATTATTTATCAAgAgYCTTAATAGCCACYCgQTT
G 8 K V V K M =

850 £60 870 g80 ga0 200
catgccgaagaaccgtiitoogtgataaaaacaataataaaattaaaaaaaaasaaaaaa

Figure 1. The full-length cDNA sequence and the traslated amino acid sequence of LvIDI. The open re&uy frame is typed in capital
letters. The stop codon is marked with an asteriskhe 5’- and 3’-untranslated regions are shown inmeall letters
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RESULTS AND DISCUSSION

Molecular Cloning of the full-length cDNA of LvIDI

The 240 bp product was amplified by degenerate ®R-PLvIDI showed similarity to IDI from another agism

by NCBI/BLAST. The identified DNA sequence was udeddesign specific primers for 5-and 3'-RACE PCR.
5’-and 3'-RACE PCR were amplified 411 bp and 59300y%A sequences respectively. Full-length cDNA oDk
was 900 bp and contained an ORF of 759 bp encodipplypeptide of 253 amino acids, flanked by 43 bp
5-untranslated region and 98 bp 3'- untranslatgglan with a poly (A) tail of 18 bp (Fig. 1). Theahslated protein
had 253 amino acids, a molecular weight of 28.8,kdpa an isoelectric point of 4.99 [14].

LvIDI was compared with other IDI proteins by NCBLAST. The result showed that LvIDI exhibited high

similarity with IDI1 from other speciesX. dendrorhous: 042641 (identities 64%, Positives 73%Q; pombe
(identities 61%, positives 69%) [22R. norvegicus (identities 54%, positives 71%) [23, taurus (identities 56%,
positives 69%) [24]M. auratus (identities 54%, positives 69%) [23}). musculus (identities 54%, positives 70%)
[25]; M. fascicularis (identities 55%, positives 69%d}. sapiens (identities 55%, positives 69%) [26] (Fig. 2). The
phylogenic analysis showed that IDIs are divided iBasidiomycota, Ascomycota, and Zygomycota phy(itig.

3).
L. volemus 1:MATTIVITITQSAQTAFATIDLSGY
X. dendrorhous 1:M---SMPNIVFPAEVRTEGLSLEEY-
S. pombe 1i——————————- MIMSSQQEERKDY
R. norvegicus ;- MEEINASN-L
B. taurus 1:
M. auratus 1:
M. musculus 1:
M. fascicularis 1:
H. s=apiens 1:
L. volemus S9:ER 116
X. dendrorhous 56: 115
S. pombe 46:ENR 102
R. norvegicus 43:
B. taurus 43:
M. auratus 43 :ER
M. musculus 43:
M. fascicularis 43:
H. =apiens 43 :EN
L. volemus 117:KCQLG-- 174
¥. dendrorhous 116:NQ-IG-- 172
5. pombe 103 : LPEAVEGHHNECE 162
R. norvegicus 100:--DAMG-|§E i 156
B. taurus 100:--DAIG 156
M. auratus 100:--CAIG-4¢ 156
M. musculus 100:--NAIG-§¢ 156
M. fascicularis 100:--DALG- E 156
H. sapiens 100:--DALG- LB e ELG 156
L. volemus 175:ACVIVARNA 231
¥. dendrorhous 173:TPTEHTGNERE 229
5. pombe 163: N 219
R. norvegicus 157 :ENVILNFLCPRIIE SYChes 216
B. taurus 157 :KNVILNFOFRIAIKSYChat 216
M. auratus 157 :ENVILNPLCPRIATESYChas 216
M. musculus 157 :ENVILNFCERBRIKSYCpan 216
M. fascicularis 157:ENVILNPFLCERIIESECHS 216
H. sapiens 157 :ENVILNPCERIAIXSYChes 216
L. volemus 232 :TNGV-VDARCLEKGL 253
X. dendrorhous 230:MEKGEVLAKESLELLS 251
5. pombe 220:R============ FQ 229
R. norvegicus 217 :P=—=————mm=e EV 227
B. taurus b R EV 227
M. auratus 217:Q-——————————— EV 227
M. musculus 217 :P=———mm—————— EV 227
M. fascicularis 217:Q--—-————=————= EV 227
H. sapiens 217:Q-——————————— EV 227

Figure 2. The multiple sequence alignments of IDIs

The conserved amino acid residues are shown in white with black background. The conserved amino acid residues of LvIDI are marked with
asterisk (Cys'™ and GIu**®) and dagger (Tyr'>%). X. dendrorhous: 042641; S pombe: Q10132; R. norvegicus: 035760; B. Taurus: Q1LZ95; M.

auratus: O35586; M. musculus: P58044; M. fascicularis: Q4RAWS; H. sapiens: Q13907.
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Figure 3. The phylogenetic analysis of the IDI pratins from Fungi
The mark of o is L. volemusin this paper. The accession number of the aligned sequences are as follows; A. niger: XP_001392874; B. bassiana:
EJP65722; G graminis: EJT77765; M. brunnea: EKD18288; M. anisopliae: EFY98343; N. crassa: XP_961969; P. brasiliensi's;: EEH18413; B.
rispora: AFR51716; M. circinelloides: CAP17174; R. delemar: EIE88881; C. cinerea: XP_001828702; P. graminis: XP_003334611.

Expression, purification and Enzyme assay of LvIDI

The expression of purified protein was checked BDSFAGE (Fig. 4). The concentration of the LvIDI sva
determined by Bradford method. Enzyme activity waseased atmetal concentrations ranging from 0.10 to25
mM for Mg®* (Fig. 5A) and 0.0050 to 10 mM for Mh(Fig. 5B). Interestingly, a higher concentratidrivig?®* and
Mn?* inhibited the enzyme activity. The most stable w#k 7.0 (data not shown), and the most stable tempe
was 358C (Fig. 6) for the enzyme assay. The kinetic praperof LvIDI were analyzed using the LineweaverdBur
plot (Fig. 7). The K, Vmas, K and K. /K, were 0.39uM, 0.034pmol mg* min?, 0.39 § and 1.0x16M™ + s?,
respectively. Each parameter was compared withr aftecies (Table 2) [10] [15] [16].

Table 2. Comparison of kinetic parameters for IDI ketween various species

Vma) Km KCa\ Kca/Km

Species (umol mg? min?) (uM) (sh) (Mtsh reference
L. volemus 0.034 0.39 0.39 1.0x10 This study
E. coli 0.97 7.9 0.33 4.2x10 [10]

H. sapiens 4.1 33 1.8 5.5x1d [15]
S. cerevisiae - 46 8 1.9x18 [16]
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Figure 4. SDS-PAGE of LvIDI protein purified by Ni-NTA column, and desalted with PD-10 column. Lane Imolecular mass standards
(BIO-RAD), Lane 2: LvIDI protein purified and desal ted

Generally, the concentrations of Mcand Mrf* affect enzyme activity [17] [18]. In this studycreasing in the
Mg®* concentration lowered the enzyme activity. Theyeme activity of LvIDI was highest when the concatitin
of Mg** was 1 mM.

However, when using Mnglthe enzyme activity was significantly decreasadyeneral, two type of IDI is known;
IDI1 and IDI2. Amino acid sequences are differenbbth IDI. NADPH of FMN is essential for IDI2 tatalase
isomerization [19] [20]. In this assay, LvIDI cataéd the isomerization between IPP and DMAPP witlcofactor.

It is suggested that LvIDI is IDI1. InterestinglyyIDI showed differing behavior compared to IDI2taimed from
M. thermautotrophicus [21] with respect to temperature, pH, and Mg@ seems that the difference of activity is
caused by existence or nonexistence of cofactatitgnsite. Kinetics parameters were similar to p#gecies. We
suggest that the isomerization of IPP and DMAPRoisthe rate-limiting reaction in isoprenoid bioyesis ofL.
volemus.
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Figure 5. The effect of Md* (A) and Mn“* (B) for LvIDI activity
The concentrations of Mg?* were 0.10, 0.50, 1.0, 2.5, 5.0, 10 and 25 mM. Those of Mn*" were 0.0050, 0.010, 0.050, 0.10, 0.50, 1.0, 2.5, 5.0 and 10

mM. Error barswere showed standard deviation (S. E.).
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Figure 6. The effect of temperature for LvIDI activity
Enzyme assays were performed at 0 to 60 °C every 10°C.
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Figure 7. Lineweaver-Burk plot of LvIDI
The concentrations of [1-*C]IPP were 1.4, 2.8, 4.2, 5.6, 7.0, 8.4 and 9.8 mM.

The multiple alignments of LvIDI and other IDIs osted high similarity in the catalytic regions [2Z]8] [29].
Two conserved amino acid residues, cysteine, amndmic acid, were found in LvIDI and other aligreggkecies [18]
[30]. It is known that the tyrosine is important fine stability of IDI [9] [30]. In LvIDI, tyrosinewas observed
upstream of glutamic acid.

As a result of the analysis utilizing the WoLFPSOtdgram (http://wolfpsort.org/), it was suggestiat LvIDI is

localized in the cytosol or peroxisome. Generdtyg localization of peroxisomal matrix proteinsrégulated by
peroxisomal targeting signal (PTS), and two typePBS have been well known [31]. The PTS1 is lodattthe
extreme C-terminus of the protein, and it has coesise sequence: (S/A/C)(K/H/R)(L/M). The PTS2 residethe
N-terminus of a protein has the consensus sequéRde) (L/V/)X5(H/Q)(L/A) [32]. The PTS1 was obsezd in

the LvIDI and other IDIs, which are similar to IDMl (Table 3). The LvIDI gene did not have consenB&TI?2
motif, however, it is known that PST2 is not neeggdor peroxisomes targeting [33]. Thus, we sugtfes LvIDI

might be cytosolic or peroxisomal protein. Moreqviéris suggested that the isoprenoid compounds @na
important for the organism, and the precursor eftital organic matter like anti-cancer, are preduat cytosol or
peroxisome of.. volemus.

Table 3. C- or N-terminus amino acid residue of ID$
Consensus seguence of PTSL and PTS2 were shown by iatric.

Organism Sequence of C-terminus Sequence of N-terminus
L. volemus KGLADGSKVWKM SGYDAEQSRL
X. dendrorhous | LEDLSDNKVWKM EEYDEEQVRL
S. pombe ASKFQDTLIHRC KDYDEEQLRL
R. norvegicus SPFVDHEKIHRM SNLDEKQVQL
B. taurus NLFVDHEKIHRM DDLDERQVQL
M. auratus SQFVDHEKIHRM SHLDEQQVQL
M. musculus SPFVDHEKIHRL SHLDEKQVQL
M. fascicularis | NQFVDHEKIHRM DHLDKQQVQL
H. sapiens NQFVDHEKIYRM HHLDKQQVQL
CONCLUSION

A novel cDNA encoding IDI was cloned from volemus. IDI catalyzes the revisable conversion of IPP BMIAPP,
which are the essential precursors for isoprendidactionally characterization of LvIDI and phyloggic analysis

of IDIs of other fungi species will be helpful towderstanding the biosynthesis mechanism of isojueftowas
revealed that LvIDI belongs to the Basidiomycotglpm group in phylogenetic analysis. Recently, & mesight
into the evolutionary relationship among subgrowsfungal amylolytic enzymes and fungal evolutionar
adaptation to ecological conditions was providedthry investigation of the relationships betweenl@ignomic
analysis and putative starch binding domains [34le phylogenetic analysis of IDI genes and puafRTS
domains will provide more support for fungal evauaary adaptation to ecological conditions. Such an
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investigation might promote the understanding afl@gical conditions for mycorrhizal fungi which adéficult to

grow under artificial cultivation conditions. Sinte volemus is a kind of mycorrhizal fungus, it is an interegti
Basidiomycota species. Therefore, our findings migid in the cloning and cultivation df. volemus or other
mycorrhizal fungi.
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