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Abstract 3-Hydroxy-3-methylglutaryl-CoA reductase
(HMGR) isthefirst specific enzymeof theisoprenoid path-
way, which leads to several classes of primary and secon-
dary metabolites such assterols, quinones, carotenoidsand
gibberellins. The structural gene of HMG-CoA reductase
wasisolated from the ascomycetous fungus Gibberella fu-
jikuroi. Additionally, the most conserved region of this
gene was also isolated from another plant pathogenic fun-
gus, Sphaceloma manihoticola. Both ascomycetous fungi
use the plant hormone gibberellin to induce an elongation
of infected host plants, and in the case of S. manihoticola
of plant tumors. Sequence analysis revealed a high degree
of similarity between the deduced amino-acid sequences
in the C-terminal catalytic domains of all known HM G-
CoA reductases, but the highest degree was found between
the sequences of both analysed ascomycetes. In contrast to
Saccharomyces cerevisiae, Ustilago maydis and plants,
G. fujikuroi and S. manihoticola possess only asingle copy
of this gene, although the product of HMGR (meval onate)
isthe precursor for essential sterol and quinone biosynthe-
sis and secondary metabolites such as gibberellins. RNA-
blot and hybridization experiments showed that gene ex-
pression is not influenced by either glucose or ammonium
eXCess.
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Introduction

Gibberella fujikuroi is arice pathogenic fungus producing
high levels of gibberellins, a family of diterpenoid plant
hormones. The identification of gibberellin as a plant
growth regulator is an example of the interaction between
apathogen and its host plant. When the fungus attacksrice
seedlings, an early disease symptom is the super-elonga-
tion of the shoots (“bakanae” disease). In 1935 Yabuta an-
nounced the isolation of a growth stimulant from the cul-
ture fluid of the fungus. The substance was called “ gibbe-
rellin” according to the bakanae fungus. Only in 1956,
however, gibberellins were found in extracts of higher
plants (Radley 1956) and then defined as natural plant hor-
mones, controlling such diverse processes as seed germi-
nation, cell elongation and division, flowering and fruit de-
velopment. Extensive biochemical studies on endogenous
gibberellin (GA) intermediates in GA-responsive plant
dwarf mutants and GA-deficient mutants of G. fujikuroi
have allowed the determination of the GA biosynthetic
pathway (Bearder 1983; Graebe 1987). As diterpenes, the
gibberellinsareformed in theisoprenoid pathway, starting
from mevalonic acid which is converted via isopentenyl,
dimethylallyl, geranyl and farnesyl pyrophosphates to ge-
ranylgeranylpyrophosphate, being an important shared
intermediate. Mevalonic acid is produced by the key
enyzme 3-hydroxy-3-methylglutaryl-CoA reductase (EC
1.1.1.34) from 3-hydroxy-3-methylglutaryl-CoA.

The  3-hydroxy-3-methylglutaryl-CoA  reductase
(HMGR) gene has been isolated from several organisms
such as Saccharomyces cervisiae (Basson et al. 1988), Me-
socricetus aureatus (Chin et al. 1984; Skalnik and Simoni
1985), Drosophila melanogaster (Gertler et al. 1988),
Arabidopsis thaliana (Learned and Fink 1989), Hevea
brasiliensis (Chye et al. 1991 a, b) and Ustilago maydis
(Croxen et al. 1994) because of itsimportance for sterols,
and secondary metabolite biosynthesis. Whereas in ani-
mals only one HM GR gene copy was found, two ore more
HMGR gene copies could be isolated from plants. For H.
brasiliensis it was demonstrated that different HMGR



genes are differently regulated by ethylene (Chye et al.
1991 b). In the plant pathogenic basidiomycete U. maydis
two HMGR isoenzymes were found (Croxen et al. 1994).

In mammals the synthesis and activity of this rate-lim-
iting enzyme is regulated by negative feed back on steady
state levels of HMGR mRNA aswell ason the level of en-
zyme activity. For regulation at both levels, two products
of the terpenoid pathway are necessary: a sterol (the so
called low-density lipoprotein) and, second, anon-sterolic
product which so far has not be determined exactly. Reg-
ulation of HMGR activity seemsto be different in animals
and plants. All structural genes of HM GR which have been
analyzed to-date are highly conserved with respect to their
structure and function. The enzymes concerned all possess
two domains: the NH,-terminal region encompasses the
membrane-bound region whereas the COOH-terminal re-
gion of the proteinislocated in the cytoplasm and contains
the biologically active domain. The N-terminal membrane
anchor and the C-terminal catalytic domain are separated
by a non-homologous linker region.

In mammals experimental evidence suggests that
membrane attachment of HMGR is a prerequisite for
the regulation of enzyme activity (Gil et a. 1985; Luskey
and Stevens 1985). It is not known if such a regulation
mode exists also in plants, in which the membrane-bound
region is reduced from seven to two transmembrane
domains.

Seven transmembrane domains are also assumed in
yeast HM G-CoA reductases though it still has to be deter-
mined if HMG-CoA reductases have the same structure in
filamentous fungi and if the structural similarity to mam-
malian proteins results in a similar regulation.

In the present study, we report the isolation and analy-
sis of the complete genomic sequence of HMGR gene of
the G. fujikuroi wild-typestrain m567. Thededuced amino-
acid sequence was compared to HMGR sequences from
other organisms. Furthermore, the most conserved region
of the gene was isolated from the cassava pathogen Spha-
celoma manihaticola which is well known as a producer
of gibberellin GA ;. The HM GR gene copy number was es-
timated for both fungi. RNA-blot experiments showed that
the HMGR gene is not the target for C-and N-catabolite
repression of gibberellin biosynthesis.

Materials and methods

Strains and culture conditions. G. fujikuroi m567 isawild-typerice
isolate which was provided by the Culture Collection for Fungi, Wei-
mar (Germany). Strain G. fujikuroi MBC3L1 is a methyl-benzimida-
zol-2-yl carbamate-treated derivative of m567 with areduced DNA
content and a reduced GA-production level (B. Tudzynski, unpub-
lished).Wild-type strain S. manihoticola Lu949, which was isolated
from Cassava, was provided by W. Rademacher, BASF. Stock cul-
tures of the strains were maintained on potato-saccharose agar (10%
potatoes, 2% saccharose, 0.7% CaCOg, 2% agar).

RNA-blot and hybridization. Cultivation for transcription analysis
under inducing conditions was carried out in a GA5 production me-
dium [6% plant oil, 0.05% (NH,),SO,, 1.5% corn-steep liquor, 0.1%
KH,PO,, pH 5.5]. For cultivation under GA-repressing conditions
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10% glucose, 0.05% (NH,),SO,, 1.5% corn-steep liquor (Sigma),
0.1% KH,PO,, pH 5.5, was used. For the analysis of transcription
level under N-excess or limitation and C-excessor limitation, amin-
imal medium with 1% ammonium, or without ammonium, and 10%
glucose, or without glucose, respectively, was used. RNA was iso-
lated by the urea/ LiCl procedure (Chambers and Russo 1986). To-
tal RNA was size-fractionated by electrophoresis on formaldehyde
agarose gels (Church and Gilbert 1984) and downward blotted onto
Hybond-N filters (Amersham, UK) (Sambrook et al. 1989). Pre-hy-
bridization and hybridization were carried out at 60°C in 1% BSA
fractionV, 1 mM EDTA, 7% SDS, 0.25 M NaHPO,, pH 7.2. For hy-
bridization aradioactively |abeled fragment of the G. fujikuroi HM G-
CoA reductase genewas used asthe probe. Filterswerewashed twice
with washing buffer 1 (0.5% BSA fractionV, 1 mM EDTA, 5% SDS,
40 mM NaHPO, pH 7.2) at room temperature, once with washing
buffer 1 at 60°C for 15 min, and finally twice with washing buffer 2
(1 mM EDTA, 1% SDS, 40 mM NaHPOQ,, pH 7.2) for 2 min at room
temperature. The gpd gene of Claviceps purpurea was used as acon-
trol for RNA transfer (Jungehtilsing et al. 1994).

Library screening. Plagues from a G. fujikuroi m567 genomic DNA
library in phage EMBL 3 were transferred onto nylon filters (Sam-
brook et al. 1989). A 123-bp PCR fragment derived from the genom-
ic DNA of G. fujikuroi was used to probe the nylon membranes under
conditions of high stringency (Sambrook et al. 1989). Phages yield-
ing a positive signal on duplicate filters were purified, restriction-
analysed, and probed with the PCR fragment. Hybridizing fragments
were isolated and cloned into pUC vectors. Recombinant plasmids
were propagated in E. coli DH5a.

Preparation of G. fujikuroi genomic DNA and phage DNA. G. fuji-
kuroi genomic DNA and the DNA of lambda phage wereisolated ac-
cording to the standard protocols of Cenis (1992) and Sambrook
et a. (1989), respectively.

DNA-sequencing and sequence analysis. Fragments of genomic
DNA clones, carrying parts of the HM GR-gene, were subcloned into
pUC19. Sequencing with appropriate primerswasperformed for both
DNA strains, using a Pharmacia T7-Sequencing Kit. The sequence
dataanalysis, including the construction of trees, wasperformed with
the program “Husar” (Heidelberg).

PCR. PCR conditions were: 94°C for 4 min, 30 cycles of 54°C
for 1 min, 72°C for 1.5 min, 94°C for 1 min. Reactions contained
1xSuper Taq reaction buffer (HT Biotechnology Ltd), 200 mM
dNTPs, 50 ng of each primer, 50 ng template DNA, 0.5 units of
Super Taq polymerase (HT Biotechnology Ltd). In order to isolate
the HMG-CoA reductase gene from G. fujikuroi, two oligonucleo-
tides were synthesized using the standard eukaryotic nuclear gene
codon assignments (Gurr et al. 1987):

HMG 1 5-GAT/C GCA/T ATG GGGIT ATG AAT/C ATG AT-3'
3'-CTA/G CGT/A TAC CCC/A TACTTA/G TAC TA-5
HMG 2 5-AAU/C UGG AUU/C GAG GGN CG-3'
3'-TTA/G ACC TAA/G CTC CCN GC-5'

Both primers were used as mixtures of both strands. Primer se-
guences correspond to two conserved regions within the HM G-CoA
reductase proteins derived from following organisms: S. cerevisiae
(Basson et al. 1988), A. thaliana (Learned and Fink 1989), M. aure-
atus (Chin et al. 1984) and D. melanogaster (Gertler et al. 1988).
Another set of oligonucleotides was used for the isolation of a ter-
minal region of the S. manihoticola HMGR gene by PCR:

HMG 4 5-AAU/C UGG AUU/C GAG GGN CG-3'
HMG 3 5-ATG CTG GGC AAG ATC CCT GG-3'

The oligonucleotide primer HMG3 was synthesized on the basis
of the sequence data of the G. fujikuroi HMGR gene. Primer HMG

4 was synthesized according to the alignment of the HMGRs of
S cerevisiae, A. thaliana, M. auratus and D. melanogaster.

Southern-blot analysis. Digestion of the genomic DNA of G. fujiku-
roi with restriction enzymesand gel el ectrophoresiswere done as de-
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scribed by Sambrook et al. (1989). Electrophoresed digested DNA
was transferred onto Hybond-N filters (Amersham, UK) using the
vacuum blotting method and hybridized at high-stringency condi-
tions (Sambrook et al. 1989). Hybridization probes were prepared
by random oligonucleotide priming using a GIBCO random prime
labeling kit and the GIBCO protocol. Blots were washed twice with
1x SSPE, 0.1% SDSat 65°C for 15 min each; the final wash was car-
ried out in 0.1x SSPE, 0.1%SDS at 65°C for 30 min.

Results

Isolation of the G. fujikuroi HM G-CoA reductase
(HMGR) gene

Two oligonucleotides were synthesized to isolate the
HMGR gene from G. fujikuroi. These primers encode the
following peptide sequences relating to two conserved re-
gions within the HMGR proteins of different organisms
(see Materials and methods): HMG 1, Asp Ala Met Gly
Met Asn Met; HMG 2, Asn Trp lle Glu Gly Arg. Amplifi-
cation of acorresponding DNA fragment of the G. fujiku-
roi gene was accomplished by PCR using these primers
with G. fujikuroi m567 genomic DNA asatemplate. A sin-
gleamplified DNA product (123 bp) was obtained and em-
ployed as a homologous probe to identify genomic DNA
clones from a G. fujikuroi m567 EMBL 3 library. Approx-
imately 40 000 recombinant clones were screened at high
stringency. Two positive plagues, designated 118/9 and
124/1, wereisolated and purified. The DNA obtained from
both A clones was digested with restriction endonucleases
(EcoRlI, Sall, BamHI, Xhol, Hindlll, Pstl, Xbal and com-
binations of EcoRI/Sall and Sall/BamHI) and analyzed by
Southern hybridization using the PCR fragment asaprobe.
Restriction analysis revealed that both A clones contain
overlapping inserts. Five different strongly hybridizing
fragments of these A clones were chosen for cloning into
pUC vectors(Tablel1). The 7.5-kb EcoRI fragment derived
from A18/9 (designated pJ25) contains the 1.05-kb Sall/
BamHlI, aswell asthe4.2-kb EcoRI/Sall, fragment of A24/1
(Fig. 1) and overlaps the 10.0-kb Pstl and 5.0-kb Hindl1I
fragments of plasmidspJ15 and pSTA1101 (Table 1) at the
5" and 3' ends, respectively. The smallest cloned 1.05-kb
Sall/BamHI fragment from A24/1 codes for the main part
of the catalytic domain of the HMGR of G. fujikuroi.

Fig. 1 Physical map of plasmid pJ25 containing the G. fujikuroi
HMGR gene. The light dotted box shows the position of the coding
region and the dark dotted box indicates the position of the putative
intron

EcoRT
Sphl
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Table 1 List of fragments chosen for cloning into pUC vectors

No. Plasmid Insert Cloning Original Restriction
size vector phage fragment
(kb)

1 pSTA1100 1.05 puUC13  A24/1 Sall/BamHI

2 pSTA1101 5.0 puCl13  A18/9 Hindlll

3 pSTA1102 4.2 puCl18  A24/1 Sall/EcoRl

4 pJ15 10.0 puCl19  A24/1 Pstl

5 pJ25 7.5 puCl19  A18/9 EcoRl

For DNA segquencing, relevant regions of the pJ25 in-
sert were subcloned and sequenced on both strands using
universal and reverse primers as well as specific oligonu-
cleotides. The nucleotide and deduced amino-acid se-
guence of the HMGR gene are shown in Fig. 2. Thisre-
gion contains the structural gene and regulatory regions of
the HMGR of G. fujikuroi. The sequence starts 769 bp up-
stream of a putative initiation codon (ATG) and continues
978 bp beyond astop codon (TAA). Thisregion of 2928 bp
encodesaprotein of 976 amino acidswith amol ecular mass
of 105 449 Da. The ORF isinterrupted in the strongly con-
served domain b2 (Liscum et al. 1985) by a predicted
47-bp intron at position 2531. This deduced intron pos-
sesses typical fungal 5" and 3' splicing sites as well as the
internal lariat consensus sequence. Theintron position be-
tween G. fujikuroi and A. thalianaHMGR gene 1, H. bra-
siliensisHMGR genel and HMGR gene 3 and M. auratus
HMGR gene is not conserved. The other fungal HMGRs
which have been analyzed do not possess introns.

The nucleotide sequence surrounding the supposed
translation initiation site (Fig. 2 marked with +1) is com-
parable to the Kozak consensus sequence which is de-
scribed for tranglation initiation in fungi: the —3 position
is an adenine (Gurr et al. 1987; Unkles 1992). In the pro-
motor region no CAAT motif could be found; a TATAAA
box is located at position —166 (TATTAC). Five putative
CT motifswere present at positions—95, —153, 434, -517
and —716. Such CT-rich sequences are particularily obvi-
ous in genes lacking TATAAA and CAAT motifs and in
highly expressed genes, suggesting their role as possible
promotor elements(Gurr etal. 1987). Putativebinding sites
(GATA) for a nitrogen regulatory protein (AREA, NIT2)
were found at positions—171, —189, —190, —496, —631 and
—633 (AREA: Kudla et al. 1990; NIT2: Fu and Marzluf
1990). Gap alignment analysis of the deduced amino-acid
sequence of the G. fujikuroi HMGR gene with the U. may-
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Fig. 2 Nucleotide sequence of
the HMGR gene of G. fujikuroi
and its deduced amino-acid se-
guence (accession number
X94307). The nucleotides are
numbered relative to the puta-
tive tranglation start site ATG.
The putative intron is shown in
lower-case |etters, its intron
CONSENSUS sequences are
marked by underlined letters,
the Kozak-consensus sequence
for the translation start point is
marked by dotted underlining,
the translation start point itself
iswritten in bold letters. Pro-
motor motifs are marked, puta-
tive TATA box (bold letters),
pyrimidine-rich tracks (double
underlined), putative GATA
motifs (under- and over-lined,
respectively) (Fu and Marzluf
1988; Kudla et al. 1990), a pu-
tative binding site for a CREA
like protein (initalics). The
stop codon in bold is marked by
three asterisks, the putative
polyadenylation signal is
underlined. Primer sequences
which were used for S. mani-
hoticola PCR have dotted
underlines

disHMGR1andtheS. cervisiaeHM GR1 and HM GR2 pro-
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TCTTCACATTCTACACTGCCATCCTCAGCATCAAGCTTAGATCAACCGTATCA
K L R S T V S
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GCCCGCTGGGGAATCAAGGACCCCAATGTTCCTGAGCACAACATCGACCGAAACGAACTTGCCCGTGCTCGCGAGTTTAACGI-\CACCGGCTCCGCTACTCTTCCTCTCGGCGAI\TACGTG

ARWGIKDPNV?EHNIDRNELARAREFNDTGSATLPLGEYV

CCTCCCACTCCCATGCGAACCCAACCCAGCACTCCTGCTI-\TTACCGACGACGAGGCCGAAGGTCTTCI-\CI-\TGAC}\AAGGCTCGACCTGCCAACCTGCCCAACCGAAGCAACGAAGA}\CTT
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GCTGTCAP\GI-\TTCGACG}\AGCATTATTGCTCGCAACAAGGCGGCCGCCGACATTACCCACTCGCTCGACCGATCCAAGCTI-\CCTTACGAGAACTATAACTGGGAGCGCTTTTTTGGCGCA

AVKIRRSIIARNKAAADITHSLDRSKLPYENYNWERFF‘GA

HMGR gene copy number

teinsrevealed 64.3%, 64.1% and 65.8% overall similarity,

repectively. This similarity extends from 76 up to 83% in
the conserved C-terminal portion of HM GR gene product.
Thehydrophobicity plot of the G. fujikuroi proteinrevealed
seven peaks of hydrophobicity within the N-terminal do-
main which may be transmembrane domains (data not
shown). In S. cerevisiae HMGR1 and HMGR2, as well as
in U. maydis HMGR1, eight hydrophobic regions have
been identified, but only seven of them have been recog-
nized as membrane-spanning domains (Sengstag et al.

1990).
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Previous experiments reveal ed that the mononucleate mi-
croconidia of the wild-type strain G. fujikuroi m567 are
difficult to mutagenize. On the basis of the DNA content
of strain m567 and its benomyl-treated derivative G. fuji-
kuroi MBC31, it could be demonstrated that G. fujikuroi
MBC31 possesses 50% of the DNA content of the wild-
type strain m567. Additionally, G. fujikuroi MBC31 is
characterized by areduced GA 5 yield (tenfold lessthan the
GA production of m567) and a tenfold increased rate of

mutant production after the same UV treatment as m567
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Fig. 2 (continued)

TGCTGTGAGAACGTTATTGGATACATGCCTCTTCCCGTCGGTGTTGCTGGTCCTCTTGTCATCGATGGACAGAGCTACTTCATCCCCATGGCTACTACTGAGGGTGTCTTGGTTGCCAGT

1872
¢cCcCENVIGYMU®PTLU®PVGVAGEPILUVIDGQSYFTIZPMATTETGVIL VA S 624
GCCAGTCGAGGTTGCAAGGCCATCAACTCTGGTGGTGGTGCCATCACTGT TCTCACTGCTGATGGTATGACTCGTGGTCCTTGTGTCGCTTTCGAGACTCTTGAGCGCGCTGGTGCTGCC 1992
A S R GCKAINSGSGSGATITUVILTADSGMTRSG?PCVATFETTILTETRAGA A 664
AAGCTCTGGCTTGACTCTGAAGCTGGTCAGGATATGATGAAGAAGGCTTTCAACTCAACCAGTCGCT TCGCCCGCCTCCAGTCCATGAAGACCGCTCTTGCTGGTACCAACCTGTACATT 2112
K L WULDSEA AGS® QDMMEKT KA ATFNSTS SRV FARILIGQSMIEKTA ATLA ATGTNTILY I 704
CGATTCAAGACCACCACCGGTGACGCTATGGGTATGAACATGATTTCCAAGGGAGTCGAGCACGCTCTAAGCGTCATGGCCARCGATGGAGGTTTCGACGACATGCAGATCATCTCTGTC 2232
R F KTTTSGDA AMSGMNMMTISIEKGVEHATLSVMANDTGSGT FDTUDM®©QTI I S V 744
TCTGGCAACTACTGTACGGATAAGAAGGCCGCGGCCCTCAACTGGATCGACGGACGTGGTAAGGGTGTTGTCGCTGAGGCTATCAT TCCCGGTGAGGTCGTCCGCAGCGTTCTCAAGAGC 2352
S G NY CTDI K KAAATLNWTIDSGARSGZ KSGVVAEATITIU®PGEUV VRS VL K S 784
GATGTCGACTCTCTTGTTGAGCTCAACGTTGCTAAGAACTTGATTGGT TCTGCTATGGCTGGTTCAGT TGGTGGTTTCAACGCCCACGCTGCCAACATTGTCGCTGCTATTTTCCTGGCC 2472
D VDSLVETLNVAI KN NILTIGSAMAGS SV VGGG FNA AHA AMAANTIUVAATLITFL A 824
ACTGGACAGGACCCTGCTCAGGTTGTCGAGAGCGCCAATTGTATCACCATCATGAAGAAgtaagtttgtctcgecacatcaagtcggaaacatgetaacgtccatagCCTCAATGGAGCTC 2592
T G Q DPAQVVESA ANTCTITTIMEK N L N G A 832
TCCAGATCTCCGTCTCTATGCCCTCGCTCGAGGTCGGAACTCTCGGCGGTGGTACCATCCTCGAGCCCCAGGGCGCCATGCTCGACATCCTTGGTGTCCGAGGCTCTCACCCCACCAACC 2712
L QI sVsM®PSLEVSGTULSGSGS®GTTIZULEZPOQGAMTLDTITILSGVRGSHZPTN 872
CCGGTGACAACGCCCGCCGTCTCGCCCGCATCATCGGTGCAGCCGTCCTCGCCGGCGAGCTTTCTCTCTGCAGTGCCTTGGCCGCCGGTCATCTCGTCCGAGCTCACATGCAGCATAACC 2832
P G DN ARIRILARTIIGAAVILAGETLS ST LT CSA ALAAGHTLV RAHRM~QHN 912
GAAGTGCCGCT TCTCGCAGCACCACTCCTGGCTCCTCCCATGACGCCCGTCTCACTGGCCATGACCAGTGCCCAAGAGCGCTCAGCGTCAACAACGTCGATGAGCGCCGTCGCTATT 2952
R S AAPSRSTT®PGS S HDARTILTSGHUDOQ@C?P®RATLSVNNUVDETRI RTRY 952
CAGAGGTCAARGCGATAGACGAATAACTTTGCATTTGAAGGAGTAGAGGCGAGCGGGTGATARAAAGT TTACATAGACGAGAGCATGTATGAGTATGATACACTACACACATGGTCTGGG 3072
S E V K A I D E#kk 981
ATGGAGTGAATGGTCACACAGCATGGAGT TTTTGCATTGAACATTCTGGAAAGATGAAAGCATCCATACATATATATACAGCCGCCGAAAGATGGCTATTGAAGATGGTAGTTATGTTAG 3192
AAGACCACTTCGCAATTCAATTTTAATCCTTTTTTGTGAAATCATGCATATGTCTTCACCCTTGCCACTGCATCTCCATCAATGGACGTGAACTTTATGCCCTTGTCCTCCATGCCTTTC 3312
TTGCACTCCTCCCACTTGTCAAGCATGACTGGCTTTGTCCCTTCGCTGACAATCCACGTCGTATACCCCTCCTTCAGCGCATCCTCGGCCGTAGCTTTGACGCARRAGTCTGCTGCCAGC 3432
CCTACCACAAAAACATCCGTGACACCCTGCTCACTCAACATGCCCGCGAGTCCACTATCACTCACCCTAAACGGATCATAAAACGCACTGTACATCTCCACCCGCTCATCCTGCCCCTTT 3552
TCGATAACGGCATGGACACGCGAGACGTCAGCTCGGGACCAGCTCACACCCCGGGTCCTTGGACGCAATGTGTTGGCATACGTTGTTTCGTAGCTCTGGGAAGGATCTTTGGGGTGCTGG 3672
ATTGTTGTAGTTGATGTGTATGGTTGTTGAAGAGGCGTGAT TTGAGGCGAAAGATATGTGGGAAGGTGGGTGGAAGTCTTTTGTTGCGAGGATGAGCAAAAGGAGGTGGTAAGGTGGTTA 3792
TTGGGAGCTATGTGCGCCTTGAAGGACGCAAGAGCCGACTGAGAGTAGCCTTGGAGGTGGGTGGAAGTCTTTTGTTGCGAGGATGAGCARAAGGAGGT GGTAAGGTGGTTATTGGGAGCT 3912
ATGTGCGCCTTGAAGGACGCAAGAGCCGACTGAGAGTAGCCTTGG 3957

(Bermudez-Torrez 1996). We conclude that the wild-type
strain m567 is diploid or aneuploid but are unable to de-
finewhether the compl ete genomeisdoubled in DNA con-
tent or whether single chromosomes containing genes of
the isoprenoid pathway are multicopy.

For gene copy number estimation of the HMGR gene,
strains m567 and MBC31 were both analyzed. Genomic
DNA was digested with several restriction enzymes and
probed with the 1.05-kb BamHI/Sall fragment from A24/1.
Digestion resulted in one distinct hybridization band with
the exception of Sphl, which cuts once in the 1.05-kb
BamHI/Sall fragment that was used as probe (Fig. 3). Both
the wild-type strain and its haploidized derivative showed
the same hybridization pattern suggesting that if strain
m567 is not haploid it contains two or moreidentical cop-
ies of the HMGR gene.

Expression of the HMGR gene under different
cultivation conditions

It iswell known that gibberellin biosynthesis is inhibited
by high amounts of glucose and ammonium (Briickner and
Blechschmidt 1991; Brickner 1992), though the target
genesinvolved are not known. To investigate whether ex-
pression of the HMGR gene is regulated at the transcrip-
tional level, G. fujikuroi RNA was subjected to RNA-blot
analysis. In a first experiment, expression of the HMGR
gene was analyzed under conditions either inducing or re-
pressing GA; production. G. fuikuroi m567 wasincubated
inaplant oil-production medium (avoiding glucose repres-
sion) with corn-steep liquor as a complex nitrogen source,
and in a synthetic medium with glucose excess and am-
monium, which reduces GA ; amount about tenfold. After
3 days of growth, total RNAswere isolated from both my-
celia and probed with the 4.2-kb EcoRI/Sall fragment.
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Fig. 3 Copy number estimation for the HMG-CoA reductase gene
of G. fujikuroi in the genome of the wild-type strain m567 and the
haploidized derivative MBC31. Genomic DNA of both strains was
digested with different restriction enzymes and probed with the 1.05-
kb BamHI/Sall fragment of pJ25

This experiment revealed a transcript size of approxi-
mately 3.0 kb corresponding to the size of the HM GR gene
(Fig. 4 A). As shown in Fig. 4, the HMGR gene mRNA
level ismuch higher under GA ;-inducing conditions (plant
oil and corn-steep liquor) than under GA 5 repressing con-
ditions (glucose as carbon source, ammonium excess). To
ascertain if the increase of HMGR mRNA level isinduced
by plant components (corn-steep liquor and plant oil) or is
dueto C- or N-de-repression, G. fujikuroi m567 wasgrown
in aminimal medium with sucrose and additional supple-
ments(vitaminsand traceelements) for 6 days. After wash-
ing, the mycelium wastransferred to minimal mediaeither
containing a glucose excess or else lacking glucose (data
not shown). In a second experiment, the mycelium was
transferred to synthetic media with an NH excess or else
lacking ammonia (Fig. 4 B). Total RNA was isolated from
mycelia harvested at 0, 15, 30, 60, 120 and 300 min and
probed withthe Sall/BamHI fragment of pPSTA1100. Under
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Fig. 4A RNA-blot analysisof theHMGR geneof G. fujikuroi m567
cultivated under conditions repressing GA 5 production (glucose ex-
cess) or stimulating GA ; production (plant oil ascarbon source, corn-
steep liquor). The RNA was probed with the 4.2-kb EcoRI/Sall frag-
ment of pJ25. Left part shows the hybridization of the same total
RNA with the C. purpurea gpd gene (Jungehtlsing et al. 1994).
B RNA-blot analysis of the HMGR gene of G. fujikuroi m567 under
conditions of ammonium excess (N 100%) and starvation (N 0%),
respectively. Total RNA wasisolated after 0, 15, 30, 60, 120 and 300
min and probed with the 1.05-kb Sall/BamHI fragment of pJ25. Con-
trol hybridization was carried out with the gpd gene of C. purpurea
(Jungehiilsing et al. 1994)
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all four conditions, with glucose or ammonia excess and
glucose or ammonium starvation, no difference regarding
the HM GR mRNA level could be detected between the dif -
ferent media. The HMGR transcript reached a maximum
at 120 min; after that the transcript declined. Thistransient
increase of transcript level could be the result of growth
stimulation following the transfer into the new media af -
ter reaching the idiophase in pre-culture.

Therefore, the HMGR geneis expressed constitutively.
The increased level of mMRNA in plant-oil medium which
isaccompanied by an increased GA; level isnot the result
of C- or N-de-repression. GA; increase seems to be the
conseguence of a specific induction of the expression of
the HMGR gene by plant components.

Comparison to the HMGR encoding gene
of S. manihoticola

The ascomycete S. manihoticola is known to be a patho-
gen of cassava (Cassava esculenta) causing an enormous
internodal growth of young infected cassava plants and as
well asthe production of plant tumors as aresult of gibbe-
rellin formation by the fungus. It has been shown that GA ,
istheactive principleof the plant disease (Rademacher and
Graebe 1979; Zeigler et al. 1980). In contrast to G. fujiku-
roi, S. manihoticola is not ableto synthezise 1,2-dehydro-
and 13-dehydroxy GAslike gibberellic acid GA; (Bearder
1983).

Nothing is known about the genetics and molecular ge-
netics of GA synthesisin S, manihoticola. In order to com-
pare the HMGR gene sequence data of the two GA-pro-
ducing phytopathogenic ascomycetes, a part of the con-
served C-terminal region of the S. manihoticola HMGR
gene was isolated by PCR with the primer combination
HMG 3/ HMG 4. The 840-bp S. manihoticola PCR frag-
ment was subcloned into pCR-Script (Stratagene) and des-
ignated pSMHMG. Thispart of the S. manihoticolaHMGR
gene was sequenced and used for sequence comparisons.

In Table 2 the similarities of a277 amino-acid fragment
of the HMGR conserved region of G. fujikuroi, and other

Table2 Comparison of the 277 amino acid HMGR PCR fragment
of S. manihoticola (data bank accession number: X94308) with the
homol ogous parts of some other HMGRs

Organism Numbers of Similarity  ldentity
aminoacids (%) (%)
S. manihoticola 1-277 100.0 100.0
G. fujikuroi 526—-801 88.0 77.5
S. cerevisiae HMGR1 626—897 80.6 70.5
S. cerevisiae HMGR2 622-893 81.7 70.9
U. maydis HMGR1 698-988 80.4 63.8
M. auratus 466—-739 73.3 59.4
A. thaliana HMGR1 173-446 70.0 53.2
H. brasiliensis HMGR3 173-446 72.3 53.2
D. melanogaster 490-763 69.9 53.9
S. mansoni 471-748 63.9 2.7
H. volcanii 1-281 58.0 375
P. mevalonii 1-268 42.7 21.7

organisms, to the respective sequence of S. manihoticola
aresummarized. All ascomycetes sharethe greatest degree
of similarity in this 277 amino-acid sequence, but the re-
lationship between G. fujikuroi and S. manihoticola isthe
closest. This alignment was used for creating a phyloge-
netic dendrogram illustrating the evol utionary relationship
of these HM G-CoA reductases (Fig. 5).

Estimation of HMGR gene copy number in S, manihot-
icola was carried out as described for G. fujikuroi m567.
Genomic DNA of wild-type strain Lu949 was restricted
with several enzymes and probed with the heterologous
pSTA 1100 Sall/BamHI fragment and the homologous PCR
fragment (the 840-bp Kpnl/Sall fragment of pSMHMG2).
The two hybridization patterns were identical, indicating
that S. manihoticola, like G. fujikuroi, possesses only one
HMGR gene copy (data not shown).

Discussion

In this study, we described the isolation and characteriza-
tion of the G.fujikuroi HMGR gene and the isolation of a
part of the Smanihoticola HMGR gene by PCR. Both
G. fujikuroi and S. manihoticola contain only one HMGR
gene, asindicated by Southern-blot analysis. Thisisincon-
trast to S cerevisiae (Basson et al. 1986), U. maydis
(Croxen et al. 1994) and some zygomycetes (Burmester
and Czempinsky 1994) in which two structural genes are
present. It isnot possible to determine the exact number of
homologous HMGR gene copies which should exist in
G. fujikuroi wild-type strain m567. This isolate seems to
possess more than a haploid genome according to DNA
content measurement, mutation experiments, and the mea-
surement of GA 5 yield, both for thiswild-type strain m567
and for the benomyl-treated derivative MBC31 (Bermu-
dez-Torrez 1996).

The 2928-bp open reading frame of the HM GR gene of
G. fujikuroi isinterrupted by a putative 47-bp-long intron
in position 2591 whereas the HMGR genes of S. cerevi-
siae and U. maydis do not posses introns. A comparison
withtheintrons of the Arabidopsisthaliana HMGR genel,
the Hevea brasiliensis HMGR genel and HMGR gene3,
and the Mesocricetus auratus HMGR gene revealed that
intron position is not conserved among the HMGR genes
of these organisms. The HMGR gene of G. fujikuroi en-
codes a predicted protein of 976 amino-acids which is
shortened in the N-terminusin comparison to the other fun-
ga HMGRs. The G. fujikuroi HMGR exhibits a greater
overall similarity to U. maydisHMGR1 (64.3%) and S. ce-
revisiae HMGR2 (65.8%) than to the product of the S. ce-
revisiae HMGR genel (63.8%). The sequenced C-termi-
nal part of the S. manihoticola HMGR gene product re-
veals that the highest homology can be found between the
two pathogenic ascomycetes G. fujikuroi and S. manihot-
icola. The similarity in this part of the C-terminusis about
83%. Thishigh sequence similarity within the catalytic do-
main of the G. fujikuroi HMG-CoA reductase to Ustilago
and yeast gene productsand to HM G-CoA reductasesfrom



Fig. 5 A phylogenetic tree
based on the alignment of the
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A. thaliana HMGR1

amino-acid sequences shown in
Table 2 was constructed using
the program “Husar” (Heidel-
berg) (Sources of sequences:

S. cerevisiae HMGR1,
HMGR2: Basson et al. 1988;
U. maydis HMGR: Croxen

et al. 1994; M. auratus HMGR:
Skalnik and Simoni 1985;

A. thaliana: Learned and Fink
1989; Caelles et al. 1989;

H. brasiliensis HMGR1 and
HMGRS3: Chyeet al. 1991 b;

D. melanogaster HMGR: Gert-
ler et al. 1988; S. mansoni
HMGR: Rajkovic et al. 1989;
H. volcanii HMGR: Lam and
Dollittle 1992; P. mevalonii
HMGR: Beach and Rodwel | |
1989) L

plants

H. brasiliensis HMGR3

S. cerevisiae HMGR1

S. cerevisiae HMGR2

ascomycetes

S. manihoticola fungi

G. fujikuroi

U. maydis basidiomycetes

M. auratus mammals

D. melanogaster insects

S. mansonii trematodes

H. volcanii archaebacteria

a wide range of other organisms indicates the high se-
guence conservation of this enzyme during evolution
which may be associated with substrate and/or co-factor
binding sites or catalytic activity.

The phylogenetic tree presented in Fig. 5 demonstrates
that HM G-CoA reductase is helpful for analyzing the ev-
olutionary relationshi ps between different organisms. Pro-
tein structure and function are well conserved during evo-
[ution but the number of amino-acid exchanges which do
not change the structure and the function of the enzyme
giveriseto a phylogenetic tree of general interest.

The N-terminal region of the G. fujikuroi HM G-CoA
reductase gene contains seven putative hydrophobic do-
mains using Kyte and Doolittle (1982) hydropathy plots
(Sengstag et al. 1990). In U. maydisand S. cerevisiae eight
hydrophobic regions were predicted but only seven have
been recognized functionally as possible transmembrane
domains (Sengstag et al. 1990). Besides anchoring into the
endoplasmic reticulum, the membrane-spanning region
has other functions. In mammalian cells, the membrane-
bound portion of the protein is required for the sterol-reg-
ulated proteolytic degradation of the enzyme (Gil et al.

P. mevalonii eubacteria

1985). The N-terminal region of the protein is also impor-
tant in both S. cervisiae and mammalian cells for trigger-
ing increased membrane synthesis (Wright et al. 1988; An-
derson et al. 1993).

Within the C-terminal domain some amino acids are
functionally conserved and may play an important rolein
the structural conformation and/or in the catalytic proper-
ties of the enzyme. Two histidine and five cysteine resi-
dues are common to all HMGRs that have been analyzed
(Caelles et al. 1989). Most of these residues are located
within the more conserved region among the different
HM G-CoA reductases, the so called b domains (b1 and b2)
which have been postulated to be a part of the active site
for hamster HMGR (Liscum et al. 1985). Thisregionises-
pecially richin glycine and cysteine residues. Whereasthe
glycine residues are important in maintening the correct
structure of the catalytic domains, the cysteine residues
may play an important role in the catalytic process in ad-
dition to their function in structural maintenance (Dugan
and Katiyar 1986). Amino acid residues which have al-
ready been shown to be important for catalysis in the
HMGRs of P. mevalonii and hamster include the histidine
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residue at position 924 (Darnay et al. 1992; Darney and
Rodwell 1993) and the glutamate and aspartate residues at
positions 618 (domain bl) and 828 (domain b2), respec-
tively (Wang et al. 1990; Frimpong and Rodwell 1994). Of
particular interest, with respect to the regulation of HM G-
CoA reductaseactivity, istheserineresidueat position 930.
Thisresidueislocated closeto the second catalytically im-
portant histidine residue at position 924. In eukaryotic
HMGRs, this serineresidueisknown to be phosphorylated
by AMP-activated proteine kinase, resulting in a loss of
catalytic activity (Clark and Hardie 1990; Gillespie and
Hardie 1992; Sato et al. 1993). Interestingly, neither of the
S. cerevisiae HMGRs contain a serine residue at this posi-
tion in the protein. The deduced amino-acid sequence of
the C-terminal part of S. manihoticola HMGR possesses
all conserved amino acids of domainbl and all glycineand
cysteine residues common to bl and b2.

Itisknown that gibberellin biosynthesisisregulated via
N- and C-catabolite repression (Brickner and Blech-
schmidt 1991; Briickner 1992). However, thetarget gene(s)
for those regulation mechanisms are unknown.

The promotor region of 769 bp of the HMG-CoA re-
ductase gene of G. fujikuroi was analyzed with respect to
the known consensus sequencesfor DNA-binding proteins
of C- and N-regulation. Five GATA motifs were found in
the promotor region, three of them lay together in a 18-bp
region next to the putative TATA box. Haas and Marzluf
(1995) postulated that two or three such GATA elements
must be located within a 100-bp region in order to be in-
volved in N-metabolite regulation. A putative binding site
for aglucose regulator protein wasfound 711 bp upstream
of thetranglationinitiation site, whichissimilar to thebind-
ing site for CREA of the amd S gene of A. nidulans
(Davis et al. 1993): 5'-CCCCGGACT-3..

The existence of such consensus sequences indicates
the possible regulation of this primary metabolism gene.
However, the expression analysis for the HMGR gene re-
vealed an oppositeresult. Excess of glucose or ammonium
does not have repressing effects on HMGR gene expres-
sion. Therefore, the HMGR geneisregulated like a house-
keeping gene. Because of the importance of the gene for
membrane synthesis and for cell growth, this result is not
surprising. On the other hand, the HMGR gene seems to
be induced by plant components, perhaps reflecting the
close relationship between gibberellin biosynthesis and
plant disease.
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