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The Neurospora crassa erg3 gene encodes a protein
with sequence homology to both yeast sterol C-14
reductase and chicken lamin B receptor
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Abstract. The erg3 gene of Neurospora crassa was sequcncé‘(l (EMBL accession no.
X77955) and found to encode a protein of 490 amino acid residues with significant
homology to the yeast sterol biosynthetic enzyme C-14 reductase (39% identity) and also
to the C-terminal region in the sequence reported for the chicken lamin B receptor (41%
identity). The possibility that a single protein may possess both lamin B receptor and sterol
C-14 reductase functions might account for non-sterol-biosynthetic effects of mutations in
sterol biosynthesis genes and of inhibitors of sterol biosynthetic enzymes.
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1. Introduction

We have earlier shown that alteration of membrane sterol composition in Dictyostelium
discoideum and Neurospora crassa, either by mutations or with the sterol biosynthesis
inhibitor 15-azasterol, conferred sensitivity to the pea phytoalexin pisatin (Kasbekar
and Papavinasasundaram 1992; Papavinasasundaram and Kasbekar 1993; Kasbekar,
submitted). The pisatin sensitivity of the Neurospora crassa ergl and erg3 sterol
mutanis allowed development of sib selection procedures (Vollmer-and Yanofsky
1986) using which it became possible to identify, from an ordered genomic library,
cosmid clones that complemented each of these mutations (Papavinasasundaram and
Kasbekar 1993).

Ellis et al. (1991) had shown that the erg3 mutant was blocked in a key step
in sterol biosynthesis, namely reduction of the double bond between carbons 14
and 15 of the sterol C ring, on the basis of which they suggested that the erg3
gene encodes the C-14 reductase enzyme. Only one C-14 reductase polypeptide
sequence (deduced from the cognate DNA sequence) has been reported thus far,
that of the yeast Saccharomyces cerevisiae (Lorenz and Parks . 1992). Availability
of a cloned gene from another species would permit sequence comparison and
identification of evolutionarily conserved stretches of amino acids. That, in turn,
would facilitate study of enzyme structure~function relationships and allow rational
construction of PCR primers for isolation of homologues from other species, in
particular from pathogenic fungi in which this enzyme is the primary target of
morpholine and piperidine fungicides (Baloch and Mercer 1987).

In this paper, we report subcloning of the Newrospora C-14 reductase gene from
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the cosmid that complemented the erg3 mutation and determination of its nucleotide
sequence. As anticipated, the deduced protein is highly homologous to the yeast
C-14 reductase.

Additionally, and quite unexpectedly, the yeast and Neurospora C-14 reductases
were also found to have extensive homology with the protein sequence reported
by Worman et al. (1990) for the lamin B receptor of chicken. The lamin B receptor
is an inner nuclear membrane protein whose proposed function is to anchor the
B-lamins in a meshwork of nucleoplasmic intermediate filament proteins that
constitutes the nuclear lamina (Worman et al. 1988). Our finding raises the possibility
that at least some effects of mutations in sterol biosynthesis genes and of inhibitors
of sterol biosynthetic enzymes might in fact represent non-sterol-biosynthetic functions
of these enzymes.

2. Materials and methods
2.1 Strains and growth conditions

Neurospora crassa strain 2725 (erg3a), originally isolated by Grindle (1974), was
obtained from the Fungal Genetics Stocks Center, USA, and also from Dr Morris
Grindle, University of Sheffield, UK. Vogel’s minimal medium (Davis and de Serres
1970) supplemented with [-5% sucrose was used for routine growth and maintenance.

2.2 Transformation of erg3 mutant protoplasts

Published protocols were followed for extraction of pisatin from germinated pea
(Pisum sativum 1.) seeds (Sweigard and VanBEtten 1987), and preparation of
Neurospora protoplasts (Vollmer and Yanofsky 1986) and their transformation with
DNA (Sellitrennikoff and Sachs 1991). Since Neurospora protoplasts can readily
take up linear DNA fragments and integrate them into chromosomes by nonhomologous
recombination, transformation with restriction-digested DNA and selection for
pisatin-resistant transformants was used to identify restriction enzymes (New BEngland
Biolabs) that do not cut within the erg3 gene cloned on the cosmid GI8AI0
(Papavinasasundaram and Kasbekar 1993). The restriction enzymes Psil and Kpnl were
chosen on this basis. Individual Psid restriction fragments were isolated from a
low-melting-point-agarose gel and used for transformations, which identified a 3-2-kb
fragment that effected the complementation (figure 1). In these transformation experiments,
we also used the helper plasmid pMP6 (kindly provided by M. Orbach, University of
Arizona, USA), which carries a gene for bacterial hygromycin B phosphotransferase,
and employed a double selection for hygromycin and pisatin resistance. The double
selection reduced the background growth of untransformed protoplasts. The selection
conditions used Vogel’s medium supplemented with 20 ptg/ml pisatin in both top and
bottom agar and 200 pg/mi hygromycin (Sigma, USA) only in the bottom agar. Control
transformations with pMP6 alone did not confer resistance to pisatin.

2.3 Subcloning and sequencing strategies

The 3-2-kb Psfl fragment was subcloned into a pBluescript KS plasmid to construct
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Figure 1. Subcloning of the N. crassy erg? gene and the strategy used to determine its
‘nucleotide sequence. The plasmid pKGP37 was constructed by subcloning into a pBluescript
KS plasmid a 3-2-kb Psfl fragment of the cosmid G18A10 which complemented the N.
crassa erg3 mutant phenotype. The plasmid pKGP86 was obtained following religation of
Kpnl-digested pKGP37. Some of the restriction sites present in the 2:1-kb Kpnl-PsiI insert
are indicated (B, BamHI; El, EcoRI; BV, EcoRV; H, HindIll; K, Kpnl; P, Psil; S, Sacl).
The protocol given by Henikoff (1984) for exonuclease Ill-mediated deletion was followed
to generate a series of overlapping deletions starting from the Kpnl site of the insert using
the plasmid pKGP37 and from the Psfl end of the insert using the plasmid pKGP86. The
nucleotide sequence of the 2-1-kb Kpnl-Psfl insert was determined on both DNA strands.
The horizontal arrows indicate the direction and extent of sequence determined from the
plasmid pKGP86 and the two sets of deletion clones.

the plasmid pKGP37. When digested with Kpnl (which cuts once in the insert and
once in the multiple cloning site adjacent to one end of the insert) and then
religated, this plasmid still retained the ability to complement the erg3 mutant
phenotype, indicating that erg3 was present within a 2.1-kb Kpnl-Pstl fragment,
as shown in figure 1. The plasmid obtained from the religation was designated
pKGP86.

The protocol given by Henikoff (1984) for exonuclease Ill-mediated deletion was
followed to generate a series of overlapping deletion clones from both ends of the
2.1-kb Kpnl-PsiI insert (figure 1) using the Erase-a-base System (Promega, USA).
Unidirectional deletions from the PstT end of the insert were made in pKGP86 and
from the Kpnl site of the insert in pKGP37. The plasmid pKGP86 was digested
initially with Xbal (which cuts only at the multiple cloning site) and the T7
promoter-primer binding site in the template was protected from exonuclease III
digestion by using o-phosphorothioate dNTPs (Erase-a-base kit) and Klenow large
fragment to fill in the 3" recessed ends. Then a blunt end susceptible to exonuclease
III digestion was created near the Psil end of the insert by digesting the linearized
plasmid with Smal (which cuts only at the multiple cloning site in pKGP86).
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Similarly, for the other set of deletions, the plasmid pKGP37 was cut with Sail
and the ends were filled in with o-phosphorothioate dNTPs using Klenow large
fragment to protect the site in the template for T3 promoter-primer binding. The
linearized plasmid was then digested with Clal to create an exonuclease IlI-sensitive
5" overhang end. To generate progressive deletions, exonuclease ITI digestions were
carried out at 34°C. Samples were withdrawn at 30-sec intervals. For all the
subsequent steps, involving treatment with S1 nuclease, ligation and transformations,
the protocol recommended in the Erase-a-base kit was followed.

The dideoxy chain termination method (Sanger et al. 1977) was used to determine
the nucleotide sequence on both DNA strands of the 2-1-kb KpnI-Psil insert using
a TaqTrack sequencing kit (Promega, USA) and denatured double-stranded DNA
of the deletion clones and the plasmid pKGP86 as template. Standard protocols
were followed for all procedures involving DNA manipulations (Sambrook et al.
1989).

2.4 Sequence analysis

DNA sequence analysis was performed using the PCGENE program (Intelligenetics,
Inc., USA) and the search for homologous proteins in the SWISSPROT databank
was carried out using the FASTA program (Lipman and Pearson 1988). Sequence
alignments and similarities were. determined using the GAP program of the GCG
package (Devereux et al. 1984). Default parameters of the GAP program (gap
weight 3-0 and length weight 0-1) were used for alignment of the deduced protein
sequences. A comparison value of >0-5 as given in the amino acid symbol
comparison table of the GCG package was used in the GAP program to identify
similar amino acids.

3. Results and discussion
3.1 Nucleotide sequence. of erg3

Selection for complementation of pisatin sensitivity following transformation of erg3
mutant protoplasts with different restriction digests of the GI8AI10 cosmid revealed
that a 2.1-kb Kpnl-Pstl fragment was sufficient for complementation. This fragment,
which we presume contains the wild-type erg3 allele, was subcloned into a-
pBluescript plasmid and the nucleotide sequence of the 2159-bp insert was determined
on both DNA strands (figure 2).

Figure 2. The nucleotide sequence of the Kpnl-Psil insert containing the N. crassa erg3
gene and its flanking regions (EMBL accession number X77955). The nucleotide sequence
is numbered from the Kpnl site. The putative CAAT and TATA motifs are underlined. The
deduced amino acid sequence starting with the first methionine is displayed below the middle
base of the corresponding codon. The 86-bp intron sequence (nt 466-552) is shown in lower
case letters, and conserved splice-regulatory sites (donor site, lariat structure and the acceptor
site) are given in bold letters. The stop codon is indicated by an asterisk.
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GGTACCGACTéGAGGACATCGAGTGAGCAGGAGTACTTACTTTGAGCATAGACAGCGAGT
AGTACTTAGACGCCAAGGAAGGITGCCAAGACTGGAGATCCCAGCCGGAAAGCAGAGATC
CGTCTGGCACGACAGGTCGATTGGCTCCACTCTCCCAGCCGGCAACCTAATTGAAGCAGT
CAATTGGCCCCCCARTTGGCCCATCGAAGCTCCCGYCCTTTGGCTCCTCTTCGTCCGAAC
CGGGGACCGTCACTGTTCCEGTTGTCTGGTTGGCTGCCGGCTGAGTTGTCCCACGACCAR
CATCGGGGAGCTGAACATTTTAAAAAGGCAGCTTGATCCTCTCCCCGCTCTCCGTGTTGT
CGTCTACAGCATCACAGCCAGCATCACCATGGCCGGGAAGCARAACCAAGCTGCCCCARA
. M A G XK O N Q A A P K
GAAGGCGGTTGCGCCGCGCCAGCAGCACTACGAGTTTGGCGGCCCgtnagtcaaccaaaa

K A V. A P R Q Q H Y E F G G P
acagaacccctgactcecatctegttegtgtecagaccacgeeccgetaacaagettgaca
acgatcanaacagCATCGGCGCCTTTGGCATCACCTTTGECCTCCCCATTCTCGTCCACGT
I 6 A F 66 I T ¥ 6L P I L V HV
CTTCAACCTTTTCTGCAACGACATCTCGGGCTGCCCCGCGCCCTCGCTCCTCCACCCCAR
F N L F C N DI 8 G CP AP S L L H P K
GTCTCTCGACCTCGCCCAGCTCAAGCGCGAAATCGGCTGGCCTGACAATGGCGTCTTCGG
S L. P L A Q L K RE I G WP DN GV F G
CCTCTTCTCGTGGTCCGCCACGCTGTGGACTTTGGGCTACTACGCTCTCTCGCTCGTTCA
L F S W 8§ A T L W TIL G Y ¥ A L S L V Q
ATACCGCTTTCTCCCCGGCCACCACGTCGAGGGARCCGAGTTGAGCACCGGCGGCCGGCT
Y R F L P G HHV EGTETZLS T G G R L
CAAGTACARGCTGRACGCTTTCAACTCGGCCATGTGCACCTTGGCCATCCTGGCTGCCGG
K ¥ K L N A F NS A MCT L A I L A AG
CACCA?CGCTCAGGGCGCCGAGTTCCCCGTTTGGACTTTCATTTCCGACAACTTTGCCCA
T I A Q G A E F P V W T F I 8 D NF A Q
GATCATCAGCGCCAARTATCCTCTTCGCTTTTGCCCTCGCCATCTTCGTCTACGTTCGCAG
I T 8 A NI L F A F A L A I F vV ¥ V R S
CT'TTGACGTGAAGCCGGGCAACAAGGACATGCGCCAGCTAGCAGCAGGCGGTGTCACCGG
F D V XK P G N X D MR QL A A G G V T G
LLLLbLLATCTACGAl1LbLACATTGGTCGCGAGCTCAATCCTCGCATCACTCTGCCCCT
§ L I ¥ P F Y I 6GR EUL NUPIRI T L P L
CATCGGCCAAGTAGACATCARGGAATTCATGGARATGCGCCCTGGTCTTCTGGGCTGGAT
I G Q VD I K EVFMEMMRBRUP G L L G W I
CATTCTGAACTGCGCCTTCATCGCCAAGCAATACCGCCTTTACGGTTACGTCACCGATTC
I L NCAPF I A KSJQQUYRUL Y G Y V T D S

AATTCTCTTCATCACTGCCATCCAGGCTT TCTATGTCTTTGACGGAATCTACATGGAGCC
I L F I TA I QATFTYV FDGTI Y ME P
GGCCGTCTTGACTACGATGGATATCACTACCGACGGCT TCGGGTTCATGCTGAGTTTCGE
A VL TTMDTITTTDGTFGFMTELSF G
AGATGTCGTTTGGGTGCCCTTCATGTACTCGACTCAGACTCGCTACCT TTCCGTCCATCC
PV VWVPFMYSTOQTRTYTLSV HTP
TCAGCAGCTGGGCGCTTTCGGACTGATTIGCTGTTGGTGCTGTCCTGGCTGCTGGTTATAG
Q Q L GAF GLIAVGATYVTILAR MG GTY S
CATCTTCCGCCTGTCCARCTCGCAGRAGAACARCTTTCGCACGARCCCCEAGGATCCTAG
I F R L S NS QKNNTFRTNTPETDZP 8§
TGTTAAGCACCTTACCTACCTCCAGACCAAGACTGGATCGCGACTCAT TACCTCGGGATG
vV K HL T Y L QT KTTOG S RILTIT S G W
GTGGEGCATCGCTCGCCACATCARTTATCTCGGTGACTGGCT TCAGAGCTGGCCCTATTC
W GG I ARUHTINTZYTDLGDWIL QS WP Y 8
TCTCCCGACCGGCATTGCTGGCTACCAGATCT TGAGCGCCGGCAGCAACGCCCCTGGTGE
L P T G I A G Y QI LS AGT SN ATPGA
AATTACCATGCTTGACGGGCGCGAGGTTGTCCAGGECGAGGCGAGAGGCTGGGGTATCGT
I T M L D GREVYV QGEA ATRTEGHWG IV
TTTCACTTACTTTTACATCTTGTACTTTGCTATTCTCTTGATCCACCGCGACCTCAGAGA
F T Y F ¥ I L ¥ F A I L L I HR D L R D
TGACGAGAAGTGCTCCARGAAGTATGGTGACGAT TGGGAARAGTACARGAAGCTTGTCAA
D EKCSKZEKTYGDDUWETEKTYZHKEXKTELYV K
GTGGAGAATTGICCCTGGCATCTACTAGCCCGATGGATAATGTTCTGTGGT TATGTGGTT
W R I VP G I Y * _
GTEGTTTTGEATACCCCGCGGAGC TTCCTCTGTTATCTGCAGCGTTGCAAAGTATCAGCA
GTGTGGTGGAACCGGCTATACCGGGTGCACATCCTGCGCTGTGAGTGTCCTCCTGT T TAA
TGGTCGAGTTGAGGGTTGGCT TGCTAATGTGACT TTATCTAGTCCGGATCCACCTGCAG
Figure 2. For caplion, see page no. 36.
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3.2 Homology of ERG3 protein and yeast sterol C-14 reductase

Analysis of the nucleotide sequence allowed us to predict the existence of an intron
interrupting the coding sequence for a polypeptide of 490 amino acids (M, 54,722)
on the basis of two criteria: (i) the sequence of the deduced polypeptide encoded
by DNA on either side of the intron displayed extensive similarity (39% identity)
to that of sterol C-14 reductase of S. cerevisiae (Lorenz and Parks 1992), and (ii)
there were appropriate splicing regulatory sequences similar to those found in other
N. crassa genes (Jon et al. 1993) that maintained the translation frame in the
predicted mRNA sequence (figure 2). Alignment of the Neurospora and yeast
sequences introduced a gap between residues 385 and 386 of the yeast sequence
(figure 3). This suggests that there may be an additional intron in the Neurospora
sequence that would delete residues 406-437 from.the polypeptide. However, no
conserved splice sites were found in this region. Thus a definitive answer on
whether the Newrospora gene has a second intron will have to await sequencing
of the cDNA. Our demonstration that the erg3 mutation is complemented by a
sterol C-14 reductase clone is consistent with the proposal by Ellis et al. (1991)
that erg3 is, in fact, the structural gene for this enzyme. Computer analysis of the
Neurospora protein sequence predicted five transmembrane segments (figure 3),
indicating that, like the yeast protein, the sterol C-14 reductase of N. crassa is an
integral membrane protein.

3.3 Homology of Neurospora and yeast‘sterol C-14 reductase and lamin B receptor
of chicken

A FASTA search (Lipman and Pearson 1988) of the SWISSPROT databank with
the ERG3 amino acid sequence also revealed a very. significant homol ogy (41%
identity) with a 460-amino-acid region at the C-terminus of the chicken lamin B
receptor (Worman et al. 1990). The similarity noted between lamin B receptor and
sterol C-14 reductase (figure 4) suggests that at least in chicken, and possibly in
other species as well, both functions are subserved by the same protein. This may
provide a plausible explanation for an earlier observation that sterol biosynthesis
inhibitors, including inhibitors of sterol C-14 reductase, interfere with the function
of the spindle apparatus in Aspergillus nidulans and Chinese hamster cells (Ziogas
et al. 1990).

It may also explain why all pythiaceous fungi, such as Pythium and Phytophthora
species, which are sterol auxotrophs, do nevertheless retain some sterol biogynthetic
activity (Knights and Elliott 1976). These fungi lack squalene epoxidase and therefore
cannot convert squalene to lanosterol; instead they meet their sterol requirements
by absorbing sterols from the medium (Weete 1989).

However tantalizing the homology between the sterol C-14 reductase sequences
and that reported for the lamin B receptor might be, it presents us with two
apparent discrepancies that will need to be explained. First, the molecular weight
of the yeast enzyme as deduced from its sequence is 50-6 kDa, but Georgatos et
al. (1989) have identified a 58-kDa protein as the yeast analogue of the avian
lamin B receptor. Second, the lamin B receptor has been localized exclusively to
the inner nuclear membrane in chicken and the 58-kDa yeast protein also appears



erg3 gene of Neurospora crassa 39

e A A A T LSS ANSS.

NC 1 MAGKONQAAPKKAVAPRQQHYEFGGPIGAFGITFGLPILVEVFNLFCNDI 50
*: * * rhkkk ***:** :*i*:: 1k H
SC 1 —mmmm—men MVSALNPRTTEFEFGGLIGALGISIGLPVFTIILNQMIR-~ 39
SGCPAPSLLHPKSLDLAQLKREIG ————— WPDNGVFGLFSWSATLWTLGY 95
HEE HEE S5 S S :
PDYFIKGFFQ——NPDIVELWNGIKPLRYYLGNRELWTVYCL ———————— W 79

YALSLVQYRFLPGHHVEGTELSTGGRLKYKLNAFNSAMCTLAILAAGTIA 145

*qe * ok Kgik Kkaky s ek

YGILAVLDVILPGRVMKGVQLRDGSKLSYKINGIAMSTTLVLVLAIRWKL 129

QGAEFPVWTFISDNFAQIISANILFAFALAIFVYVRS ————— FDVKPGNK 190
trrsk o oty o Kk ok kk s kK K

TDGQLPELQYLYENHVSLCIISILFSFFLATYCYVASFIPLIFKKNGNGK 179

DMRQLAAGGVTGSLIYDFYIGRELNPRITLPLIGQVDIKEFMEMRPGLLG 240
kK Kk ok skkky cAAKKKAKK sk akkk ok kyhkkkgk

REKILALGGNSGNIIYDWFIGRELNPR~=~=- LGPLDIKMFSELRPGMLL 224

WIILNCAFIAKQYRLYGYVTDSILFITAIQAFYVFDGIYMEPAVLTTMDI 290
Keggx ok * o3k gagy pkpkkgkkks Kk gkkk kkk

WLLINLSCLHHHYLKTGKINDALVLVNFLQGFYIFDGVLNEEGVLTMMDI 274

TTDGFGFMLSFGDVVWVPFMYSTQTRYLSVHPQQLGAFGLIAVGAVLAAG 340
Kkkkkkhkh hhkky shhk kk X KAKKX X k% sres ki

TTDGFGFMLAFGDLSLVPFTYSLQARYLSVSPVELGWVKVVGILAIMFLG 324

YSIFRLSNSQKNNFRTNPEDPSVKHLTYLQTKTGSRLITSGWWGIARHIN 390
1 okky ok kK gk . sKkEE Kk ghy  kkk, Kk

FHIFHSANKQKSEFR—~-*QGKLENLKSIQTKRGTKLLCDGWWAKSQHIN 370

YLGDWLQSWPYSLPTGIAGYQILSAGSNAPGAITMLDGREVVQGEARGWG 440
Xohkkk Ky gikrk

YFGDWLISLSWCLAT .............. ser et esaaanas .. JWEQ 388

IVETYFYILYFAILLIHRDLRDDEKCSKKYGDDWEKYKKLVKWRIVPGIY 490 NC
bEK Kk kKKK Kkkphkky kky kk  kkkgikk Kk o3 Kk pokgk gk

TPLTYYYSLYFATLLLHRQQRDEHKCRLKYGENWEEYERKVPYKIIPYVY 438 sC

Figure 3. Scquence homology beiween the deduced product of the erg3 gene of N. crassa
(NC) and the yeast sterol C-14 reductase (SC). The putative transmembrane segments of the
Neurospora protein are indicated by bold lines above the sequence. Identical amino acids
are indicated by asterisks and similar amino acids by colons. Similarity was determined
using a comparison value of > 0-5 in the GAP program of the GCG package (Devereux et
al. 1984). Dashes indicate gaps introduced to maximize the alignment,

to be an integral nuclear membrane protein, but sterol biosynthetic activity is not
confined to the inner nuclear membrane; in fact, it occurs in mitochondria and the
endoplasmic reticulum as well. The yeast 58-kDa protein was identified by its
strong cross-reactivity with monospecific polyclonal antibodies raised against turkey
erythrocyte lamin B receptor. Upon limited proteolysis the 58-kDa yeast protein
and the turkey lamin B receptor produced similar cleavage products but there were
differences in the cleavage pattern,upon more extensive proteolysis. The 58-kDa
protein also bound avian lamin B, but with Jow avidity. Thus the 58-kDa protein
is a good candidate for the yeast lamin B receptor. It would be important to
determine whether it is affected by null mutations isolated in the yeast sterol C-14
reductase gene by Lorenz and Parks (1992) and Marcireau er al. (1992). If it is
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Figure 4. Sequence homology between the deduced product of the erg3 gene of N. crussa
(ERG3) and the 460-amino-acid region at the C-terminus of the chicken lamin B receptor
(LBR). Identical amino acids are indicated by asterisks and similar amino acids by colons.
Similarity was determined using a comparison value of > 05 in the GAP program of the
GCG package. Dashes indicate gaps introduced to maximize the alignment.

shown that in yeast the lamin B receptor and C-14 reductase are products of
different genes, it would raise the question of how the two came to be associated
in a single polypeptide in chicken.
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