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Abstract

A search for suppressors of the carnitine/acylcarnitine translocase (CACT) deficiency in Aspergillus nidulans permitted the identifica-
tion of the suaE7 mutation, mapping at a new translational suppressor (suaE) gene. The suaE gene is essential in A. nidulans and encodes
the eukaryotic release factor 1 (eRF1). The suaE7 mutation suppresses two acuH alleles (acuH13 and acuH31), both carrying nonsense
mutations in the CACT encoding gene that involve the replacement of a CAG (Gln) codon with a premature TAG stop codon. In con-
trast, the suaE7 gene does not suppress the acuH20 amber nonsense mutation involving a TGG — TAG change. The phenotype associ-
ated to the suaE7 mutation strictly resembles that of mutants at the suaA4 and suaC genes, two translational suppressor genes previously
identified, suggesting that their gene products might functionally interact in translation termination. Sequencing of the suaE7 gene
allowed the identification of a mutation in the domain 2 of the omnipotent class-1 eukaryotic release factor involving the Gly265Ser sub-
stitution in the A. nidulans eRF1. This mutation creates a structural context unfavourable for normal eRF binding that allows the mis-
reading of stop codons by natural suppressor tRNAs, such as the tRNAsS'™, Structural analysis using molecular modelling of A. nidulans
eRF1 domain 2 bearing the G265S substitution and computer simulation results suggest that this mutation might impair the necessary
conformational changes in the eRF1 to optimally recognize the stop codon and simultaneously interact with the peptidyl transferase cen-
tre of the 60S ribosomal subunit.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction in the mitochondrial matrix (De Lucas et al., 1999; Palmi-

eri, 2004). Deficiency of human CACT results in the most

The carnitine/acylcarnitine translocase (CACT) medi-
ates transport of acylcarnitines of different length across
the mitochondrial inner membrane for their final oxidation
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severe disorder of fatty acid B-oxidation and is usually
lethal within a few hours or days after birth (Pande et al.,
1993; Stanley et al., 1992). The fact that this deficiency is
associated with lethality throughout the metazoan lineage
accounts for the lack of animal models for the disease in
both vertebrates and invertebrates (De Lucas et al., 1999).
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In the filamentous fungus Aspergillus nidulans, the
CACT is encoded by the acuH gene. In contrast with ani-
mals, the CACT deficiency in A4. nidulans is conditionally
lethal because, although a functional CACT is required for
growth on long-chain fatty acids and C, compounds such
as acetate, the enzyme is not essential when alternative car-
bon sources such as carbohydrates or amino acids are uti-
lized (De Lucas etal, 1999). This important metabolic
feature, together with the amenability of A. nidulans for
classical and molecular genetic studies, pinpoints this
eukaryotic microorganism as an excellent model to investi-
gate important molecular and biochemical aspects of this
inborn error of metabolism. Accordingly, we previously
developed a metabolic model that allows the functional
characterization of human CACT mutations such that neu-
tral, single residue substitution-causing polymorphisms can
be discriminated from potentially pathogenic missense
mutations (Perez et al., 2003).

In this work, we utilized the model filamentous fungus
A. nidulans to identify mutations that suppress the defi-
ciency of acuH mutants for growth on acetate and oleate
media aiming to discover a putative therapeutic target
whose modulation could help in preventing the lethality
associated to the CACT deficiency. Although no physiolog-
ical suppressor of the CACT deficiency was found, we iden-
tified and further characterized a suppressor mutation
mapping at a new translational suppressor gene in A. nidu-
lans, the suaE gene, which suppresses two nonsense muta-
tions in the acuH gene involving the substitution of a CAG
(Gln) codon for a premature TAG amber stop codon.

Cloning and sequencing of the suaE gene, as performed
in this work, permitted the identification of the A. nidulans
eRFI1. The eukaryotic release factor 1 (eRF1) terminates
protein synthesis by recognizing mRNA stop codons at the
ribosomal A-site and interacting with the ribosomal pepti-
dyl transferase centre where the peptidyl-tRNA ester bond
is hydrolysed so as to release the free polypeptide (Frolova
et al, 1999; Ito et al., 2000; Inge-Vechtomov et al., 2003).
The eRF1 is composed of three domains. The N-terminal
domain (domain 1) is proposed to participate in stop codon
recognition (Song et al., 2000; Bertram et al., 2000; Chav-
atte et al., 2001; Frolova et al., 2002). Domain 2 is responsi-
ble for the peptidyl transferase hydrolytic activity (Frolova
et al., 1999; Seit-Nebi et al., 2001) and the C-terminal part
of eRF1 (domain 3) interacts with eRF3 (eukaryotic release
factor 3) (Kisselev et al., 2003).

The phenotype of suaE7 mutant strains clearly resem-
bles the phenotype of mutants at the suaA4 and suaC genes,
two translational suppressor genes previously identified in
A. nidulans (Roberts et al., 1979) and whose unknown gene
products presumably interact with eRF1 in the termination
of translation. By sequencing the suppressor suaE7 gene we
identified the G265S substitution in the eRF1 domain 2
that must result in limited competitiveness with natural
suppressor tRNAs capable of illegitimately translating
mRNA stop codons. Molecular modelling was used to
build the three-dimensional structures of domain 2 of wild-

type and mutant forms of A. nidulans eRF1. Our computer
simulation results suggest that this missense mutation does
not directly affect stop codon recognition or the presumed
catalytic domain but likely impairs the necessary conforma-
tional changes that must occur in the eRF1 to optimally
recognize the stop codon on the mRNA and simulta-
neously interact with the peptidyl transferase centre located
at the 60S ribosomal subunit (Klaholz et al., 2003; Nakam-
ura and Ito, 2003).

2. Materials and methods
2.1. Strains and plasmids

The A. nidulans strains used in this work are listed in
Table 1. The chromosome-III-specific cosmid library
obtained from the Fungal Genetics Stock Center (Univer-
sity of Missouri, Kansas, USA) was employed to clone the
suaE gene of A. nidulans. The suaE gene was subcloned
using the plasmid pUC19 and established molecular biol-
ogy techniques (Sambrook et al., 1989). Plasmid pAL3
containing the Neurospora crassa pyr-4 gene as a fungal
selectable marker and the promoter of the A. nidulans
alcA gene (alcAY) (Waring et al., 1989) was also employed.
Escherichia coli DH5a (BRL, USA) served as the recipient
strain for plasmid transformation.

Table 1
Aspergillus nidulans strains used in this study

Strain Genotype Source or reference
R21 pabaAl yA2 Armitt et al. (1976)
R153 wA3; pyroA4 Armitt et al. (1976)
G191 pabaAl pyrG89; uaY9; fwAl De Lucas et al. (2001)
WHS wA3; pyroA4; acuH8 De Lucas et al. (1997)

WHI13 wA3; pyroA4; acuHI13 De Lucas et al. (1997)
WH20 wA3; pyroA4; acuH20 De Lucas et al. (1997)
WH24 wA3; pyroA4; acuH24 De Lucas et al. (1997)
WH31 wA3; pyroA4; acuH31 De Lucas et al. (1997)
YHS8 pabaAl yA2; acuH8 De Lucas et al. (1997)
YHI13 pabaAl yA2; acuHI3 De Lucas et al. (1997)
YH20 pabaAl yA2; acuH20 De Lucas et al. (1997)
YH24 pabaAl yA2; acuH24 De Lucas et al. (1997)
YH31 pabaAl yA2; acuH31 De Lucas et al. (1997)
PPA14 biAl; AacuH::pyrd*; argB2 Perez et al. (2003)
WSol7H wA3 suaE7; pyroA4; acuH13 This study
YSol7H pabaAl yA2; suaE7; acuHI13 This study
WSol7 wA3 suaE7; pyroA4 This study
YSol7 pabaAl yA2; suaE7 This study
STHG biAl; argB2 suaE7; This study
pyroA4;acuHI13
G351 pabaAl; alX4 suaAl101; sB43; Glasgow stock
alcRI125; fwAl
G724 pabaAl; alX4; sB43; suaC109; Glasgow stock
fwAl
H9 pabaAl; alX4 suaBl11; sB43,; Dr. H. Sealy-Lewis
fwAl
WG355 biAl; argB2 galAl Perez et al., (2003)
MS2.7 biAl;wA3;galAl;pyroA4, Dr. M. Grindle

facA303;sB3;nicBS;riboB2
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2.2. Aspergillus nidulans media and culture conditions

Aspergillus nidulans was grown in Aspergillus complete
medium (CM) and Aspergillus minimal medium (MM)
(Armitt et al., 1976). The following carbon sources were
added to the MM for phenotypic analysis of acuH mutants:
1% glucose (non-selective conditions), 0.1 M acetate or 6
MM oleate in 1% Tergitol NP40 (Sigma) (selective condi-
tions) (Valenciano et al., 1996). Growth tests of pa/B mutants
were carried out in CM containing 0.2 M PO,HNa, (pH 8)
(restrictive conditions) and CM containing 0.5M PO,H,Na
(pH 5) (non-selective conditions). A. nidulans cultures were
normally incubated at 37 °C. However, when growth tests of
suaE7, suaAl01, suaBlll and suaCl09 strains were per-
formed, the following temperatures were used: 23, 28, 37 and
43°C. The following nutritional requirements were added as
necessary: 1uug p-aminobenzoic acid ml~!, 0.05 ug pyrodoxine
ml~, 0.02 ug biotin mI~!, 200 ug arginine ml~!, 50 ug methio-
nine ml~!, 3 ug panthotenic acid ml~!, 2 pg D-pantolactone
ml~!, 2 pg nicotinic acid ml~!, 2.5 pg riboflavin ml~!, 2.44 mg
uridine m1~'. A. nidulans was transformed by the method of
Balance et al. (1983).

2.3. Classical genetic techniques

Standard techniques for genetic manipulation of A.
nidulans (Pontecorvo et al., 1953; Clutterbuck, 1974) were
used to synthesize heterokaryons and diploids for comple-
mentation tests, to generate ascospores (meiotic) progeny
with various genotypes, and for chromosome assignment
by means of the parasexual cycle.

2.4. Molecular genetic techniques

Cosmid and plasmid DNA was isolated by using the
Qiagen Plasmid Kit (Qiagen) following the manufacturer’s
instructions. Genomic DNA was isolated from mycelium
grown on 1% glucose MM employing the method described
by De Lucas et al. (2001). Southern blotting was carried out
by established procedures (Sambrook et al., 1989). DNA
sequencing was carried out by using the GeneAmp PCR9700
system on an ABI-PRISM3100 automatic sequencer
(Applied Biosystems). The sequence of the A. nidulans suaE
gene was deciphered by sequencing the plasmids pXB25 and
pPS150 using appropriate oligonucleotides. Molecular char-
acterization of the suaE7 allele was performed by PCR-
amplification of genomic DNA from WSol7H strain in four
overlapping regions followed by direct sequencing of the
PCR-amplified fragments. These PCRs were carried out
using the Pfu DNA polymerase (Promega) and the following
primers: ERFfwl: 5'-TCTCA AGAACCAGGTGGCCAAC-3,
ERFfw2: 5'-TCAAGCC AATCAACACGTCC-3', ERFf w3:
5'- GTCGCCGGTA TAATTCTTGC-3', ERFf w4: 5'-CCTC
GAATGGCTTG CGGA-3', ERFrevl: 5'-GA GGCCGCTG
AACCGTCAATCT-3, ERFrev2: 5'- CCTG TTCAGCTCA
CTTCC-3', ERFrev3: 5'-CCTTAACCCTC GCACACT-3’
and ERFrev4: 5'-TCAAGGCTTCGGTGTGAA-3'.

To analyse the essentiality of the suaFE gene the pALERF1
vector, based on pAL3 (Waring et al., 1989), was constructed.
Primers LKPeRF1: 5'-CAGGTACCATACAGCTC-3’
(including a Kpnl site) and RBAeRFIl: 5-GG
ATCCTCAACACCGTAACA-3'(including a BamHI site)
were used in a PCR to amplify a 1065-bp fragment from
nucleotides —34 to +1032 of the A. nidulans suaE gene
(Accession no. AF451327). The PCR-amplified fragment
lacking the last 135 codons of the suaE ORF was cloned into
pGEMTeasy giving the vector pGMERFI1. The Kpnl-
BamHI insert of this vector was ligated into the expression
vector pAL3, previously digested with the same enzymes, to
give pALERF1.

2.5. Molecular modelling and computer simulations

To build the initial model for domain 2 of A. nidulans
eRF1, the automated comparative protein modelling server
SWISS-MODEL (Guex et al., 1999) was employed using as
template the X-ray crystal structure of human eRF1 depos-
ited in the Protein Data Bank (http://www.rcsb.org/pdb/)
with identification code 1DT9 (Song et al., 2000). For each
mutated residue, a manual search for optimal side chain
conformations was performed so as to select the rotamer
producing the lowest non-bonded energy. A short optimisa-
tion run restraining all non-H atoms to their initial coordi-
nates allowed readjustment of covalent bonds and van der
Waals contacts without changing the overall conformation
of the protein. This was followed by immersion of the mole-
cule in a truncated octahedron of ~8200 TIP3P water mole-
cules with sides extending 8 A away from any protein atom.
Periodic boundary conditions were applied and electrostatic
interactions were represented using the smooth particle
mesh Ewald method with a grid spacing of ~1 A. The cutoff
distance for the non-bonded interactions was 9A. Unre-
strained molecular dynamics simulations at 300K and 1 atm
were then run for 10ns using the SANDER module in
AMBERS (URL: http://amber.scripps.edu/doc8/). All bonds
involving hydrogens were restrained to their equilibrium
distances using the SHAKE algorithm and an integration
step of 2fs was used throughout. The simulation protocol
was essentially as described elsewhere (Marco et al., 2003)
and involves a series of progressive energy minimizations
followed by slow heating and equilibration periods before
data collection. System coordinates were saved every 2ps
after the first 500 ps of equilibration for further analysis. An
average structure of the wild-type eRF1 domain 2 was used
to model the G265S substitution, and the mutant protein
was simulated under the same conditions as before.

3. Results

3.1. Suppression analysis of the carnitinelacylcarnitine
deficiency in A. nidulans

In a previous work (De Lucas et al., 1997), we isolated
five different mutants in the A. nidulans acuH gene. These
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acuH mutants were shown to be CACT-deficient and thus
unable to grow on acetate or oleate MM (De Lucas et al.,
1999) although they grow normally on non-gluconeogenic
carbon sources such as carbohydrates. Preliminary charac-
terization of the acuH mutant alleles allowed the identifica-
tion of three nonsense mutations, a missense mutation and
a 1 bp-deletion frameshift in the acuH coding region. Phe-
notypic and biochemical analyses demonstrated that all
these mutations belong to the loss-of-function class (Perez
et al., 2003).

Results obtained in this work (see below) suggested the
re-examination of all existing acuH mutations in order to
confirm the codon change previously reported (Perez et al.,
2003). This study confirmed that the published nucleotide
changes for all acuH mutations were correct (Perez et al.,
2003). Nevertheless, it was found that in the acuH nonsense
mutations the amino acid previously reported (Perez et al.,
2003) as replaced by the TAG codon was the preceding to
the correct one. Accordingly, in this work it was confirmed
that all nonsense mutations in the acuH gene: acuHI3,
acuH20 and acuH31 (=acuH253, Armitt etal., 1976)
belong to the amber (UAG) class. Also, it was unequivo-
cally demonstrated that in two of these mutants a prema-
ture TAG stop codon replaces a CAG (GIn) codon in the
acuH gene, while in the acuH20 strain a TGG (Trp) codon
is replaced by the TAG stop codon (Table 2).

Spores (5x 10% conidia per plate) from the non-leaky
strain WH13 carrying the acuH13 mutation (Tables 1 and
2) were inoculated on selective media (0.1 M acetate MM or
6 mM oleate MM) and incubated for 10 days at 37°C.
Seven revertants growing on acetate medium (Sac strains)
and five strains growing on oleate medium (Sol strains)
were isolated. These revertants were tested for their ability
to use acetate and oleate as the sole carbon source. Only
four revertants, 2 Sac and 2 Sol strains, were able to grow
on both media indicating that they carry intragenic or
extragenic mutations suppressing the effect of the acuH13
allele. Such strains were crossed with the wild-type strain A.
nidulans R21 (Table 1) and phenotypic analysis of the prog-
eny confirmed that a strain, named WSol7H, carries an
extragenic suppressor gene of the acuH 13 mutation.

This extragenic suppressor gene, named suaE7 (see
below), produces growth retardation and other pleotropic
effects at 37°C (see below) that allowed to distinguish
clearly the four different genotypes (suaE7; acul13, suaE";

acuH13, suaE7; acull" and suaE*;acuH™) of the backcross
progeny (Fig. 1), each representing 25% of the meiotic
progeny analysed (200 colonies).

In parallel, we utilized an A. nidulans AacuH strain
(PPA14) that had been constructed earlier by replacing the
entire acuH ORF with the Neurospora crassa pyr-4 gene
(Perez et al., 2003). Spores (5 x 10® conidia per plate) from
the PPA14 strain were inoculated on 0.1 M acetate MM or
6mM oleate MM and incubated in the conditions
described above. In addition, PPA14 spores were mutage-
nized with uv-light (LDyy) and inoculated on the same
media. No revertants able to grow on both acetate and ole-
ate media were isolated suggesting the impossibility to
obtain physiological suppressors of the CACT deficiency in
A. nidulans.

3.2. The WSol7H strain defines a new translational
suppressor (suak) gene in A. nidulans

According to the above statement, it was assumed that
the extragenic suppressor represented by the WSol7H
revertant belongs to the translational type. Nevertheless,
appropriate genetic analyses were performed to confirm the
mechanism of suppression. Strain WSol7H was crossed
with complementary strains carrying the following acuH
mutations: AacuH, acuHS8, acuH13, acuH20, acuH24 and
acuH31 (Table 1). The results obtained indicate that the
identified suppressor does not suppress the acuH8 (mis-
sense) mutation, the acuH24 (frameshift) mutation or the
acuH deletion. Among the acuH nonsense mutations, the
acuH13 and acuH31 alleles were suppressed in a similar
manner (Fig. 1) but not the acuH20 nonsense mutation
(Table 2). This result demonstrates that the suppressor gene
identified in this work is allele specific and belongs to the
translational class. Interestingly, the acuHI13 and acuH31
mutations involve a CAG — TAG change that causes the
replacement of a glutamine codon with the amber stop
codon, while the acuH20 allele consists of a TGG — TAG
substitution that results in the replacement of a tryptophan
codon with the same stop codon (Table 2). These results
show that the isolated suppressor is unable to suppress all
amber nonsense mutations in the acuH gene, which sug-
gests that its suppression capacity of these acuH mutations
depends on the codon (amino acid) at which the nonsense
mutation occurs.

Table 2

Suppression analysis of Aspergillus nidulans acu H mutants by the translational suppressor suaE7 gene

Strain Type of mutation Nucleotide change® Predicted consequence Suppression by suaE7
acuH8 Missense 148C—>T Pro50Leu No

acuH13 Amber nonsense 501C—T GIn134Stop Yes

acuH20 Amber nonsense 861G — A Trp254Stop No

acuH24 Frameshift 430delT Frameshift after Asp109/Leul10Stop No

acuH31 Amber nonsense 76C - T GIn26Stop Yes

PPA14 AacuH::pyr-4* del(1-1590) No CACT No

# Position of nucleotide changes are from the ATG of the acuH genomic DNA sequence (De Lucas et al., 1999. EMBL Data Bank Accession No.

AJO11563).
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Fig. 1. Growth tests on CM (A), 1% glucose (B), 0.1 M acetate (C) or 6 mM oleate MM (D) of A. nidulans strains carrying the four genotypes (suaE*;
acuH™, suaE7; aculH™, suaE*; acuH13 and suaE7; acuH13) obtained from a sexual cross between A. nidulans R21 wild-type (suaE*; acuH") and the revert-
ant WSol7H strain (suaE7; acuH13). Cultures of MM plates were incubated for 3 days at 37 °C, while the CM plate was incubated for 2 days. In the latter

conditions, the growth retardation produced by the suaE7 gene is much clearer.

Since all the acuH nonsense mutants belong to the
amber (UAG) class, to analyse whether the suaE7 allele is
able to suppress all type of nonsense mutations, we used a
different gene, the palB gene. Three complete loss-of-func-
tion palB mutants, each representing a different type
(amber, opal or ochre) of nonsense mutation (Herb N. Arst
& Miguel A. Penalva personal communication to be
detailed elsewhere) were utilized. The A. nidulans pal B gene
encodes a nuclear calpain-like protease (Denison et al.,
1995; Nozawa et al., 2003), which acts as a component of
the alkaline ambient pH signal transduction pathway (Arst
and Penalva, 2003). Mutants at the pal/B locus are easily
identified by their inability to grow at alkaline pH (pH §)
while they grow at acidic pH (pH 95). Sexual crosses were
established between strain WSol7 (wA3 suaE7; pyroA4) and
the three pal/B mutant strains. Phenotypic analyses of the
meiotic progeny (over 200 colonies) from each cross indi-
cated that the suaE7 gene weakly suppresses all pa/B muta-
tions analysed. Therefore, the suaE7 mutation has to be
considered as a suppressor of all type nonsense mutations.

Further analysis of the phenotype of the WSol7H strain
showed intriguing similarities with that caused by muta-
tions in two translational suppressor genes previously iden-

tified in A. nidulans, the suaA and suaC genes (Roberts
etal, 1979). The suaA and suaC genes, together with the
suaB and suaD genes, were identified in a search for transla-
tional suppressors in 4. nidulans (Roberts et al., 1979; Mar-
tinelli, 1994). Mutations in the suaA4 and suaC genes, the
first class of translational suppressors, give rise to recessive
suppression and cause pleiotropic alterations of morphol-
ogy. It was proposed that such suppressors map either in a
gene coding for a protein involved in translation termina-
tion or for an essential ribosomal protein. In contrast, suaB
and suaD mutant alleles, belonging to the second class and
postulated to encode suppressor tRNAs, are semi-domi-
nant and do not alter the phenotype in other ways (Roberts
et al., 1979; Martinelli, 1994).

Genetic analysis testing for dominance/recessivity in dip-
loids heterozygous for the suppressor suaE7 gene and
homozygous for the acuH13 mutation showed that the iso-
lated suppressor is recessive. In addition, growth tests of the
WSol7H and WSol7 strains, both carrying the suaE7 allele
(Table 1), were performed on CM and 1% glucose MM at
different temperatures: 23, 28, 37 and 43°C. Results
obtained demonstrated similar phenotypic alterations to
those described for the suaA4 and suaC mutants obtained in



144 O. Martinez et al. | Fungal Genetics and Biology 44 (2007) 139-151

the past (Roberts et al., 1979; Martinelli, 1994). Such altera-
tions include very sparse growth at 23 and 43°C, growth
retardation at 28 and 37°C (Fig. 1) and increased sensitiv-
ity to hygromycin. Representative results of growth tests of
a suaE7 strain and available suaA, suaB and suaC mutant
strains are shown in Table 3. In addition, we quantified the
viability of suaE7 conidia. The 57% of the conidia formed
by the suaE7 mutants germinated on CM, while the 81% of
conidia produced by the R153 (wild-type) strain were via-
ble. Also, we tested the ability of suaE7 strains to form sel-
fed cleistothecia. The suaE7 mutants formed only a few
cleistothecia which were surrounded by an unusually thick
layer of Hiille cells. These cleistothecia contained only a few
viable ascospores. These results demonstrate that, as
reported for the majority of the suad4 and suaC mutant
alleles (Bratt and Martinelli, 1988), the suaE7 mutation
reduces conidial viability and fertility.

Further genetic characterization of the identified sup-
pressor gene involved the use of parasexual genetics. Dip-
loids YSol7::MS2.7 and YSol7H::MS2.7 (Table 1) were
obtained by using established procedures. Diploids were
treated with benomyl (1 mg/ml) as the haploidizing agent
and phenotypic analyses of haploid segregants allowed
unequivocally to locate the suppressor gene at chromosome
I11, as do the suaA and suaB genes. A sexual cross between
strains WSol7H and G351, the latter carrying the suaA101
allele, was established. Phenotypic analysis of the meiotic
progeny analysed (over 200 colonies) demonstrated no
linkage between both suppressor mutations. Besides, a sec-
ond cross was established between strains WSol7H and H9
which carries the suaBI11 allele. Phenotypic analysis of the
meiotic progeny (over 200 colonies) demonstrated that
both suppressor mutations are unlinked. These results
unequivocally indicate the identification of a new transla-
tional suppressor gene in A. nidulans, which we have named
suaE based on the nomenclature suggested by Roberts
et al., 1979) for the translational suppressors in this model
filamentous fungus.

3.3. The suaE7 mutation give rise to the G255S substitution
in A. nidulans eRF1

Strain STHG (biAl; argB2 suaE7; pyroA4;acuHl3) was

derived from a cross between WSol7H and WG355 (Table
1), and used as the recipient strain in transformation exper-

Table 3

iments to clone the suaE gene. To find a positive selection
method for cloning the gene, several growth conditions
based on the phenotype associated to the suaE7 gene were
tested. It was observed that strain STHG is unable to grow
in 1% glucose MM plus 200 uM hygromycin at 42 °C. Thus,
these growth conditions were used to clone the suaE gene
by transformation. DNA from 20-cosmid pools of the
chromosome I1I-specific library of A4. nidulans (Brody et al.,
1991) was mixed with equimolar amounts of the autono-
mously replicating plasmid ARpl (Gems et al., 1991) and
used in co-transformation experiments. Following the strat-
egy described elsewhere (De Lucas et al., 1999), a cosmid
(L6HO06) was identified as capable of restoring all pleiotro-
pic alterations of the STHG strain associated to the suaE7
mutation. In addition, the hygromycin-resistant transfor-
mants obtained were unable to grow on acetate and oleate
media. All these results clearly suggested the identification
of a positive cosmid that contains the suaE gene and not an
unlinked suppressor (see below).

DNA from this cosmid was digested with the following
enzymes: BamHI, EcoRl1, HindIIl, Pstl, Xbal and Xhol.
Restriction fragments were used in combination with ARp1
DNA to co-transform the strain STHG. Hygromycin-resis-
tant transformants were obtained for all digestion mixtures
except when HindIII restricts were used. The positive cos-
mid was digested with PstI and restriction fragments were
used in transformation. Only transformation with a 15-kb
Pstl fragment gave hygromycin-resistant colonies. This
fragment was cloned into pUC19 to give pPS150. This large
vector, that transformed the S7THG strain to suaE" pheno-
type at a frequency of 18 transformants per microgram of
DNA, was digested with Xbal and restricts obtained were
used in transformation. A positive 2.5-kb Xbal fragment
was found. This genomic fragment was cloned into pUCI19
to give the plasmid pXB25, which complements the suaE7
mutation at a similar transformation frequency than
pPS150 does. The two strands of the 2.5-kb Xbal insert of
plasmid pXB25 were sequenced. BLASTN and BLASTX
searches unequivocally showed it to contain the ORF
except for the last 54 codons of the gene encoding the eRF1
of A. nidulans (Han et al., 2005). The remaining 3’ coding
region of the A. nidulans suaE gene was identified by partial
sequencing of the vector pPS150. This vector contains the
whole suaE gene surrounded by a large genomic region at
its 5" and 3’ ends. The physical map of the A. nidulans suaE

Growth tests and sensitivity to hygromycin of 4. nidulans R153 (wild-type) strain and suaA, suaB, suaC and suaE mutants

Strain Growth on CM Growth on CM + 100 uM hygromycin

23°C 28°C 37°C 43°C 23°C 28°C 37°C 43°C
R153 4 4 4 3 2 2 3 1
suaAl01 1 2 3 2 0 0 2 0
suaBl11 4 4 4 3 2 2 2 0
suaC109 0 1 4 3 0 0 1 0
suaE7 1 2 3 1 1 1 2 0

Growth on complete medium (CM) is expressed quantitatively from 0 (no growth) to 4 (maximal growth). Data were scored at the following incubation
times: 5 days at 23 °C, 4 days at 28 °C and 3 days at 37 °C and 43 °C. Growth tests on 1% glucose MM were similar to those shown on CM.
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Fig. 2. Identification by Southern blotting and characteristic phenotype of A. nidulans transformants expressing the suaE gene under control of the alcA
promoter. (A) Schematic representation of the integration of a single copy of plasmid pALERFI1 at the genomic suaE locus leading to the replacement of
the suaE promoter by the alcA”. Chromosomal and plasmid Xbal sites are indicated. Sizes of fragments hybridizing with the pyr-4 or the suaE probe in the
wild-type strain and correct transformants are shown. (B) Southern blot analysis of genomic DNA from the recipient strain G191 (pyrG-) and pyr-4*
strains obtained by transformation with plasmid pALERF1. (B.1) Genomic DNA from strain G191 (lane 1) and pyr-4* transformants (lanes 2-9) digested
with Xbal and hybridized with a 1.2-kb HindIII internal fragment of the N. crassa pyr-4 gene. (B.2) Genomic DNA from strain G191 (lane 1) and pyr-4*
transformants (lanes 2-9) hybridized with a 1065-bp Kpnl-BamHI region containing the suaE ORF except the last 135 codons. Transformants shown in
lane 3 and 8 express the suaE gene under control of theA. nidulans alcA®. (C) Essentiality analysis of the suaE gene in A. nidulans. (C.1) Phenotypic analysis
showed normal growth of alcAP-suaE transformants in inducing conditions (0.1 M threonine MM) at 37 °C. (C.2) In repressing conditions (3% glucose
MM) these transformants were unable to grow. (C.3) Microscopic analysis demonstrated that eRF1-depleted spores are unable to germinate. These spores
started to burst after 20 h incubation on selective medium at 37 °C. Bar represent 20 pum.

gene (Han et al, 2005), its complete genomic sequence
(Accession No. AF451327) (URL: www.broad.mit.edu/
annotation/fungi/aspergillus/) and the deduced eRF1 pro-
tein sequence (Accession No. AAM46702) are all available.

In addition, we analysed the essentiality of the suaE gene
by putting this gene under control of the promoter of the A.
nidulans alcA gene (alcAY). As described in Section 2, we
constructed the plasmid pALERFI that contains a tran-
scriptional fusion of the alcA® to the suaE ORF truncated

atits 3’ end (Fig. 2). This plasmid was used to transform the
A. nidulans G191 strain (Table 1) and transformants were
selected on 0.1 M glycerol MM to permit the growth of
pyrG* strains in which the suaE gene was expressed under
control of the A. nidulans alcA®. Southern blot analysis
allowed the identification of several pyrG* transformants
with a hybridization pattern consistent with the replace-
ment of the suaE promoter by the alcA®. Phenotypic analy-
sis of two of these transformants in 3% glucose MM or in
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YEPD (repressing conditions) (Romero etal, 2003)
showed that eRF1-depleted spores are unable to germinate
(Fig. 2). However, these transformants grew as the wild-type
strain when incubated in 0.1 M threonine MM (inducing con-
ditions). Microscopic analysis showed that in repressing
media these conidia swelled until they almost double their
size. Nevertheless, these conidia did not show any other ger-
mination feature. Consequently, germ tube emergence was
never observed. Finally, these spores started to burst after
20h incubation at 37 °C. These results demonstrate that the
suakE gene is an essential gene in A. nidulans.

Molecular characterization of the suaE7 mutation was per-
formed by PCR amplification of the suaE7 allele from the
revertant WSol7H strain as stated in Section 2. The 906G > A
transition in the suaE ORF was identified. This mutation
results in the G265S substitution in the eRF1 of 4. nidulans. In
addition, we sequenced the suaE gene from several strains
obtained in this work that carry the suaE?7 allele or the wild-
type suaE" gene (Table 1). The results obtained unequivocally
correlate the presence of the 906G > A transition at the suaE
gene with the pleiotropic growth defects and the suppression
of the acuH13 and acuH31 mutations (Fig. 1).

It has been proposed that the omnipotent eRF1 and
aRF1 (archaea class-1 release factor) have originated from
an archaeal-like version in the common ancestor of eukay-
otes and archaea (Inagaki and Ford, 2000). In contrast, the
two bacterial class-1 release factors (RF1 and RF2) do not
posses any obvious sequence homology with eRF1 or
aRF1 (Nakumura and Ito, 2003). An alignment of eRF1
sequences from representative eukaryotes including the
fungi A. nidulans and Saccharomyces cerevisiae, the ciliate
Tetrahymena thermophila and the mammal Homo sapiens,
together with the aRF1 sequences from the archaeas Met-
hanosarcina mazei and Pyrococcus abysii, is shown in
Fig. 3. Tt can be seen that a significant level of sequence
identity exists among domains 1 (residues 1-141 using the
numbering of human eRF1) of eRF1s and aRFls. The
domain 1 characteristic motif NIKS involved in recogni-
tion of all stop codons is present in both aRF1s and eRF1s
except for that from Tetrahymena thermophila, a ciliate
with a nonstandard genetic code that utilizes only UGA as
stop (Lozupone et al., 2001; Kisselev et al., 2003). Also, a
significant level of sequence identity is found among
domains 2 (residues 145-275 of human eRF1) of eRFls
and aRF1s. As can be seen, the characteristic GGQ tripep-
tide in domain 2 that is required for peptidyl-tRNA hydro-
lysis is also conserved in both eukaryotic and archaeal
RFs. In contrast, a very low level of sequence identity
exists among domains 3 (residues 276-437 of human
eRF1) of both types of class-1 RFs. Interestingly, the gly-
cine 265 residue of domain 2 of the A. nidulans eRF1
(G253 in the human eRF1) is present in all of these
sequences, which are representative of both Eukarya and
Archaea. The conservation of this glycine in all eukaryotic
and archaeal sequences analysed (not shown) clearly sug-
gests a relevant role of this amino acid in eRF1 structure
and/or function.

3.4. Structural consequences of the G265 substitution in
domain 2 of A. nidulans eRF1

The overall architecture of domain 2 of A. nidulans eRF1
is very similar to that of human eRF1, as expected from the
high degree of sequence identity (Figs. 3 and 4). Likewise,
Gly265, which is positionally equivalent to Gly263 in human
eRF1, is located close to the N-terminus of the kinked o-
helix that connects domains 2 and 3. Our modelling and sim-
ulation results for domain 2 of both wild-type and G265S
mutant fungal eRF1 suggest that no gross conformational
changes take place in this domain as a consequence of this
mutation (Fig.4). The evolution of the root-mean-square
deviation from the initial structure (Fig. 5) shows that most
of the fluctuation is due to the high mobility of the loop
embedding the GGQ motif, as expected, whereas the a-helix
remains very stable in both cases. Nonetheless, we note that
the flexibility of this helix, which has been suggested to par-
ticipate in the hinge motions involving both protein
domains, is likely to be affected by the good hydrogen bonds
that the hydroxyl group in the side chain of the mutated
Ser265 can establish with the backbone of adjacent protein
residues that make up the preceding loop.

4. Discussion

A search for suppressors of the CACT deficiency in the
model fungus A. nidulans has suggested the impossibility of
isolating physiological suppressor genes for this genetic and
metabolic disease, the most severe disorder of fatty acid f5-
oxidation in humans. Nevertheless, this suppressor analysis
has allowed the identification and further genetic and struc-
tural characterization of a novel mutation (suaE7) in the
omnipotent class-1 release factor of eukaryotes (eRF1) that
suppresses two of the three existing amber nonsense muta-
tions in the A. nidulans CACT encoding (acuH) gene.

Translation termination in eukaryotes is controlled by
the release factor complex, a heterodimer formed by associ-
ation of eRF1 and eRF3. This complex recognizes a stop
codon located in the ribosomal A-site and triggers the
release of the nascent peptide (see Inge-Vechtomov et al.,
2003, for a review). Genetic and biochemical studies in S.
cerevisiae, in which the essential SUP45 and SUP35 genes
encode, respectively, the eRF1 and eRF3 proteins, have
demonstrated that eRF1 acts as the key factor in the termi-
nation of translation while the eRF3 has a stimulating role
(Bertram et al., 2001; Inge-Vechtomov et al., 2003).

Resolution of the three-dimensional structure of human
eRF1 by X-ray crystallography has revealed the molecular
mechanism of eRF1 activity (Song et al., 2000). The overall
shape and dimensions of eRF1 resemble those of a tRNA
molecule with domains 1, 2, and 3 of eRF1 corresponding
to the anticodon loop, aminoacyl acceptor stem and T stem
of a tRNA molecule, respectively (Fig. 3). Domain 1, con-
taining the highly conserved motif NIKS, is proposed to
participate in stop codon recognition (Song et al., 2000;
Bertram et al, 2000; Chavatte et al., 2001; Frolova et al.,



O. Martinez et al. | Fungal Genetics and Biology 44 (2007) 139-151 147

ANeRF1 MSTVQOANEAEZN I It < RVE A AN N ENS VIRl BRSSO}/ S RA.
ANG265S MSTVQOANEAEMN A e feeli
HSeRF1 --MADDPSAADSINANNIREIEEHIK S
SCeRF1

TTHeRF1 - - -MEEKDQRQII[ A i 0ea U T
MMAaRF1 MTEQSAHBKME FINKIFEG
PABaRF1

ANeRF1 @ORLKLYNKVPENGLVMY

ANG265S ®ORLKLYNKVPENGLVMY

HSeRF1

SCeRF1 @it PG LV

TTHeRF1 RENPINN G LEL Y CGIVINDE GKER
MMAaRF1 YLD EENE i viaTle

PABaRF1

ANeRFl 161

ANG265S 161

HSeRF1 159

SCeRF1 156

TTHeRF1 158

MMAaRF1 154

PABaRFl 156

ANeRF1 240 OFVENoRO

ANG265S 240 QEwVigRORMO

HSeRF1 238 OEmUIRNOIINOS

SCeRF1 235 KEjoHasPINanC

TTHeRF1 237

MMAaRF1 233 AGEFLHHEMMK|

PABaRF1 236 EGYLHHEMKK

ANeRF1 320 BTEZENEEvTRWVIENS-E--GNEV
ANG265S 320 RTIRAYNIENY TRV LENS -E--GNEV
HSeRF1 318 RTIAA4ANIENIMRYVIEHCOGT--EEEK
SCeRF1 315 |AKIBRIINIIT IRy TFDA--——-EDNE
TTHeRF1 317 RNIBICYMEMTTLRVT

MMAaRF1 313

PABaRF1 316 RTHMEISEGYEKVEVR

ANeRF1 397 NOFVEGFGGIGAILRYKV\INAGLENsNE)
ANG2655 397 NOFVEGFGGIGAILR

HSeRF1 396 QFVEGFGGIGEILR

SCeRF1 391 NOFVIGFGGIGAMLR

TTHeRF1 393 ©OFVEGFEGIGEHLR

MMAaRF1 392 FDEeseL NNyl PRBN¢N TGV - —— - - -
PABaRF1 396 [EREOOR YV ixele (e Nengofi—--------—-

TTKAQEENINEFFLDINDTIE
TTKAQEENINEFFLDINDTIE
YLTPEQEKDKSHFTDKETGQEHELIESMPLLEWEANNYKK
FAEPEAKDINS FAT DINATEORUIBNAYSEE PIERNMERAANMKN|
INK—-———-VTEQT IFIPPNELNNPKHFKDGEHELEKIEVENLEEWLAEHYSE
PVIRSESEDIBRAEIRVTTINCSVCGYENKWT ‘WKPGEPAPAAGN—CPKCGSSLEVEDVTDIVDEFSELADKSN
CNHCGWEELKTNSEEEFEVYKKKLTRCPKCGSQNLTIEKWD

DERY|

AEEEGTASNIKSR
NEEEGTASNI

SBVRFARLRYEKRHNYHRKVEEWY

LRIBESIHBEMRRIGD

RYERIPE@ETHEFMKRIGEH

WNVKEVOE KNV F DS 18 DE cIRaY Y GV D T MO L Gl T
MEE 5OVRANMIINE]

MeEREY

ARSVERVAADO S S FISIRIRATE NMK D]
AEMENVVDORIINLE WL AR Y18

AINEIRT KMAEE D\ IESILD

GRCTMLLSILP

D
v EADYSDEDEFYDGRCTMLLSILP
DFQGUEYQGGEDERFPLDDY ———————
IVDESEPBEYMDI#DEGSDYDFI -~
DLEHVNPNDIYNMEHEEGF T - —————

Fig. 3. Alignment using the program CLUSTAL W (1.8) of the amino acid sequence of the eRF1 from the fungi Aspergillus nidulans wild-type (lane 1) and
suaE7 mutant strain (lane 2) , Saccharomyces cerevisiae (lane 4), the ciliate Tetrahymena thermophila (lane 5) the mammal Homo sapiens (lane 3) with the
aRF1 sequence from two representative archaeas: Methanosarcina mazei (lane 6) and Pyrococcus abyssi (lane 7). Identical amino acids in at least five of
the sequences appear black shaded in the box-shade representation. Similar amino acids in at least five of the sequences are shaded gray. The characteristic
motifs of domain 1 (NIKS) and domain 2 (GGQ) of eRF1 and aRF1 are underlined. The G265S amino acid substitution resulting from the A. nidulans
suaE mutation is marked by an asterisk. Notice that the A. nidulans glycine 265 is fully conserved in these representative sequences from Eukarya and

Archaea.

2002). Domain 2, which is responsible for the peptidyl
transferase hydrolytic activity, includes a GGQ motif that
has been highly conserved throughout evolution (Seit-Nebi
et al.,, 2001). Domain 3 interacts with the eRF3 (eukaryotic
release factor 3), a class-2 translational termination factor
that displays ribosome-dependent GTPase activity and is
involved in the recycling of class-1 factor (Kisselev et al.,
2003). Domains 1 and 2 are connected by a hinge region
comprising residues 1-7 and 142-144 whereas domain 3
connects with domain 2 via a kinked helix that has been

compared to a spring breaker (Ma and Nussinov, 2004). In
the crystal structure of human eRF1 (“open” conforma-
tion), the separation between NIKS and GGQ motifs is
about 100 A whereas the distance between the ribosomal
decoding and peptidyl transferase centre, as inferred from
cryoelectron microscopy studies, is around 70 A, which is
precisely the distance separating a tRNA anticodon and the
CCA acceptor stem (Klaholz et al., 2003; Nakamura and
Ito, 2003). This means that to fit the ribosome binding
pocket eRF1 must adopt a “closed” conformation to bring
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these motifs closer in a process that has been suggested to
depend on solvation and the protonation state of histidine
residues (Ma and Nussinov, 2004).

The G265S substitution in the A. nidulans eRF1 (equiva-
lent to G263S in the human eRF1) reported in this work is,
to the best of our knowledge, the first mutation identified in
a fully conserved residue of the eRF1/aRF1 domain 2 that
does not affect the GGQ context. Therefore, it is unlikely
that this mutation affects directly the eRF1 catalytic domain
represented by the GGQ motif. In addition, it must be noted
that the structural change brought about by the G265S
mutation in domain 2 is relatively subtle (Fig. 4), as one
would expect in a protein that cannot be significantly altered
without seriously compromising its normal essential func-
tion. The structural variability during molecular dynamics
simulations in aqueous solution was also found to be rather
low and of similar magnitude for both wild-type and mutant
proteins (Fig. 5), with most of the variation arising from the
very flexible loop region, as expected. For this reason, we
tend to think that the different efficiencies of the two eRF1
proteins to act as release factors are likely dependent on
differences in the conformational properties of the spring
helix connecting domain 2 to domain 3. By stabilizing the N-
terminus of the helix, we hypothesize that this mutation
might be preventing some of the functionally relevant con-
formational changes that are needed for ribosome binding
and/or for triggering the ribosomal peptidyl transferase
activity. Gaining further inside into this possibility through
computer simulation would require additional modelling of
the whole protein docked into the ribosome binding pocket
but this is beyond the scope of the present work.
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Fig. 5. Time evolution of the root-mean-square deviations (rmsd) of the
coordinates of backbone atoms with respect to the initial structure for the

whole of domain 2 in both wild-type (thick line) and G265S mutant (thin
line) eRF1 structures.

Although the process of peptide chain termination is
normally effective, stop codons are not always recognized
efficiently. This fact provides a regulatory mechanism of
gene expression that is extensively utilized by positive-sense
ssRNA viruses (Beier and Grimm, 2001). The misreading of
termination codons is achieved by a variety of naturally
occurring suppressor tRNAs that seem to be present in all
organisms. Such natural nonsense suppressor tRNAs con-
tain structural and nucleoside modifications that permit
not only reading their cognate sense codons but also illegit-
imate nonsense translation (Beier and Grimm, 2001; Ber-
tram et al., 2001). The natural cytoplasmic UAG/UAA
suppressor tRNAs generally found in eukaryotes are
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Fig. 4. Ribbon representation (colour coded from the N-terminus [blue] to the C-terminus [red], with intermediate values ramping smoothly) and domain
structure of the crystallographically solved human eRF1 structure (left) that was used as template to model both wild-type (middle) and G265S (right)
domain 2 of A. nidulans eRF1. The position of the suppressor mutation in the spring helix is highlighted in magenta.
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tRNAT", tRNAC" and tRNAM" while the cytoplasmic
tRNATP tRNAA® and tRNAS® act as UGA suppressors
(Beier and Grimm, 2001).

In natural conditions, these cryptic tRNAs are non-com-
petitive with translation termination, as the release factor
complex specifically binds to the nonsense codons. How-
ever, mutations in the eRF1 or eRF3 that hamper normal
eRF binding and/or activity decrease the competitiveness
of these factors against these natural suppressor tRNAs. As
a consequence of this illegitimate nonsense translation, a
fraction of newly synthesized proteins are abnormally
enlarged and thus become non-functional, which may sub-
stantially decrease cell viability and growth.

In Saccharomyces cerevisiae, the pleiotropic effects asso-
ciated to missense mutations in the eRF1 or eRF3 include
temperature sensitivity, osmotic sensitivity (Inge-Vechtomov
and Andrianova, 1970) increased sensitivity to paromomycin
(Mironova et al., 1982) and retardation of cell-cycle com-
pletion (Inge-Vechtomov et al., 2003; Valouev et al., 2004).
In A. nidulans, two different missense mutations in the
eRF1 have been reported so far, the suaE7 mutation pro-
voking the G265S substitution (characterized in this work)
and the snpA6 mutation causing the E117K substitution
(Han etal,, 2005). The snpA6 mutation suppresses the
npgAl mutation, a mutation in a 4’ phosphopantetheinyl
transferase encoding gene (Keszenman-Pereyra et al., 2003)
that results in a colourless colony. Phenotypic analyses
have shown that temperature sensitivity and growth retar-
dation at 37°C are characteristic features associated to
both existing eRF1 missense mutations in A. nidulans. In
addition, a deeper phenotypic analysis performed in this
work, showed that the suaE7 mutation produces lowered
fertility, poor conidial viability and increased sensitivity to
hygromycin. Similar pleotropic alterations to those of the
suaE7 mutants were reported for mutations in the 4. nidu-
lans suaA and suaC genes (Roberts et al., 1979; Martinelli,
1994), two translational suppressor genes whose gene prod-
ucts are still unknown. Phenotype comparison among suakE,
suaA and suaC mutants clearly suggests that the suad and
suaC genes participate in the termination of translation
with  eRF3 and eRFI1/eRF3-interacting proteins
(poly(A)binding protein or UPF proteins) (Inge-Vechto-
mov et al., 2003) which thus become possible candidates for
their respective gene products.

Molecular characterization of all existing acuH muta-
tions and their suppression analyses have demonstrated
that the translational suppressor suaE7 gene is allele-spe-
cific being able to suppress nonsense mutations but not
frame-shift or missense mutations in the acuH gene.
Besides, results obtained from the suppression analyses of
opal, amber and ochre nonsense mutations in the pal/B gene
have indicated that the suppressor suaE7 mutation is also
gene-unspecific and able to suppress the three types (amber,
opal and amber) of nonsense mutations.

It was found that the two acuH alleles suppressed by the
suaE7 gene, acuH13 and acuH31, carry nonsense mutations
involving a Gln — TAG stop codon change. These substi-

tutions occur at residue 134 of the A. nidulans CACT in the
acuH13 allele and at amino acid 26 in the acuH31 allele.
Curiously, the remaining acuH nonsense mutation,
acuH?20, resulting in a Trp — amber stop codon substitu-
tion at residue 254 of AcuH is not suppressed by suaE7.
Taken together, these results strongly suggest that the
suaE7 suppression of the acuHI3 and acuH31 alleles
involves the participation of the cytoplasmic UAG/UAA
suppressor tRNAsY™, In accord with this explanation, it
was shown, firstly, that these tRNAs%" containing a CUG
or an UmUG anticodon exist in all prokaryotes and
eukaryotes (Sprinzl et al., 1998; Beier and Grimm, 2001)
and secondly, that glutamine is the most common amino
acid encoded in the read-through of UAG (Harrell et al.,
2002). Competition at a premature UAG codon between
one of these two tRNAs®™ isoacceptors and the eRF1 car-
rying the G265S mutation would give a chance to the cor-
rect insertion of a glutamine residue at this position within
the CACT protein sequence instead of terminating
polypeptide chain elongation. Consequently, a fraction of
wild-type AcuH molecules should be synthesized in cells
carrying both the suaE7 and acuH13 or acuH31 mutations
thus leading to partial restoration of growth on selective
medium such as acetate or oleate MM (Fig. 1). In contrast,
the lack of suppression of the acuH20 mutation by the
suaE7 gene indicates that no natural UAG/UAA suppres-
sor tRNAs allow the insertion of tryptophan or another
amino acid that can functionally replace Trp254 in the A.
nidulans CACT. Interestingly, this tryptophan residue is
fully conserved in the CACTs sequence through evolution
(De Lucas et al., 1999; Perez et al., 2003).

Sequence context surrounding the termination codon
appears to play a relevant role in determining the efficiency
of translation termination in prokaryotes and eukaryotes.
Accordingly, it has been proposed that most naturally
occurring termination codons lie within a context that pro-
motes efficient translation termination. In contrast, prema-
ture translation termination codons introduced by
mutation would not be subject to such selective pressure.
Several sequences consisting of 1-6 nucleotides upstream
and/or downstream of the termination codons have been
proposed to increase or decreased the translational read-
through efficiency in eukaryotes (Brown etal,, 1990;
Bonetti et al., 1995; Beier and Grimm, 2001; Harrell et al.,
2002). However, no definitive mechanistic model has
emerged for the role of these nucleotides, being especially
difficult to correlate the codon context with the efficiency of
the UAG read-through (Tork etal, 2004; Cridge et al.,
2006). In addition, more complex signals like stem-loop or
pseudoknot structures have also been correlated with the
increase of the read-through efficiency (Beier and Grimm,
2001). Taking into account this knowledge, we performed
an analysis of sequences surrounding the premature TAG
stop codon of the acuH13, acuH20 and acuH31 mutant
alleles. This study failed in identifying any codon context
that could predict differences in the UAG read-through
efficiency among these mutations. This fact, suggests that
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the codon context surrounding the acuH20 mutation may
not be responsible for the lack of suppression of the
acuH20 mutant allele.

During the preparation of this manuscript Han et al.
(2005) reported the identification of the A. nidulans snpA
gene encoding eRF1 as a temperature-sensitive suppressor
of the nmpgAl mutation. We here propose, as the most
appropriate, the denomination of suaE (=snpA) gene for
the A. nidulans translational suppressor gene encoding the
eRF1, based on the nomenclature suggested by Roberts
et al. (1979) for the translational suppressors in this model
filamentous fungus.

Acknowledgments

The authors thank Dr. J. Cluttterbuck and Dr. H. Sealy-
Lewis for providing the A. nidulans suaA, suaB, and suaC
strains and Dr. H. Arst and M. Penalva for providing the
palB strains. This work was funded by the Universidad de
Alcala (Spain) (Proj. Ref. UAH GC2003/057 to J.R.L.) and
in part by the National Foundation for Cancer Research
(to F.G.).

References

Armitt, S., McCullogh, W., Roberts, C.F., 1976. Analysis of acetate non-
utilizing (acu) mutants in Aspergillus nidulans. J. Gen. Microbiol. 92,
263-282.

Arst Jr., HN., Penalva, M.A., 2003. pH regulation in Aspergillus and paral-
lels with higher eukaryotic regulatory systems. Trends Genet. 19, 224
231.

Balance, D.J., Buxton, F.P., Turner, G., 1983. Transformation of Aspergil-
lus nidulans by the orotidine-5’-phosphate decarboxylase gene of Neu-
rospora crassa. Biochem. Biophys. Res. Commun. 112, 284-289.

Beier, H., Grimm, M., 2001. Misreading of termination codons in eukary-
otes by natural nonsense suppressors tRNAs. Nucleic Acids Res. 29,
4767-4782.

Bertram, G., Bell, HA., Ritchie, D.W., Fullerton, G., Stansfield, 1., 2000.
Terminating eukaryote translation: domain 1 of release factor eRF1
functions in stop codon recognition. RNA 6, 1236-1247.

Bertram, G., Innes, S., Minella, O., Richardson, J.P., Stansfield, 1., 2001.
Endless possibilities: translation termination and stop codon recogni-
tion. Microbiology 147, 255-269.

Bonetti, B., Fu, L., Moon, J., Bdwell, D.M., 1995. The efficiency of transla-
tion termination is determined by a synergistic interplay between
upstream and downstream sequences in Saccharomyces cerevisiae. J.
Mol. Biol. 251, 334-345.

Bratt, R., Martinelli, S.D., 1988. Every ribosomal suppressor mutation in
Aspergillus nidulans has a unique and highly pleiotropic phenotype.
Curr. Genet. 14, 29-36.

Brody, H., Griffith, J., Cuticchia, A.J., Arnold, J., Timberlake, W.E., 1991.
Chromosome-specific recombinant-DNA libraries from the fungus
Aspergillus nidulans. Mol. Gen. Genet. 242, 484-489.

Brown, CM., Stockwell, P.A., Trotman, CN.A. Tate, W.P., 1990.
Sequence analysis suggests that tetra-nucleotides signal the termina-
tion of protein synthesis in eukaryotes. Nucleic Acids Res. 18, 6339-
6345.

Chavatte, L., Frolova, L.Y., Kisselev, L., Favre, A., 2001. The polypeptide
chain release factor eRF1 specifically contacts the s(4)UGA stop
codon located in the A site of eukaryotic ribosomes. Eur. J. Biochem.
268, 2896-2904.

Clutterbuck, AJ., 1974. Aspergillus nidulans. In: King, R.D. (Ed.), Hand-
book of Genetics. Plenum Press, New York, pp. 447-510.

Cridge, A.G., Major, L.L., Mahagaonkar, A.A., Poole, E.S., Isaksson, A.L.,
Tate, W.P., 2006. Comparison of characteristics and function of trans-
lation termination signals between and within prokaryotic and eukary-
otic organisms. Nucleic Acid Res. 34, 1959-1973.

De Lucas, J.R., Dominguez, A.L, Valenciano, S., Turner, G., Laborda, F.,
1999. The acuH gene of Aspergillus nidulans, required for growth on
acetate and long-chain fatty acids, encodes a putative homologue of
the mammalian carnitine/acyl-carnitine carrier. Arch. Microbiol. 171,
386-396.

De Lucas, J.R., Martinez, O., Pérez, P, Lopez, M.I,, Valenciano, S.,
Laborda, F., 2001. The Aspergillus nidulans carnitine carrier encoded
by the acuH gene is exclusively located in the mitochondria. FEMS
Microbiol. Lett. 201, 193-198.

De Lucas, J.R., Valenciano, S., Dominguez, A.L, Turner, G., Laborda, F.,
1997. Characterizaton of oleate-nonutilizing mutants of Aspergillus
nidulans isolated by the 3-amino-1,24-triazole positive selection
method. Arch. Microbiol. 168, 504-512.

Denison, S.H., Orejas, M., Arst, H.N., 1995. Signaling of ambient pH in
Aspergillus involves a cysteine protease. J. Biol. Chem. 270, 28519-
28522.

Frolova, L.Y., Seit-Nebi, A., Kisselev, L., 2002. Highly conserved NIKS
tetrapeptide is functionally essential in eukaryotic translation termina-
tion factor eRF1. RNA 8, 129-136.

Frolova, L.V., Tsivkovskii, R.Y., Sivolobova, G.F., Oparina, N.Y., Serpin-
sky, O.L, Blinov, V.M., Tatkov, S.I., Kisselev, L.L., 1999. Mutations in
the highly conserved GGQ motif of classl polypeptide release factors
abolish ability of human eRF1 to trigger peptidyl-tRNA hydrolysis.
RNA 5, 1014-1020.

Gems, D.H., Johnstone, I.L., Clutterbuck, A.J., 1991. An autonomously
replicating plasmid transforms Aspergillus nidulans at high frequency.
Gene 98, 61-67.

Guex, N., Diemand, A., Peitsch, M.C., 1999. Protein modelling for all.
Trends Biochem. Sci. 24, 364-367.

Han, K.H., Kim, J.H., Kim, W.S., Han, D.M., 2005. The snpA, a tempera-
ture-sensitive supresor of npgA1, encodes the eukaryotic release factor,
eRF1, in Aspergillus nidulans. FEMS Microbiol. Lett. 251, 155-160.

Harrell, L., Melcher, U., Atkins, J.F., 2002. Predominance of six different
hexanucleotide recoding signals 3’of read-through stop codons.
Nucleic Acids Res. 30,2011-2017.

Inagaki, Y., Ford, D.W., 2000. Evolution of the eukaryotic translation termi-
nation system: origins of release factors. Mol. Biol. Evol. 17, 882-889.
Inge-Vechtomov, S., Andrianova, V.M., 1970. Recessive super-suppressors

in yeast. Genetika (Mosc.) 6, 103—116.

Inge-Vechtomov, S., Zhouravleva, G., Philippe, M., 2003. Eukaryotic
release factors (eRFs) history. Biol. Cell 95, 195-2009.

Ito, K., Uno, M., Nakamura, Y., 2000. A tripeptide anticodon deciphers
stop codons in messenger RNA. Nature 403, 680-684.

Keszenman-Pereyra, D., Lawrence, S., Twfieg, M.E., Price, J., Turner, G.,
2003. The npgAlcfivA gene encodes a putative 4’-phosphopantetheinyl
transferase which is essential for penicillin biosynthesis in Aspergillus
nidulans. Curr. Genet. 43, 186-190.

Kisselev, L., Ehrenberg, M., Frolova, L., 2003. Termination of translation:
interplay of mRNA, rRNAs and release factors? EMBO J. 22, 175-182.

Klaholz, B.P., Pape, T., Zavialov, A.V., Myasnikov, A.G., Orlova, E.V.,
Vestergaard, B., Ehrenberg, M., van Heel, M., 2003. Structure of the
Escherichia coli ribosomal termination complex with release factor 2.
Nature 421, 90-94.

Lozupone, C.A., Knight, R.D., Landweber, L.F., 2001. The molecular basis
of nuclear genetic code change in ciliates. Curr. Biol. 11, 65-74.

Ma, B., Nussinov, R., 2004. Release factors eRF1 and RF2: a universal
mechanism controls the large conformational changes. J. Biol. Chem.
279, 53875-53885.

Marco, E., Garcia-Nieto, R., Gago, F., 2003. Assessment by molecular
dynamics simulations of the structural determinants of DNA-binding
specificity for transcription factor Spl. J. Mol. Biol. 328, 9-32.

Martinelli, S.D., 1994. Translation suppression. In: Martinelli, S.D., King-
horn, J.R. (Eds.), Aspergillus: 50 Years on, Progress in Industrial
Microbiology, vol.29. Elsevier, Amsterdam, pp. 733-762.



O. Martinez et al. | Fungal Genetics and Biology 44 (2007) 139-151 151

Mironova, L.N., Provorov, N.D., Ter Avanesyan, M.D., Inge-Vechtomov,
S.G., Smirnov, V.N., Surguchov, A.P., 1982. The effect of paramomycin
on the expression of ribosomal suppressors in yeast. Curr. Genet. 5,
149-152.

Nakamura, Y., Ito, K., 2003. Making sense of mimic in translation termi-
nation. Trends Biochem. Sci. 28, 99-105.

Nozawa, S.R., May, G., Martinez-Rossi, N.M., Ferreira-Nozawa, M.S.,
Coutinho-Netto, J., Maccheroni, W., Rossi, A., 2003. Mutation in a cal-
pain-like protease affects the posttranslational mannosylation of phos-
phatases in Aspergillus nidulans. Fung. Genet. Biol. 38, 220-227.

Palmieri, F., 2004. The mitochondrial transporter family (SLC25): physio-
logical and pathological implications. Eur. J. Physiol. 447, 689-709.

Pande, S.V., Brivet, M., Slama, A., Demaugre, F., Aufrant, C., Saudubray,
J.M., 1993. Carnitine-acylcarnitine translocase deficiency with severe
hypoglycemia and auriculo ventricular block. J. Clin. Invest. 91, 1247—
1252.

Perez, P., Martinez, O., Romero, B., Olivas, 1., Pedregosa, A.M., Palmieri,
F., Laborda, F., De Lucas, J.R., 2003. Functional analysis of mutations
in the human carnitine/acylcarnitine translocase in Aspergillus nidulans.
Fung. Genet. Biol. 39, 211-220.

Pontecorvo, G., Roper, J.A., Hemmons, L.J., Macdonald, K.D., Bufton,
AWJ., 1953. The genetics of Aspergillus nidulans. Adv. Genet. 5, 141-
238.

Roberts, T., Martinelly, S., Scazzocchio, C., 1979. Allele specific, gene
unspecific suppressors in Aspergillus nidulans. Mol. Gen. Genet. 177,
57-64.

Romero, B, Turner, G., Olivas, 1., Laborda, F., De Lucas, J.R., 2003. The
Aspergillus nidulans alcA promoter drives tightly regulated condicional
gene expression in Aspergillus fumigatus permitting validation of essen-
tial genes in this human pathogen. Fung. Genet. Biol. 40, 103-114.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning. A Lab-
oratory Manual, Second ed. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.

Seit-Nebi, A., Frolova, L., Justesen, J., Kisselev, L., 2001. Class-1 transla-
tion termination factors: invariant GGQ minidomain is essential for
release activity and ribosome binding but not for stop codon recogni-
tion. Nucleic Acids Res. 29, 3982-3987.

Stanley, C.A., Hale, D.E., Berry, G.T., Deleeuw, S., Boser, J., Bonnefont,
J.P., 1992. A deficiency of carnitine-acyl carnitine translocase in the
inner mitochondrial membrane. N. Eng. J. Med. 327, 19-23.

Song, H., Mugnier, P., Das, A K., Webb, HM., Evans, D.R., Tuite, M.F.,
Hemmings, B.A., Barford, D., 2000. The crystal structure of human
eukaryotic release factor eRF1-mechanism of stop codon recognition
and peptidyl-tRNA hydrolysis. Cell 100, 311-321.

Sprinzl, M., Horn, C., Brown, M., Ioudovitch, A., Steinberg, S., 1998. Com-
pilation of tRNA sequences and sequences of tRNA genes. Nucleic
Acids Res. 26, 148-153.

Tork, S., Hatin, 1., Rousset, J.P., Fabret, C., 2004. The major 5'determinant
in stop codon read-through involves two adjacent adenines. Nucleic
Acids Res. 32, 415-421.

Valenciano, S., De Lucas, J.R., Pedregosa, A., Monistrol, 1., Laborda, F.,
1996. Induction of f-oxidation enzymes and microbody proliferation
in Aspergillus nidulans. Arch. Microbiol. 166, 336-341.

Valouev, I.A., Urakov, V.N., Kochneva-Pervukhova, N.V.,, Smirnov, V.N,,
Ter-Avanesyan, M.D., 2004. Translation termination factors function
outside of translation: yeast eRF1 interacts with myosin light chain,
Mlclp, to effect cytokinesis. Mol. Microbiol. 53, 687-696.

Waring, R.B., May, G.S., Morris, N.R., 1989. Characterization of an induc-
ible expression system in Aspergillus nidulans using alcA and tubulin-
coding genes. Gene 79, 119-130.



	Suppression of the acuH13 and acuH31 nonsense mutations in the carnitine/acylcarnitine translocase (acuH) gene of Aspergillus nidulans by the G265S substitution in the domain 2 of the release factor eRF1
	Introduction
	Materials and methods
	Strains and plasmids
	Aspergillus nidulans media and culture conditions
	Classical genetic techniques
	Molecular genetic techniques
	Molecular modelling and computer simulations

	Results
	Suppression analysis of the carnitine/acylcarnitine deficiency in A. nidulans
	The WSol7H strain defines a new translational suppressor (suaE) gene in A. nidulans
	The suaE7 mutation give rise to the G255S substitution in A. nidulans eRF1
	Structural consequences of the G265S substitution in domain 2 of A. nidulans eRF1

	Discussion
	Acknowledgments
	References


