
Copyright 0 1996 by the  Genetics  Society of America 

eth-1, the Neurospora wmsa Locus  Encoding  S-Adenosylmethionine  Synthetase: 
Molecular  Cloning,  Sequence  Analysis and in Vivo Overexpression 

Mario R. Mautino, Jose L. Barra and Alberto L. Rosa 

Departamento de Quimica Bioldgtca (CIQUIBIC-CONICET), Facultad de Ciencias Quimicas, 
Universidad  Nacional de Cdrdoba, 5016-Cdrdoba, Argentina 

Manuscript received November 7, 1995 
Accepted for publication November 30, 1995 

ABSTRACT 
Intense biochemical and genetic  research on  the eth-I' mutant of Neurospora crassa suggested that this 

locus might encode  Sadenosylmethionine synthetase (S-Adomet synthetase). We  have used protoplast 
transformation and phenotypic rescue of a thermosensitive phenotype associated with the eth-l' mutation 
to  clone  the locus. Nucleotide sequence analysis demonstrated  that it encodes  SAdomet synthetase. 
Homology analyses of prokaryotic, fungal and  higher eukaryotic SAdomet synthetase polypeptide se- 
quences show a remarkable evolutionary conservation of the enzyme. N. crassa strains carrying S-Adomet 
synthetase coding sequences fused to a strong heterologous promoter were constructed to assess the 
phenotypic  consequences of in vivo SAdomet synthetase overexpression. Studies of growth rates and 
microscopic examination of vegetative development revealed that normal growth and morphogenesis 
take place in N. crassa even at abnormally  high levels of cellular SAdomet.  The  degree of cytosine 
methylation of a naturally methylated  genomic  region was dependent  on  the cellular levels of !+Adomet. 
We conclude  that variation in  SAdomet levels in N. crassa cells, which in  addition to  the status of 
genomic DNA methylation could modify the flux of other S-Adomet-dependent metabolic pathways, 
does not affect growth rate or morphogenesis. 

S -ADENOSYLMETHIONINE (SAdomet) is the ma- 
jor cellular donor of methyl groups on a variety of 

biochemical pathways, being  second to ATP  as the most 
abundant cofactor in metabolic reactions (CANTONI 

1977; TABOR and TABOR 1984).  SAdomet is produced 
from L-methionine and ATP  by the enzyme Sadenosyl- 
L-methionine synthetase (SAdomet synthetase; EC 
2.5.1.6) (CANTONI 1953).  The study of SAdomet metab- 
olism in eukaryotic cells has generated  a growing inter- 
est in  the  recent years in  the  potential involvement of 
alternative cellular SAdomet levels in  normal and 
pathological processes associated with DNA methyla- 
tion (JONES and BUCKLEY 1990; COUNTS and GOODMAN 
1994; SIMILE et al. 1994; LAIRD et al. 1995).  It has been 
proposed  that  abnormal cellular levels  of SAdomet 
and/or  abnormal DNA methyltransferase activity could 
drive the  occurrence of C -+ T transitions having dra- 
matic consequences on rates of DNA mutation as  well 
as on epigenetic phenomena (SELKER 1990; KRICKER et 
al. 1992; LAIRD and JAENISCH 1994; LAIRD et al. 1995). 
This hypothesis has been  supported by studies per- 
formed on a prokaryotic DNA methyltransferase (SHEN 
et al. 1992) and  on transgenic mice carrying mutations 
in a DNA methyltransferase gene (LI et al. 1993; LAIRD 
et al. 1995). 

SAdomet metabolism has been largely explored  in 
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simple microbial systems by using mutant organisms 
resistant to ethionine. This drug exerts cellular toxicity 
by misincorporation  into  a wide spectrum of normal 
metabolic pathways (ALIX 1982).  Ethionine resistance 
has been  attributed to a competitive effect of methio- 
nine  overproduction caused by the additive effect of 
both  a lower rate of conversion of methionine to S- 
Adomet and a derepression of some enzymes  involved 
in the  methionine biosynthetic pathways that  are  nor- 
mally repressed by SAdomet (KAFJPY and METZENBERG 
1965; KERR and FLAVIN  1970; JACOBSON et al. 1977; 
THOMAS and SURDIN-KERJAN 1991). Studies of SAdo- 
met synthetase gene expression and regulation of  me- 
thionine and  SAdomet biosynthetic pathways in etN' 
(ethionine resistant) mutants of the  enteric bacteria 
Escherichia coli and Salmonella  typhimum'um (LAWRENCE et 
al. 1968; GREENE et al. 1970; HOLLOWAY et al. 1970; 
HOBSON and SMITH 1973; HAFNER et al. 1977; see SAINT- 
GIRONS et al. 1988),  the yeast Saccharomyces crrrevisiae 
(CHEREST et al. 1969,1973; THOMAS and SURDIN-KERJAN 
1991),  the filamentous fungus Neurospora crassa (MET- 
ZENBERG et al. 1964; KERR and FLAVIN 1970; BURTON and 
METZENBERG 1975),  and  the  plant Arabidopsis  thaliana 
(INABA et al. 1994),  indicate  that one of the key selected 
targets for  mutations  conferring resistance to ethionine 
is the SAdomet synthetase locus. In particular,  the eth- 
1' mutant of N. crassa has been exhaustively  analyzed 
at  the  genetic and biochemical levels (METZENBERG et 
al. 1964; KAPPY and METZENBERG 1965; METZENBERG 
and PARSON 1966; BURTON and METZENBERG 1975). It 
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was suggested for  the first time by KERR and FLAVIN 
(1970) that this locus may encode N. crassa SAdomet 
synthetase. The presence of a thermosensitive S-Ado- 
met synthetase activity in  protein extracts from the mu- 
tant eth-1‘ provided stronger evidence supporting this 
idea (JACOBSON et al. 1977). 

N. crassa is an organism particularly suited to address 
some of the questions mentioned above related to S 
Adomet metabolism, DNA methylation and mutation. 
This fungus has a low but measurable level of DNA 
cytosine methylation (RUSSELL et al. 1985; Foss et al. 
1993) and a  strong ability to methylate cytosine on du- 
plicated genomic  sequences  during vegetative or sexual 
growth. In particular, two phenomena of inactivation of 
duplicated DNA sequences, intimately related to DNA 
methylation, have been described. These  are known 
as “quelling” (vegetative gene silencing of duplicated 
DNA sequences; PANDIT and RUSSO 1992; ROMANO and 
MACINO 1992) and repeat-induced  point  mutation 
(RIP) (taking place during  the sexual cycle) (SELKER et 
al. 1987; SELKFLR  1990). In these studies, it has not been 
conclusively established whether DNA methylation is a 
cause or a  consequence of gene inactivation. Although 
the isolation and preliminary characterization of puta- 
tive N. crassa DNA methyltransferase mutants have  re- 
cently been  performed (FOSS et al. 1993),  the relation- 
ship between DNA methylation and  the  phenomena 
of quelling and RIP, as  well  as their  dependence  on 
endogenous  SAdomet levels, remains to be analyzed. 
As an alternative approach to study the  consequences 
of abnormal SAdomet metabolism on  phenomena as- 
sociated to DNA methylation, we have  first cloned  the 
SAdomet synthetase gene of the fungus N. crassa and 
initiated the analysis of the phenotypic consequences 
of in vivo S-Adomet overproduction. 

MATERIALS  AND METHODS 

Strains and culture  conditions: N. crassa strains eth-1‘ (FGSC 
No. 1212/1220), nic-1 (FGSC No. 763) andwild-type 740R23- 
1A (FGSC No. 987) were obtained  from  the Fungal Genetics 
Stock Center. Strain N276 (SELKER and GARRETT 1988)  carries 
a  duplication of the NADP-specific glutamate  dehydrogenase 
(am) gene  and was kindly provided by Dr. E. U. SELKER. Stan- 
dard N. crussa methodologies were used according to DAVIS 
and DE SEWS (1970). L-methionine was added  to solid and 
liquid media at 2.5 mM, when indicated. 

DNA  manipulations and protoplast  transformation: Total 
N. crussa DNA  was purified and subjected to Southern blot 
analysis  as described (HAEDO et al. 1992). Probes were oligola- 
belled according to  the  method of FEINBERG and VOGELSTEIN 
(1983). Densitometric analyses of Southern blots were per- 
formed by scanning  autoradiographic films, obtained at dif- 
ferent exposure times, on a dual-wavelength Chromato scan- 
ner model CS930  (Shimadzu). Cosmid and AZAP DNA was 
purified using standard protocols (SAMBROOK et al. 1989). 
Protoplasts were prepared  and transformed following the pro- 
tocol of VOLLMER and YANOFSKY (1986).  Cotransformations 
of restriction enzyme digested cosmid DNA, or gel isolated 
restriction fragments, were carried  out using 1 pg of pBT6 
DNA (ORBACH et al. 1986; MAUTINO et ul. 1993). Protoplasts 
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FIGURE 1.-Restriction map of the region around  the N. 

crussa eth-l locus. (A) The position of the cDNA clone pSAM4 
(arrow) is indicated relative to  the genomic  restriction map 
(top  line).  The  coding region is indicated as an empty box. 
(B) Restriction map of the cDNA clone pSAM4 (top  arrow), 
and sequencing strategy. Two groups of sequence  stretches 
(thin arrows) were obtained. Sequences in  group a were ob- 
tained  from the pSAM4Exonuclease I11 deletion clones, while 
sequences  in group b were obtained from the cDNA clones 
pSAMl to pSAM6. Relevant restriction sites shown are B, 
BamHI; V,  EcoRV; H, HindIII; K, KpnI; and S, SUE. 

transformation with restriction fragments isolated from low 
melting point agarose was done as previously described (LIU 
and  DUNLAP 1988). Benomyl at 0.75 pg/ml was included  in 
the bottom  agar to select for transformant cells. Novozym 234 
and Benomyl (95%) were gifts from Novo  BioLabs (Denmark; 
via  CRISPEX SRL, Argentina),  and DuPont, respectively. a- 
.7’PdATP (3000 Ci/mmol) was from NEN-DuPont. 

cDNA cloning and DNA  sequencing: A AZAP mycelial 
cDNA library (ORBACH et al. 1990), was plated on E. coli BB4 
and -50,000 plaques were screened with an 11-kb HindIII 
genomic fragment  obtained  from  the cosmid clone X22H2 
(N .  mussa pMOcosX library) (ORBACH 1994). Eight  lambda 
clones were obtained  from  the  screening  and  their inserts 
were excised in vivo as described (SHORT et al. 1988).  Clone 
pSAM4  was subcloned in  both orientations  in the EcoRI site of 
the vector pBKS(-).  Unidirectional  deletions of these clones 
were made with Exonuclease I11 (HENIKOFF 1987)  after diges- 
tion with the enzymes Hind111 and ApuI which do  not  cut  into 
the insert  fragment. Deletion clones were sequenced by the 
dideoxy chain  termination method (SANGER et ul. 1977) using 
the reverse sequencing primer  and SEQUENASE (USB). Se- 
quence was determined completely from  both strands as indi- 
cated  in Figure 1B. Genbank accession numbers  are U21546, 
U21547. 

Sequence  comparisons: Database searchings and  sequence 
comparisons were done using the CDGENE program  (Hi- 
tachi, Japan). Multiple sequence alignments were performed 
with the program PILEUP and PRETTYBOX  of the GCG se- 
quence analysis package (DEVEREUX et al. 1984). Percentages 
of aminoacid  sequence homology between different S-Ado- 
met synthetases were calculated with the program DIS- 
TANCES. Parameters used for comparison were 0.6 for  the 
threshold of comparison, and  the  “length of the  shorter se- 
quence without gaps” as the  denominator. 

Primers and PCR assays: To search for  the presence of 
introns, oligonucleotides d l  and d? were used to amplify by 
PCR a fragment from cDNA and from  genomic DNA. Primers 
d l  and (13 are  degenerate oligonucleotides that were used for 
cloning the Ascobolus  immersw S-Adomet synthetase gene (M. 
R. MAUTINO, C .  GOYON and A. L.  ROSA, unpublished  results), 
whose sequences are 5’  CGGGATCCGTIGGWGAIGGTC 
AYCCI 3’ and 5’ CCCTCGAGMCTTSAIA GYCTTIGGCTT 
3’. Target sequences to which these primers hybridize are 



SAdenosylmrtlnioninc Synthetase Gene of h'. o'rrssn 79 1 

1 5'TTTTTTTCTTTCTCAFATTCTTTTATTGAGTATTCATGATCGACCCCTTTTCCCTGGAAT structed from Dlasmid K S N 4 4  (ST,\SI~S r /  rd. 1989) as follows: 
61 
121 
181 

24 1 
7 

27 
301 

41 
361 

421 
67 
481 
87 
54 1 
107 
601 
127 
661 
147 
721 
167 
781 
187 

201 
84 1 

227 
901 

243 
961 

CGTGACCTTGACCCGAAAAATGCCATGCTCGCGTACACCGTTCCGGAAAAAAAGTGMGC 
CCTCAATCTCTTTCCTCCTCCTTAACTTCATTCCCTCTTGTAGGTTCTGCTTCCTCTG 
TCTTTTGCTTCGTCGCAACCAGAAGAAACCACAqCAGACACAATGGqCACCAACGGTGTT 

MCGGTGCGAAGCACTACAACGAGGGAAC~TCCTCTTCACCTCCGAGTCCGTCGGTGAG 
N G A K H Y N E G T F L F T S E S V G E d l  
GGTCACCCCGACAAGATCGCCGATCAGGTTTCCGATGCCATT~CGATGCCTGCTTGGCC 
G H P b K f A D Q V S D A I L D A C L A  
GAGGACCCTCTCTCCAAGGTCGCTTGCGAGACCGCCACCAAGACTGGTATGATCATGGTC 
E D P L S K V A C E T A T K T G M I M V  
TTCGGTGAGATCACCACCAAGGCCAAGCTCGACTACCAGAAGGTTGTCCGCAACGCCATC 
F G E I T T K A K L D Y Q K V V R N A I  
AAGGACATCGGCTACGATGACTCCTCTAAGGGCTTCGACTACAAGACCTGCPACCTCCTC 

GTTGCCATTGAGGAGCAGTCCCCGATATCGCTCAGGGTCTTCACCTTGACGACCGTCTC 
K D I G Y D D S S K G F D Y K T C N L L  

V A I E E Q S P D I A Q G L H L D D R L  
GAGAACCTCGGTGCCGGTGACCAGGGTATCATGTTCGGCTATGCCACCGACGAGACCCCC 
E N L G A G D Q G I M F G Y A T D E T P  
GAGCTCTTCCCTTTGACTCTCCTmCGCCCACAAGCCCACAAGCTCAACGCCGCCATGTCCGCTGCC 
E L F P L T L L F A H K L N A A M S A A  
CGCCGTGACGGCTCCCTCCCCTGGCTCCGCCCCGACACCAAGACTCAGGTCACTATCGAG 
R R D G S L P W L R P D T K T Q V T I E  
TACAAGCACGACAACGGTGCCGTCGTTCCCCTCCGCGCGTCGACACCGTCGTCGTCTCCGCT 
Y K H D N G A V V P L R V D T V V V S A  

Q H A P E I T T E E L R K E I L E K I I  
CAGCACGCTCCCGAGATCACCACTGAGGAGCTCCGCAAGGAGATCCTTGAGAAGAT~TC 

AAGACCACCATCCCCGCCAAGTATCTCGATGAGAAGACCGTCTACCACgLaa!3Lacaaaa 
K T T I P A K Y L D E K T V Y H  
c c g g t c a a t t t a a c a t a c t t t g g c g g t a t c ~ c c t a c L a G E c ? A T C C A  

In1 M A T N G V  

I O  
1021 GCCTTCCGGTCTCTTCGTCCGGTGGTCCCCAGGGTGATGCCGGT~TACTGGCCGTAA 
245 P S G L F V I G G P Q G D A G L T G R K  
1081 GATCATCGTCGACACCTACGGTGGCTGGGGTGCCCACGGTGGTGGCGCCTTCTCCGGCAA 
265 I I V D T Y G G W G A H G G G A F S G K  

285 D F S K V D R S A A Y V G R W I A K S L  
1141 GGACTTCTCCMGGTTGATCGTTCCGCTGCCTACGTCGGCCGCTGGATCGCCAAGTCTCT 

1201 CGTTGCCGCTGGTCTTGCCCGCCGTGCCCTCGTCCAGCTCTCCTACGCTATCGGTGTCGC 
305 V A A G L A R R A L V Q L S Y A I G V A  
1261 TGAGCCCCTCTCCATCTACGTCGATACCTACGGCACCTCTCTGACAAGACCTCTGAGGAGCT 
325 E P L S I Y V D T Y G T S D K T S E E L  
1321 CGTCCAGATCATCCGCAACAACTTCGATCTCCGCCCCGGTGTCATTGTCAAGGAGCTCGA 
345 V Q I I R N N F D L R P G V I V K E L D  

365 L A K P I Y L Q T A K N G H F G T N Q S  
1381 TCTTGCCAAGCCCATCTACCTCCAGACCGCCAAGAACGGCCACTTTGGTACCAACCAGTC 

1441 CTTCAGCTGGGAGAAGCCCAAGGCTCTCAAGTTCTAAATTGGGAWTATTCTCGCAGG 
385 F S W E R P K A L K F  d2 
1501 TGGCACGGTCGCCCTTGCTGATATAGTCTCGTGAATTTGTTGGCTATCTTTTTTAGATTC 
1561 TTTTTATTTTGGCATTTACAATGGGCGTACGGTTGGGTTTAGACATATCCAACGTGTTTC 
1621 ATGTGGTCTTGTTTGCCTCGGGAGTTTATGAATACAAACATCTTTCATWGAGGGGGTC 
1681 AGACCGGTGGGTGGTAGGTGTCTTTCAAWGACTTGCATGAGCCAGGMGGCCCAATT 
1741 CATGACGTTTTGCGATACCCGMGGGTGACGAACATTTGAGGAATACAGCATCGGCGTTC 
1801 AGGGGRAAACAAAAGAACTTCAACATCTTTTCGTTTCCTATCCTATATCCTTAGACGCCG 
1861 GTAATTGGCCATTGGCTCGGCAGTGGAGGAGACAGAGAGGTCTCTGTAGGACAGGWG 
1921 AAAAAGARAATGTATGGAGCTCTATGGGGTTTGATCATGMGGAGGATGATGCCTTW 

2041 G M - 3 '  
1981 TTTTGAGGCGTCTAGCGTCTGAAGCGTTACTGGGCG~&GACCCATTTGAG 

4 m2 

FIGC'RI:. 2.-Nuclcotide and  deduced  amino acid sequences 
of the N. c ~ n . ~ . ~ n  SAdomet synthetase gene.  The nucleotide 
sequence is numbered from the first n t  present i n  the pSAM4 
cDNA. The consensus  enviroment around  the translation ini- 
tiation codon is indicated by a box. The  sequence of the 
intron is shown in lower case; sequences  for the  tlonor, 
branching  and  acceptor splicing sites are  underlined. Two 
consensus polyadenylation signals are indicated with partially 
overlapped  horizontal brackets; the two nucleotides fownd to 
precede  the poly-(A) tail i n  dimerent cDNA clones are  shaded. 
Positions of primers ml, m2, d l  and d2are indicated hyarrows. 

indicated in Figure 2. The PCR rcaction was performed with 
Taq polymerase (Perkin Elmer Cetus Corp.) using 100 ng 
of genomic DNA or 3.5 pg of plasmid pSAM4 as templates. 
Reactions were carried out for 35 cycles ;It 94" for 45 scc, 60" 
for 30 sec, and 72" for 1 min 20 sec i n  a 50-pI reaction volume. 

For the construction of the fusion plasmids pSGT, a DNA 
fragment from clone pSAM4 was amplified by PCR using 
primers m l  and m2 (Figure 2) .  The sequences o f  these prim- 
ers are 5' <;C.<;AATTC(;CAACCAGAA(;~C~~(: 3' and 5' 
CGGAATT(~TT<:ATTAACG(:<:<: AGS', respectively. PCR re- 
action was carried out for 33 cycles at 94" for 40 sec, .57" for 
30 sec, and 71" for 2 min 30 sec, and a final extension  step 
at 72" for 5 min, in a 50-pI reaction volume. 

Construction of the expression plasmids pSGT42 and 
pSGT43: I n  a first step,  thc expression vector pPT2 was con- 

a 600-bp BnmHI fragment containing  the transcription termi- 
nator sequences of' the Asl,n~illzcs nidf!krru /,PC grne was 
cloned in the NrrmHI site of  pBSK( +) to give plasmid pT1. A 
230-bp .Srrl"/nl fragment from pCSN44. containing  promoter 
srqwnccs of /,PC:, w a s  then ligated i n t o  . % r f l - ( h l  digested pT1 
plasmid t o  give plasmid pPT'.'.. To construct pl;wnid pSGT, a 
DNA fragment o f  the ,V. r,nssrr S-Adomet synthetase gene was 
amplified from pSAM4 DNA b y  using primers tnl and m2. 
This  fragment w a s  cloncd i n  the hK\' site of pRSK(+) to 
give ;I set of clones lnamrd pSAP. To avoid working with a 
single pSAP clone  that could contain a potentially nonfunc- 
tional gene due t o  mutations introduced b y  the Tn7 polymer- 
ase during  the amplification process, we continued working 
with a pool of pSAP clonrs. Inserts were removed from this 
pool b y  digestion with Hindl l l  plus I.+(JRI, and ligated into 
pPT2 digested with the same restriction enzymes. This gave a 
set of  independent recombinant  clones named pSGT. Sixteen 
clones were chosen at I-andom and IVCI-C cotramformed inde- 
pendently with pBT6 into dh-I' protoplasts. Clones pSGT42 
;mtl pSGT43 (Figure 411) complemented d l / - I '  thcrmosensiti- 
vity at the expected frequmcy antl ~vere chosen as functional 
expression plasmids. 

SAdomet synthetase  and  S-Adomet  determinations: SAdo- 
mrt synthetase ;ISS;I~S were done essentially a s  described 
( C l r o l r  antl IANBARI)ISI IW!!). Mycelium ( 1 . 5  g)  w a s  ground 
in liquid nitrogcn, and extracted w i t h  2 vol o f  buffer (10 
mst KCI, 30  mxt MgCI,, 100 msl Tris-HCI, pH 7.5, .5 msr 0- 
mercaptoethanol). After microccntrif~lgatio~n  at 13,000 g for 
I O  min at 4", the protein  concentration of the supernatant 
was dctcrminerl by the  method ~ ~ B R , \ I ) F o K I )  (1976). Between 
30 and 300 p g  of total protein were incubated in 0.15 ml of 
a reaction mixture containing 100 mxr Tris-HCI, pH 7.5, 30 
mst MgCls, 10 111x1 KCl, 20 Insf ATP, and 5 ms4 [:"S]-~.-methio- 
nine (.5 pCi). Control reactions contained all reagent5 except 
ATP. After incubation for 30 min at SO", reactions were termi- 
natcd by ;dding 3 m l  of icecold water. Dowex 50W-X8 cation 
exchange resin (350 pl) (100-200 pm  mesh; NH.,+ form; 
Sigma) was added to the mixture.  Unreacted methionine  and 
ATP were washed out w i t h  water and aclsorbed SAdomet was 
eluted with 5 ml of 4 M NH.,OH. Scintillation liquid (Opti- 
phase Hisafe 3 )  was added  and  the sample was counted by 
scintillation spectrometry. [?5]-1.-methionine (1000 Ci/ 
mmol) was from NEN DuPont. 

SAdomet levels were determined essentially as described 
(SII,\PIRO and EIININ(;I:.R 1966). Briefly,  mycelia from 100 ml 
cultures grown i n  minimal medium,  supplemented  or not 
with 2.5 mu [.-methionine, were extracted with 2 vol of 1.5 
HCIO1 for 1 hr with intermittent shaking. The extracts were 
neutralized with 3 11 KHCO:, and centriliIged at 10,000 rpm 
for 20 min. The  supernatant tvas incubated with 300 pl of 
Dowex 50W-X8 (equilihratetl i n  0.1 51 NaCl), for 30 min with 
agitation. The resin was washed with 0 . 1  st NaCl until the A,,d, 
was <0.05. SAdomet was eluted from the resin by washing 
three times with 5 ml of 6 N H,SOI, and its concentration 
was determined mcasrlring A,,,; ( e  = 15,400). 

RESULTS 

Recessiveness of the  thermosensitive  phenotype asso- 
ciated  to  the eth-l' allele: The main  phenotypic  features 
associated with the d h - I '  mutation  are: resistance to 
ethionine and thermosensitivity (METZENDERG d 01. 
1964), overproduction of methionine (KAPW and MET- 
ZI.:NREK(; 1965), reversal of the  mutant phenotypes in 
high osmolarity media (METLENRI.:R(; 1968), derepres- 
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sion of the enzymes  aryl sulfatase (METZENBERG and 
PARSON 1966) and cystathionine y-synthase (KERR and 
FLAVIN 1970), and low S-Adomet synthetase activity 
(KERR and FLAVIN 1970) and easy inactivation by heat 
or dialysis (JACOBSON et ul. 1977).  These phenotypic 
characteristics disappear at the same time in natural 
revertants of the  mutant (METZENBERG 1968), indicat- 
ing  that eth-1' involves a single mutation. Previous re- 
sults obtained in partially duplicated strains (eth-l+/eth- 
1') suggested that  the thermosensitivity associated to 
eth-1' was recessive (PERJSINS 1972).  To confirm this, we 
constructed primary forced heterokaryons between nic- 
1 A and eth-1' A strains and cultured  them  at 39".  All 
heterokaryons grew identically to  the wild-type strain at 
this restrictive temperature,  indicating  that  the  thermo- 
sensitive phenotype is recessive. Accordingly, we de- 
cided to clone  the eth-l gene by protoplast transforma- 
tion and rescue of the thermosensitivity associated to 
the eth-1' mutation. 

Isolation of a  genomic  fragment  complementing ethr 
I' thermosensitivity: In previous work (MAUTINO et al. 
1993), we estimated that  the locus eth-1 was linked (30 
2 14 kb; mean ? SD) to an Oregon-Lindegren EcoRI 
WLP by determining  the frequency of meiotic cross- 
over events in the  genetic interval eth-1-un-2. Taking 
this into  account, we transformed eth-1' protoplasts with 
cosmid clones obtained by chromosome walking (MAu- 
TINO et al. 1993), positioned at  the expected distance 
from the EcoRI  RFLP. A single cosmid clone, X22H2, 
complemented  the thermosensitive phenotype associ- 
ated with the eth-I' mutation. To obtain  a smaller com- 
plementing  fragment, cotransformation experiments of 
eth-l' protoplasts were made with plasmid pBT6 and 
cosmid X22H2, digested with BglII, EeoRl, EcoRV or Hin- 
dIII. No thermoresistant transformants were obtained 
with X22H2 digested with EcoRV, suggesting that eth-l+ 
has an  internal EcoRV site. Restriction fragments ob- 
tained after Hind111 digestion were isolated and sepa- 
rately used to cotransform eth-l' protoplasts. An 11-kb 
HindIII restriction fragment was identified as the com- 
plementing one  and was subsequently cloned and used 
as a  probe to screen  a mycelial  cDNA library. 

Isolation of cDNAs  encoding  S-Adomet  synthet- 
ase: Eight independent (ZAP recombinant clones were 
isolated after  three successive rounds of screening of a 
N. crassa  mycelial  cDNA library (ORAACH et al. 1990). 
Inserts were excised in vivo and the resulting plasmids 
were compared by restriction mapping,  Southern  blot 
and partial sequence analysis from their  insert  ends. 
Cross-hybridization experiments as  well  as partial se- 
quence analyses  allowed  us to define two  cDNA groups 
(pSAM1-6 and pUNK7-8), probably corresponding to 
two different genes located on  the 11-kb HindIII frag- 
ment.  Sequence homology analysis  of the pSAM1-6 
group showed that they  were  highly similar to S-Adomet 
synthetase genes from other species. Accordingly, this 
group was chosen for  further analysis.  pSAM1-6 clones 

have the same sequences  at  their 3' ends, differing in 
size at their  5'  ends.  A restriction map of the corre- 
sponding genomic region (Figure 1A) showed that 
these cDNAs were apparently colinear with genomic 
DNA, except pSAM5, which had  a  noncolinear frag- 
ment at its 5'  end, perhaps as a result of a  cloning 
artifact during library construction  (data  not  shown). 
Therefore,  the  sequence of the  clone with the largest 
insert, pSAM4,  was determined  on  both strands (Figure 
IB).  The nucleotide  sequence shows a 1188-bp open 
reading  frame,  encoding  a polypeptide of 395 amino 
acids with a calculated M,. of 42,785 (Figure 2).  The 
ATG translation initiation codon is in the  context se- 
quence CAGACACAAXGC,  which is  very close to the 

defined  for N. crassa (BRUCHEZ et al. 1993a; EDELMANN 
and STABEN 1994). Two partially overlapping putative 
polyadenylation signals (5' AATGAA 3') were found in 
the 3' portion of the S-Adomet synthetase gene (Figure 
2).  This sequence is also present in the 3' ends of the 
genes atp-2, ilv-2 and nit-3 of N. crassa at 17-21 nt from 
the poly-(A) tail addition site (BRUCHEZ et al. 199313). 
The finding of  two alternative positions of the poly-(A) 
tail in our S-Adomet synthetase cDNAs, differing in 4 
nt, in agreement with the positions of the two polyade- 
nylation signal sequences  (see Figure 2), strongly sup- 
ports the physiological relevance and functionality of 
this  signal in N. crussa. The  G+C  content in  the S- 
Adomet synthetase O W  (59.5%) is significantly ele- 
vated when compared with the 5'UTR (43.2%)  and 
3'UTR (44.9%), in agreement with N. crussa preference 
for  codons  ending in C or G. Codon usage is strongly 
biased towards codons  ending in pyrimidines or gua- 
nine.  Indeed only  36 out of  61  possible sense codons 
are used by the  SAdomet synthetase gene. This kind 
of  bias is typical  of constitutively expressed genes of N. 
crassa (GERMANN et al. 1988; EDELMANN and STABEN 
1994). 

Molecular  characterization of the  S-Adomet  synthe- 
tase  structural  gene: To  detect  the possible presence 
of introns in the N. crassa S-Adomet synthetase gene, 
the  entire ORF region was amplified by  PCR  with the 
set of primers d l  and d2, from genomic DNA and from 
pSAM4, and compared by detailed restriction mapping. 
A SalI restriction fragment having different sizes  when 
amplified from genomic DNA (280 nt)  or from pSAM4 
(210 nt) was cloned and  sequenced, showing the pres- 
ence of an  intron of 67 bp (Figure 2).  The sequences 
of the  donor, branching and acceptor sites (Figure 2) 
match perfectly the consensus derived for Neurospora 
(GTAAGT, RCTRACMnnnnnnW and WACAG, respec- 
tively) (EDELMANN  and STABEN 1994). 

Amino acid sequence analysis of S-Adomet  synthetase 
polypeptides: The availability  of SAdomet synthetase 
gene sequences of  two filamentous fungi, as  well  as of 
yeast, plants, insect, mammals and bacteria allowed us 
to examine  the overall sequence homologies among S 
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TABLE 1 

Percentage of amino acid  sequence homology between different S-Adomet  synthetase  polypeptides 

1 2  3  4  5  6  7  8  9 10 11 12 13 

E. coli me& 1 100 94  63 64 64 64 64 64 64 64  65 64 62 
E. coli metX 2  100 67 67 67 67 68 68 68 68 69 68 66 
A thaliana sam-1  3 100 98 93 73 72 73  75  75  74  75 68 
A. thaliana sam-2 4 100 93 73 72 73  75  76  75  76  69 
D. caryophyllus 5  100  74 72 73 74  74 73 74 68 
S. cermisiae sam-1  6 100 94 84 84 81 81 80 74 
S. cermisiae sam-2 7  100 84 84 81 81 79  74 
A. immersus 8 100 90  80  80  79  75 
N. crassa 9 100 79  78 80 74 
Human liver 10 100  98  92 84 
Rat  liver 11 100 92 84 
Rat kidney 12 100 83 
D. melanogaster 13 100 

Adomet synthetases from evolutionarily distant organ- 
isms. A comprehensive representation of the overall 
sequence homology found between all pairs of SAdo- 
met synthetases is presented in Table 1. The minimun 
degree of homology between the least related pair is 
62%, indicating an exceptionally high degree of conser- 
vation throughout evolution. N. massa S-Adomet synthe- 
tase is more similar to the  corresponding enzyme  of 
the filamentous fungus A.  i m m s u s ,  having 94% of ho- 
mology, and has the second highest homology to  both 
S-Adomet synthetases of the  budding yeast S. cereuisiae, 
having 84% of amino acid sequence homology. S-Ado- 
met synthetases from fungi have more homology  with 
the  corresponding enzymes  of mammals (80% on aver- 
age) and insects (74%) than with plants (73%) or bacte- 
ria (66%). Figure 3 shows that  there  are remarkable 
amino acid sequence similarities over the whole length 
of the  SAdomet synthetase molecule. In particular, very 
well conserved domains are located in the amino-termi- 
nal portion (position 30-56 in the  figure),  and in the 
region between positions 262-320. The  domain  that 
has been  proposed  to be involved in ATP binding, 
Gly145-Ala-Gly-Asp-Gln-Gly150 and Lys174 (HORIKAWA et 
al. 1989; KAMPS et al. 1984), is perfectly conserved 
through all the species except in E. coli and A. immersus, 
where L Y S ' ~ ~  is replaced by Arg and Gln, respectively. 
The cysteine residues Cysgo  of E. coli (MARKHAM and 
SATISHCHANDRAN 1988) and Cys15' (PAJARES et al. 1991) 
of rat liver  have been  proposed  to be relevant for S- 
Adomet synthetase function.  It can be seen that Cysg" 
(here in position 116) is perfectly conserved, whereas 
CYS'~'  (here in position 165) is not.  A typical signature 
sequence  for  SAdomet synthetases, without a known 
function, is an almost perfectly conserved glycine-rich 
nonapeptide Gly2g4-Gly-Gly-Ala-Phe-Ser-Gly-Lys-Asp30z, 
which is not  detected in any other kind of protein se- 
quences.  A  protein kinase C (PKC) phosphorylation 
consensus sequence [Ser-(Lys/Gln)-Lys-(Ser/Thr358)- 
Glu-Arg], present on the most hydrophilic region of 

the  rat liver and human S-Adomet synthetases, has been 
demonstrated to be physiologically relevant for regula- 
tion of the  dimer-monomer equilibrium of the enzyme 
(PAJARES et al. 1994). This sequence is partially con- 
served in  the S-Adomet synthetase sequence of N. crmsa 
(Ser-Asp-Lys-Thr-Ser), but is absent in the S-Adomet 
synthetase genes of a  higher  plant, in A.  immersus and 
in S. cereuisiae. 
In vivo overexpression of the S-Adomet synthetase 

gene: To investigate the phenotypic consequences of 
overexpression of the S-Adomet synthetase gene in N. 
crassa, we constructed  the plasmids  pSGT,  which  carry 
S-Adomet synthetasecDNA sequences under the con- 
trol of the A.  nidulans trpC gene  promoter (Figure 4A, 
see MATERIALS AND METHODS). Functionality of the A.  
nidulans trpC promoter in N. crassa has been well docu- 
mented (STABEN et al. 1989). To construct the pSGT 
plasmids, we took care to preserve both  the native  envi- 
ronment of the translation initiation codon  and  the 3' 
untranslated region of the S-Adomet synthetase gene, 
including its polyadenylation signal. The fusion does 
not  include  the  long 5'UTR  of the  gene,  thus avoiding 
possible  effects  of posttranscriptional regulation. The 
functionality of the fusion construct was confirmed by 
transformation of eth-1' protoplasts and phenotypic 
complementation of the thermosensitive phenotype as- 
sociated to this mutation (see MATERIALS AND METHODS). 

Two identical constructs (pSGT42 and pSGT43)  were 
cotransformed, in independent  experiments, with  plas- 
mid  pBT6 into protoplasts of the N276 strain. A total of 
24 Bml' transformants were chosen and their S-Adomet 
content was determined (Figure 4B). Two selected 
transformant strains, N4216 (pSGT42) and N4316 
(pSGT43), show 20- to 33-fold increased SAdomet lev- 
els in comparison with the  untransformed N276 strain 
growing in a medium supplemented with  2.5 mM L- 
methionine (Figure 4C).  SAdomet levels in the wild- 
type strain were eightfold higher in this medium in 
comparison with minimal medium, suggesting that pro- 
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from the GCG package (DI:.\"uxx r! nl. 1984). 

duction of SAdomet is limited by the  endogenous avail- 
ability of 1,-methionine. Considering  these result5, we 
have achieved a 260-fold increase  of  the  SAdomet level 
in  the N4216 strain in comparison  to  that  of N276 grow- 
ing  under  standard  conditions.  Confirming previous 
results (BURTON and METLENREKG 1975),  no significant 
increase in SAdomet level was measured  in  the ~ l h - 1 '  
when  growing in medium  supplemented with  1,methio- 
nine  (Figure  4C).  SAdomet levels in the  transformant 
strains,  growing in media  without  externally  added 1.- 

methionine, were  approximately twofold higher  than 
that of N276 in the  same  medium  (Figure 4C) support- 
ing  the  contention  that  production of SAdomet is lim- 
ited by the  endogenous availability o f  1.-methionine. De- 
termination of SAdomet synthetase activity present in 
total protein extract5 of these  strains is shown  in  Figure 
4D. A  threefold  increase in the  enzyme activity in N4216 
accounts  for  the 260-fold increase in i t s  SAdomet level 
in media  containing 1.-methionine. Southern blot analy- 
ses show that N4216 has a single ectopic copy, while 
N4316 has at least eight  copies of pSGT  integrated in 
the  genome  (not  shown).  Thus,  no  correlation was 
found between the  number of transgene  copies  intc- 

grated in the  genome  and  the  SAdomet synthetase ac- 
tivity or  SAdomet levels. 

To analyze the  influence of varying levels of cellular 
SAdomet  on  the status of genomic DNA methylation, 
we studied  diagnostic BnmHI (Figure  tiA), and S n B A I  
(not  shown), restriction  sites in the  tandem  duplication 
6-71 (zetaeta) (SEIKEK and SrI.:\ms 1985; SIXKKK PI ~ d .  
1987). RnmHI sites in  this  region are -90%  blocked by 
methylation under  standard growth conditions (SEI.KEK 
PI nl. 1987).  Strains N276, rlh-1" and transformant5 
N4216 and N4316, were  grown in media  supplemented 
or  not with 2..5 mh4 I.-methionine.  Strains were grown 
at 34", a condition which has  been shown to diminish 
cytosine  methylation  of the I/J,;:< region in the  mutant 
P l h - I "  (Foss PI crl. 1993).  Figure ti, B and C, shows that 
strain N276, and strains  overexpressing  SAdomet syn- 
thetase have a similar degree o f  methylation in the 6-71 
region  when  growing in minimal medium, which corre- 
lates with their similar endogenous levels of SAdomet 
in this medium. However, with the  exception of the ~ l l z -  
1" mutant, which is unable to increase its endogenous 
levels of SAdomet in response  to  added [.-methionine 
(Figure 4C),  the  degree of methylation of the 5-71 region 
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FKX~RV.  4.--ln vivo overexpression of  the S-Atlomet synthetase gcne in N .  crmw. (A) Structure of  the fusion plasmids pSGT. 
Promoter (PhpC) and terminator (TtrjdJ sequences  of  the I\. n i d d n n s  /rf ,Cgene were used t o  drive the  expression o f a  ,V. On.s.sn 
SAtlomrt svnthrtase cDNA, deleted for 5'UTR sequences. (B) Cellular S-Adomet levels i n  the wild-type strdin (N276). and 24 
transformant strains obtained with plasmids  pSGT42 (N4204 t o  N4218) antl pSGT43 (N431 1 t o  N4321). grown in medium 
supplcmcntcd with 2.5 mM 1.-methionine. (C;) <:omp;Irison of cellular S-Adomet levels in ~ / h - l ' ,  N276,  N4216 antl N4316 strains 
growing at 2.5" in media  suplemented  (indicated as [ M I )  o r  n o t  with 2.5 mxl I.-mcthioninc. Values for those stlains having l o w  
levels of S-Aclomet are shown, in an enlarged  scale, in the inset. (D) Determination of S-Adomrt synthetase activity in dh-1'. 
N276,  N4216 and N4316 strains. At least three  independent  determinations were performed, in C and  D, for each strain. Error 
hars reprcsrnt 5 D .  

was higher when strains were grown in media  supple- 
mented with I,-methionine  (Figures 5 R  and 5 C ) .  Thus, 
although only a l o w  fraction o f  unmethylated sites in 
the 5-7 region (5 10%) is available to test increases in 
DNA methylation, the sensitivity of the test was high 
enough to observe  a dependence of DNA methylation 
on cellular SAdomet levels. Fd l  DNA methylation was 
not  obtained even at  the  abnormally high levels of S 
Adomet  present in N4216 and N4316. Similar results 
were obtained when DNAs digested with ScrlBAI were 
analysed (not  shown).  Complete digestion of the DNAs 
in these b l o t 5  was confirmed by stripping  and  reprobing 
the blots with DNA sequences of the o m  gene  (not 
shown).  The analysis of genomic DNA methylation was 
extended  further to two kinds of duplicated  sequences: 
an crm duplication,  carried by the strain N276, which was 
not  obtained directly by transformation  but  segregated 
from  a cross (SELKER and GARREIT 1988), and  the  en- 
dogenous  and  ectopic copies of the  SAdomet synthe- 
tase gene  present in the  transformants N4216 and 
N4316. No methylation was associated with either  the 

duplicated am sequences or  the  SAdomet synthetase 
DNA sequences  present in N4216 and N4316 (not 
shown).  Thus, highly abnormal levels of cellular SAdo- 
met do  not modifv the  unmethylated  status of either  the 
om duplication or  the duplicated  SAdomet synthetase 
sequences in the  transformed strains. 

N4216 and N4316 strains were chosen  for  further 
phenotypic analysis. Growth rates of these  strains were 
assessed in race  tubes (RYAN P/ (11. 1943) on minimal 
media  supplemented or  not with [.-methionine, and 
compared with those o f  ~ t h - l '  and N276. In these  experi- 
ments,  strains were grown in media containing  different 
concentrations of glucose (0.1 and 1.5% w/v) or glu- 
cose plus ethanol (0.1 and 1.0% w/v, respectively). Al- 
though  different growth rates were observed for  each 
strain in these various media,  there were no significant 
differences  between wild  type and strains overex- 
pressing SAdomet synthetase (not  shown).  To see if' 
the  altered  SAdomet levels present in the strains N4216 
and N4316 lead to some  abnormal vegetative pheno- 
type, we studied several morphological  characteristics 
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FIGURE 5.-DNA methylation  at  the 5-17 region.  (A)  Map 

of  the 5-77 region (SEI.I(F.R and STE\'I:.NS 1985)  showing BnmHI 
restriction sites.  Asterisks indicate  restriction  sites  that display 
DNA methylation  in B. The  0.8kb  fragment  used as a probe 
is indicated by a box. (B)  Total  genomic DNA of  the  strains 
&-r, N276, N4216  and N4.716, purified  from mycelia growing 
at  34" in  minimal  medium  supplemented (+) or not (-) with 
2.5 mM 1,-methionine, was digested with BnmHI and  subjected 
to  Southern  blot analysis.  A  0.8-kb BnmHI restriction  fragment 
containing  part  of  the 5-77 region (SELKER and STEVENS 1985) 
was gel purified,  oligolabeled  and  used as a probe.  Bands  of 
0.8 kb (D), 1.6 kb (C), 2.4  kb  (B)  and >10.0 kb (A) were 

of cells grown in solid and liquid  media containing or 
not [.-methionine. In this analysis, we tested:  conidial 
size, shape  and  germination rate; branching frequency; 
distance  behveen  septa; and presence and  abundance 
of vacuoles. Although  the  germination  rate of all the 
strains was lower in medium  containing L-methionine, 
no additional  differences were found in the trans- 
formant strains when compared with the wild  type and 
d2-T strains  growing  in the tested  media. 

DISCUSSION 

Recent work in our laboratory  established a genetic 
and physical map  on a N. crmsn 200-kb region  that 
includes  the locus eth-1 (MAUTINO et nl. 1993). We have 
now cloned  and  sequenced eth-I and  demonstrated  that 
it encodes  SAdomet synthetase, as first suggested by 
KERR and FLAVIN (1970). Almost all organisms  studied 
so far have nvo different  genes  encoding highly similar 
SAdomet synthetases. The reason  for this is not clear, 
but it can  be  suspected  that this pattern is of central 
importance  due  to i t s  presence in a wide range of organ- 
isms from  bacteria  to  man.  Considering  that growth 
failure of the P6h- l '  mutant  at 39" represents a lethal 
inactivation of SAdomet synthetase, i t  means  that, if 
there is a second  gene  coding  for  an  additional !%Ado- 
met synthetase in N. cmssn, it is not  being expressed in 
our standard growth conditions.  Differential  expression 
of the alternative SAdomet synthetase  genes of S .  cme- 
visine and E .  coli, in  response to the  media used for 
growth,  has been  reported (THOMAS and SURDIN-KER- 
JAN 1991; SATISHCHANDRAN P/ nl. 1993). Pairs of SAdo- 
met synthetase  genes of a'same organism share >90% 
amino acid sequence homology  (see  Table l ) ,  and  their 
genes  showed cross-hybridization in Southern blots per- 
formed  at relative high  stringency. In N. rmssn, we have 
not  detected a putative second  SAdomet synthetase 
gene by Southern  blot hybridization.  Therefore, if a 
second  gene exists, it must have a higher  degree of 
nucleotide  sequence  divergence  than  that between 
pairs of SAdomet synthetase  genes of other species. 
This is a point of relevance  when  considering the phe- 
nomenon of RIP: a putative  functional  second N. crnssa 

considered  (see SELKER and STEWNS 1985).  It is assumed  that 
bands A and B correspond to DNA molecules baing the 
sequence  GGATmCC  methylated,  thus  rendering a BnmHI 
restriction  site  resistant to cleavage by this  enzyme. (C) Densi- 
tometric analysis of  the  autoradiographic film shown  in B. 
Given the  intensity  of  the  signal of band A, films with different 
exposure  times  were  scanned  to  obtain  the values correspond- 
ing to the  signal  ratio  B/A  for  each  condition  The B/A  ratios 
obtained  were  divided by that  of  N276 DNA, isolated  from 
mycelia grown  in  minimal  medium, to obtain values that re- 
flect  the relative degree  of  methylation  of  the  different DNAs 
in  comparison with the  standard  growth  condition. Bars r e p  
resent  the  relative  degree  of DNA methylation  for  the  indi- 
cated  strains  grown  in  medium  supplemented  (grey)  or  not 
(white) with 2.5 mM r.-methionine. 
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S-Adomet synthetase gene  should have enough diver- 
gence to allow it to become resistant to RIP (CAMBARERI 
et al. 1991) or, alternatively, it should  be resistant by 
another mechanism. If there is a single SAdomet syn- 
thetase  gene  in N. crassa, it should be of great  interest 
to analyze why this fungus  does not maintain  the pat- 
tern of  two SAdomet synthetase genes. 

Even though we have not performed  primer  exten- 
sion analysis to  determine  the  transcription initiation 
site of the N. crassa SAdomet synthetase mRNA, the 
longest S-Adomet synthetase cDNA isolated has a 5‘ 
untranslated  region (5‘UTR) of 222 bp.  A  long 5’UTR 
is a  common  feature  among other  SAdomet synthetase 
mRNAs:  210 nt in  the S-Adomet synthetase from  rat 
liver (ALVAREZ et al. 1991), 224 nt in SAdomet synthe- 
tase from  murine liver  (SAKATA et al. 1993),  and 231 nt 
in  the  SAdomet synthetase from Drosophila (LARSSON 

and RASMUSON-LESTANDER 1994). This is also true of 
the mRNAs  of S-Adomet decarboxylase (RUAN et al. 
1994) and  ornithine decarboxylase (GRENS and SCHEF- 
FLER 1990; MANZELLA and BLACKSHEAR 1990; WILLIAMS 
et al. 1992), enzymes  which link the metabolism of S 
Adomet to polyamine synthesis. It has been  proposed 
that small 5’UTR-ORFs and/or secondary structures of 
the mRNAs  of S-Adomet decarboxylase (Rum et al. 
1994) and  ornithine decarboxylase (ITO et al. 1990) 
could be involved in posttranscriptional regulation by 
polyamines. In  addition, it has been suggested that  long 
5’UTRs in SAdomet synthetase mRNAs  may also be 
involved in feedback translational regulation by poly- 
amines (LARssoN and RASMUSON-LESTANDER 1994). 
Two small ORFs were found  in  the 5’UTR  of the longest 
N. crassa SAdomet synthetase cDNA. However,  as in 
the case  of N. crassa ornithine decarboxylase (WILLIAMS 
et al. 1992),  the  environment of their putative ATG 
start  codons do  not match the consensus for N. crassa 
(EDELMANN and  STA~EN 1994).  In  addition, no stable 
secondary structures could be found  in  the 5’UTR of 
the  SAdomet synthetase mRNAs mentioned above. 
Thus, it is unlikely that these structural  determinants 
could  represent  functional regulatory elements in- 
volved in translational regulation of SAdomet synthe- 
tase  mRNAs. A very long 3’ untranslated region (574 
nt) was found in the N. crassa SAdomet synthetase 
cDNA. This includes two consensus polyadenylation se- 
quences, which appear to be functional, as  cDNAs  hav- 
ing  the  corresponding alternative positions in their 
poly-(A) tails  were isolated. To  our knowledge, this rep- 
resents the first strong evidence supporting  a  functional 
role of a consensus sequence  for polyadenylation in N. 
crassa. 

Gene  constructs carrying the S-Adomet synthetase 
coding  sequences were designed to overexpress the S 
Adomet synthetase gene  after  introduction  into N. 
crussa protoplasts. In these studies, it was observed that 
L-methionine is a limiting metabolite  for  the cellular 
production of  S-Adomet.  Growth rates of wild-type and 

transformed strains were studied in minimal medium 
and in  medium  supplemented with L-methionine and 
containing various carbon sources. Although growth 
rates of the analysed strains were different in the various 
media, no differential effect of any medium on  the 
growth rates of  wild-type and transformed strains could 
be seen. From these observations, it is tempting to spec- 
ulate that  the  endogenous availability of SAdomet is 
not limiting for growth. Certainly, growth rates were 
not increased in transgenic strains containing up to 
260-fold higher  endogenous levels  of SAdomet. 

No  obvious morphological alteration occurs in cells 
having abnormally high levels  of SAdomet. This could 
indicate  that  although S-Adomet is an extremely im- 
portant metabolite, it may not be subjected to  a tight 
control, and that large variations in  the intracellular 
levels  of SAdomet  are harmless to the cell. This is con- 
sistent with observations made on  the bacterium E. coli, 
in which variations between 200-fold reduced (SATI- 
CHANDRAN et al. 1990) and 400-fold augmented  endoge- 
nous levels  of  S-Adomet  have no consequences  in cellu- 
lar growth (ALVAREZ et al. 1994). Alternatively, the 
putative “excess” of SAdomet could be compartmen- 
talized in the cell, to maintain  the cytoplasmic  levels in 
a  constant  concentration, as has been described in S. 
cereuisiae (FAROOQUI et al. 1983). However, considering 
the  correlation  found in this  work between different S- 
Adomet levels and alternative degrees of DNA methyla- 
tion, we suggest that most endogenous  SAdomet is fully 
available for  the  different  SAdomet-requiring meta- 
bolic pathways. It has recently been  demonstrated  that 
unregulated, high ornithine decarboxylase activity in 
N. crassa results in high cellular levels  of putrescine 
whereas spermidine levels do  not vary greatly (PITKIN 
et al. 1994). Externally added L-methionine (1.0 mM), 
which should modify the cellular SAdomet levels, did 
not lead to enlargement of the  spermidine  pool (PITKIN 
et al. 1994).  Thus, increases in  SAdomet  do  not  appear 
to modify the flux of  this metabolic pathway, at least at 
SAdomet levels found in cells growing in the  presence 
of 1.0 mM L-methionine. This observation is consistent 
with the  notion  that  SAdoMet decarboxylase limits 
spermidine synthesis when putrescine levels are  high, 
although  spermidine synthase has not  been  excluded 
as a limiting factor (R. H. DAVIS, personal communica- 
tion). 

The status of DNA methylation at  the normally meth- 
ylated (-7 region was dependent  on  the cellular level 
of  SAdomet. This result confirms and extends  recent 
observations (FOSS et al. 1993) indicating  both  that S 
Adomet is the methyl group  donor for cytosine DNA 
methylation in N. crassa and  that externally added L- 

methionine could alter  the status of genomic DNA 
methylation. We demonstrate  that this effect depends 
on alternative cellular levels  of SAdomet  and  that  the 
defect  in DNA methylation of the eth-1‘ mutant, growing 
at 34”, is probably due to its low endogenous level of 
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S-Adomet at this temperature.  A maximum degree of 
DNA methylation was reached at cellular levels  of S- 
Adomet lower than  that  present in transformed strains. 
This effect may be due to a limiting activity  of the puta- 
tive  DNA (cytosine-5) methyltransferase, topological re- 
strictions imposed by a heavily but  not completely meth- 
ylated substrate DNA, a low affinity  of the putative DNA 
(cytosine-5) methyltransferase for particular nucleotide 
sequences, or a fraction of  newly synthesized unmethyl- 
ated DNA. Considering that in some analysed N. crassa 
DNA molecules 100% of  cytosines could be subjected 
to methylation (SELKER et al. 1993) we consider unlikely 
that topological restrictions or particular nucleotide se- 
quences may limit the  degree of genomic DNA methyla- 
tion. In  addition, we doubt  that  the fraction of unmeth- 
ylated DNA detected may correspond to newly 
synthesized molecules, as  DNA  was purified from myce- 
lium in stationary phase. Thus, we favor the possibility 
that DNA methylation reaches a maximum due to lim- 
iting activity of the putative DNA methyltransferase. 

A high proportion of strains overproducing S-Ado- 
met was found in our initial screening of primary pSGT 
transformants (Figure 4B). In the analyzed strains, we 
did not find vegetative DNA methylation of the multiple 
copies of the S-Adomet synthetase gene.  Thus, no evi- 
dences of  vegetative silencing and/or DNA methylation 
of the transforming S-Adomet synthetase sequences 
(“quelling”) (PANDIT and Russo  1992; ROMANO and 
MACINO 1992) were found. This result may indicate that 
quelling is not  a general phenomenon. Alternatively, 
putative quelling of the S-Adomet synthetase gene 
could result in cellular lethality, thus rendering only 
nonaffected transformant cells. Certainly, a low fre- 
quency of quelling has been observed  in the case  of 
genes apparently essential for cellular viability (RO- 
MANO and h4ACINO 1992). 

N. crassa is able to grow  in media containing high 
concentrations of the  drug 5-azacytidine,  which  causes 
substantial reduction in DNA methylation (SELKER and 
STEVENS 1985). This result, as  well  as evidences from 
the study  of N. crmsa mutant strains defective  in DNA 
methylation (Foss et al. 1993) and results reported in 
this work, indicate that  a wide spectrum of both cellular 
S-Adomet  levels and DNA methylation states have no 
dramatic consequences on growth or morphology in N. 
crassa. This may not be the case  in higher eukaryotic 
cells, where subtle variations in cellular S-Adomet  levels 
and/or DNA (cytosine-5) methyltransferase activity (LI 
et al. 1993; BOERJAN et al. 1994; LAIRD et al. 1995) could 
modify the  pattern or intensity of DNA methylation, 
thus altering  a variety  of cellular phenomena including 
gene regulation, gene expression or DNA mutation. 
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