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Serine hydroxymethyltransferase (SHMT) occupies a central position in one-carbon (C,) metabolism,
catalyzing the reaction of serine and tetrahydrofolate to yield glycine and 5,10-methylenetetrahydrofolate.
Methylenetetrahydrofolate serves as a donor of C, units for the synthesis of numerous compounds, including
purines, thymidylate, lipids, and methionine. We provide evidence that the formate (for) locus of Neurospora
crassa encodes cytosolic SHMT. The for* gene was localized to a 2.8-kb Bg/II fragment by complementation
(restoration to formate-independent growth) of a strain carrying a recessive for allele, which confers a growth
requirement for formate. The for* gene encodes a polypeptide of 479 amino acids which shows significant
similarity to amino acid sequences of SHMT from bacterial and mammalian sources (47 and 60% amino acid
identity, respectively). The for* mRNA has several different start and stop sites. The abundance of for* mRNA
increased in response to amino acid imbalance induced by glycine supplementation, suggesting regulation by
the N. crassa cross-pathway control system, which is analogous to general amino acid control in Saccharomyces
cerevisiae. This was confirmed by documenting that for* expression increased in response to histidine limitation
(induced by 3-amino-1,2,4-triazole) and that this response was dependent on the presence of a functional
cross-pathway control-1 (cpc-1) gene, which encodes CPC1, a positively acting transcription factor. There are
at least five potential CPC1 binding sites upstream of the for* transcriptional start, as well as one that exactly

matches the consensus CPC1 binding site in the first intron of the for* gene.

Reactions involving one-carbon (C,) units are essential for
the synthesis of numerous compounds, including purines,
thymidylate, lipids, and methionine. In the majority of these
syntheses, the C, units are donated from C,-substituted
tetrahydrofolate derivatives. The principal enzyme involved
in the generation of C,-substituted tetrahydrofolates is serine
hydroxymethyltransferase (SHMT; EC 2.1.2.1), which cat-
alyzes the reaction of serine and tetrahydrofolate to yield
glycine and 5,10-methylenetetrahydrofolate. Methylenetet-
rahydrofolate can then be converted to methyl-, methenyl-
and formyltetrahydrofolate, which serve as the primary
sources of C, groups for biosynthetic reactions in biological
systems (11, 12). SHMT is central to one-carbon (C;) me-
tabolism in both prokaryotes and eukaryotes. In the absence
of SHMT activity, C,-substituted tetrahydrofolates can be
synthesized by the conversion of formate and tetrahydrofo-
late to formyltetrahydrofolate, which is then converted to
methylene-, methyl-, and methenyl-substituted tetrahydro-
folates. Abnormalities in C, metabolism and specifically in
SHMT activity have been detected in human colon carci-
noma (46) and in schizophrenic and psychotic patients (54,
55).

Genes (glyA) encoding prokaryotic forms of SHMT have
been isolated from Escherichia coli (47), Salmonella typhi-
murium (50), and Bradyrhizobium japonicum (42). Complete
nucleotide sequences have been determined for the E. coli
and B. japonicum genes, allowing the deduction of the amino
acid sequences (41, 42). Although genes encoding SHMT
have not yet been isolated from eukaryotic sources, both
cytosolic and mitochondrial isozymes of SHMT have been
purified from rabbit liver, and the complete amino acid
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sequences of the proteins have been determined by amino
acid sequencing (31, 32). There is significant amino acid
sequence similarity among all forms of SHMT characterized
to date, suggesting extensive conservation of catalytically or
conformationally important residues (31, 32, 41, 42).

The isolation and characterization of the gene encoding
SHMT from a eukaryote with a well-established system of
genetic manipulation would facilitate the in vivo analysis of
the structure and function of SHMT. Strains of Neurospora
crassa mutated at the formate (for) locus have a growth
requirement for formate (20) and lack cytosolic, but retain
mitochondrial, SHMT activity (7, 14, 15). The for locus
maps to the right arm of linkage group VII, ~4.5 map units
distal to the oligomycin resistance gene (oli [40]). The oli
locus has been cloned and shown to encode the proteolipid
subunit of the mitochondrial ATP synthase (51). We have
recently cloned the for* gene of N. crassa by complemen-
tation of a for mutant strain with a cosmid clone of N. crassa
genomic DNA identified by chromosomal walking from oli
(33). We now report the physical characterization of the for*
gene and show that it encodes the cytosolic isozyme of
SHMT. We further demonstrate that the regulation of
SHMT activity results, at least in part, from changes in the
mRNA abundance of the for* gene. This regulation involves
the cross-pathway control system (3, 8, 9), analogous to
general amino acid control in Saccharomyces cerevisiae
(24), and requires a functional copy of the cross-pathway
control-1 (cpc-1) gene (3).

MATERIALS AND METHODS

N. crassa strains and clones. Strains FGSC 4264 cpc-1 (the
CD15 allele) and FGSC 878 acriflavin resistance-2 (acr-2 [the
KH2 allele]) were obtained from the Fungal Genetic Stock
Center (University of Kansas Medical Center, Lawrence).
Strains carrying the for mutation (the C24 allele) were
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obtained from J. Feldman and J. Loros. Plasmids carrying
the N. crassa arginine-2 (arg-2 [35]) and cpc-1 (37) genes
were obtained from D. Ebbole and C. Yanofsky. for* cDNA
clones were isolated from a library of N. crassa mycelial
cDNA in the vector Agt10 (30).

Media and culture conditions. Liquid or plate cultures of an
N. crassa wild-type (for™*) strain or of the for strain were
grown in Horowitz complete medium or Vogel’s minimal
medium (16) plus 2% sucrose supplemented with sodium
formate (10 mM). The effect of various supplements on
mRNA abundance was determined in mycelia harvested
from log-phase cultures grown, with shaking, at 30°C in
Vogel’s minimal medium plus 2% sucrose. Where indicated,
the medium was supplemented with sodium formate (1 or 10
mM), glycine (1 or 10 mM), L-serine (1 or 10 mM), or
L-methionine (1 or 10 mM). Cultures were harvested after 24
h of growth except for those supplemented with glycine,
which grew slowly and were harvested after 36 h of growth.
In some experiments, 3-amino-1,2,4-triazole (3-AT; 10 mM)
was added 1 h prior to harvest to induce histidine starvation
by competitive inhibition of the histidine biosynthetic en-
zyme imidazoleglycerolphosphate dehydratase (EC 4.2.1.1
[23)).

Transformation of N. crassa. Preparation of for sphero-
plasts for transformation with cosmid DNA was done as
described by Vollmer and Yanofsky (52). For transformation
with individual DNA restriction fragments or with plasmid
subclones, DNA prepared by the boiling method (25) was
further purified by electrophoresis through low-melting-
point agarose (SeaPlaque; FMC, Rockland, Maine) and
transformed as described by Liu and Dunlap (29). Individual
DNA restriction fragments were cotransformed with pSV50,
which encodes benomyl resistance (52). Primary benomyl-
resistant (Bm") transformants of for strains were identified in
regeneration agar on FIGS minimal medium plates (52)
containing benomyl (500 pg/liter) and supplemented with
sodium formate (10 mM). Individual Bm" transformants
were maintained on Horowitz complete medium containing
henomyl (500 pg/liter) and supplemented with sodium for-
mate (10 mM) and were screened for formate-independent
growth in liquid cultures of Vogel’s minimal medium with or
without sodium formate (10 mM).

Nucleic acid manipulations. RNA purification and North-
ern (RNA) blot analyses were done as previously described
(30). RNA slot blots were prepared by using a Minifold II
apparatus (Schleicher & Schuell, Keene, N.H.) according to
the manufacturer’s instructions. RNA was quantitated by
densitometric analysis with a MasterScan densitometer
(Scanalytics, Billerica, Mass.). Plasmid subclones prepared
in the Bluescript vectors (Stratagene, La Jolla, Calif.) were
subjected to exonuclease III deletion (22), and DNA se-
quence was determined by the chain termination method
(44), using Sequenase (U.S. Biochemicals, Cleveland, Ohio)
according to the manufacturer’s instructions. 3’ and 5’ ends
of for* mRNAs were determined by S1 protection (5), using
the modifications described by Ausubel et al. (2). Briefly, a
DNA primer (5'-GCCTTGTGAGTCTCGGA-3’, comple-
mentary to nucleotides [nt] 602 to 587 according to the
numbering scheme of Fig. 2) was allowed to anneal to a
single-stranded DNA template and elongated with the Kle-
now fragment of DNA polymerase I in the presence of
radiolabeled dCTP to generate a single-stranded, radiola-
beled probe complementary to the for mRNA. The elonga-
tion products were digested to completion with EcoRI
(which cuts at nt 368) and resolved on a denaturing 50%
urea—4% polyacrylamide gel. The 234-nt fragment extending
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from nt 602 to 368 was eluted from the gel and annealed with
25 pg of poly(A)* RNA from N. crassa, digested with S1
nuclease, and analyzed on an 8% denaturing acrylamide gel.
5" end analysis was confirmed by primer extension (34),
using the modifications described by Ausubel et al. (2), and
by direct sequencing of for* RNA (19). The GCG programs
were used for computer analysis of nucleic acid sequences
17).

Nucleotide sequence accession number. The nucleotide
sequence of the N. crassa for* gene has been registered with
GenBank under accession number M81918.

RESULTS

Localization of the for* gene. The loss of SHMT activity
resulting from the for mutation blocks the major pathway of
biosynthesis of C,-substituted tetrahydrofolates and thus
disrupts C, metabolism. The resulting growth limitation can
be alleviated by supplying formate (20), because the reaction
of formate and tetrahydrofolate yields formyltetrahydrofo-
late, which is then converted to other C,-substituted tetrahy-
drofolate derivatives (12). We had previously shown that
DNA sequences capable of complementing (restoring to
formate independence) the for strain were carried on cosmid
31:5E from the Vollmer-Yanofsky library (33). By transfor-
mation with BgllIl-digested cosmid 31:5E, we determined
that sequences sufficient to restore formate-independent
growth to a for strain lay on a single Bg/II restriction
fragment (33). Systematic transformation of for spheroplasts
with each of the Bg/II fragments of cosmid 31:5E indicated
that the for* locus was entirely contained on a 2.8-kb Bg/II
fragment (Fig. 1a). The BglII restriction fragment capable of
complementing the for strain (Fig. 1b) was subcloned in both
orientations into the Bluescript vector SK™ as clones
pSADI1-2 and pSAD4. The physical map of the oli-frq-for
region (33) allowed the orientation of the restriction map of
cosmid 31:5E, with the centromere to the left and the
telomere to the right, as drawn in Fig. 1. The minimal
sequences necessary for function of the for* locus were
determined by cotransformation of the for strain with sub-
clones of pSAD1-2 together with the plasmid pSV50, which
confers benomyl resistance (52). Bm" transformants were
selected and scored for formate-independent growth (Fig.
1c). With intact pSAD1-2 (nt 1 to 2856) and pSV50, all of the
Bm" transformants were complemented (restored to formate
independence). Transformation with pSV50 alone failed to
restore formate-independent growth to the Bm" transfor-
mants (data not shown). Deletions of up to 438 nt from the 5’
end of pSAD1-2 had no effect on the frequency of comple-
mentation. However, further deletions to nt 518 and 578
resulted in reduced frequency of complementation. Deletion
from the 3’ end of pSAD1-2 to nt 2230 had no effect on
complementation frequency, but further deletion to nt 2019
eliminated complementation among Bm" transformants (Fig.
1c).

Physical characterization of the for* transcription unit. The
direction of transcription was determined to be toward the
telomere by probing Northern blots with single-stranded
hybridization probes prepared from pSADI1-2 and pSAD4
(data not shown). cDNA clones of the for* mRNA were
identified by hybridization with the 2.8-kb Bgl/II fragment.
No full-length cDNA clone was recovered. Therefore, the
complete nucleotide sequences of both strands of several of
these cDNAs which collectively spanned the entire length of
the for* mRNA, as well as the complete sequence of both
strands of the entire 2.8-kb Bg/II genomic fragment (Fig. 2),
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(438-2856) 94
(518-2856) 41
(578-2856) 27
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FIG. 1. (a) Restriction map of the insert of cosmid 31:5E (in the vector pSV50 [52]), with the position and direction of transcription of the
for* gene indicated by the arrow. The centromere of linkage group VII is to the left, and the telomere is to the right. (b) Enlargement of the
2.8-kb BglIl fragment containing the for* gene, which was subcloned into the Bluescript vector SK™ as pSAD1-2 and pSAD4 (which differ
in the orientation of the insert relative to the vector). The for* transcription unit is indicated by the arrow under the restriction map, with
exons indicated by the hatched boxes. Restriction sites: Apal (Ap), BamHI (B), Bgll1 (Bg), Clal (C), EcoRI (E), HindIlI (H), Smal (Sm), Spel
(Sp), and Xhol (X). (c) Determination of minimal sequences of the for* gene sufficient to complement (restore formate-independent growth)
when transformed (along with pSV50) into the for recipient. Inserts of plasmid subclones used to transform for spheroplasts are indicated by
horizontal lines, with the endpoint nucleotides of the inserts indicated in parentheses to the left of each line. The percentage of Bm'
transformants restored to formate-independent growth is indicated at the right.

were determined. The nucleotide sequence indicates an open
reading frame interrupted by two introns. The open reading
frame begins at an ATG at nt 569 and ends at a TAA at nt
2157. The ATG at nt 569 is preceded by a sequence (gT-
CACC) which corresponds at five of six positions (indicated
by capital letters) to the consensus sequence for N. crassa
translational initiation sites (37). A second, in-frame ATG at
codon 13 (immediately 3’ to the first intron) is not in a
consensus translational initiation context. The first intron, 88
nt in length, lies between codons 12 and 13, and the second
intron, 58 nt in length, interrupts codon 151 between the
second and third positions. Both introns have the conserved
N. crassa boundary sequences 5’ exon R/GTR(C/A)GT . . .
CAG/exon 3' (R = purine). Furthermore, both introns have
sequences, ACTCATA and ACTAACC, respectively, begin-
ning at positions 26 nt upstream of the 3’ exon, which closely
resemble the N. crassa branch point consensus ACTRACA
(43). By Southern analysis, we determined that the for
mutant allele had not undergone any gross rearrangement,
insertions, or deletions relative to the wild type (data not
shown). The nature of the mutation resulting in the for
phenotype remains unknown.

The for* mRNA has multiple 5’ and 3’ ends. Northern
analysis of either total or poly(A)* RNA hybridized with
coding sequence probes indicated the existence of at least
four mRNA species of ~2,600, ~2,450, ~2,300, and ~2,050
nt for the for™ gene (Fig. 3c, lanes B to E). No hybridization
to mRNA was observed with probes extending from nt 1 to
372 (Fig. 3c, lane A) or from nt 2851 downstream for 2.4 kb
(Fig. 3c, lane F), indicating that the entire transcription unit
of the for™ gene lies between nt 372 and 2851. Two 5’ ends
of the for* mRNAs were identified by S1 nuclease protec-

tion (Fig. 4) and were confirmed by primer extension and
RNA sequencing (data not shown). These 5’ ends were at nt
506 and 509 (indicated by arrows in Fig. 2) and are 65 and 62
nt, respectively, upstream of the translation initiation site at
nt 569. Clustering of multiple 5’ ends has been frequently
observed for N. crassa transcripts (for examples, see refer-
ences 10 and 43 and references therein). Conserved TATA
(TATATCT at nt 438) and CCAAT (nt 290) sequences are
present upstream of the transcriptional initiation sites. The
transcriptional start sites are preceded by a pyrimidine-rich
sequence, characteristic of genes of filamentous fungi, par-
ticularly of highly expressed genes (6).

The 3’ ends of the for* mRNA transcripts were deter-
mined by comparison of cDNA and genomic sequences. At
least three 3’ ends, indicated by asterisks in Fig. 2, were
confirmed by S1 nuclease protection (data not shown), with
the major end (double asterisk) at position 2591 (432 nt
downstream of the termination codon) and minor ends
(single asterisk) at positions 2531 and 2740 (372 and 581 nt,
respectively, downstream of the termination codon). A
fourth 3’ end is inferred to lie between nt 2293 and 2364,
because a probe extending from nt 2293 to 2856 hybridizes to
at least four mRNA species on a Northern blot (Fig. 3c, lane
C) and a probe extending from nt 2364 to 2856 hybridizes to
only three species and does not hybridize to the shortest
mRNA (Fig. 3c, lane D). Two potential polyadenylation
signals (Fig. 2, underscored with hatched boxes) are located
in the 3’ untranslated sequences.

Deduced amino acid sequence of the for* gene. From open
reading frame analysis of the combined cDNA and genomic
sequences, the for" gene is deduced to encode a protein of
479 amino acids in length. Codon utilization within this open
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AGATCTCAAAATCTG GAGGAGGAMGAGTCA TCGTCGTCGCCTGCA ATGGCCCOGTAGCGA ACCCCCGGTATTOCA
90 105 120 135 150
TOGTGGAGAAAACCA TGTCGANTGCGGAGC
165 100 195 210 225
CCAGACTTTGTICTG AGGTCCGGAGATCGG GCCCCGTCCTIGOAG
240 255 270 285 300
TITTGGCAGTAGATT GCTGCACGTTORCGE GGTTCCAATAATTTT
s 330 4s 360 3718
TCTTTCACCCGCCCC GGCCOCCRCOOGCRA CTOGACCCOCGACTG GGCCCOCGCAGCCAC TCAAGTGAATTCCCG
3%0 408 420 a5 450
TCAGAGGTTGACTGA GTCGAGGTCGTCCAG CAACCTACCCTGGAT CTCAGTGCCCCTCCT TCTATATCTCAGTCA
465 480 495 510 s2s
CTCCCGTICTTICCT? maruic CTCAATCCTCACACG
540 585 sm 586 .
GCCTCTCACTTTTIC AGAAGCCANCCCCCC CAAATCAGTCACC ATG TCT ACC TAC TCC CIC 7CC GAG
=" Mt Ser Thr Tyr Ser leu Ser Glu
[reTTTRsTTn— 619 634 649 664
ACT CAC ARG GCC GTACGTGGTAACCCC TCTGCTICAGATACT TTTTCTGGCCGCATA TTGAAGGGACAAACA
Thr Ris Lys Ala ********* intron 1

3
-
g
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g
g
w

mm“:ryac CTACGATATACAG ATG CIC GAG CAT AGC TIG GIC GAG TCC GAC CCC CAG

“** Met leu Glu His Ser leu Val Glu Ser Asp Pro Gla
140 55 770 75

GTC GCC GAG ATC ATG AAG AAG GAG GTT CAG CGC CAG CGC GAG TCC ATC ATC CTC ATC GCC

Val Ala Glu Ile Met Lys Lys Glu Val Gla Arg Gla Arg Glu Ser Ile Ile leu Ile Ala
900 1S 830 s

TCC GAG AAC GTC ACC T7CG CGT GCC GTC TIC GAT GCC CTC GGC 7CC CCC ATG TCC AAC AAG

Ser Glu Asn Val Thr Ser Arg Ala Val Phe Asp Ala leu Gly Ser Pro Met Ser Asn lys
860 975 90 205

‘TAC 7CG GAG GGT CTT CCC GOC GCC CGC TAC TAT GGT GGC AAC CAG CAC ATC GAC GAG ATC

Tyr Ser Glu Gly leu Pro Gly Ala Arg Tyr Tyr Gly Gly Asn Gla His Ile Asp Glu Ile
920 1] 950 965

GAG GTT CIC 7GC CAG AAC CGT GCC CTT GAG GCC TIC CAC CIC GAC CCC AAG CAG 706G GGT

Glu Val leu Cys Gln Asn Arg Ala leu Glu Ala Phe Kis leu Asp Pro lys Gla Trp Gly
280 995 1010 1025

GIC AAT GTT CAG 70C TTG TCC GGC AGC CCT GCC AAC CIC CAG GIC TAC CAG GCC ATC ATG

Val Asn Val Gla Cys leu Ser Gly Ser Pro Ala Asn leu Gla Val Tyr Gla Ala Ile Met
1040 108$ 1070 1085

CCC GIC CAC GAC AGA CTC ATG GGT CTT GAC CTC CCC CAC GGT GGC CAT CT? 7CC CAC Qo7

n-omn.eummmuyu-upmnououyuyu-mmmuy

1100 1123 1138 1158

TAC CAG ACC CCC CAG COC AA GTRAGTOTCATACTA CAAGGGCCAMCTANCCCAC

Tyzr Gla Thr Pro Gla Arg Ly intren 2

1172 1187 1202 1217

CIACICICICLNG G ATC TCT GCT GIC TCT ACC TAC TIC GAG ACC ATG CCC TAC CGC GIC AAC

8 Ile Ser Ala Val Ser Thr Tyr Phe Glu Thr Met Pro Tyr Arg Val Asa
1232 1247 1262 127

ATT GAC ACT GGT CTC ATC GAC TAC GAT ACC CIC GAG AAG AAC GCC CAG CTC TIC CGC CCC

Ile Asp Thr Gly leu Ile Asp Tyr Asp Thr leu Glu lys Asn Ala Gla leu Phe Arg Pro
1292 1307 1322 1337

ARG GIC CTC GTC GCC GGT ACC TCT GCC TAC TGC CGT CTG ATT GAC TAC GAG CGC ATG CGC

lys Val leu Val Ala Gly Thr Ser Ala Tyr Cys Arg leu Ile Asp Tyr Glu Arg Met Arg
1352 1367 1382 1397

AAG ATT GCC GAC TCC GTT GGC GCT TAC CTT GIC GIC GAT ATG GCT CAC ATT TCC GGC CIC

lys Ile Ala Asp Ser Val Gly Ala Tyr Leu Val Val Asp Met Ala His Ile Ser Gly Leu
1412 1427 1442 1457

ATT GCC TCC GAG GTT ATC CCC 7CG CCC TTC CIC TAC GCC GAT GIC GIC ACC ACC ACC ACT

Ile Ala Ser Glu Val Ile Pro Ser Pro Phe leu Tyr Ala Asp Val Val Thr Thr Thr Thr

1472 1487 1502 1517
CAC AAG TCT CTC CGT GGC CCT CGT GGC GCC ATG ATC TIC TIC CGC GGT GTC CGC ICC GTT
His Lys Ser leu Arg Gly Pro Arg Gly Ala Met Ile Phe Phe Arg Gly Val Arg Ser Val

Asp Ala lys Thr Gly Lys Glu Thr leu Tyr Asp leu Glu Asp Lys Ile Asn Phe Ser Val
CAC

1592 1607 1622 1637
TTC CCT GGT CAC CAG GGT GGC CCC CAC AAC ACC ATC ACC GCC CTT GCC GTT GCC CTC
Phe Pro Gly Ais Gln Gly Gly Pro Bis Asn His Thr Ile Thr Ala Leu Ala Val Ala leu
1652 1667 1682 1697
AMG CAG GCT GCC TCC CCC GAG TTC AAG GAG TAC CAG CAG AAG GTC GTT GCC AAC GCC AAG
Llys Gla Ala Ala Ser Pro Glu Phe Lys Glu Tyr Gln Gln Lys Val Val Ala Asn Ala lys
1ma2 1727 1742 17187
GCT CTC GAG AAGC ARG CTC AAG GAG CTC GGC TAC AAG CTC GTC TCT GAC GGC ACT GAC TCT
Ala lLeu Glu Lys Lys leu lys Glu leu Gly Tyr Lys leu Val Ser Asp Gly Thr Asp Ser
im2 1787 1802 1817
CAC ATG GIC CIC GIT GAC CTT CGC CCC ATC GGC GIC GAT GGT GCC CGT GTT GAG TIC CIC
Bis Met Val leu Val Asp leu Arg Pro Ile Gly Val Asp Gly Ala Arg Val Glu Phe Leu
1832 1847 1862 1877
CTT GAG CAG ATC AAC ATT ACC TGC AAC AAG AAC GCC GTT CCC GGC GAC AMG AGC GCC CIC
leu Glu Gla Ile Asn Ile Thr Cys Asn Lys Asn Ala Val Pro Gly Asp Lys Ser Ala leu
1892 1907 1922 1937
ACC CCC GGC GGT CTC CGT ATT GGT ACC CCC GCT ATG ACC 7CC CGT GGC TIC GGC GAG GCC
Thr Pro Gly Gly leu Arg Ile Gly Thr Pro Ala Met Thr Ser Arg Gly Phe Gly Glu Ala
1952 1967 1982 1997
GAC TIC GAG AAGC GTC GCC GIC TIC GTC GAT GAG GCT GTC AAG CIC TGC AAG GAG ATC CAG
Asp Phe Glu Lys Val Ala Val Phe Val Asp Glu Ala Val Lys leu Cys lys Glu Ile Gln
2012 2027 2042 2057
GCT TCC CTC CCC AAG GAG GCT AAC AAG CAG AAG GAC TTC AAG GCC AAG ATC GCC ACC AGC
Ala Ser leu Pro Lys Glu Ala Asn Lys Gln Lys Asp Phe Lys Ala lys Ile Ala Thr Ser
2072 2087 2102 a7
GAT ATT CCC CGC ATC AAC GAG CTC AAG CAGC GAG ATT GCC GCC TGG AGC AAC ACC TIC CCC
Asp Ile Pro Arg Ile Asa Glu leu lys Gln Glu Ile Ala Ala Trp Ser Asn Thr Phe Pro
2132 240 a1am 2186
CTC CCC GTT GAG GGC TGG AGA TAC GAT GCC GGT CTC TAMTCIGTIACICA CATACAGAGATTICC
leu Pro Val Glu Gly Trp Arg Tyr Asp Ala Gly leu
2201 2216 2231 2246 2261
GGTATATAMGCGTTT
227¢ 2291 2306 2321 2336
AAACTAAA
2351 2366 2381 2396 2
ANGGGTCACTORATT
2426 2441 2456 24 2486
ATTCACCATATIGCA GCGTTGCAATTTONT
2501 2516 2531 2546 2561
ACTGCCGACTTCAGT TTTZAGACGACTGCT TCAACGCGGTTGOGG GTCACAAGTTTTCTA
-
2576 2591 2606 2621 2636
CCCTGGATCATAATA GCGGCAMCTGAGGA CGATGGCCCATGTTG TACA'
\TAGGTCGGGTT
2651 2666 2681 2696 21
CGTCCTICTATATCT GCTCATGAGGGTATG
2726 2741 2756 am 2786
ACGCTTATACCAMAA CCACACCACCTGGCA TGTTGGGGCTTTTGCC
2801 2016 2831 2046 2856
GATGATTCCTICTGA GGATACTAGATGGGA TTAGATACATGGGAT GGATAGATCT

FIG. 2. Nucleotide sequence of the N. crassa for™ gene region (noncoding strand) and deduced amino acid sequence of the SHMT protein.
The nucleotide sequence is numbered relative to the upstream Bg/II site. Consensus intron boundary and internal splice sequences are
indicated by dotted underlines. A putative CAAT sequence is overlined with a solid line. A potential TATA sequence is indicated with a
double underline. Transcription start sites are indicated by the arrows. The sequence complementary to the primer (5'-GCCTTGTGAGTC
TCGGA-3') used for the determination of transcription start sites by nuclease protection is indicated by the dotted overline (nt 587 to 602).
3’ ends of the mRNAs are indicated by asterisks, with the major 3’ end indicated by a double asterisk. Sequences similar to the canonical
polyadenylation signal, AATAAA, are underlined with hatched boxes. Sequences similar to the consensus CPC1 binding site (TGACTCA or

its complement [18, 37]) are underlined.

reading frame shows strong bias against purines, especially
adenines, and also against uracils in the third position, as is
seen in highly expressed N. crassa nuclear genes (10). This
amino acid sequence, which would encode a protein of 53
kDa, was used to search GenBank and NBRF data bases and
showed significant similarity to amino acid sequences de-
duced from the E. coli and B. japonicum glyA genes (41, 42),
which encode SHMT, and to the protein sequences deter-
mined for cytosolic and mitochondrial isozymes of rabbit

liver SHMT (31, 32). These five SHMT amino acid se-
quences are aligned in Fig. 5, with residues conserved in at
least three of the five sequences boxed. The N. crassa
sequence shows 47% identity to the E. coli and B. japonicum
SHMT sequences, 60% identity to the rabbit liver cytosolic
SHMT sequence, and 56% identity to the rabbit liver mito-
chondrial SHMT sequence. Allowing for conservative sub-
stitutions, similarity values of the N. crassa sequence to the
SHMT sequences for E. coli, B. japonicum, rabbit liver
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FIG. 3. Northern blot analysis of for* gene expression. (a)
Restriction map of the 2.8-kb Bg/Il fragment which contains the
complete for* gene. Major transcriptional start sites and transla-
tional start and stop sites are indicated below the restriction map
(nucleotides according to numbering scheme of Fig. 2 are indicated
in parentheses). (b) Restriction fragments used as hybridization
probes (first and last nucleotides of the probes, according to the
numbering scheme of Fig. 2, are indicated by the numbers in
parentheses). (c) Samples (2 pg) of poly(A)* RNA purified from
wild-type mycelia grown in Vogel’s minimal medium supplemented
with sodium formate (10 mM) were separated on a 1.2% agarose-6%
formaldehyde gel, transferred to nylon (ICN Biodyne), and hybrid-
ized to the probes (see above) indicated by the letters above the
lanes. Transcript sizes, in nucleotides, are indicated at the left and
right.

cytosol, and mitochondria are 65, 66, 74, and 73%, respec-
tively. Using the rdf2 program (28, 39), we calculated z
values (ktup = 1,500 shuffles) of 81, 81, 161, and 141 for
comparisons of the N. crassa SHMT with SHMTs of E. coli,
B. japonicum, rabbit cytosol, and rabbit mitochondria, re-
spectively. A z value of >10 is consistent with common
evolutionary origin (28). Thus, we conclude that the for
locus encodes the N. crassa structural gene for SHMT.

Regulation of for gene expression. The effects of supple-
mentation of the growth medium with methionine, serine,
glycine, or sodium formate on for expression in a wild-type
(for™) strain are shown in Fig. 6a and 7. Supplementation
with methionine or serine produced little effect on for*
mRNA abundance. However, supplementation with glycine
(at 10 mM but not at 1 mM) resulted in a ~2.8-fold increase
in for* mRNA abundance. Similarly, supplementation with
formate (at both 1 and 10 mM) resulted in increased (~2-
fold) abundance of for™ mRNA.

The increased level of for* mRNA observed in response
to amino acid imbalance induced by supplementation with
glycine suggested regulation by the cross-pathway control
system (4). Similarly, the increase in for* mRNA in re-
sponse to formate supplementation might result in amino
acid imbalance and thus induce the cross-pathway control
system. To determine whether the increased for* expression
in response to glycine or formate supplementation (Fig. 6a
and 7) represented regulation by the cross-pathway control
system, we examined whether that induction was dependent
on the presence of a functional cpc-1 gene, which is required
for cross-pathway control (3). In Fig. 8a we show that the
increased abundance of for* mRNA in response to glycine
or formate supplementation was dependent on the presence
of a functional cpc-1 gene product. We also examined the
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FIG. 4. Mapping the 5' ends of the for mRNA by S1 nuclease
protection. A primer (5'-GCCTTGTGAGTCTCGGA-3') was used
to generate a single-stranded, radiolabeled probe from nt 602 to 368
which would be complementary to the mRNA (see Materials and
Methods). This strand was annealed with 25 pg of poly(A)* RNA
from N. crassa, digested with S1 nuclease, and analyzed on dena-
turing 8% acrylamide gel in lane 2. Lane 1 shows the same probe
incubated without RNA followed by S1 nuclease digestion. Lanes
A, C, G, and T show the sequencing ladders generated from
single-stranded DNA of the noncoding strand, using the same
primer used to generate the radiolabeled probe used in the S1
nuclease treatments. The noncoding strand sequence (that is, the
inverse of the sequence generated by the sequencing ladder shown)
is shown at the right, with the two nucleotides corresponding to the
5’ ends of the mRNA indicated by arrows.

effect of histidine starvation induced by addition of 3-AT and
found that it resulted in a four- to fivefold increase in for*
mRNA (Fig. 6b and 9). This increase was not seen in a strain
resistant to 3-AT because of mutation at the acr-2 locus (27).
Furthermore, for" mRNA did not accumulate in response to
3-AT addition in a strain lacking a functional cpc-1 gene (Fig.
6b and 9) and hence lacking cross-pathway control (3). As a
control, we also show that in our experiments, the expres-
sion of arg-2, which is known to be regulated by cpc-1 (36),
is induced by 3-AT addition in a cpc-1-dependent fashion
(Fig. 9b). As a second control, we also show that the
expression of cpc-1 itself is induced by 3-AT addition in a
cpc-1-independent manner (Fig. 9b), as was previously dem-
onstrated (37). Consistent with this finding is our observation
that glycine supplementation induces cpc-1 expression in a
cpc-1-independent fashion (Fig. 8b). Interestingly, formate
supplementation also results in increased cpc-I mRNA ac-
cumulation, but this induction is abolished in a ¢pc-1 strain
(Fig. 8b).

In the for mutant strain, grown in Vogel’s minimal medium
supplemented with 10 mM formate, for mRNA of apparently
unaltered size relative to the wild type (for™) was present in
somewhat higher (~1.5-fold) abundance than in a for* strain
grown in the same medium. The for strain is an auxotroph
and requires supplementation with formate for growth in
minimal medium. We therefore investigated the effects of
glycine, serine, or methionine supplementation on for
expression in a for strain grown in minimal medium plus
formate or in a rich (Horowitz complete) medium. In the
wild type, for™ expression in rich medium is 0.8-fold that in
minimal medium without supplementation (data not shown).
There was no difference in cpc-1* expression in wild-type
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FIG. 5. Comparison of deduced amino acid sequence of N. crassa SHMT encoded by for* with amino acid sequences determined for
rabbit cytosolic and mitochondrial SHMT isozymes (31, 32) and with SHMT amino acid sequences deduced from nucleotide sequences for
glyA genes from E. coli (41) and B. japonicum (42). Boxes indicate residues identical in at least three of the five sequences. Numbering refers

to the N. crassa SHMT deduced amino acid sequence.

cultures grown in rich or in unsupplemented minimal me-
dium (data not shown). In the for mutant, for expression was
increased ~2.7-fold in minimal (plus formate) medium rela-
tive to rich medium (Fig. 10). Additional supplementation
with glycine, serine, or methionine did not result in further

a b
Supplement N F G Genotype cpc-1 " cpe-1
3= A el
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-

FIG. 6. Northern analysis of expression of the for gene in for*
mycelia grown in Vogel’s minimal medium with indicated supple-
ments. (a) Effect on for expression of supplementation with 10 mM
formate (F) or with 10 mM glycine (G) compared with no supple-
ment (N) in a ¢pc-1* strain. A Northern blot loaded with 10 pg of
total RNA per lane was hybridized to a for-specific probe, autora-
diographed, stripped, rehybridized to a bml (B-tubulin)-specific
probe, and reautoradiographed. (b) Effect on expression of for and
bml genes of histidine starvation induced by 3-AT addition in cpc-1*
and cpc-1 mutant strains. Duplicate Northern panels each loaded
with 10 pg of total RNA per lane were probed with either a
for-specific probe or a bml-specific probe.
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FIG. 7. Expression of the for gene in wild-type (for*) mycelia
grown in Vogel’s minimal medium with indicated supplements. Slot
blots loaded with 3 pg of total RNA were hybridized to a for-specific
probe, autoradiographed, stripped, rehybridized to a bml (B-tubu-
lin)-specific probe, and reautoradiographed. mRNA abundance was
determined by densitometry using a Masterscan densitometer
(Scanalytics). Abundance of for mRNA is expressed relative to bml
mRNA abundance. mRNA abundance in wild-type cultures grown
in minimal medium without supplementation was arbitrarily defined
as 1.0, and mRNA abundance in other treatments was expressed
relative to that value. The data presented represent means from at
least two independent experiments. Northern analysis (not shown)
indicated that the for-specific probe (the insert of pSAD1-2) hybrid-
ized only to the for* mRNA bands seen in Fig. 3 and that the bml
probe hybridized to a single bm! mRNA species (35).
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FIG. 8. Expression of the for* gene (a) and the ¢pc-I gene (b) in
response to glycine (gly) or formate (for) supplementation in wild-
type and cpc-1 strains. Methods are as described for Fig. 7. The data
represent means from at least two independent experiments. In each
case, mRNA abundance is normalized to bm!/ mRNA abundance.
mRNA abundance in wild-type cultures grown in minimal medium
without supplementation was arbitrarily defined as 1.0, and mRNA
abundance in other treatments was expressed relative to that value.

increases in for expression. In the for mutant strain, cpc-1"*
expression paralleled for expression (Fig. 10).

DISCUSSION

The high degree of similarity observed between the amino
acid sequence deduced from the nucleotide sequence of the
N. crassa for* locus and the amino acid sequences of known
SHMTs confirms that the for* locus encodes SHMT. Strains
carrying a for mutation lack cytosolic but retain mitochon-
drial SHMT activity (7, 14, 15), indicating that the for* locus
encodes the cytosolic isozyme of SHMT. Consistent with
this conclusion, there is no evidence of a mitochondrial
transit peptide in the deduced amino acid sequence. Mito-
chondrial transit peptides, although lacking in characteristic
sequence homology blocks, typically are rich in serine,
leucine, and basic residues (especially arginine) and are
lacking in acidic residues (21, 53). In particular, arginine
residues have been noted at positions —2 and —10 relative to
the bond cleaved by the matrix processing protease (21, 53).
The first arginine residue in the N. crassa SHMT is at amino
acid 35 (nt 759) and corresponds to a residue conserved in all
five SHMT sequences, including the rabbit mature mito-
chondrial SHMT. Cleavage downstream from this arginine
would remove a number of residues which are conserved in
all five SHMTs, including the mature mitochondrial SHMT.
Thus, it seems unlikely that the for™ gene encodes a mito-
chondrial SHMT.

Inspection of Fig. 5 shows clearly that there is consider-
able sequence conservation among SHMTs from diverse
taxa, presumably reflecting catalytic and/or structural con-
straints. The N. crassa SHMT amino acid sequence is most
similar to the sequence of the rabbit liver cytosolic isozyme,
showing 60% identical residues. The N. crassa SHMT
shows 56% sequence identity with the rabbit liver mitochon-
drial isozyme and also shows considerable sequence conser-
vation with prokaryotic SHMTs (47% identity to the E. coli
and B. japonicum sequences). For comparison, the rabbit
sequences share 62% identical residues with one another
(32), and the prokaryotic sequences share 58% identical
residues (41, 42). Sequence conservation among the five
SHMTs extends throughout most of the length of the pro-
teins, with the greatest degree of sequence conservation
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FIG. 9. (a) Expression of the for* gene in response to amino acid
limitation in wild-type, cpc-1, and acr-2 strains. Open bars represent
cultures grown in Vogel’s minimal medium without supplementa-
tion; solid bars represent cultures in which histidine limitation was
induced by supplementation with 3-AT (10 mM) for 1 h prior to
harvest. nRNA was quantified as described for Fig. 7. for* mRNA
abundance was normalized to bm/ mRNA abundance. for* mRNA
abundance in unsupplemented wild-type cultures was arbitrarily
defined as 1.0, and for* mRNA abundance in other treatments was
expressed relative to that value. (b) Abundance of for*, arg-2, and
cpc-1 mRNA in response to 3-AT supplementation in wild-type and
cpc-1 strains. mRNA levels were quantified as described for Fig. 7
and normalized to bm! mRNA levels. Data represent the means *
standard errors of four (three for cpc-I mRNA) replicate experi-
ments.

surrounding the pyridoxal phosphate-binding lysyl residue
(residue 249 in the N. crassa sequence, residue 229 in the E.
coli sequence) in the active site of bacterial and mammalian
SHMTs (12). It has been reported recently that mung bean
SHMT is not pyridoxal phosphate dependent, instead requir-
ing a covalently linked carbonyl group for catalysis (49).
However, associated changes in the amino acid sequence of
the mung bean SHMT remain to be determined. Amino acid
sequence similarity among the five SHMTs is much less
conserved at the amino and carboxy termini. The three
eukaryotic sequences can be distinguished from the prokary-
otic sequences by a series of short insertions, at residues
100, 145, 261, and 278 of the N. crassa sequence, as well as
by a carboxy-terminal extension. These inserted sequences
are moderately conserved among the three cukaryotic
forms, but the functional significance of the inserted residues
is not known.

The sequences necessary for function of the for* gene
were determined by complementation of for strains, using
subclones of pSAD1-2 (Fig. 1c). Deletion of all sequences
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FIG. 10. Expression of the for* gene and the cpc-1 gene in a for
strain grown in Horowitz complete (HC) medium or in Vogel’s
minimal medium plus 10 mM formate with additional supplements as
indicated. Methods are as described in the legend to Fig. 7. The data
represent means from at least two independent experiments. In each
case, mRNA abundance is normalized to bml/ mRNA abundance.
mRNA abundance in for cultures grown in a rich medium (Horowitz
complete medium) was arbitrarily defined as 1.0, and mRNA abun-
dance in other treatments was expressed relative to that value.

upstream of the putative TATA sequence (nt 438) did not
affect the ability to restore formate-independent growth.
Furthermore, transformation with subclones of pSADI1-2
deleted to nt 518 (pSADS518-2856) or to nt 578 (pSADS578-
2856) resulted in formate-independent growth in 41 and 27%
of transformants, respectively. Thus, deletion of the tran-
scriptional start sites and even of the translation initiation
site and the three amino-terminal amino acid residues re-
duced the frequency of complementation to for* but did not
eliminate complementation entirely. However, we scored
only for formate-independent growth and did not determine
the level of for* expression necessary for formate-indepen-
dent growth. The presence of for mRNA of apparently
unaltered size in unaltered abundance (or perhaps slightly
increased abundance [data not shown]) in the for strain
renders such analysis problematic. Whether complementa-
tion of for strains resulting from transformation with con-
structs apparently lacking transcriptional and translational
signals resulted from expression utilizing transcription and
translation signals present in the Bluescript vector or ac-
quired during integration into the N. crassa genome either at
the homologous for locus or at nonhomologous sites is
unclear. Note, however, that there is an in-frame methionine
residue (amino acid 13) at nt 694, and it is possible that
translation beginning at that methionine results in a func-
tional protein. The lack of sequence conservation at the
amino terminus of SHMT may indicate that the amino-
terminal residues are not catalytically or structurally critical.
Indeed, removal (by proteolytic cleavage) of the amino-
terminal 14 amino acids from the rabbit cytosolic SHMT
does not affect in vitro catalytic activity (45).

In a similar analysis of 3’ signals, transformation of the for
strain with for* subclones deleted of all sequences down-
stream of nt 2230 (pSAD345-2230) resulted in complementa-
tion of 100% of the Bm" transformants to formate-indepen-
dent growth. Thus, the coding sequence plus 71 nt of
untranslated trailer sequences which do not include putative
polyadenylation signals is sufficient for complementation of
the for mutant. Transformation with a subclone deleted of all
sequences downstream of nt 2019 (pSAD345-2019) and lack-
ing the carboxy-terminal 46 amino acid residues did not yield
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transformants capable of formate-independent growth.
Thus, despite the lack of amino acid sequence conservation
at the carboxy terminus among the five known SHMTs,
nucleotide sequences encoding the carboxy-terminal 46 res-
idues are required for complementation of the for strain.

The central function of SHMT in C, metabolism makes it
likely that the regulation of the for™ gene is complex and
responsive to a variety of regulatory signals. Previous stud-
ies in N. crassa indicated that SHMT activity increased in
response to supplementation of the growth medium with
serine or glycine and decreased in response to supplemen-
tation with formate (7, 13). We wished to determine whether
changes in SHMT activity reflected changes in steady-state
mRNA levels. Supplementation with glycine resulted in an
~2.8-fold increase in the steady-state level of for* mRNA
(Fig. 6 and 7), which is consistent with the enzyme activity
increase previously seen (7, 13). Although serine supplemen-
tation resulted in increased SHMT activity (7), we observed
a slight decrease in for* mRNA level in cultures supple-
mented with serine. In contrast to the decrease in SHMT
activity observed by Burton and Metzenberg (7) in response
to formate addition, we observed that supplementation with
formate resulted in ~2-fold increases of for* mRNA in
wild-type strains. Thus, although we conclude that the
regulation of SHMT activity includes regulation of for*
mRNA abundance, it seems likely that there are additional
mechanisms of regulation of SHMT.

The role of SHMT in amino acid (methionine) biosynthesis
suggests that for* expression might be regulated according
to the amino acid status of the mycelium. In N. crassa,
amino acid biosynthetic genes are regulated by the cross-
pathway control system (3, 8, 9). Cross-pathway control is
analogous to the system of general control of amino acid
biosynthesis in S. cerevisiae, in which starvation for any of
several amino acids results in induction of genes for biosyn-
thesis of all amino acids (24). In N. crassa, amino acid
imbalance produced by supplementation with amino acids
such as glycine results in global induction of amino acid
biosynthetic enzymes which are regulated by the cross-
pathway control system (4). Supplementation with formate
may also result in a situation of amino acid imbalance,
leading to the observed increase in for* expression. The
increased for* expression seen in response to glycine or
formate supplementation (Fig. 6a and 7) was dependent on
the presence of a functional cpc-1 gene (Fig. 8), which is
required for cross-pathway control (3). Furthermore, the
cpc-1-dependent induction of for* expression in response to
histidine limitation (due to 3-AT addition) was similar to that
of arg-2 (Fig. 9), a gene known to be regulated by the
cross-pathway control system (36). In contrast, the induc-
tion of cpc-1 mRNA in response to glycine or 3-AT addition
does not require the presence of a functional cpc-1 gene,
consistent with the results of Paluh et al. (37). Thus, we
conclude that the for gene is regulated, at least in part, by the
cross-pathway control system.

CPC1, the product of the cpc-1 gene, is a DNA-binding
protein which serves as a transcriptional activator of amino
acid biosynthetic genes in N. crassa (37, 38). CPC1 shows
similarity to GCN4, particularly in domains required for
DNA binding and transcriptional activation (26, 37), and
both proteins recognize the DNA element 5'-TGACTCA-3’
(1, 18). Inspection of the nucleotide sequence of the for gene
reveals a number of sequences showing conservation of six
of seven nucleotides in this recognition sequence (underlined
in Fig. 2) as well as a single perfect (seven of seven
conserved nucleotides) element at nt 668 to 674; it is not yet
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known whether CPC1 binds to any of these DNA elements.
The single completely conserved CPC1 recognition element
is in the first intron of the for* gene, consistent with the
ability of truncated for™ genes lacking all sequences 5’ to the
putative TATA box and even lacking the first several codons
of the coding sequence to complement for mutant strains. A
similar situation has been observed for the arg-2 locus,
which is subject to cross-pathway control (36). Transforma-
tion of mutants with presumed promoterless N. crassa arg-2
subclones resulted in a high frequency of restoration of
arginine-independent growth (36). Nucleotide sequence
analysis of the arg-2 locus has shown putative CPC1 binding
sequences within both introns of the upstream open reading
frame.

We have shown that mRNA abundance of the N. crassa
for™ gene is regulated by the cross-pathway control system
in a cpc-1-dependent manner. However, the basal expres-
sion of for mRNA does not differ between a c¢pc-1* or a
cpc-1 mutant strain (Fig. 6b), indicating that CPC1 is not
required for basal for expression. The effects of amino acid
supplementation on for* mRNA accumulation do not always
parallel the effects on SHMT activity, indicating other levels
of regulation of for* expression. Given the role of SHMT in
purine synthesis, it seems likely that for* expression may
also be subject to regulation according to the purine status of
the cell, as has been reported for the E. coli glyA gene (48).
for* expression may also be responsive to regulation by
other products of C, metabolism, including lipids and
thymidylate. The N. crassa for* gene thus offers a useful
system for the investigation of complex gene regulation in a
genetically manipulable eukaryote.
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