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The mel-32 gene in the free living soil nematode Cae-
norhabditis elegans encodes a serine hydroxymethyl-
transferase (SHMT) isoform. Seventeen ethylmethane-
sulfonate (EMS)-induced mutant alleles of mel-32(SHMT)
have been generated, each of which causes a recessive
maternal effect lethal phenotype. Animals homozygous
for the SHMT mutations have no observable mutant
phenotype, but their offspring display an embryonic le-
thal phenotype. The Mel-32 phenotype has been rescued
with a transgenic array containing only mel-32(SHMT)
genomic DNA. Heteroduplex analysis of the 17 alleles
allowed 14 of the mutations to be positioned to small
regions. Subsequent sequence analysis has shown that
16 of the alleles alter highly conserved amino acids,
while one allele introduces a stop codon that truncates
two thirds of the predicted protein. mel-32(SHMT) has a
55-60% identity at the amino acid level with both iso-
forms of SHMT found in yeast and humans and a 50%
identity with the Escherichia coli isoform. The C. el-
egans mel-32 mutation represents the first case where
SHMT has been shown to be an essential gene.

Serine hydroxymethyltransferase (SHMT)! is a highly con-
served, ubiquitous, pyridoxal 5’-phosphate (PLP)-containing
enzyme that catalyzes the reversible conversion of serine and
tetrahydrofolate to glycine and 5,10-methylenetetrahydrofo-
late (1). The B-carbon of serine is the major source of one-
carbon units in the one-carbon metabolic pool (2). The methyl
group passed on through the folate cofactor of SHMT is used in
thymidylate, methionine, lipid, and purine biosynthesis.
SHMT also catalyzes many secondary reactions, such as amino
acid transaminations (for a full review of the reactions cata-
lyzed by SHMT, see Ref. 1).

Eukaryotic organisms have two nuclear genes that encode
two distinct isoforms of this enzyme, a cytosolic form and a
mitochondrial form. Recent evidence suggests that there is a
subcellular partitioning of the reactions catalyzed by SHMT,
with the serine to glycine conversion occurring in the mitochon-
dria, and the glycine to serine conversion occurring in the
cytoplasm (3). A comparison of the determined and predicted
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amino acid sequences of many SHMTs reveals a striking degree
of homology between all the known forms of this enzyme (2, 4,
5). These alignments show that the amino and carboxyl termini
of SHMT are less conserved but that the middle two thirds of
the sequence have long stretches of very high identity.

Serine hydroxymethyltransferase levels are elevated in rap-
idly proliferating cell lines and tumors (6, 7). When lympho-
cytes are treated with a mitogenic stimulus, the enzymatic
activity of SHMT is increased and the incorporation of the
B-carbon of serine into DNA is increased (6). SHMT activity is
also increased during the S phase of the cell cycle, suggesting
that a product of SHMT activity is utilized during cell division.
Conversely, when cells stop proliferating, SHMT levels decrease.
Retinoic acid treatment of P19 embryonal carcinoma cells stops
proliferation and stimulates differentiation. Furthermore, it has
been shown recently that retinoic acid causes a 50% decrease in
SHMT transcript levels (7). Based on these findings, serine hy-
droxymethyltransferase has been proposed as a potential chem-
otherapy target (8). A chemical or drug that decreases SHMT
activity may cause rapidly proliferating tumor cells to quiesce.

Prior to this study, the only observable phenotype of SHMT
deficiency was glycine auxotrophy. In Escherichia coli, when
the single copy of SHMT (glyA) is mutated, glycine auxotrophy
results (9). In the yeast Saccharomyces cerevisiae, glycine aux-
otrophy is observed only when both forms of SHMT and a third
gene, glyA, are mutated (4) suggesting a functional redundancy
in the glycine synthesis pathway. In addition, a line of Chinese
hamster ovary cells that lack mitochondrial SHMT activity are
glycine auxotrophs (3, 10). This deficiency is rescued when
the cells are transfected with a cDNA encoding the human
mitochondrial SHMT (11).

This report presents the cloning and characterization of a
Caenorhabditis elegans SHMT homolog called mel-32. Mutations
in mel-32 result in a maternal effect lethal (Mel) phenotype. The
C. elegans mel-32 mutation is the first reported case of a serine
hydroxymethyltransferase deficiency causing lethality.

EXPERIMENTAL PROCEDURES

Growth and Handling of C. elegans—All strains of C. elegans were
grown at 20 °C on nematode growth medium plates streaked with E.
coli OP50 as a food source. Standard genetic manipulation followed
previously described protocols (12).

Computer Analysis—The analysis of sequence data, sequence com-
parisons, and data base searches were performed with ACeDB (a C.
elegans data base) (13),?> the BLAST?® (provided by the NCBI server) and
FASTA programs (14, 15), CLUSTALW (16), and MacDNASIS Pro

2 ACeDB documentation, code, and data are available from anony-
mous FTP servers at lirmm.lirmm.fr, cele.mrc-lmb.cam.ac.uk, and
ncbi.nlm.nih.gov.

3 The BLAST program is available via the World Wide Web (http:/
www.nchi.nlm.nih.gov/blast).

6066 This paper is available on line at http://www.jbc.org

2002 ‘LT 1Mdy uo AINN YISV NOWIS ¥e 610-ogl-mmm woiy papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

C. elegans Serine Hydroxymethyltransferase 6067

(Hitachi Software Engineering Co., Ltd.). PCR primers were designed
with the aid of Oligo (17).

Cloning the C. elegans SHMT Gene—The cosmid clone of C05D11
(GenBank accession number U00048) was kindly provided by Dr. Alan
Coulson (Medical Research Council, Hinxton, United Kingdom). A com-
puter restriction analysis of C05D11 (MacDNASIS) revealed that cod-
ing elements 11 (SHMT) and 13 could be isolated as a 5052-base pair
(bp) Pvull-Scal (Life Technologies, Inc., Pharmacia Biotech Inc.) frag-
ment (residues 36311-41363 of the GenBank entry). The plasmid pGV9
(Fig. 2.) was constructed by ligating the Pvull-Scal fragment into
EcoRV (Life Technologies, Inc.)-cut pBluescript II KS™ (Stratagene).
The plasmid pC05.11 (Fig. 2.) was constructed by cutting pGV9 with
Pst]l (New England Biolabs) and religating, leaving a 3196-bp fragment
of C05D11 (residues 36311-39507), containing only open reading frame
11 (SHMT), in pBluescript.

Mutant Rescue—The subclones containing the SHMT gene were
injected into the syncytial gonad of adult wild-type (N2) C. elegans
hermaphrodites together with the dominant marker rol-6(su1006) (18,
19) contained on plasmid pCes1943.* Stable transgenic strains, those
expressing the roller phenotype in successive generations, were used in
the rescue experiments.

Heteroduplex Analysis—DNA from individual C. elegans heterozy-
gous for each of the SHMT mutations was isolated as described by
Barstead et al. (20) with the modifications of Williams et al. (21). PCR
using Taq polymerase (BioCan Scientific) was performed as follows; 5
pmol of each of five sets of primers (synthesized by DNAgency, Malvern,
PA) were used (Table I). The samples were incubated at 94 °C for 1 min
on an Idaho Technology 1605 Air Thermo-Cycler before commencement
of 30 cycles of amplification (94 °C for 10 s, 59 °C (62 °C for the D primer
set) for 20 s, and 72 °C for 40 s). Following a 2-min incubation at 72 °C,
1.25 pl of EDTA (0.1 M, pH 7.5) was added to terminate the reaction.
Heteroduplex analysis was performed using a mutation detection en-
hancement gel matrix (J.T. Baker) following the method of Nijbroek et
al. (22) with the following changes; a heteroduplex denaturation/rean-
nealing profile of 95 °C for 3 min, 85 °C for 3 min, 75 °C for 5 min, 65 °C
for 5 min, 55 °C for 5 min, and 37 °C for 5 min was used. The hetero-
duplex DNA was then resolved on a 0.5X mutation detection enhance-
ment gel at 400 V for 16—20 h.

DNA Sequence Analysis—DNA from individual nematodes homozy-
gous for the mel-32(SHMT) mutations was isolated and amplified with
the same primers used in the heteroduplex analysis. A total of 0.5 ul of
this template DNA was incubated at 95 °C for 3 min on a Precision
Scientific GTC-2 Genetic Thermo Cycler before commencement of 35
cycles of amplification (94 °C for 45 s, 59 °C (62 °C for the D primer set)
for 30 s, and 72 °C for 1 min) followed by a polishing step of 72 °C for 7
min. The PCR products from two separate reactions were pooled, puri-
fied by agarose gel electrophoresis, and collected with a Qiagen QIA-
quick gel extraction kit. A total of 100—200 ng of each PCR product was
sequenced on both strands using F'S Taq terminator chemistry (Applied
Biosciences) on a Perkin-Elmer GeneAmp PCR System. The reactions
were run on an Applied Biosciences model 373A automated DNA se-
quence analyzer located at the Nucleic Acid-Protein Service Unit, Uni-
versity of British Columbia.

RESULTS AND DISCUSSION

Identification of a C. elegans Homolog of SHMT—A search of
the ACeDB program revealed one SHMT homolog, C05D11.11,
located on chromosome III within the area defined by the
cosmid C05D11. The position of the CeSHMT gene was based
on both a Genefinder® prediction and on five partial cDNAs
isolated as part of the C. elegans genome sequencing project.
The predicted gene contains four exons coded in 1599 bp of
genomic sequence. The predicted 484-amino acid protein se-
quence was used to search the GenBank data bank with the
FASTA algorithm (14, 15), and the closest homologs were rab-
bit and human cytosolic SHMTs (61.7% and 61.3% identity,
respectively, in a 470-amino acid overlap).

A sequence comparison of SHMTs shows the highly con-
served nature of this protein and reveals many conserved do-
mains (Fig. 1). The amino- and carboxyl-terminal 50 amino
acids are the least conserved, and the central three-quarters of

the protein contain large stretches of completely conserved
amino acids. The PLP cofactor binding site (residues 301-305
in the C. elegans protein) and the active site lysine (residue
306) are conserved in every case.

Rescue of mel-32 with C. elegans SHMT—Our laboratory is
in the process of constructing a transgenic library of sequenced
cosmids that can be used for high resolution genetic mapping
(23). Stable transgenic arrays are generated, which can act as
cosmid sized duplications in rescue experiments. If the genomic
DNA present in the extrachromosomal array rescues the reces-
sive lethality of an essential gene then the wild-type copy of the
mutation must be present in the DNA defined by the trans-
genic. Previous rescue experiments in our laboratory (23) have
placed five essential genes in the genomic region defined by the
cosmid CO5D11. The genes let-713, let-721, let-725, let-756, and
mel-32 are all rescued by C05D11, making these genes candi-
dates for potential mutations in CeSHMT.

The mel-32 mutant phenotype was rescued with CeSHMT
genomic DNA, indicating that mel-32 encodes SHMT. All res-
cue experiments were performed with the canonical allele of
mel-32, s2518, which was isolated in an EMS mutagenesis
screen for maternal effect lethals.® Subsequently, mel-32 was
found to be allelic with 16 EMS-induced Mel alleles from a
collection of maternal effect embryonic lethal mutations on
chromosome III isolated by H. Schnabel and R. Schnabel.”
Hermaphrodites homozygous for the mel-32 mutations have no
observable mutant phenotype, but their self-fertilized offspring
display an embryonic lethal phenotype and arrest at about the
100 cell stage. The Mel phenotype of mel-32 was rescued with
pGV9, which contains coding element 11 (SHMT) and 13 (Fig.
2). To determine in which of these two genes the mutations
reside, a smaller subclone, pC05.11 (Fig. 2), containing only
gene 11 (SHMT) was constructed. This subclone, pC05.11, gave
a partial rescue of the Mel-32 phenotype. From mel-32;pC05.11
transgenic hermaphrodites, a small number of progeny hatch
and grow to adulthood but are not themselves fertile. pGV9
contains the entire 1254 bp of intergenic sequence between
gene 11 (CeSHMT) and gene 13, while pC05.11 contains only
416 bp upstream of the CeSHMT ATG start codon. The partial
rescue by pC05.11 suggests that some important regulatory
sequences are missing from the smaller subclone.

Heteroduplex Analysis of mel-32(SHMT) Mutations—The 17
alleles of mel-32 were analyzed by heteroduplex analysis to de-
fine more precisely the regions where the mutations occurred.
Five sets of overlapping PCR products were generated from an-
imals heterozygous for each allele. The primers used for PCR are
listed in Table I, the exact location of each is shown in Fig. 3, and
the overlap of each product is shown in Fig. 4. Each amplified
DNA product was heat-denatured and allowed to cool slowly. Any
PCR product that contains a mutation will have a mixture of
homoduplexes and heteroduplexes, paired wild-type and mutant
strands that contain base pair mismatches. These duplexes were
run on a special mutation detection enhancement gel (see “Ex-
perimental Procedures”), which can reveal a single base pair
mismatch in a short strand of DNA (24). The presence of multiple
bands indicates a mutation in that particular overlapping frag-
ment. Using this procedure, 13 out of the 17 mutations were
placed into specific regions of the gene.

These mutations were distributed as follows. Region A (Fig.
4) contained one mutation: 1473 (which was also detected in
region B; see below). Region B contained six mutations: ¢1473
(see below), t1555, t1597, t1665, t1679, and s2518. Region C
contained three mutations: t1552, t1616, and t1631. Region D

48. J. M. Jones and W. B. Barbazuk, personal communication.
5P. Green and L. Hillier, manuscript in preparation.

¢ G. Vatcher, unpublished results.
7 H. Schnabel and R. Schnabel, unpublished results.
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c05p11.11 ——mm—m——— MADRQVHTPLAKVQRHKYTNNENILVDHVEKVDPEVFDIMKNEKKRQRRGL 51
glyc human = = -———=-- MTMPVNGAHKDADLWS SHDKMLAQP-~--- LKDSDVEVYNIIKKESNRQRVGL
glyc yeast = -—---m————-————-- MPYTLSDAHHKLITSHLV-—~~-- DTDPEVDSIIKDEIERQKHSI
glym human = = ---—---——- MAIRAQHSNAAQTQTGEANRGWTGQE-SLSDSDPEMWELLQREKDRQCRGL
glym yeast MFPRASALAKCMATVHRRGLLT SGAQSLVSKPVS----- EGDPEMFDILQQERHRQKHSI
E.coli SHMT = ——-—-————————mmmmmmm——m— MLKREMN———IADYDAEH@QAMEQEKVRQEEHI
consensus d DpE. i. E RQ
\% Q KV
Cc05p11.11 ELIASENFTSKAVMDALGSAMCNKYSEGYPGARYYGGNEFIDQMELLCQKRALEVFGLDP 111
glyc human ELIASENFASRAVLEALGSCLNNKYSEGYPGQRYYGGTEFIDELETLCQKRALQAYKLDP
glyc yeast DLIASENFTSTSVFDALGTPLSNKYSEGYPGARYYGGNEHIDRMEILCQQRALKAFHVTP
glym human ELIASENFCSRAALEALGSCLNNKYSEGYPGKRYYGGAEVVDEIELLCQRRALEAFDLDP
glym yeast TLIPSENFTSKAVMDLSGSELQNKYSEGYPGERYYGGNEIIDKSESLCQARALELYGLDP
E.coli SHMT ELIASENYTSPRVMQAQGSQLTNKYAEGYPGKRYYGGCEYVDIVEQLAIDRAKELFGAD~
consensus eLIaSENytS av a Gs 1 NKYsEGYPG RYYGG E iD E Lcq RAle f 1ldp
\' D F E
Cc05D11.11 AKWGVNVQPLSGSPANFAVYTAIVGSNGRIMGLDLPDGGHLTHGFFTPA-RKVSATSEFF 170
glyc human QCWGVNVQPYSGSPANFAVYTALVEPHGRIMGLDLPDGGHLTHGFMTDK-KKISATSIFF
glyc yeast DKWGVNVQTLSGS PANLQVYQAIMKPHERLMGLYLPDGGHLSHGYATEN-RKISAVSTYF
glym human AQWGVNVQPYSGSPANLAVYTALLQPHDRIMGLDLPDGGHLTHGYMSDV~-KRISATSIFF
glym yeast AKWGVNVQPLSGAPANLYVYSAIMNVGERLMGLDLPDGGHLSHGYQLKSGTPISFISKYF
E.coli SHMT ~-—~YANVQPHSGSQANFAVYTALLEPGDTVLGMNLAHGGHLTHGSPVNF~~~—~~— SGKLY
consensus wgvNVQp SGspAN aVYtA.. r.mGldLpdGGHLtHG isa s f£
stop E

C05D11.11 QSLPYKVDPTTGLIDYDKLEQNAMLFRPKAITAGVSCYARHLDYERFRKIATKAGAYLMS 230
glyc human ESMPYKVNPDTGYINYDQLEENARLFHPKLIIAGTSCYSRNLEYARLRKIADENGAYLMA

> glyc yeast ESFPYRVNPETGIIDYDTLEKNAILYRPKVLVAGTSAYCRLIDYKRMREIADKCGAYLMV

e: glym human ESMPYKLNPKTGLIDYNQLALTARLFRPRLIIAGTSAYARLIDYARMREVCDEVKAHLLA

. glym yeast QSMPYHVDHTTGLIDYDNLOVLAKAFRPKVIVAGTSAYSRLIDYARFKEI SQGCGAYLMS

E E.coli SHMT NIVPYGID—ATGHIDYADLEKQAKEHKPKMIIGGFSAYSGVVD@PKMREIADSIGAYLFV

g consensus s PY v p TG IdY¥d Le A 1frPk iiaGtSa¥.r .dyar reiad gAyLm

\Y)

= F Y T

.E C05p11.11 DMAHISGLVAAGLIPSPFEYSDVVTTTTHKSLRGPRGALIFYRKGVRSTN-AKGVDTLYD 289

g\ glyc human DMAHISGLVAAGVVPSPFEHCHVVTTTTHKTLRGCRAGMI FYRKGVKSVDPKTGKEILYN

15 glyc yeast DMAHISGLIAAGVIPSPFEYADIVTTTTHKSLRGPRGAMIFFRRGVRSINPKTGKEVLYD

aa glym human DMAHISGLVAAKVIPSPFKHADIVITTTHKTLRGARSGLIFYRKGVKAVDPKTGREIPYT

[V glym yeast DMAHISGLVAANVVPSPFEHSDIVITTTHKSLRGPRGAMI FFRKGIKSVTKK-GKEIPYE

2 E.coli SHMT DMAHVAGLVAAGVY PNPVPHAHVVTTTTHKT|LAGPRGGLILAKGGSEELY - ~~~~~ KKLN

S consensus DMAHisGLVAAgv PsPfeh.d.VTTTTHK.LrGpRg .If rkGv s kge vy

S

3 E

42 C05D11.11 LEEKINSAVFPGLQGGPHNHTIAGIAVALRQCLSEDFVQYGEQVLKNAKTLAERMKKHGY 349

jg glyc human LESLINSAVFPGLQGGPHNHAIAGVAVALKQAMT LEFKVYQHQVVANCRALSEALTELGY

-~ glyc yeast LENPINFSVFPGHQGGPHNHTIAALATALKQAATPEFKEYQTQVLKNAKALESEFKNLGY
glym human FEDRINFAVFPSLQGGPHNHAIAAVAVALKQACTPMFREYSLQVLKNARAMADALLERGY
glym yeast LEKKINFSVFPGHQGGPHNHTIGAMAVALKQAMS PEFKEYQQKIVDNSKWFAQELTKMGY
E.coli SHMT S—————- AVFPGGQGGPLMHVIAGKAVALKEAMEPEFKTYQQQVAKNAKAMVEVFLERGY
consensus le in aVFPg QGGPlnH Ia AvALkga peFk Yg gv kNaka GY

R E
CO05Dp11.11 ALATGGTDNHLLLVDLRPIGVEGARAEHVLDLAHIACNKNTCPGD-VSALRPGGIRLGTP 408
glyc human KIVTGGSDNHLILVDLRSKGTDGGRAEKVLEACSIACNKNTCPGD-RSALRPSGLRLGTP
glyc yeast RLVSNGTDSHMVLVSLREKGVDGARVEYICEKINTALNKNSIPGD-KSALVPGGVRIGAP
glym human SLVSGGTDNHLVLVDLRPKGLDGARAERVLELVSITANKNTCPGD-RSAITPGGLRLGAP
glym yeast KLVSGGTDNHLIVIDLSGTQVDGARVETILSALNIAANKNTIPGD-KSALFPSGLRIGTP
E.coli SHMT KVVSGGTDNHLFLVDLVDKNLTGKEADAALGRANITVNKNSVPNDPKSPFVTSGIEWGTP
consensus lvsgGtDnHl1 lvdLr kg dGarae 1 Ia NKNt PgD Sal p G.R.G.P
Cc05D11.11 ALTSRGFQEQDFEKVGDFIHEGVQIAKKYNAEAG---~KTLKDFKSFTETNEPFKKDVAD 464
glyc human ALTSRGLLEKDFQKVAHFIHRGIELTLQIQSDTGVR--ATLKEFKERLAGD-KYQAAVQA
glyc yeast AMTTRGMGEEDFHRIVQYINKAVEFAQQVQQSLP----KDACRLKDFKAKVDEGSDVLNT
glym human ALTSRQFREDDFRRVVDFIDEGVNIGLEVKSKT----~ AKLQDFKSFLLKDSETSQRLAN
glym yeast AMTTRGFGREEFSQVAKYIDSAVKLAENLKTLEPTTKLDARSRLNEFKKLCNESS-EVAA
E.coli SHMT ATTRRGFKEAEAKELAGWMCDVLDS INDEAVIER -~ === == =======——= == IKG
consensus A.T Rgf e df v i v k £
c05D11.11 LAKRVEEFSTKFEIPGNETF 484
glyc human LREEVESFASLFPLPGLPDF
glyc yeast WKKEIYDWAGEYPLAV-———
glym human LRQRVEQFARAFPMPGFDEH
glym yeast LSGEISKWVGQYPVPGDI--
E.coli SHMT K-~~VLDICARYPVYA~———
consensus 1 v .p-pPg
Fic. 1. Comparison of the amino acid sequences of selected SHMTs. The aligned sequences are C. elegans mel-32 (C05D11.11), human
cytosolic (glyc human) and mitochondrial (glym human), S. cerevisiae cytosolic (glyc yeast) and mitochondrial (glym yeast), and E. coli GlyA (E.coli
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Pvyll Pstl Scal
pGV9
5052 bp
36311 geﬂe 11 39507 gene 13 41363
Pyull Psd
pCo5.11 ;—J
31
96 bp 36311 gene 11 39507

Fic. 2. SHMT subclones. The genomic subclones used to rescue
mel-32 are shown. Nucleotide numbers correspond to the GenBank
entry for CO5D11 (U00048). Restriction sites used for subcloning are
indicated.

TaBLE 1
PCR primers
Primer Sequence Product length

bp

Al ATGCATATACGTGTTGCC 399

A2 TAATACCGAGCTCCAGGG

B1 GAAGCGGCAGCGTCGTGG 408

B2 GAGACTTTGCGAGCTGGG

C1 TATGGGCCTCGATCTTCC 483

Cc2 GTGTCAACTCCCTTTGCG

D1 CAACGACGCACAAGTCGC 449

D2 GAGACGAATGCCTCCTGG

E1 CGGAGTTGAAGGAGCTCG 474

E2 AAGTGATAAAATGGCGGG

contained three mutations: t1456, t1474, and ¢t1576. Region E
contained a single mutation: ¢1632. For allele 1666, no muta-
tions were detected in regions A, C, D, and E, but a single PCR
product could not be obtained for region B. It was therefore
assumed that the lesion in this allele was contained in region
B, which was later confirmed by direct sequence analysis. The
position of the molecular lesions in alleles ¢1520, t1607, and
t1671 could not be detected using this procedure.

Sequence Analysis of mel-32(SHMT)—The same oligonucleo-
tide primers used to generate PCR products for the heterodu-
plex analysis (Table I) were used to amplify DNA from homozy-
gous mutant animals from the region in which the mutation for
each allele was detected. For alleles 1520, t1607, and t1671, in
which heteroduplexes were not observed, DNA from all five
regions was amplified from mutant strains. The PCR products
were then directly sequenced in both orientations (see “Exper-
imental Procedures”).

The sequence analysis results are summarized in Table II
and Fig. 4. Allele ¢1631 contains the only nonsense mutation
identified for mel-32. The codon for glutamine 171 is mutated
into an amber stop codon. Any truncated protein produced in
this mutant would lack the terminal two thirds of the enzyme,
including the active site. This allele is assumed to be a null.
The phenotype of this mutant is indistinguishable from the
other 16 alleles, suggesting that all of the alleles may be null,
or that all reduce the SHMT activity below the threshold re-
quired for embryonic survival.

Alleles t1456 and t1474 both contain the same base pair
mutation, which changes glycine 313 to glutamic acid. In allele
t1616, alanine 268 is changed to threonine. The amino acids at
positions 313 and 268 of the SHMT consensus sequence (Fig. 1)
are always either a glycine or an alanine. It is assumed that

replacing a small, neutral amino acid with a larger acidic or
polar one warps the secondary structure of SHMT enough to
disrupt its enzymatic function.

Eukaryotic forms of the SHMT holoenzyme exist as tetram-
ers of identical subunits, and the predicted secondary structure
contains alternating helices and strands, placing SHMT in the
of/B class of proteins (5). Fig. 1 reveals that there are 22 com-
pletely conserved glycines in the SHMT consensus sequence.
Most of the conserved glycines are located at predicted turns,
indicating a probable tertiary structural conservation (5). This
suggests that these glycines are structurally important, being
located at turns, at positions where helices cross, or at other
constrained locations. The importance of having a glycine at
five of these positions is proven by this work. In allele 11576,
glycine 372 is changed to arginine; in allele ¢1679, glycine 143
is changed to aspartic acid; in alleles t1552, t1632, and t1665,
conserved glycines 204, 406, and 149, respectively, are all
changed to glutamic acids. Replacing these constrained gly-
cines with large charged groups probably has a deleterious
effect on the structure of SHMT.

Two of the mutations cause alanine to valine alterations,
t1666 (alanine 103) and s2518 (alanine 126). These residues are
conserved alanines in the SHMT consensus sequence. We as-
sume there are very strong structural constraints at these
positions, as the conservative change of an alanine to a valine
disrupts the structure enough to affect SHMT activity. A single
PCR product could not be obtained for allele 1666 with primer
set B in the heteroduplex analysis, but the point mutation does
not interfere with the primer binding site (Fig. 3.). To eliminate
the possibility that t1666 contained a second mutation in one of
the B primer binding sites, the overlapping regions, A and C,
were sequenced. Neither region contained a mutation, so the
failure of this allele to yield a single PCR product with the B
primer set remains a mystery.

Allele t1473 contains a double mutation, as suggested by the
heteroduplex analysis where region A and B both indicated the
position of a mutation. Alanine 63 is changed to valine, and
leucine 146 is changed to phenylalanine. Residue 63 is an
alanine four out of six times in the SHMT consensus sequence,
but the E. coli protein has an arginine at this position, so we
assume that changing this alanine to valine would have a
minimal steric effect. However, residue 146 is a conserved
leucine in the SHMT consensus sequence, suggesting that the
leucine to phenylalanine missense mutation is the primary
cause of the mutant phenotype in allele t7473.

In alleles t1671 and t1520, serine 251 is changed to pheny-
lalanine. Residue 251 is only three amino acids away from the
active site and is always small in the SHMT consensus se-
quence. The replacement of this small amino acid with a large
aromatic one probably distorts the conformation of the active
site and may also interfere with the PLP aromatic ring.

In allele #1607, histidine 259 is changed to tyrosine. The
mutation in allele #1607, residue 259 in the SHMT consensus
sequence, is the only one from our collection that has been
mutated previously. This histidine is in the conserved active
site VITTTHK(S/T) motif found in all SHMTSs and is adjacent
to the active site lysine. Every residue in this motif, except the
valine, has been mutated in the E. coli isoform of SHMT to
determine the effects on catalysis (Fig. 1.). When the active site
histidine is changed to asparagine, there is no structural
change in the enzyme, but the catalytic activity is greatly

SHMT). The alignment was made using the ClustalW program. In the SHMT consensus sequence (consensus), uppercase letters indicate amino
acids identical in all six proteins, lowercase letters indicate residues identical in at least four out of six proteins, and a dot indicates conserved amino
acids. The numbers indicate the positions in the C. elegans protein. The amino acids mutated in the mel-32 alleles are in bold, and the mutant
amino acid for each is listed above the sequence. Residues that have been previously mutated in E. coli are boxed (see text for details).
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Fic. 3. Nucleotide sequence of the
C. elegans SHMT genomic region and
derived amino acid sequence. Intronic
regions are in lowercase, the primers used
in the heteroduplex and sequence analy-
sis are underlined, a putative SL1 leader
sequence is denoted by a dashed line, and
the poly(A) signal is double underlined.
The nucleotides and amino acids mutated
in the mel-32 alleles are in bold, and
the allele number for each is listed. This
sequence corresponds to positions
39507-37321 (in reverse orientation) of
the C05D11 GenBank entry (accession
number U00048).
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TGCAGTATCGTTTGCACTTGTTTTAA
ATGGTTTCTTTGCATAGTTTTCTGTAGCAATGT TTTGTGTTTGCATTTGARAGTTATCTG
CATTATATTTTTGTTATTAGAGACCACTTTTTTGTTTTTATTACTAAGTTAGTGTACACT
TGTTAAAACCACGCTCGAATACCTCTTTAATTACAATTTCTAATGAGTAACTTTTGACTT
ATCAGTTTTGATCTACGATCCGGGATGCGCCCAATCTCGAAAACTTCCCGGTTCAGATAT
CATCATAGCCTACCGCGAATCCAGTTTTATTCTTATTTTCTCCACACTTTCCCATGCATA

TACGTGTTGCCAACGCGTCAGCTTTTGTGTTGAATATGTTCCCGATTTTTTCGCTTCTTT
s

M A D R Q V H T P L
GCTTAATTTAATTTGGTTTTACAGTGTAAAATGGCTGATCGTCAAGTGCACACACCATTG
A K V QQ R H K Y T NN ENTI L V D H V E
GCTAAAGTTCAGCGCCACAAGTACACCAACAACGAGAACATTTTGGTGGACCATGTTGAG

K v D P E V F DI M KN
AAAGTTGATCCAGAAGTTTTCGATATCATGAAAAATgtaagacttaatgtttctcaaatc

E K K R 9 R R G L E L I A
ttagtcatttgtttttttcagGAGAAGAAGCGGCAGCGTCGTGGACTTGAGCTCATCGCT
BI

2
s EN F T S KA VMDATLG S A MC N K
TCCGAGAACTTCACAAGCAAGGCTGTTATGGATGCTCTTGGCTCGGCAATGTGCAACAAA

]
Yy S E G Y P GA RY Y G G NEF I D QM
TACAGTGAAGGATACCCTGGAGCTCGGTATTACGGAGGAAATGAGTTCATCGATCAGATG
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A R KV $ A T S EVFF @ 5 L P Y K V D P
GCTCGCAAAGTCTCTGCGACTTCTGAATTCTTCCAGTCTCTTCCATACAAGGTTGATCCA
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ACAACTGGATTGATCGACTATGACAAGCTTGAGCAGAATGCAATGCTTTTCCGTCCAAAA
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A I I A GV S C YA RH UL D Y E R F R K
GCCATCATTGCCGGAGTTTCCTGCTACGCTCGTCATCTCGATTATGAACGTTTCCGTAAG
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ATTGCCACAAAGGCTGGAGCCTATTTGATGTCTGATATGGCTCACATCTCCGGACTTGTT
4,15 9
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GCCGCTGGACTTATCCCATCACCATTCGAGTATTCTGATGTTGTAACCACAACGACGCAC
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K s L R G P R G A L I F Y R K G V R 8§ T
AAGTCGCTCAGAGGACCACGTGGAGCTTTGAT CTTCTACAGAAAGGGTGTCCGATCTACC

N A K GGV D TUL Y DL EE K TIN S AV F
AACGCAAAGGGAGTTGACACTTTGTATGATTTGGAGGAGAAGATCAACTCGGCCGTGTTC
T2
1,3
P 6 L ¢ G G P HNHTTIWASGTIA AV AL R
CCAGGACTTCAAGGTGGACCACACAATCACACTATTGCTGGAATTGCCGTTGCTTTGAGA

Q ¢ L 8 ED F V Q Y G E Q VL KNAIZKT
CAATGCCTTTCTGAAGATTTTGTTCAGTACGGAGAGCAAGTGTTGAAGAATGCCAAAACC
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340 L A E R M K K H G Y A LATG G T DN H 359
1111 TTGGCCGAGAGAATGAAGAAGCATGGATATGCTTTGGCAACCGGAGGAACCGACAATCAT 1170
7
360 L. L L V D L R P I G V E G A RA E H V L 379
1171 TTGTTGCTTGTTGACTTGCGCCCAATCGGAGTTGAAGGAGCTCGTGCTGAGCATGTGCTT 1230
E1l
380 p L A H I A C N KN T C P G DV S A L R 399
1231 GATCTCGCTCATATTGCTTGCAACAAGAATACGTGCCCAGGAGACGTTTCTGCTTTGAGA 1290
12
400 P 6 G I R L 6 T P A L T S R G F Q E Q D 419
1291 CCAGGAGGCATTCGTCTCGGAACTCCAGCTCTCACCTCCCGTGGATTCCAGGAGCAAGAT — 1350
D2
420 F E K V 6 D F I H E 429
1351 TTCGAGAAAGTCGGAGATTTCATTCATGAGGgtatgttttttcaactgtaatcttcaaca 1410
Fi6. 3 continued 430 GV Qg I A KK Y N ATEA G 442
1G. o—continue 1411 ttaatctaaaatattgatttcagGTGTTCAAATCGCAAAGAAGTACAATGCTGAGGCTGG 1470
443 K T L X D F K S F T E T N E P F K K D V 162
1471 AAAGACATTGAAAGACTTCAAATCATTCACTGAGACCAATGAACCATTCAAGAAAGACGT 1530
463 A D L A K RV EE F S T K F E I P G N E 482
1531 CGCTGATCTCGCCAAACGTGTTGAGGAGTTCTCCACGAAGTTCGAGATTCCAGGARACGA 1590
483 T F * 484

1581 AACTTTCTAATTTTAATCATCATCGTCATTATCAACATTGCATTTGTATTTATAAAAACA 1650

1651 TTCCCGCCATTTTATCACTTTCATGTTTGAATTTTAAACAGGAGAAATAAATATTGATCT 1710
EZ

1711 TTTCAAATTTAATTGTTTTTTTATATTTAGAAAGCAATTGAGATTATCTACGGCATTTGG 1770

reduced (25). When the active site histidine is changed to
aspartic acid, the activity of the physiological reactions is re-
duced, but the activity of some alternate reactions is increased
(26). A series of kinetic and spectral studies on these mutant
enzymes revealed that the active site histidine is not catalyti-
cally essential and is not the base that accepts the « proton.
These studies have also shown that the active site histidine
interacts with the amino acid substrate or PLP. This histidine
is believed to have a critical role in determining reaction spec-
ificity by determining the structure of the one-carbon binding
site and controlling the orientation of the substrate and PLP
ring (25, 26). Because E. coli SHMT is catalytically active
without an active site histidine, it is unlikely that the imidazole
ring of histidine 259 participates as an electron donor or accep-
tor in the physiological reactions of CeSHMT. In allele t1607,
inserting the aromatic ring of tyrosine at the active site may
change the environment of the PLP aromatic ring such that it
is no longer in line with critical residues required for catalysis.
The PLP and substrate binding pocket would also be distorted.

The E. coli active site is VI'TTTHKT. Each of the threonine
residues in this motif was changed to an alanine to determine
the kinetic and spectral properties of the mutant enzymes (27).
When the first or fourth threonine is converted to alanine, the
enzyme is essentially wild-type. When the second or fifth thre-
onine is changed to alanine, the mutants are structurally un-
changed but have shifted kinetic properties. These results in-
dicated that these four threonines do not play a critical role in
the mechanism of SHMT. However, when the third threonine is
mutated to an alanine, the enzyme loses 97% of its catalytic
activity. When this residue is mutated to a serine, the activity
is essentially wild-type, so the presence of a hydroxyl-contain-
ing side chain is very important. These studies also revealed
that none of these threonines bind PLP (27).

The active site lysine in E. coli has also been mutated. When
this lysine is changed to a glutamine, the enzyme catalyzes one
turnover of product at wild-type levels, but cannot release the
product (28). When the lysine is changed to arginine or histi-
dine, the PLP cofactor cannot readily form the external aldi-

mine. These results suggest that the active site lysine expels
the product by converting the external aldimine to an internal
aldimine and that lysine is not the base that removes the «
proton of the substrate.

It has been proposed that there are two bases at the active
site of SHMT on opposite sides of the PLP ring (29). These
bases are not the active site histidine (25, 26, 29) or lysine (28).
A study on sheep liver SHMT has shown that there are argi-
nine residues present at the active site. Arginine 269 and
arginine 462 from sheep liver were protected from chemical
modification by tetrahydrofolate binding (33). Arginine 462 is
not conserved but arginine 269 (residue 273 in CeSHMT) is
conserved as an arginine in all eukaryotic SHMTs and as a
lysine in E. coli SHMT. Arginine 363 and arginine 372 in E. coli
SHMT (conserved residues 404 and 413 in CeSHMT, Fig. 1.)
were changed to both alanine and lysine (30). Both of the
arginine 372 mutations had wild-type activity, suggesting that
this residue, although conserved, is not critical for catalytic
activity. The R363A mutant enzyme had no activity with serine
as a substrate and could not bind serine or glycine. The R363K
mutant enzyme had only 0.03% of wild-type activity and a
15-fold decreased affinity for serine and glycine. The conserved
arginine at this position is catalytically essential and believed
to be the binding site of the amino acid substrate carboxyl
group (30). It has been proposed that an arginine-carboxyl
interaction might be preferred over simple charge interactions
because the guanidium group presents charged hydrogen
bonds rather than the single bond formed by lysine or histidine
(33). This may explain why replacing an arginine with a lysine
has such a dramatic effect on enzyme activity.

The mutant phenotype of allele t1555 is caused by an argi-
nine (Arg-102) to lysine mutation. The arginine at this position
is 100% conserved in all sequenced SHMTs. This conservation
suggests that the presence of the guanidine group of arginine at
this position is essential to the enzymatic function of SHMT. In
allele t1597, arginine 84 is changed to glutamine. This arginine
is also 100% conserved, so the presence of a basic group at this
position is probably also essential to the enzymatic function of
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TABLE II
mel-32 mutant alleles
Allele mutation Aatation
1 t1456 GGA — GAA Gly-313 — Glu
2 t1473 GCT — GTT Ala-63 — Val
CTT — TTT Leu-146 — Phe

3 t1474 GGA — GAA Gly-313 — Glu
4 t1520 TCT — TTT Ser-251 — Phe
5 t1552 GGA — GAA Gly-204 — Glu
6 t1555 AGA — AAA Arg-102 — Lys
7 t1576 GGA — AGA Gly-372 — Arg
8 t1597 CGG — CAG Arg-84 — GIn
9 t1607 CAC — TAC His-259 — Tyr
10 t1616 GCT — ACT Ala-268 — Thr
11 t1631 CAG — TAG GIn-171 — Stop
12 t1632 GGA — GAA Gly-406 — Glu
13 t1665 GGA — GAA Gly-149 — Glu
14 t1666 GCT — GTT Ala-103 — Val
15 t1671 TCT — TTT Ser-251 — Phe
16 t1679 GGC — GAC Gly-143 — Asp
17 s2518 GCC — GTC Ala-126 — Val

SHMT. Either or both of these arginine residues could be at the
active site of the enzyme.

Chemical modification studies on the cysteine residues in
rabbit liver cytosolic (31) and mitochondrial (32) SHMT, sheep
liver cytosolic SHMT (5), and E. coli SHMT (34) have shown
that there are no disulfide bonds in eukaryotic homotetramers
or prokaryotic homodimers, and that PLP and substrates pro-
tect a catalytically essential active site cysteine. There are no
cysteine mutations in our collection, but residue 99 in the
SHMT consensus sequence is a conserved cysteine in all the
eukaryotic isoforms. This residue could be the important active
site cysteine.

In a series of experiments to study folding intermediates of
E. coli SHMT, a set of mutant proteins was constructed in
which the three tryptophan residues were replaced with phe-
nylalanine residues (35). The three double mutants and a triple
mutant were essentially wild-type enzymes, with only minor
structural differences. Tryptophans 16, 183, and 385 in E. coli
correspond to positions 37, 214, and 426 in the SHMT consen-
sus sequence (Fig. 1). These tryptophans are not conserved,
but, intriguingly, position 37 in the SHMT consensus sequence
contains five out of six aromatic residues; position 214 has six
out of six aromatic residues, with all five eukaryotic forms
having a tyrosine; position 426 also has six out of six aromatic
residues, tryptophan in E. coli and a mixture of phenylalanine
and tyrosine in the eukaryotic forms. Clearly, the presence of
an aromatic side chain at these positions is important.

It is assumed that each of the mel-32 mutations abolishes, or

greatly reduces, the SHMT activity, resulting in the observed
maternal effect lethal phenotype. We hypothesize that a prod-
uct of SHMT, such as glycine or some byproduct of the one-
carbon metabolic pool, is required for embryonic development
in the egg. The essential metabolite is normally supplied by the
diet but cannot diffuse through the eggshell. mel-32 homozy-
gotes have enough maternally provided SHMT activity to de-
velop and hatch into feeding larvae, where the diet can supply
enough of the required nutrient. These mel-32 homozygotes,
however, have no SHMT activity to pass on to their offspring,
which quickly use up the required metabolite pool in the egg
and arrest as embryos. This hypothesis can also explain why C.
elegans is unique in its requirement for SHMT activity for
survival. The SHMT mutations in E. coli, S. cerevisiae, and
Chinese hamster ovary cells all result in glycine auxotrophy (3,
4,9, 10). In all three cases, the deficiency is rescued by addition
of glycine. The egg shell of C. elegans, which is impervious to
most chemicals (36), would imprison the embryo in a forced
starvation. This hypothesis can be tested, and the missing
metabolite identified, by supplying the developing larvae with
metabolic precursors, for example glycine and thymidine.

The 17 point mutations found in C. elegans mel-32(SHMT)
are clustered within the middle two thirds of the protein, the
most conserved region. This suggests that the ends of the
protein are not required for enzymatic function and that any
point mutations occurring there would not be detected in a
screen for maternal effect lethals, the likely null phenotype.
This observation is supported by the fact that if the amino-
terminal 25-30 amino acids of rabbit liver cytosolic SHMT are
removed with proteases the enzyme remains catalytically ac-
tive and structurally stable (37). Sixteen of the mel-32(SHMT)
alleles contain a single base pair substitution, and one, 11473,
contains two base pair substitutions. All of the mutations are
G/C to A/T transitions, as expected in EMS-induced alleles.

mel-32 has 17 alleles, making it a high frequency hit gene, as
most Mel genes only have one or two alleles. Several large scale
screens for maternal effect lethals have been carried out which
have produced hundreds of Mel alleles (38—40).57 Most of
these mutations have only been identified genetically, but a few
have been cloned and sequenced. Most of the identified Mel
genes are involved in polarizing the embryo or determining cell
fate. For example, par (for partitioning defective) mutant em-
bryos arrest as amorphous masses of differentiated cells (39).
par-1 encodes a conserved Ser/Thr kinase, and the two alleles
that have been sequenced reveal mutations in invariant kinase
domain residues, suggesting that PAR-1 kinase activity has an
essential function (41). par-2 encodes a 628-amino acid protein
with a putative ATP binding site and zinc ring finger domain.
Two sequenced alleles of par-2 introduce stop codons that trun-
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cate the protein to a form lacking the ATP binding domain (42).
The pie-1 gene encodes a zinc finger protein, which interferes
with transcription (43). The only sequenced allele of this gene
contains a 217-bp deletion in the 5’ end of the gene (44). The
mex-1 gene contains two copies of the zinc finger domain found
in pie-1 and mutations in mex-1I alter the fates of some somatic
blastomeres. Two deletion mutants have been sequenced; one
deletes the NH,-terminal 36 amino acids, and the other deletes
the COOH-terminal 80 amino acids (45). The mex-3 gene con-
tains two RNA binding KH domains and regulates blastomere
identity in embryos. One allele of mex-3 is deleted for the first
92 bp of coding sequence, whereas three other alleles have
point mutations that change conserved glycines in the KH
domain (46). The transcription factor skn-1 is required for
correct specification of cell fates. One mutant form of skn-1 has
a stop codon introduced in the DNA binding domain (47, 48).
Finally, the apx-1 gene of C. elegans controls early cell fates
and is a homolog of the Drosophila Delta and Serrate genes.
One mutant allele of apx-1 has a 900-bp deletion in the center
of the gene (49).

The extreme degree of conservation in SHMT across millions
of years of evolution suggests that the conserved residues must
play some catalytically or structurally essential roles. Several
of these important residues have previously been identified.
From our collection of 17 mutations, only one, the active site
histidine, has been mutated previously. Therefore, this work
defines 13 new residues (not including the nonsense and two
repeated mutations) that are potentially essential to SHMT’s
catalytic activity or structural integrity.

SHMT is believed to have a folding pattern similar to aspar-
tate aminotransferase and dialkylglycine decarboxylate, both
of which have crystallographic structure data available (50).
Three out of four of the residues conserved in all aminotrans-
ferases are conserved in SHMT. In the CeSHMT numbering
scheme, these residues are: aspartic acid 231, which hydrogen
bonds to N1 of PLP; lysine 260, which forms a Schiff base with
PLP; and arginine 404, which hydrogen bonds with the a-car-
boxyl group of the substrate. Future crystallographic analysis
of SHMT may allow characterization of more essential resi-
dues. The residues corresponding to arginine 404 and lysine
260 have been mutated in E. coli (Fig. 1) and shown to be
essential (28, 30), but there are no known mutations affecting
aspartic acid 231.

Injecting SHMT subclones containing site-directed muta-
tions for aspartic acid 231, and other conserved residues, into
mel-32(SHMT) nulls may allow a quick assay of enzymatic
function. If the mutated subclone rescues, then the mutant
SHMT is functional; if it does not rescue, then we can assume
the mutation has abolished or decreased SHMT function. C.
elegans could also be used to test chemotherapy drugs directed
against SHMT. If shells of wild-type eggs are solubilized, and
the embryos treated with drugs, any drug that reduces or
eliminates SHMT function should cause a Mel phenotype.
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