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Abstract

In the nematode Caenorhabditis elegans, the maternal effect lethal gene mel-32 encodes a serine hydroxymethyltransferase
isoform. Since interspecies DNA comparison is a valuable tool for identifying sequences that have been conserved because of
their functional importance or role in regulating gene activity, mel-32(SHMT) genomic DNA from C. elegans was used to screen
a genomic library from the closely related nematode Caenorhabditis briggsae. The C. briggsae genomic clone identified fully rescues
the Mel-32 phenotype in C. elegans, indicating functional and regulatory conservation. Computer analysis reveals that
CbMEL-32(SHMT) is 92% identical (97% similar) to CeMEL-32(SHMT) at the amino acid level over the entire length of the
protein (484 amino acids), whereas the coding DNA is 82.5% identical (over 1455 nucleotides). Several highly conserved non-
coding regions upstream and downstream of the mel-32(SHMT ) gene reveal potential regulatory sites that may bind trans-acting

protein factors. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Serine hydroxymethyltransferase (SHMT) is a ubig-
uitous, highly conserved pyridoxal 5’-phosphate (PLP)
dependent enzyme that catalyses the reversible conver-
sion of glycine and 5,10-methylenetetrahydrofolate to
serine and tetrahydrofolate. The by-products of this
reaction are the major source of one-carbon units for
the biosynthesis of purines, pyrimidines, thymidylate,
methionine, and lipids (Schirch, 1982; Garrow et al.,
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1993). Recent evidence suggests that there is a subcellu-
lar partitioning of the reactions catalysed by SHMT,
with the serine-to-glycine conversion occurring in the
mitochondria, and the glycine-to-serine conversion
occurring in the cytoplasm (Narkewicz et al., 1996;
Kastanos et al., 1997).

A comparison of the determined and predicted amino
acid sequences of many SHMTs reveals a striking degree
of conservation in this enzyme from bacteria to man.
When SHMT isoforms are compared large stretches of
completely conserved amino acids, including the active
site, are revealed (Garrow et al., 1993; McNeil et al.,
1994; Usha et al., 1994; Vatcher et al., 1998).

Estimates using comparative sequence analysis sug-
gest that C. elegans and C. briggsae diverged anywhere
from 20 to 60 million years ago (Emmons et al., 1979;
Prasad and Baillie, 1989; Heschl and Baillie, 1990;
Kennedy et al., 1993). The two species are still extremely
similar in development, morphology, and behaviour but
have been evolutionarily separated long enough for
unconstrained sequences to diverge considerably. Most
highly conserved sequences are actively transcribed or
represent functional regulatory elements (Heschl and
Baillie, 1990; Kloek et al., 1996).
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A comparison of the SHMT protein and DNA
sequences of two very closely related species, C. elegans
and C. briggsae, could reveal the functionally important
protein domains and regulatory sites. In fact, previous
interspecies sequence comparisons have established that
exons and some regulatory sequences are highly con-
served between C. elegans and C. briggsae, whereas
introns and non-regulatory sequences are not (Emmons
et al.,, 1979; Rose and Snutch, 1984; Heine and
Blumenthal, 1986; Prasad and Baillie, 1989; Kuwabara
and Shah, 1994). Diverging flanking sequences allow
easy identification of coding regions as highly conserved
open reading frames that differ primarily at the third
base position of codons (Kennedy et al., 1993; Lai
et al., 1996).

Previously, we described the identification and char-
acterization of a C. elegans homolog of SHMT,
mel-32(SHMT). Seventeen ethylmethanesulfonate
(EMS) induced mutant alleles of mel-32(SHMT) were
reported, defining 13 new residues that are potentially
essential to SHMT’s catalytic activity or structural integ-
rity (Vatcher et al, 1998). FEach of the 17
mel-32(SHMT) mutations causes a recessive maternal
effect lethal (Mel) phenotype. Animals homozygous for
these SHMT mutations have no observable mutant
phenotype, but their offspring display an embryonic
lethal phenotype. These C. elegans mel-32(SHMT ) mut-
ations represent the first case where SHMT has been
shown to be an essential gene. Here, we identify a
SHMT homolog in the closely related nematode C.
briggsae and show that C. briggsae genomic DNA fully
complements the mel-32(SHMT ) mutation in C. elegans.
Computational analysis reveals that the DNA and pro-
tein sequences in C. elegans and C. briggsae are highly
conserved. Several highly conserved elements are also
detected in the non-coding DNA upstream and down-
stream of mel-32(SHMT ). These elements are probably
cis-acting control sites to which trans-acting protein
factors bind.

2. Materials and methods
2.1. Growth and handling of C. elegans

All strains of C. elegans were grown at 20°C on
Nematode Growth Media plates streaked with
Escherichia coli strain OP50 as a food source. Standard
genetic manipulation followed previously described pro-
tocols (Brenner, 1974).

2.2. Computer analysis
DNA and protein sequence comparisons were per-

formed with the cLustaLw (Thompson et al., 1994) and
DOTTER (Sonnhammer and Durbin, 1995) programs.

Database searches were performed with the BLAST (pro-
vided by the NCBI server) and FASTA programs (Pearson
and Lipman, 1988; Altschul et al., 1990). PCR primers
were designed with the aid of Oligo (Rychlik and
Rhoads, 1989).

2.3. Probe preparation

A 2071-bp EcoRI (GibcoBRL) fragment of the
mel-32(SHMT) rescuing subclone pCO05.11 (Vatcher
et al., 1998) (representing residues 36421-38492 of the
C05D11 GenBank Accession No. U00048) was double-
gel-purified with a Qiagen Qiaquick gel extraction Kkit.
Fifty nanograms of this DNA were mixed with 1 ng of
pBluescript II KS™* (Stratagene) and randomly labeled
with [0-P3?] dCTP (Amersham) using a random prime
kit (Pharmacia) to a final activity of 1.6 x 10° cpm/ml.

2.4. C. briggsae genomic blot

A C. briggsae genomic blot carrying 36 000 individual
C. briggsae fosmid DNA samples (Genome Systems
Inc.) was prehybridized in 6 x SSC, 0.5% SDS, and 5 x
Denhardt’s for 1 h at 55°C, and then hybridized with
the labeled probe at low stringency (6 x SSC, 0.5% SDS
and 100 pg/ml of salmon sperm at 55°C) for 16 h. The
filter was then washed in 2 x SSC and 0.5% SDS, twice
at 55°C and once at room temperature, and exposed to
Kodak x-Omat film for 22 h.

2.5. Preparation of transgenic strains

The C. briggsae fosmid clones detected by the blotting
procedure (see Section 3.1), G18D16 and G28M02, were
kindly provided by the Washington University Genome
Sequencing Center. Single colonies were grown over-
night and the fosmid DNA harvested by standard
alkaline lysis (Sambrook et al., 1989). These fosmids
were then injected into the syncytial gonad of adult
wild-type N2 (Bristol) C. elegans hermaphrodites
together with the dominant marker rol-6(sul006)
(Kramer et al., 1990; Mello et al., 1991) contained on
plasmid pCes1943 (S.J.M. Jones and W.B. Barbazuk,
pers. commun.) as previously described (Janke et al.,
1997). Stable transgenic strains, i.e. those expressing the
roller phenotype in successive generations, were PCR
tested for the presence of fosmid vector DNA. Primers
specific for the pfos-1 vector (Fos-L: 5'CACTTA-
TTCAGGCGTAGC, and Fos-R: 5 CAATGAAAG-
ACGGTGAGC) were used with control primers RS
and R11 as previously described (Janke et al., 1997).

2.6. Mutant rescue

Males heterozygous for the canonical allele of mel-32,
52518, were constructed by crossing mel-32 homozygotes



G.P. Vatcher et al. | Gene 230 (1999) 137144 139

to wild-type males. These males [genotype dpy-17 (el64)
mel-32 (s2518) unc-32(el89)/+ + +] were crossed to
hermaphrodites bearing the transgenic C. briggsae fos-
mids and scored for rescue as previously described
(Janke et al., 1997). Briefly, if the C. briggsae genomic
DNA rescues the C. elegans mel-32(SHMT) mutation,
then the homozygous mel-32 F, individuals will survive.

3. Results and discussion

3.1. Identification and characterization of a C. briggsae
homolog of SHMT

A C. briggsae genomic blot was screened with a
labeled piece of C. elegans genomic DNA representing
residues 36421 to 38492 of CO05D11 (GenBank entry
U00048). This probe contains 1002 bp (almost two-
thirds) of the 3’ end of the mel-32(SHMT) gene, 414 bp
of intergenic sequence, and 767 bp of the 3’ end of gene
1 of CO5D11 (a homolog of the S. cerevisiae chromo-
some XV reading frame ORF YOLO098c). One nano-
gram of Bluescript vector was included in the labeling
and hybridization reactions (see Section 2.3) because
Bluescript has homology to the fosmid vector (pfos-1).
This allowed a weak staining of the grid pattern on the
C. briggsae blot and aided in the identification of positive
clones. A large number of false positives (identified by
the manufacturer and the Washington University
Genome Sequencing Center: list available at http://
genome.wustl.edu/gsc/briggsae/false_positives.html) were
detected on the blot (data not shown). In addition, three
hybridization signals were detected at positions G18D16,
G28MO02, and G28G12. The identification of these
clones allowed a fosmid contig in the C. briggsae mel-32
genomic region to be constructed (J.E. Schein, pers.
commun.). The overlapping fosmids GI8D16 and
G28M02 were subsequently sequenced by the
Washington University Genome Sequencing Center
(sequences available at ftp://genome.wustl.edu/pub/
gscl/sequence/st.louis/briggsae/). A dot-matrix analysis
of the C. briggsae fosmids with the Cemel-32(SHMT)
genomic DNA revealed the Cbmel-32(SHMT ) homolog
at positions 25491-27 109 of G18D16 (data not shown).
When the genomic and intergenic sequences of the C.
elegans and C. briggsae mel-32 genes are compared in a
dot-matrix plot (Fig. 1), the exons and several highly
conserved non-coding regions are revealed (see below).
The syntenic array of genes in the flanking sequence has
allowed us to identify this gene unambiguously as the
mel-32 homolog, as opposed to the other as-yet uniden-
tified serine hydroxymethyltransferase isoform in C.
elegans.

Using the previously determined C. elegans
mel-32(SHMT) sequence, we predicted the translation
start and stop sites and the presumed intron/exon junc-

tions for the C. briggsae mel-32(SHMT) gene. This
prediction was facilitated by the high degree of coding
sequence conservation. The predicted C. briggsae gene
contains four exons coded in 1618 bp of genomic
sequence (Fig. 2). The size and positions of the exons,
1455 nucleotides coding for 484 amino acids, are the
same in C. elegans and C. briggsae mel-32(SHMT)
(Fig. 4A). Computer analysis reveals that the C. elegans
and C. briggsae coding DNA is 82.5% identical, and the
predicted proteins are 92% identical and 97% similar.

Other C. elegans/C. briggsae comparisons have
revealed proteins that have a very high degree of conser-
vation over their entire lengths. MEC-4, an ion channel
subunit, is 97% identical between C. elegans and C.
briggsae (Lai et al., 1996). The cuticle collagen proteins
COL-12 and DPY-7 are 95 and 93% identical between
C. elegans and C. briggsae (Gilleard et al., 1997a.,b).
For COL-12, it is known that intermolecular interactions
occur throughout the full length of the protein and that
most substitutions have steric effects that interfere with
the ability of the monomers to trimerize efficiently or
participate in higher-order interactions (Gilleard et al.,
1997a). The strong constraint on evolutionary diver-
gence throughout the whole lengths of COL-12, DPY-7,
and MEL-32(SHMT ) suggests that these proteins have
complex higher-order interactions. In fact, other iso-
forms of SHMT are known to form either dimers or
tetramers of identical subunits.

In contrast to the above examples, some C. elegans/C.
briggsae, comparisons have revealed clear regions of
greater and lesser homology within a given polypeptide.
Areas of high homology may indicate the presence of
distinct functional domains, suggesting that these
regions play crucial roles in the structure or function of
these proteins. CED-9 (a bc/-2 homolog) is only 70%
identical overall, but there are stretches with a very high
similarity (Hengartner and Horvitz, 1994). The C. eleg-
ans and C. briggsae HLH-1 proteins (homologs of the
MyoD family of helix—loop-helix transcription factors)
share a 68% amino acid identity overall, but the basic
helix—loop-helix region has 100% identity, whereas the
final exon has only 30% identity (Krause et al., 1994).
C. elegans and C. briggsae TRA-1 (a sex-determining
gene) share only a 44% amino acid identity, but there
are blocks of high identity separated by greatly diverged
stretches (de Bono and Hodgkin, 1996). Finally, the
homeodomains of C. elegans and C. briggsae CEH-24
are identical, while the rest of the protein shares only a
79% identity (Harfe and Fire, 1998).

The extremely high conservation of mel-32 is spread
over the entire length of the protein and does not allow
for the identification of specific amino acids important
for function, but suggests that there is strong evolution-
ary pressure on the majority of the protein sequence. It
may be that substitutions in the SHMT sequence
interfere with the ability of the protein to form com-
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Fig. 1. Dot-matrix plot of the mel-32 genomic region. The C. briggsae sequence is on the horizontal axis, and the C. elegans sequence is on the
vertical axis. The mel-32 exons are shown outside the alignment. The inset shows a blow-up of the region that contains the upstream conserved
non-coding sequences. A, B, C, D, E, and F correspond to the conserved regions in Fig. 4 and Table 1.

plexes. The sites of amino acid changes probably identify
positions in the three-dimensional structure of SHMT
which are the most flexible to change while still maintain-
ing the protein’s physiological functions. Important
structural or enzymatic domains would be less able to
tolerate amino acid replacements.

Caenorhabditis introns have few conserved sequences,
except for splice sites. Where introns do exist in both
species, their positions and splice donor/acceptor sites
are generally conserved: the globin genes (Kloek et al.,
1996), mec-4 (Lai et al., 1996), tra-2 (Kuwabara, 1996),
hsp-3 (Heschl and Baillie, 1990), gpd-2 and gpd-3 (Lee
et al., 1992), ges-I (Kennedy et al., 1993), dpy-7
(Gilleard et al., 1997b), unc-119 (Maduro and Pilgrim,
1996), and ced-9 (Hengartner and Horvitz, 1994) have
conserved intron positions and splice sites. The position
and splice donor and acceptor site consensus sequences
of mel-32(SHMT) are also identical between C. elegans
and C. briggsae (Fig.2). As expected, the intronic
sequences and sizes are not conserved. The three intron
sizes for C. elegans and C. briggsae are 45/54, 48/63,

and 52/46 nucleotides, respectively (Fig.4A). The
intronic DNA is 57.5% identical over 145 and 163 total
nucleotides, with most of the homology residing in the
conserved splice sites. mel-32 does not conform to the
general pattern of smaller and fewer introns in C.
briggsae. The normal disparity in intron size and number
between C. elegans and C. briggsae has been observed
in many genes: mec-3 (Xue et al., 1992), ges-1 (Kennedy
et al., 1993), tra-1 (de Bono and Hodgkin, 1996), and
unc-119 (Maduro and Pilgrim, 1996).

3.2. Rescue of the C. elegans mel-32(SHMT) mutation
with C. briggsae genomic DNA

Interspecies rescue experiments show that C. elegans
and C. briggsae proteins are functionally equivalent,
and that transcriptional and translational control mech-
anisms have been maintained through tens of millions
of years of evolution. C. briggsae genomic DNA has
been used to rescue a C. elegans hlh-1 nonsense mutation
(Krause et al., 1994), the C. elegans unc-119 phenotype
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CE A K H T

CB M A D R V HT P L E P V QR Q K Y A N 20
cb ATGGCCGATCGTCAAGTGCACACTCCTCTGGAGCCAGTTCAACGTCAGAAATATGCCAAC 60
ce A AT CTAA G C C G cCaA 60

CE I v v D
CB N E N L L K D H V E K I vV F N I M 40
cb AACGAGAATCTGTTGAAGGATCATGTTGAGAAGATCGATCCAGAAGTGTTCAATATCATG 120

ce CA T GT C AG T T G 120
CE

CB K N 42
cb AAGAATgtaagttatcccatttttaaaactcattttcagcacattttttccttttttcag 180
ce act aatg cc ----- ct ----ca gt 171
CE K

CB E K S R R R G L E LI A S ENTFT S K 62
cb GAGAAGAGCCGCCAACGCCGTGGTCTCGAGCTCATCGCCTCTGAGAATTTCACCAGCAAA 240

ce AG G G T AT T C (o} A 231
CE

CB @ M DALGSAMTECNIE K Y S EG Y P G 82
cb GCTGTCATGGATGCTCTTGGCTCCGCAATGTGCAACAAGTACAGTGAGGGATATCCGGGA 300
ce G A A c T 291
CE L

CB R Yy Y GG 6 N EF I DQMETILCQ K R 102
cb GCTCGGTACTACGGAGGAAACGAGTTCATCGATCAAATGGAGATCC’I‘TTGCCAGAAGAGA 360
ce T G C 351
CE P

CB L EV F G LD UPAZIKUWG V NV S L s 122
cb GCTCTCGAGGTGTTCGGATTGGATCCAGCCAAGTGGGGAGTCAATGTACAGTCGCTTTCG 420
ce T A cT G CAT G C 411

CE I S
CB G S§ P N F AV YT ALV GANGR R I M 142
cb GGATCTCCAGCTAATTTTGCTGTTTACACTGCTCTCGTTGGTGCCAATGGAAGAATTATG 480

ce C cC A C CA AT cc 471
CE

ce @G r p @ e B 6 H L T H G 155
cb GGTCTTGATTTGCCGGATGGTGGACATTTGACCCATGthaagagttttttagctagctt 540
ce c C CT A AT g----- 526
CE

CB F F T P A R 161
cb qcttcagtttatcttcgagacaataccttgattgtttcagCTTCTTCACCCCAGCTCGC 600
ce ac gaa g -—---—-—- tt t --a 576
CE L P T T

CB K v s AT S E F F S M P Y K V D A Q § 181

cb  AAAGTGTCTGCCACTTCTGAATTCTTCCAATCGATGCCATACAAAGTTGATGCTCAATCC 660
ce c G TCT C AAC A T 636

CE Q A I

CB G L I bYDJ XKULEENAMTLTFR P K V L 201
cb GGCCTAATTGACTACGATAAACTCGAGGAAAACGCCATGCTCTTCCGTCCAAAGGTGCTC 720
ce AT G C T C G T CG T A T A CCA 696

ce 1 A Vs cyY ARHTLUDYERTFRZKTI A 221
cb ATCGCTGGAGTCTCCTGCTATGCTCGCCACTTGGATTACGAGCGTTTCCGCAAGATCGCC 780

ce T C T C T TCC T A T T 756
CE

CB T K A G Y M D A S G L V A 241
cb ACCAAGGCCGGAGCCTATTTGATGTCTGACATGGCGCATATCTCTGGACTCGTCGCCGCT 840
ce A T T (o} T T 816

CB L R G P R G M Y
cb CTTCGTGGACCACGTGGAGCTATGATCTTCTACAGAAAGGGAGTCAGATCAGTGAATGCT 960
ce CA A T T C

CB A H I A C N K
cb GCTCATATTGCATGCAACAAGAATACGTGTCCAGGAGATGTGTCGGCGTTAAGACCAGGA 1320
ce T C C T T T G 1296

CB T L KDV F KATFTATNE Q F K
cb  CACTGAAGGACTTCAAGGCATTCACCGCCACCAATGAGCAATTCAAGCAAGAAGTCGCCG 1553
ce T A AT T AG AC A c T 1535

CcB G L I P S P F E Y v vTTTTTTIH K s 261
cb GGACTCATCCCATCGCCATTCGAGTATTCTGACGTTGTTACAACCACCACTCACAAGTCG 900
ce T A CAG G 876
CE L T

K G V R S V N A 281
TACC C A 936

CE D
CB K GV ETULYDTULEETZ KTI NS AV F P G 301
cb AAGGGTGTTGAGACCCTCTACGATCTTGAGGAGAAGATCAACTCAGCCGTGTTCCCAGGA 1020

ce A C TTG T T G 996
CE R

CB L G G P HNUHTTIARQTIAVATLTKOQC 321
cb  CTTCAAGGTGGACCACACAACCATACTATCGCTGGAATCGCTGTCGCTTTGAAACAATGT 1080
ce T C T T C T G C 1056
CE \

CB L S EDF V QY G E QI L KN AZIKT L A 341
cb CTCT CGGAAGACTTTGTTCAATATGGAGAGCAGATTCTGAAGAACGCGAAGACGTTGGCT 1140
ce T T T G AG GT

T C A C C 1116

CE M A
CB E R L K KHG Y S L ATGGTDNH L L 361
cb  GAGAGATTAAAGAAGCACGGATACTCATTGGCCACTGGTGGAACTGACAACCATTTGTTG 1200
ce AG T TG T

A C A C T 1176

CE v
CB L v DL R P I G V E
cb CTTGTCGATTTGCGTCCAATTGGTGTCGAGGGAGCTCGTGCTGAGCACATTCTCGATTTG 1260
ce c C

A R A E H I L D L 381

C A T A TG G T C C 1236

cC P G DV S A L R P G 401

Q
CB G I R L@ TUPALTSRGTFKE QD F E 421
cb  GGTATCCGATTGGGAACTCCAGCTCTCACTTCTCGTGGATTCAAGGAGCAAGACTTCGAG 1380

ce cC T TCC c C C T 1356
CB K v G D F I H E 429
cb AAGGTTGGAGATTTCATTCATGAAGgtaaccttgt--atctgggttctec—---- tttatc 1433
ce A C G tgt t tc a taa tcaaca a 1416
CB G V. Qg I A K K Y N A E A G K 443
cb taaagtcttaaatttcagGTGTTCAAATTGCCAAGAAATACAACGCTGAGGCTGGAAAAA 1493
ce aa g - cC A G T G 1475
CE S E P K D

E V A 463

CE D T E T
CB E L A KRV EETF S G K F E I P G NDL 483
cb  AGTTGGCCAAGCGGGTTGAGGAGTTCTCTGGCAAATTTGAGATTCCAGGAAACGACTTGT 1613

ce TC C AT CACG G C AACT 1595
CB F * 484
cb TCTAA 1618
ce 1600

Fig. 2. Nucleotide sequence of the C. briggsae SHMT genomic region and derived amino acid sequence. The entire genomic region (from start
codon to stop codon) for C. briggsae (cb) and the conceptual translation product (CB) are shown. The C. elegans nucleotide (ce) and amino acid
(CE) sequences are listed only where there is a difference. The amino acids mutated in the C. elegans mel-32 alleles (Vatcher et al., 1998) are boxed
in the corresponding briggsae sequence. Intronic regions are in lower case, and gaps are indicated by a -’

(Maduro and Pilgrim, 1996), and C. elegans tra-1 null
mutations (de Bono and Hodgkin, 1996). The rescue of
the C. elegans mel-32(s2518) mutation with C. briggsae
genomic DNA shows that the CboMEL-32(SHMT) pro-
tein is functional in C. elegans and that it is properly
transcribed and translated. It also suggests that the
promoter and enhancer regions share enough homology
to regulate the proper temporal and developmental
control of mel-32(SHMT). The fact that the C. briggsae
protein is functional in C. elegans is not surprising, as
they are 97% similar, with only 14 non-conservative
changes over 484 amino acids. All of the essential C.
elegans amino acids previously identified ( Vatcher et al.,
1998) are conserved (Fig. 2).

When the C  elegans and C.  briggsae
MEL-32(SHMT) proteins are compared to other
SHMT isoforms, long stretches of high homology are

revealed. An important exception occurs at residue 138
of the C. elegans and C. briggsae proteins (Fig. 3). The
properties of three site-directed mutants of sheep liver
cytosolic SHMT were previously reported (Jagath et al.,
1997). Conserved histidines 134, 147, and 150, which
correspond to residues 138, 151, and 154 in
MEL-32(SHMT), were mutated into asparagines. The
HI147N mutant had only 3% bound PLP, whereas the
HI150N mutant had less than 2% of wild-type activity.
These residues are 100% conserved (Fig. 3), and His-147
is probably involved in cofactor binding, whereas
His-150 may be the base that abstracts the a-proton of
the substrate. Jagath et al. (1997) state that His-134 is
conserved in all tetrameric eukaryotic SHMTs but is
replaced by a glycine in prokaryotic SHMTs that exist
as dimers. The sheep HI34N mutant did not form
tetramers, had a lowered enzymatic activity and PLP
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C. briggsae MEL-32 G SGRIMGLDLPDGGRILTEGFFTP 159
C. elegans MEL-32 GSWGRIMGLDLPDGGSLTBEGFFTP 159
human C-SHMT EPRIGRIMGLDLPDGGSILTEGFMTD 156
yeast C-SHMT KPRIERLMGLYLPDGGLSEGYATE 147
human M-SHMT QPBIDRIMGLDLPDGG:ILTIGYMSD 158

yeast M-SHMT ERLMGLDLPDGGEILSEIGYQLK 163
E. coli SHMT EPEDTVLGMNLAHGGLTRIGSPVN 134
rabbit C-SHMT EPEIGRIMGLDLPDGGILTEIGFMTD 156
rabbit M-SHMT QPiEIDRIMGLDLPDGGZLTIGYMSD 179
sheep C-SHMT EP GRIMELD%PDE* %THEFMTD 156

Fig. 3. Comparison of SHMTs. The numbers indicate the positions in
the corresponding proteins. C represents the cytosolic isoform, M rep-
resents the mitochondrial isoform, a “*’ represents amino acids iden-
tical in all the proteins, and a °.” represents a conservative change. The
residues of interest are highlighted (see Section 3.2 for details).

binding, and had an altered quaternary structure. This
suggests that His-134 is involved in dimer—dimer inter-
actions and may have a role in the maintenance of the
enzyme’s tetrameric structure. The MEL-32(SHMT)
proteins have an asparagine at this position (Fig. 3)
suggesting that the Caernorhabditis enzymes exist as
dimers, that they use the asparagine to form a hydrogen
bond to stabilize the tetramer, or that they use an
alternate residue to form dimer—dimer interaction. It is
worth noting that the yeast mitochondrial isoform has
a glycine at this position, the same as the prokaryotic
isoforms, suggesting that this isoform may also exist as
a dimer.

Table 1
Summary of conserved non-coding regions in the C. elegans and C.
briggsae mel-32(SHMT) genomic DNA regions

Region Location (relative to ATG) Matches Percentage

homology
C. elegans C. briggsae

A —897 —1267 13/15 87

B —795 —1192 11/11 100

C —751 —1180 35/44 80

D —694 —1122 16/20 80

E —661 —1096 33/44 75

F +1660 +1672 21/23 91

It is perhaps surprising that the Cbmel-32(SHMT)
gene is properly transcribed in C. elegans. The entire
upstream and downstream regions share only 43%
homology overall, similar to the value obtained when
the two sequences are randomized before alignment.
However, the dot matrix analysis (Fig. 1) reveals that
there are stretches of highly conserved sequence. These
conserved islands probably represent sequence elements
that bind regulatory factors. The six regions with the
highest homologies range in size from 11 to 44 nucleo-
tides and share between 75 and 100% identity. The
regions are summarized in Table 1 and Fig. 4B. Fig. 4
reveals that the relative order of regions A-F is con-
served but that the relative spacing between them is
different.

A
C. elegans
; [
— 1126 338 bp 824 bp 167
A BCDE F
45 48 52
C. briggsae
i |
§ |126 338 bp 824 bp 167
A BCDE F
54 63 46
B [ng]
(o]
A: B: c:
TCCCAGGTTTGTGTG GCTTTTCTCTC GTTCACTCGTTGTTTCTGATCAGAAAGTGATCTTCATCATAATA
NN L T T NV RN AR R R R AR R AR NN B
TCTCAGGTTTGTCTG GCTTTTCTCTC GTCCACTTTGTGTTCTCGATCAGAAAGTGATCTTCGTCATCATA
D: E: F:
CGCCTTTCACTCAGTTATCT GACTTGTCCAGCAATAGAAATATCGTTGACATTGACCCACAGGC TTTTATCACTTTCATGTTTGAAT
TN NN R NN N R N N R R AR A AN N R N A RN R RN IR AR RRRRRN RN
CGCTTATCACTCTTTTATCT GTCTTGTCCAGTAAACCGAATATCATTGACACTGACCCAGCGCC TTTTATCAATTTCATGTTTGATT

Fig. 4. (A) mel-32 exon, intron, and non-coding conserved region spacing. Exons are represented by open boxes, and non-coding conserved regions
(A-F) are represented by shaded boxes. Exon sizes are listed inside the boxes, and intron sizes are indicated below the line. The presumed SL1
splice sites are indicted by arrows. (B) Conserved non-coding sequences. The C. elegans sequence is on the top, and the C. briggsae sequence is on
the bottom. Identical residues are indicated by a ‘|’. A-F indicate the regions in Figs. 1 and 4A, and Table 1.
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The upstream cluster (regions A-E) is spread over a
slightly larger area in C. elegans than is C. briggsae (237
nucleotides versus 172 nulceotides). Fig. 4 also reveals
that the C. briggsae cluster is approximately 400 bp
further upstream than the C. elegans cluster. When C.
elegans and C. briggsae genes are compared, there are
usually short stretches of highly conserved non-coding
sequences both upstream and downstream of the exons.
This conservation is probably significant since C. elegans
and C. briggsae are sufficiently diverged to remove any
non-selected similarity (Prasad and Baillie, 1989).
Conserved regions upstream of genes are believed to
control developmental and tissue-specific transcription.
The hih-1 (Krause et al., 1994), ges-/ (Kennedy et al.,
1993), dpy-7 (Gilleard et al., 1997b), unc-119 (Maduro
and Pilgrim, 1996), mec-3 (Xue et al., 1992), and ceh-24
(Harfe and Fire, 1998) genes all have upstream regions
conserved in C. elegans and C. briggsae. These genes
have essentially identical activation patterns when trans-
formed into the heterologous species. Conserved regions
downstream of genes are believed to regulate polyadeny-
lation and translation, as has been shown for the tra-2
gene (Jan et al., 1997). Future deletion analysis of the
mel-32 promoter should reveal which, if any, of the
conserved regions are important in the transcriptional
control of this essential gene.

3.3. Conclusions

In summary, we have identified a C. briggsae serine
hydroxymethyltransferase isoform that is 92% identical
and 97% similar to the C. elegans MEL-32(SHMT)
protein. All of the previously identified essential residues
in CeMEL-32(SHMT) (Vatcher et al., 1998) are con-
served in CbMEL-32(SHMT). In addition, there are
conserved regions upstream and downstream of the
mel-32(SHMT) gene. Interspecies phenotypic rescue of
the C. elegans Mel-32 phenotype with C. briggsae geno-
mic DNA implies that these conserved regions regulate
the transcription and translation of the mel-32 gene.
The Caenorhabditis MEL-32(SHMT) protein differs
from other characterized SHMTs at position 138. The
C. elegans and C. briggsae proteins have an asparagine
at this position, whereas other isoforms have either a
glycine or a histidine. This may indicate that, in nema-
todes, SHMT forms a dimer.
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