00 1993 Oxford University Press Human Molecular Genetics, 1996, Vol. 5, No.1857-1874

ARTICLE

Human methionine synthase: cDNA cloning and
identification of mutations in patients of the cblG
complementation group of folate/cobalamin disorders
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Methionine synthase catalyzes the remethylation of homocysteine to methionine in a methylcobalamin-depend-

ent reaction. We used specific regions of homology within the methionine synthase sequences of several lower
organisms to clone a human methionine synthase cDNA by a combination of RT-PCR and inverse PCR. The
enzyme is 1265 amino acids in length and contains the seven residue structure-based sequence fingerprint
identified for cobalamin-containing enzymes. The gene was localized to chromosome 1q43 by the FISH technique.

We have identified one missense mutation and a 3 bp deletion in patients of the ¢cblG complementation group of
inherited homocysteine/folate disorders by SSCP and sequence analysis, as well as an amino acid substitution
present in high frequency in the general population. We discuss the possibility that a mild deficiency of
methionine synthase activity could be associated with mild hyperhomocysteinemia, a risk factor for
cardiovascular disease and possibly neural tube defects.

INTRODUCTION to be due to deficiency of the reducing system required for
methionine synthase) Cells from patients in treblE group fail
Methionine synthase (EC 2.1.1.13, 5-methyltetrahydrofolatgée incorporatel4C-methyltetrahydrofolate into methionine in
homocysteine methyltransferase) catalyzes the remethylationvafiole cells but have significant methionine synthase activity in
homocysteine to methionine in a reaction in which methylcobalaell extracts in the presence of a potent reducing agentblBe
min serves as an intermediate methyl carrier. This occurs lgyoup is thought to be due to defects of the methionine synthase
transfer of the methyl group of 5-methyltetrahydrofolate to thepoenzyme. Mutant cells from this group show deficient
enzyme-bound cob(l)alamin to form methylcobalamin wittmethionine synthase activity in both whole cells and cell extracts
subsequent transfer of the methyl group to homocysteine to fofh6). Moreover, someblG patients show defective binding of
methionine. Over time, cob(l)alamin may become oxidized toobalamin to methionine synthase in cells incubated with
cob(ll)alamin rendering the enzyme inactive. Regeneration of tmadiolabelled cyanocobalamir)(
functional enzyme occurs through the methionine synthase-The gene encoding methionine synthase has been cloned from
mediated methylation of the cob(ll)alamin in which S-adenosykeveral lower organisms, but not from mammals (BigThe
methionine is utilized as methyl donor.Hacherichia colitwo  cobalamin-dependent methionine synthasé&.obli has been
flavodoxins have been implicated in the reductive activation afrystallized and the structure of its active site determi&jl (
methionine synthasé) A methionine synthase-linked reducing We used specific regions of homology within the methionine
system has yet to be identified in mammalian cells. synthase sequences, including a portion of the cobalamin binding
Deficiency of methionine synthase activity results in hypersite determined from thE.coli enzyme, to design degenerate
homocysteinemia, homocystinuria and megaloblastic anemidigonucleotides for RT-PCR-dependent cloning of human
without methylmalonic aciduri23). Two classes of methionine methionine synthase. We confirm the identification of the cDNA
synthase-associated genetic diseases have been proposed bsesgaences for human methionine synthase by the high degree of
on complementation experiments between patient fibroblast calbmology to the enzymes in other species and the identification
lines @). One complementation grouwghlE, has been postulated of mutations in patients from tloblG complementation group.
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Table 1.0ligonucleotides used for cDNA cloning, chromosome mapping and mutation detection

Oligonucleotided Sequence LocatiorP
D1729 5-GAYGGNGCNATGGGNACNATGATHCA 100-125
D1730 5-GCNACNGTNAARGGNGAYGTNCAYGAYAT 2332-2360
D1731 5-RTTYTTNCCDATRTCRTGNACRTCNCCYTT 2370-2341
D1733 5-RTGNAGRTAYTCNGCRAANGCYTCNGC 3426-3400
D1754 5-ATRTGRTCNGGNGTNGTNCCRCARCANCCNCC 992-961
D1755 53-GGNGGNTGYTGYGGNACNACNCCNGAYCAYAT 961-992
M1806A 5-GTCTGTGTCATAGCCCAGAATGGG 3795-3772
M1806B B-TCAGTCTGTGTCATAGCCCAGAAT 3798-3775
305A 5-GAACTAGAAGACAGAAATTCTCTA (intronic)
407A 5-TTCCGAGGTCAGGAATTTAAAGATCA 151-176
407B B-GTGTTCTTCGTTTAGCTTCTCCCG 150-127
407D 5-CCCCAGCCAGCAAGTATTCCTTAT 268-245
1107A B-CTAGGTTGTATTTCCTTGAGGATC 3856-3833
1406D B-GGAGCTGGAAAAATGTTTCTACCTC 2170-2194
1406E 5 ACAGGAGGGAAGAAAGTCATTCAG 1963-1986
1706A B-CCTTCAATTATATTGAGAGGTCGGG 2129-2105
1707A B3-CAACCCGAAGGTCTGAAGAAAACC 28-51
1707B 8-CCCGCGCTCCAAGACCTGTCG 7-27
1707C 5 CGACAGGTCTTGGAGCGCGGG 27-7
1758 5-GGAGTCATGACTCCTAAATCAATAACTC 2432-2405
1760 8-GACGACTACAGCAGCATCATGGT 3355-3377
1766 5-AAAAATCATTTCATCCAGGGAA 2526-2505
1772 5-ATAGGCAAGAACATAGTTGGAGTAGT 2359-2384
1773 B-TTTCATCTAACAGCTGGGAACACAC 2698-2674
1774 53-TGCCTCTCAGACTTCATCGCTCCC 3241-3264
1780 5-TGCAGCCTGGGGCACAGCAGC 3168-3148
1782 5-ATGGATTGGCTGTCTGAACCTCAC 2824-2847
1796 5-CATGGAAGAATATGAAGATATTAGAC 2727-2752
1803 5-ACCATCATCCTCATAGGCCTTGCT 3354-3331
1806C 5CAGACCTGCGAAGGTTGCGGTAC 3482-3504
1806F 5GAAGTGGTTGCTCCTCCAATCAAC 2591-2568
1808 5-GAGCAGCTTTCAGTATCTTATCACAT 2458-2433
1827 5-ACAAGTTGTGTTCCTCCATTCCAGT 1657-1633
1828 5-AGAGCGCTGTAATGTTGCAGGATCA 1125-1149
1907B B-TGTTTTTCAATGCCCTTCACAAGGG 2057-2033
1907C 5TAAAAAGTATGGAGCTGCTATGGTG 1464-1488
2606A 3-GACCAGACAGTAACATATGTCCTTC 1078-1054
2606B 5-ACATTACAGCGCTCTCCAATGTTAAC 1139-1114
2706A B-TGAGGTTGAGAAATGGCTTGGACC 3750-3773
2706B B-GCCACAGATATGTTCTTCCTCAATG 3749-3725
3107A 5-TGTGGAGAGCACGTCTTCTCTGCC -55 —-32

aNumbers with the prefix ‘D’ refer to oligonucleotides with degenerate bases shown as N (any base), H (A, C,or T), D (A, G, or T), Y (T or C), or R (A or G); the
with the prefix ‘M’ refer to mouse sequences (see Fig. 3).
bFrom the first methionine codon, see Fig. 3.
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RESULTS BOX 1:
*k kkk *
. I Be (20) DGGMGTMI
Cloning human methionine synthase cDNA g8s (20) nggmg
MZ!.2 (5) DGAMGTQLQ
An initial survey of the NCBI databases yielded several B Egg; %ﬁ‘ég%g
sequences corresponding to methionine synthase from different Hs {34) DGGMGTMIQ
organisms. Comparison of these sequences generated four very BOX 2:
conserved regions identified as Boxes 1-4 in Fitjubegener- KRR ARk
. . . H Ec (752) ATVKGDVHDIGKN
ate oligonucleotides were synthesized correspondlng to these o H556) ATURSOVRET ok
conserved sequences. These were used as primers for RT-PCR M12  (726) ATVKGDVHDIGKN
i i i Hi {142) ATVKGDVHDIGKN
with human _and mouse mMRNA. These experiments yielded PCR e (765) ATYIABUHDIGEN
products which were subcloned, sequenced and aligned as shown Hs (778) ATVKGDVHDIGKN
in Figure2. In subsequent experiments, oligonucleotide primers BOX 3:
were specified from the non-degenerate internal sequences of the kx k% %
iti i Ec (1095) LREAFAEYLH
subclones and additional PCR products encompassing the Se-  (108%) ‘MEAiamin
conserved boxes were obtained. In later experiments, additional M1l {56) LTEALAEYWH
i i i Ik Hi (490) LAEAMAEYLH
sequences were obtained by inverse PCR (iPCR in2Jig. U (iGnal TaELYARSTH
obtain upstream or downstream sequences from those already Hs  (1133) LAEAFAEELH
determined. At the'®nd, a mouse sequence was obtained from BOX 4:
the dbEST database (Accession Number W33307). This se- EAREE  x A%
quence was used as the source of primers for additional PCR ol s
experiments. Throughout the experiments, the sequences of the Ml2  (226) GGCCGTTPDHI
PCR products were considered provisionally authentic if they a0 e

were homologous to the methionine synthase sequences obtained

from the databases. The sequences were taken as error free by

comparison of the sequences of at least two, and usually threé€gure 1. Four homologous regions among methionine synthases. Boxes 1 to

independent PCR reactions. Sequences were linked _into 4awere used to design degenerate oligonucleotides for the initial cloning
. L . . experiments. E&scherichia coliaccession number J04975;Smechocystis

common sequence if RT-PCRs bndglng independently isolat . accession number D64002; MI1 and MRycobacterium leprae

sequences were successful. Through this approach, the complgdesssion number U000175 (9); Hiaemophilus influenzaeaccession

coding sequence was determined through exclusive use of P@Rnber U32730; C&aenorhabditis eleganaccession number Z46828; Hs:

reactions. Homo sapienshis work. Identical residues are indicated by a star above the

The coding sequence of human methionine synthase Contaiﬁlggnment. Amino acid position for each protein is shown at left.

3795 bp encoding a polypeptide of 1265 amino acids in length

(Fig. 3), exceeding the length of published methionine synthasggand shifts by SSCP (Fi§). In each case, the change was
by 11-29 residues. The putative initiation codon is in a sequenggnfirmed by an independent diagnostic test on genomic DNA or
of gOOd context for the initiation of translation in eukaryotic Ceu% separate preparation of cDNA from patient fibroblasts. One of
[GACAACATGT, underlined nucleotides matching Kozak conthe mutations, 2756AG (D919G), was confirmed by a
sensus, 10)]. The predicted Mr of methionine synthase isdiagnostic test that monitored the presencétafl site created

141 000, comparing favorably with the published size of 151 008} the mutation (FigsA). Using this test, it was identified as a
based on SDS-polyacrylamide electrophoresis of the pig enzypglymorphism since it was seen in eight of 52 control alleles
(11). It shares 58% identity with tiecoliand 65% identity with  (1504). In two other cases, candidate deleterious mutations were

the Caenorhabditis elegarenzyme. identified. One is a 3 bp deletion, bp 2640-2642, that results in the
deletion of an isoleucine codoAlle881). It was confirmed by
Chromosomal location heteroduplex analysis of cDNA generated by RT-PCREBig.

] ) o The second is a point mutation, 2758G. It results in the amino
Using FISH, the gene encoding methionine synthase was mappgsh substitution H920D. It was confirmed in genomic DNA by
to chromosome band 1943, close to the telomeric region of thee loss of $aB6l site (Fig5C). The latter two mutations were
long arm (Fig4). A total of 50 cells with at least one signal wereneterozygous in the patient cell lines. Their second mutation has

observed. A signal was seen on one chromatid in 26 cells, on tygx been identified. The candidate deleterious mutations were not
chromatids in 14 cells, on three chromatids in seven cells, and §en in a panel of 68 or 52 control alleles, respectively.

four chromatids in three cells. These results confirm the previous
assignment of the gene to chromosome 1 by Melehah(12), DISCUSSION
who used cobalamin binding as a marker for the enzyme In

human-hamster hybrids. We conclude that the cDNA that we have identified corresponds
to human methionine synthase on the basis of homology to known
Mutations in the cblG complementation group methionine synthases and by the identification of mutations in

patients with a deficiency of enzyme activity. The most striking
Patients with deficiency of methionine synthase activity haveequence conservation was found in four boxes of 9-13 amino
been grouped into thdIG complementation group in cell fusion acids. Box 2 has been proposed to correspond to part of the
experiments 4). Fibroblast cultures from patients assigned ta@obalamin binding domain9). It contains 13 consecutive
cblG were examined by RT-PCR based SSCP analysis. Thnessidues that are identical in all known methionine synthases.
variants were identified by sequencing PCR fragments showifighree amino acids within box 2 and four others C-terminal to it
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Figure 2. Overlapping PCR fragments generated to clone human methionine synthase. Oligonucleotides are described in Table 1. Primers in parenthesis des
mispriming outcomes that generated valid internal sequence. iPCRc: inverse PCR on cDNA, iPCRg: inverse PCR on genomic DNA.

correspond to residues proposed by Drergtanl (9) as a enzyme, isin ao helix at the C-terminal end of thé3 domain.
structure-based sequence fingerprint for cobalamin binding.is interesting that the polymorphism we have identified is at the
They appear to interact with the lower face of the corrin ring aratljacent residue (D919G). The functional significance, if any, of
dimethylbenzimidazole tail of cobalamin, determined from théhe polymorphism as well as that of the candidate deleterious
crystal structure of thE.coli enzyme at 3 A resolutio®) All mutations will have to be examined in expression experiments to
seven residues are identical in the human sequenc@)(Fig.  confirm their impact on the protein.

A survey of the NCBI databases for homology to the human Through the cloning of a cDNA for human methionine synthase,
methionine synthase using BLASTP yielded the various methig-will now be possible to determine the properties of the human
nine synthases listed in Figureas well as the glutamate mutaseenzyme and to complete the characterization of mutations in patients
(S41332, Q05488) and methylmalonyl-CoA mutase (P11658jith severe synthase deficiency. Further, the identification of mild
(adenosyl-cobalamin dependent mutases) used to deduce higperhomocysteinemia as a risk factor for cardiovascular disease
sequence fingerprint for cobalamin bindisy Homology was (13) and the reports of hyperhomocysteinemia in families with
also found with the cobalamin binding region of the corrineural tube defectd4,15) have generated an increased interest in
noid:coenzyme M methyltransferaseMéthanosarcina barkeri the genes involved in homocysteine metabolism. A recently-
(U36337), the 5-methyltetrahydrofolate corrinoid/iron sulfuridentified mutation in methylenetetrahydrofolate reductase, the
protein methyltransferase oClostridium thermoaceticum enzyme that synthesizes the 5-methyltetrahydrofolate substrate for
(L34780) and the B12-dependent 2-methyleneglutarate mutate methionine synthase reaction, results in mild hyperhomo-
of Clostridium barkeri(S43552, S43237). Further, homology cysteinemia 16). Evidence is accumulating that this mutation,
was found with the N-terminal sequence of the recently identifigaresent in 35-40% of alleles, is a risk factor in both cardiovascular
putative methionine synthase @éfgrobacterium tumefaciens disease and neural tube defects (reviewed inlgf.Genetic
(U48718; partial N-terminal sequence is given, up to region ofariants of methionine synthase might similarly lead to mild
box 4). Significantly, homology with the B12-binding site hyperhomocysteinemia with consequent impact on these two
domain was also found in the Hg resistance protdifygbcoc- multifactorial disorders.
cus xanthugZ21955). This protein has not been described as
having a cobalamin prosthetic group.

The two mutations we have identified as candidates for causir'YlgATERIALS AND METHODS
cbiG disease are located in the vicinity of the cobalamin bindingg| jines
domain by comparison with.coli methionine synthase (Fig)-

[1e881 corresponds by sequence alignment to Val855¢hé  The skin fibroblast lines are from patients with methionine
enzyme. Val855 is within @ sheet strand that is part of @f8  synthase deficiency. They were assigned totiti&complementa-
domain that is a variant of the Rossmann nucleotide binding folibn group in cell fusion experiments assayed H(¢-

The H920D substitution is found in a region which, inBteli  methyltetrahydrofolate incorporation into cellular macromolecules



Human Molecular Genetics, 1996, Vol. 5, No1871

GGTCACCTGTGGAGAGCACGTCTTCTCTGCCGCGCCCTCTGCGCAAGGAGGABAC TCGACAAC
L T B A R oA T AT oA Toh A AROATTATRGTOC R ToRAGRATOREALATS
R A A T R T AR TS RCARRCROCTEAR RO A TSHCATTTTMGTATATCASCRTRATGTCATTTUCCAA g4
Gl ol v e A T B e T R T R ' o T
G i e e e e o T e e e e o i T R
481 kEGC %ﬁ#TﬂﬁGAﬁCﬁ}m%ﬁT;TﬁﬂTﬁe&fﬂGTT Tc,CC.aAGéGCAGGSCAMG&ACETCIGG.BTGECG&GGTTG%TR{CHACTCATTGAM{T‘T.&WE&TA.CTGCC 200
A T AT oo OARAT T TCRCCROCK AT TFTATTTAGEAGNTCE] TORTARAAGTORECRRAGTCTTTECSRACHGAGA
T A A TG T TR AL TG AT T TR CRTT LS TSRACRTCCATARACK TTTATTORMMATTORMRATTAMEAGRE g
841 TQTGTCCTCT(G"I'I'¢TCECAﬂTGﬁAGETCTTCECAﬁCA?CT}TGETG.BCT@TGGTGMﬂ?GCEWETN GGECAQGCQCCTMQGGBTTTG&T&TEGETGECT[GGTCMT&PGTT 320
e E bl du s R e el e el b el o R T L W L L e
T AT A oA E A TGO CRA TG AAROARET TG TARACTCATCATSORACGACTHTGAAGMAGLCTTGTET
A o T Lo A T ST TA oGRS AR TTECMCTTANTTS R TTECRACRARAC 4
LA o AT oA oA o AT R TR GATE AT TCTCATAGCATTAGTCTOACRACGARRSGACGAC g
bl e o' e N T R T T e e o
Rl 1 oo 0 i e e T R B R 0 e e 2l L P
A A A AR GO TC TG AT GTGCTICTECT JCCRAGGANGAGL CATTCRAGRASEANTSCATOREOTTTICCTTTIC o
1801 CﬁTGﬁMICAQGT ETGECATGEBCATR;EEA'EAGTGA.QTGSTGMCCTCCETGTGT QTG&TGBTAICEﬂTAQGGQACTI’CTGCAGCECT ETBQMBTCTUICT&GAQTAQAGBCCET 640
LT T QA A AR T AT QA oB T THOARMATCRCRTCT SPASRACRE TSRO ™S o
2 WFWQT“F“P“E‘*GT“‘F“EG“Q“GR“EGTW':WW’CE“’E“ETCIC"Q“}MFGE‘GE“F“CE“MT%WFGF“ET 720
i A e R i e L e ot e S i
B e i o A i et e A 2
2401 TECCGAGTTMTGATITAG&AGUCNTGA%TC(&ATETGBTAQGAPCTGAAAGCTGCT CTI'G.B.CCﬂCA.E&GEAGBTA}'MWGECCTGT?GEACFCATCA%TCSW&CCTGGETGEMTG 840
B AT A AT A A AR TC AT [CATTCRAGRASEAMCACTTEANAMCCCAASEAGTTARANTAGETCRARATHCATORACKTOTA g
2641 ﬁIECﬁTGT CCTGGBCGEGTECAQGA&TGTGGTGGTGTE’I'I'ECC.&GCTGTTﬁGATGMTCTAAQGGBTGEATQCTFGQGE&M}'CATGGEAGQATQTGEAGBT&}T}&ACAGGBC%T 920
AT T T PO TS TR TR PORCAETITATTogeAOARC oy
2881 TFGMCTATMCCTWTGGWT%CATTEBCT&GAQGC%H}CT&BNECT CMCCEGGEUMTQCCEGAQTCEMECWCCCCMTAWW 1000
e T T R A A LA A LA T AT AT R RGOSR 1040
Ao T R oS R A A A AT T TG T AR TCRAEaRCTE O CARCATSGRSCRATICTIC 10
A LT oA R T Lo ToRCey TR TGRS AT ARG TGRGTGATRRTERCEAC 1150
S S e b e e T
A T T Y P T P T RO TP TE O s
AL R o AT T T A oA CAAT T T TE S oROARATTTECARGRTCASCTTERSEAT 120
T L AT T AN TR AT T ST o TAGAGCTAACTITITITITITITITTGCCTTTTTTATCTTGATATCCTCA

3841 AGGAAATACAACCTAG

Figure 3. Nucleotide and deduced amino acid sequence of human methionine synthase. The nucleotide residues are numbered on the left margin, while the
acid residues are numbered on the right margin. The sequence reported in this paper has been deposited in the GenBank database, accession no. U71285.

(4). Control fibroblasts were from other laboratory stocks or ththrive, severe eczema, megaloblastic anemia and surprisingly both
Montreal Children’s Hospital Cell Repository for Mutant Humanhomocystinuria and methylmalonic aciduria.

Cell Strains. Of the patients for which non-polymorphic mutations

were found, WG 1892, a Caucasian male, was diagnosed at the g@farials

of 4 years with developmental delay, tremors, gait instability,

megaloblastic anemia and homocystinuria; and WG2290, alsorae T/A cloning kit was from Invitrogen. The Geneclean I kit
Caucasian male, was diagnosed at age 3 months with failurewtas obtained from Bio 101 Inc. and the Wizard Mini-Preps were
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PCR cloning and DNA sequencing

DNA was prepared from fibroblast pellets by the method of Hoar
et al (18). Total cellular RNA was isolated by the method of
Chirgwinet al (19) and reverse-transcribed using oligorglds
primer. PCR was conducted using degenerate oligonucleotides as
primers, paired so as to link the sequences of different homology
boxes. The PCRs were conducted as described previaasly (
except that the temperature of incubation was modified to
accommodate the use of reduced temperatures in the annealing
step or by step-down PCR1). In some experiments, inverse
PCR was used to determine sequence upstream or downstream o
known sequencep®). In these instances, genomic DNA or cDNA
prepared by reverse transcription of RNA was digested with
different four base restriction endonucleases, ligated with T4
DNA ligase, and amplified by PCR using adjacent oligonucleo-
tides priming in opposite directions. Templates for inverse PCR
at the cDNA level were generated with 1A RNA reversed
transcribed using AMV-RT. Second strand synthesis was carried
out using the random-primed DNA labelling kit addingl bf
Figure 4.Mapping of the human methionine synthase gene using FISH. Signal each dNTP. Samples were mCUbate.d for 30 min éf_:37
are clearly visible at 1943 (arrows). S!’em_plate was then treated as genomic DNA for digestion and
ligation. Inverse PCR was used to obtain tten8l 3 ends of the
cDNA and to define an intron sequence adjacent to a splice
from Promega. The random-primed DNA labelling kit was fronjunction for the design of a mutation diagnostic test. The PCR
Boehringer-Mannheim. Taq polymerase, Superscript Il reverggoducts were purified with Geneclean and were subcloned in the
transcriptase, AMV reverse transcriptase, Trizol reagent, DNACR2.1 vector and transformed iaoli as per the supplier’s
zol reagent, T4 DNA ligase, and restriction enzymes wefgrotocol (TA Cloning Kit). The candidate clones were sequenced
purchased from Gibco BRL. The Sequenase kit for manualanually or by the DNA Core Facility of the Canadian Genetic
sequencing was from United States Biochemicals. ThBiseases Network or the McGill University Sheldon Biotechno-
0a-[35S]dATP (12.5 Ci/mole) was from Dupont or ICN. Thelogy Centre.
oligonucleotide primers were synthesized by R. Clarizio of the
Montreal Children’s Hospital Research Institute Oligonucleotidgutation analysis

Synthesis Facility or the Sheldon Biotechnology Centre, McGill ) . _
University. Genomic DNA and RNA were isolated from control or patient

fibroblast pellets using the DNAzol or Trizol reagents, respect-
ively, as per the manufacturer. The cDNA template for PCR was
prepared by reverse transcription of 34§ total RNA in
Comparisons were made between the publighedli cobala- reactions containing 400 U of Superscript |l reverse transcriptase
min-dependent methionine synthase sequence and sequencemith100 ng random hexamers in a total reaction volumepof 20
the NCBI databases (dbEST and GenBank) using the BLASISCP analysis was performed as described previdi@yn(

Homology matches

programs. reactions containing dl of template, Jul of each dTTP, dCTP,
A B Cc
v &
€ccd c ¢ c c n’;? cc
(bp) {bp) {bp)
8 338 18

Figure 5.Diagnostic tests for mutations in the methionine synthase gene. Numbers above the gel lanes correspond to patients cell lines whereas the letter ‘c’ idel
wild-type controls. &) Hadll restriction analysis of genomic DNA PCR products using primers #1796 and #305A. The-X358#range createsHadll site.

Expected fragments, 2756A allele: 189 bp, 2756G allele: 159 and 30 bp (the 30 bp fragment was run oB}léegefpduplex analysis of PCR products amplified

from RT reactions of patient 1892 and three controls. RT-PCR was done with primers #1772 and #1773. Expected PCR product: 338 bp, heteroduplexes can k
above this band in patient 1892 (heterozygoud2640-2642).¢) Saw®6l restriction analysis of genomic DNA PCR products. PCR was done as in (A). The
2758C- G mutation abolishes%al96l restriction endonuclease site in patient 2290. Expected fragments, control allele: 159, 30 bp, mutant allele: 189 bp (the 30 |
fragment has been run off the gel).



JEE Ak Rk % * __‘**‘ * re *' s 3 *

IATVEGDVHDIGKNIVGVVLOCNNYEIVDLGVMVPAEKILRTAKEVNADL
IATVKGDVHDIGKNIVSVVMOCHNFEVIDLGVMVPADKI IQTAINQKTDI
IATVKGDVHDIGKNIVSVVLGCNNFKVVDLGVMTPCENI IKARIEEKADF
LATVEGDVHDIGKNLVDI ILSNNGYEVVNLGIKQPITNILEVAEDKSADV
IATVKGDVHDIGKNLVDI ILSNNGYRVVNLGIKQPVENI IEAYKKHRPDC
LATVKGDVHDIGKNIVGVVLACNNFRVIDLGYVMTPCDKILOAALDHKADT
LATVKGDVHDIGKNIVGVVLGCHNFRVIDLGVMTPCDKILKARLDHKADT

Ec
Hi
Ce
M1
Ss
Mm.
Hs

T * Ay IR U T 5 *
IGLSGLITPSLDEMVNVAKEMERQG- - FTIPLLIGGATTSKAHTAVKIEQNY
IALSGLITPSLDEMEYFLGEMTRLG- - LNLPVMIGGATTSKEHTAIKLYPKY
IGLSGLITPSLDEMVYVAKEMNRVG- - LNIPLLIGGATTSKTHTAVKISPRY
VGMSGLLVESTVIMKENLEEMNTRGVAEKF PVLLGGAALTRSYVENDLAEVY
TAMSGLLVKSTAFMKENLEVFNQEG- - ITVPVILGGAALTPKFVHQDCONTY
IGLSGLITPSLDEMIFVAKEMERLA--IKIPLLIGGATTSRTHTAVKIAPRY
IGLSGLITPSLUEMIFVAKEMERLA- - IRIPLLIGGATTSKTHTAVKIAPRY

Ec
Hi
Ce
ML
Ss
Mm
Hs

A o R Gon i . .
-SGPTVYVONASRTVGVVAALLSDTCR - - -DDFVARTRKEYETVR IQHGRKKP
KQHCVFYTSNASRAVTVCATLMNPEGR - - - AALWEQFKKDYEKIQRSFANSKP
-PHPVVHCLDASKSVVVCSSLSDMSVR - - - DAFLODLNEDYEDVROEHYASLK
-EGEVHYARDAFEGLKLMDTIMSAK - RARRCAGEPGVLSCRERPQ
-KGOQVIYGKDAFADLHFMDKLMPAKNSHNWDDF -QGFLGEYATE -NGHNVTTD
-SAPVIHVLDASKSVVVCSQLLDENLR- - -DDYLEEILEEYEDIRQDHYESLK
=SAPVIHVLDASKSVVVCSQLLDENLK- - -DEYFEEIMEEYEDIRQDHYESLK

A GD

Ec
Hi
Ce
ML
S8
Mm
Hs
Mutations:

Human Molecular Genetics, 1996, Vol. 5, No1873

formamide, 2 SSC at 70C for 2 min. The biotinylated probe
was denatured in the hybridization buffer at@%or 10 min,
quickly cooled on ice, then applied on slides. Post-washing was
done by rinsing in 50% formamidex 3SC at 37C. The slides
were incubated with rabbit antibiotin antibody (Enzo Biochemi-
cals), biotinylated goat anti-rabbit antibodies (BRL) and strep-
tavidin-FITC. They were stained with propidium iodide and
mounted in p-phenylenediamine, pH 11. Cells were observed
under the microscope (Zeiss), then captured through a CCD
camera and processed using a FISH software (Applied Imaging).
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Box 2 region. Identical residues are indicated by a star above the alignment.
Dots show partially conserved residues, for which at least 6/7 identical or

similar residues can be aligned [A,G,S,T; D,E,N,Q; V.L,I,M; K,R; and FW,Y
(25)]. Mutations identified in this work are shown below the alignment. For
abbreviations, see Figure 1; Miktus musculusThe seven amino acids
conserved in cobalamin-binding proteins (9) are underlined.
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