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cDNA clones encoding the human kidney S-adenosylmethionine synthetase (kidney-type isozyme) were isolated, The amino acid sequence deduced
from the cDNA indicates that this enzyme contains 395 amino acids and has a molecular mass of 43,660 Da. The predicted amino acid sequence
ofl this protein shares 84% similarity with that of human liver S-adenosylmethionine synthetase (liver-type isozyme). In addition, the developmental
expression of these (wo isozyme mRNAs has been studied in the human liver using the reverse transcription-polymerase chain reaction (RT-PCR).
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I. INTRODUCTION

S-Adenosylmethionine synthetase (MAT) (ATP:L-
methionine S-adenosyltransferase (EC 2.5.1.6)), which
Cantoni [1] first reported, is the enzyme that catalyzes
the formation of S-adenosylmethionine from methio-
nine and ATP. S-Adenosylmethionine is an important
methyl donor in most transmethylation reactions and is
also the propylamino donor in the biosynthesis of pol-
yamines. Mammaian MAT exists as three different
isoforms, designated o (or 1), 8 (or 111), and ¥ (or II)
[2,3). The & and 8 forms are confined to the liver,
whereas the ¥ form is widely distributed in extra hepatic
tissues [2,4,5]. The o and 8 forms purified from rat liver
have been shown to be composed of four and two iden-
tical subunits, respectively, of molecular mass 48 kDa
on polyacrylamide gel electrophoresis [2,6]. Although
the a and 8 forms of MAT differ in their properties, they
are thought to be products of the same gene and, there-
fore, represent different forms of the same enzyme
(liver-type isozyme). In contrast, the ¥ form (non-he-
patic- or kidney-type isozyme) from human lympho-
cytes contained three polypeptide bands of 53, 51, and
38 kDa, and the 51 kDa protein appeared to be derived
from the 53 kDa protein [5]. However, the function of
each subunit remains to be established.

Recently, liver-type MAT ¢DNAs have been isolated
from rat [7,8) and human [9] liver cDNA libraries. In
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addition, kidney-type isozyme cDNA has also been iso-
lated from a rat kidney cDNA library [4]. Comparisons
of amino acid sequences from these species revealed a
significant degree of homology.

To study the regulation of the MAT gene in human
cells it is necessary to know the sequences of these two
mRNAs. We now report the cloning of a human kidney
MAT (kidney-type isozyme) ¢cDNA, the determination
of the nucleotide sequence and derived amino acid se-
quence, and the sequence comparison of human kidney
MAT with previously described human liver (liver-type)
MAT. We have also investigated the developmental ex-
pression of the mRNAs for human isozymes.

2. MATERIALS AND METHODS

[a-**P)dCTP, [a-**S]dATP and Hybond-N nylon membranes were
obtained from Amersham Corp. Restriction enzymes, DNA-modify-
ing enzymes, a random-primed DNA labeling kil, and random hex-
amers {(dN),) were from Takara Shuzo Co. (Kyoto, Japan). Avian
myeloblastosis virus reverse transcriptase XL was from Life Sciences.
The sequenase DNA sequencing kit was from United States Biochem-
ical Corp. A human kidney Agtl]l ¢DMA library and fetal (21-week-
old) human liver poly(A)* RNA were from Clontech Laboratories Ine.
GeneAmp DNA amplification reagent kit was from Perkin Elmer
Celus. All other chemicals and reagents were of analytical grade and
obtained from commercial suppliers,

2.1. Cloning and sequencing of the cDNA encoding human kidney MAT
A human kidney cDNA library in Agtl | plated on Escherichia coli
LE392 was screened by standard plaque hybridization techniques {10}
using the EcoRlI insert of rat kidney MAT cDNA [4]. The probe was
labelled using the random primer methed [11]. Phage and plasmid
DNA isolations, restriction analysis, subcloning, and subsequent re-
corbinations were performed using standard procedures [10].

2.2, Nucleotide sequence analysis
DNA sequencing was carried out on both strands of isolated clones
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by the dideoxy chain-termination method [12], using [MS|dATP and
sequenase.

2.3, RNA preparation

Total RNA was prepared from human kidney and liver by the
method of Chirgwin et al. [13]. Poly(A)" RNA wus isolated by
oligo(dT)-cellulose chromatography [14)].

2.4, Reverse transcription-polymerase chain reaction (RT-PCR)
Poly(A)” RNA (1 g) was incubited for 60 min at 42°C in a reaction
mixture (50 41) containing 50 mM Tris-HCI (pH 8.3), 75 mM KCl. 3
mM MgCl,, 10 mM dithiothreitol, 3 nmol of cach deoxynucleotide
triphosphate (dNTP). 5 U of ribonuclease inhibitor from human pla-
cenia, 100 pmol of random hexamer primers, and 20 U of Avian
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myeloblaslosis virus reverse Lranscriptase. 1 gl of the product was
subsequently subjected to the PCR using a GeneAmp DNA Amplifi-
ciation kit in a tolal volume of 50 g, The mixture was incubated for
25 cycles: denaturation, 1 min at 94°C; annealing, 1 min at 54°C; and
polymerization, 2 min at 72°C. The last cycle ended with 7 min at 72°C
and gradually cooled to ambient temperature. The sizes of the resuli-
ing PCR products were analyzed by electrophoresis in a4 2% agarose
gel. The PCR product was purified on agarose gel, phosphorylated
with ATP and T4 polynucleotide kinuse, and cloned into pUCI19
plasmid al the Smal site. The nucleotide sequences were delermined
as deseribed,

2.5. Northern blot anulysis
1 ug ol poly(A) RNA from human kidney was denatured and
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Fig. 1. Nucleotide sequence and deduced amino acid sequence ol the human kidney S-adenosylmethionine synthetase, Nucleotides are numbered
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TTTCGCAGCCGCTACCGCCTCGCCGCTGCTCCTTCGTAAGGCCACTTCCGCACACCGACACCAAC

ATGAACGAOACAGCTCAACGACTTCCACGAGGCATTCATCGAGGAGGGCACATTCCTTIMTCACCTCAGAGTCAGGTCGGGGAAGGCCAC
MetAshClyGlnLeuAsnGlyPheHisGluAlaPhelleGluGludlyThrPhelLeuPheThrSerGluServValGlyGluGlyliis

CCAGATAAGATTTATGACCAAATCAGTAATGCTGTCCTTGATGCCCACCTTCAGCAQUATCCTCATACCAAAGTAGCTTGTGAAACT
ProAsplLysIleCysAspGlnlleSerAspAlaValLleuAspAlallisLeuGlnGlnAspProAspAlaLlysvalalaCysGluThr

GTTGCTAAAACTGGAATGATCCTTCTTGCTGGGGAAATTACATCCAGAGCTGCTGTTGACTACCAGAAAGTGGTTCATGAAGCTGTT
valAlaLysThrGlyMetIleLeuleuAlaGlyGlulleThrSerArgAlaAlaValAsplyrG lnLysValvValArgGluAlaVval

AAACACATTACATATCGATGATTCTTCCAAAGGT TTTGACTACAAGACT TGTAACGTGCTGGTAGCCTTGGAGCAACAGTCACCAGAT
LysHisIleGlyTyraspAspSerSerLysGlyPheAspTyrLysThrCysaAsnValleuValAlaLeuGluGlnGlnSerProAsp

ATTGCTCAAGGTG M CATCTTCACAGAAATOAACAAGACATTGGTGCTAGAGACCAGOGCTTAATGTTTAGCTATGCCACTGATGAA
TleAlaGlnGlyValHisLeuAspArgAsnGluGluAspl leGlyAlaGlyAspGlnGlyLeuMetPheGlyl'yrAlaThrAspGlu

ACTGAGGAGTGTATGCCTTTAACCATTGTCTTAGCACACAAGCTAAATGCCAAACTGOCAGAACTACGCCGTAATGGCACTTTGCCT
ThrGluGluCysMetProLeuThrl leValLeuAlallisLysLeuAsnAlaLysLeuAlaGluLeuArgArgAsnGlyThrLeuPro

TGGTTACGCCCTGATTCTAAAACTCAAGTTACTGTGCAQTATATGCAGGATCGAGGTGCTGTGCTTCCCATCAGAGTCCACACAATT
TrpLeuArgProAspSerLysThrGlnvalThrvalGlnTyrMetGlnAspArgGlyalavalleuProl leArgvValllisThrlle

GTTATATCTGTTCAGCATGATGAAGAGG T TTGTCTTGATGAAATGAGICATGCCCTAAAGGACAAAGTCATCAAAGCAGTTGTGCCT
ValIleSerValGlnilisAspGlutiluvValCysLeuAspOluMetArgAspAlaleulysGluLysVallleLysAlavalValPro

CCGAAATACCTTGATCAGOATACAATCTACCACCTACAGCCAAGTGGCAGATTTCITATTGOTGGGCCTCAGGATGATUCTGGTTTG
AlaLysTyrLeuAspGluAspThrlleTyrHisLeuGlnProSerGlyArgPhevVallleGlyGlyProGlnGlyAspAlad lyLeu

ACTGGACGGAAAATCATTGTCGACACTTATGGCGCTTAGGGTGCTCATAGAGQAGGTCCCTTTTCAGGAAAQGATTATACCAAGGTC
ThrGlyArgLysilelleValAspThrTyrGlyGlyTrpGlyAlalisGlyGlydlyAlaPheSerG lyLysAspTyrThrLysVal

GACCGTTCAGCTGCTTATGCTGCTCGTTGGGTGGCAAAATCCCTTGTTAAAGGAGGTCTGTGCCGGAGGGTTCTTGTTCAGGTCTCT
AspArgSeraAlaAlaTyrA laAlaArgTrpValAlaLysSerLeuVallysGlyQGlyLeuCysArgArgvalleuvalQ@lnvValSer

TATGCTATTGGAGTTTCTCATCCATTATCTATCTCCATTTTCCATTATGGTACCTCTCAGAAGAGTGAGAGAGAGCTATTAGAGATT
TyrAlalleGlyValSerliisProLeuSerlleSerIlePhellisTyrGlyThrSerGlnLysSerG luargGluleuLeuGlulle

GTGAAGAAOAATTTCGATCTCCGCCCTGGGGTCATTGTCAGGGATCTGGATCTGAAGAAGCCAATTTATCAGAGGACTUCAGCCTAT
vallLysLysAsnPheAspleuArgProtlyVallleValArgAspLeuAspleuLysLyaProlleTyrGlnArgThralaAlaTyr

GGCCACTTTGGTAGGGACAGCTTCCCATGGGAAGTGCCCAAAAAGCTTAAATATTGAAAGTGTTAGCCTTTTTTCCCCAGACTTGTT
GlyliisPheGlyargaspSeritheProTrpGluvalProLysLuysLeulysTyr #

beginning with the predicled N-terminal residue. The asterisk indicates a translation termination codon.
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separated on a 1.0% agarose gel as described by Thomas [15], then
transferred to Hybond-N nylon membranes, Prehybridization and
hybridization of the membranes were performed as described [4].
HKSAMI cDNA probe was labelled by the random primer DNA
labeling kit.

2.6 Polyacrylamide gel electrophuresis

A sample of the PCR mixture (5 ul) was added to 5 ul of loading
bufter (50% glycerol, 0.23% Bromophenol blue, xylenecyanol FF)and
size-fractionaled by electrophoresis in a 1-mm thick non-denaturing
6% polyacrylamide gel. Gels were stained in ethidium bromide (0.5
ug/ml), de-stained in water, and examined on a ultraviolel trans-
illuminator. Gels were photographed using an orange filter and Polar-
oid 665 positive/negative film.

3. RESULTS AND DISCUSSION

3.1. Isolation and sequence analysis of cDNA clones
Using a rat kidney MAT ¢DNA as a probe, we
screened about 200,000 clones from a human kidney
c¢DNA library and obtained several clones. The purified
clones contained cDNA inserts of sizes ranging over
1.0-1.8 kbp. The largest cDNA clone, HKSAMI, was
subjected to further analysis. The cDNA was 1,840 bp
in length and, when compared with the cDNA encoding

s ¥ BE 5 RAIRNERSFAERANBANES SUASAERE EES SNRERSRS
UK  MNGQLNGFHEAFIE~EQTFLETSESVAEQHPDKICLRQ] SDAVLDANLQQDPDAKYACETY
KR MNGRLNOFHEAR]E£=EGTFLFTSESVAEGHUPDRICDRINDAYLDAULQRDIDAKYACETY
lil,  MNOPVDQLCDHELS-EQGYFMFTSESVAEGHPDKICDQI SDAVLDANLRQDPNAKVACETV
RL MRGPYDALCDISLSEEGAFMFTSESVOEGHPDKICDQISDAVLDAHLKQDENAKVACETY

SRR A3 RXOAAE B EEE AXN BARBIREE EREY STEREBANEARAEREREDNY
AKTGHILLAQEL'TSRAAVDYQKVVREAYKHIQYDDSSKGEDYKTCNYLYALEQRSPDIAQ
ARTGMILLAGEITSRAAILYQKYVREAIKIIGYDDSSKAFDYRTCNVLYALEQRSPDIAQ
CKTGMVLLCGEI'T3MAMYDYQRVVRDTIKHIQYDDSAKGFDFKTCNYLVALEQQSPDIAQ
CKT'UMVLLCGE1TSMAMIDYQRYVRDTIKH1GYDDSAKAFDFKTCNYLYALEQQSPDIAQ

BEABRRSAE SARRSAEASARRERABRUERSARNS AEEENN KRR & ARNBEAS
QVHLDRNEEDIQAGDQULMFGYATBETEECHPLT1VLAUKLNARLAELRRNQTLEWLRPD
QYILDRNEEDI1QAQDQGLMFAYATDETEECH PLT IV LANKLNAKLAELRRRQTLPWLRPD
CYIHLDRNEEDYGAGDROLMFGYATDETEECMPLTT I LAIKLNARMADLRRSQLLPHLRED
CVHLDRNEEDVGAGDRALMFGYATDETEECM PLTIVLANKLNTRMADLRREGVLIPHLRED

BEREIREAL AR BAK A K SRFRENRRD ¢ B K REEE K SAARAREERER
SKTRVIVRYMQDRGAVLPIRVHTIVISVQIDEEVCLDEMROALKEKV IKAVVPAKYLDED
SRTQVTVQYMQDRAAVIPIRYITIVISVQIDEEVCLDEMRDALKEKL 1 KAVVPAKY LDED
SKTQYTVQYMQDNGAYIBVRINTIVISVQUNEDITLEEMRRALKEQVIRAYVPAKY LDED
SKTRYTVQYYQDNGAYIPVRVUTIVISVQIINEDITLEAMREALREQV IKAVYPAKYLDED

B BEESARAEANENANABEAT BALSARBRRE  BANABSEXSERRRRRAUSABORNIANN
TITHLRPSGRFVIGUPRUDAQLTARK 1 YDTYOQHGAIIQGUAFSGKDY TKVDRSAAYAAR
TIYDLQPSGRFVIGUPRGDAGLTGRK1 I VDTYGARUANGOOAFSGRDYTHVDREAAYAAR
TVYULQESARFVIGAPRADAGYTARK 1 I VDTYAAWOAHQGUAFSGEDYTKYDRSAAYAAR
TLYILYPSSRFYICOPQADAGVTARK] 1 VDTYUQNOAHCGUGAFSGRDYTKVDRSAAYANR

ERAXESAN SUSARARREERRRERE  AAKNAER BRERX ¥ 34 EER * ANRENRR
HYAKSLVRGULCRRVLVQVSYAIGVSIIPLS 181 FUYGTSQRSER-ELLEIVKKNFDLRPO
HYAKSLVKOQLCRRVLVQVSYALGYSIHPLS 181 FHYGTSQRSER-ELLEIVENNFDLRPQ
HYAKSLVKAGLCRRVLVQYSYAIQVAEPLSISI FTYGTSQKTER-ELLDYVIENFDLRIPG
WYAKSLVKAGLCRRYLYQYSYALGYAEPLS 181 FIYGTSKKTERDELLEYVNRNFDLRIPG

ABAKARERRARARR AF BAEERE  AREEAS AR
VIVADLDLKKPI1YQRTAAYQHFORDSFPHEVPKKLKY
VIVROLDLEKP1YQRTAAYQHFORDSF PWEVERKLKY
VIVRDLDLKKP1YHKTACY G FCRSEF PHEVPRELVE
YIVRDLDLKKP1YQKTACY GIIFORSEF PHEVPKKLVF
Fig. 2. Comparison of the deduced amino acid sequence of human
kidney S-adenosylmethionine synthetase (HK) with those of human
liver (HL), rat kidney (RK), and rat liver (RL) S-adenosylmethionine
synthetases. Amino acids are represented by the single-letier code, The
sequences are aligned for maximum similarity and gaps are indicated
by dushes. Asterisks denoie amino acids conserved in all four §-
adenosylmethionine synthetases. The sequence data have been laken
from the following references: human liver [9]; ral kidney [4]; rat liver

7.
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the rat kidney counterpart, it seemed to be derived from
an incompletely processed mRNA, containing a short
unexcised intron of 635 bp in length (between nucleotide
residues 1,085 and 1,086 in Fig. 1). To ensure that the
intron-like sequence of 635 bp was absent in the mature
mRNA, PCR was performed with primers that allowed
amplification of the sequence across the intron-like seg-
ment. Poly(A)" RNA from human kidney was isolated
and first strand cDNA was synthesized by random hex-
amer-primer reverse transeription. Such single-stranded
c¢DNA was used as a template for DNA amplification
by PCR using two primers (nucleotide residues 879-898
and 1,210-1,229) synthesized according to the nucleo-
tide sequence of human kidney MAT. An amplified
product of 351 bp in length was only detected by aga-
rose gel electrophoresis. This result showed that the
intron-like segment observed in HKSAMI1 was com-
pletely excluded from the human kidney MAT mRNA
sequence. This PCR product was subcloned into the
pUCI119 vector and the DNA sequence of the insert was
determined from a purified clone. The nucleotide se-
quence of the insert cDNA was found to be 100% identi-
cal to the corresponding region of the HKSAM1 cDNA
except for the intron-like sequence.

The nucleotide sequence of the coding region and
deduced amino acid sequence is shown in Fig. 1. The
open reading frame, starting with the 5-most ATG
codon at position ! through 3, and terminating with a
TGA codon at 1,186 through 1,189, encoded a 395
amino acid polypeptide, giving a calculated molecular
mass of 43,660 Da. The codon specifying the N-termi-
nus of the protein was inferred by aligning the deduced
amino acid sequence of human MAT with the published
sequence of rat kidney counterpart [4). The initiator
methionine is localized at the same position as the rat
sequence. The ACCAACATG sequence around this pu-
tative initiation site is in reasonable agreement with the
consensus sequence for translation [16]. Thus, it seems
likely that this ATG is the translational initiation
codon.

3.2, Comparison of human kidney MAT protein se-
quence with other MAT

A comparison of the predicted amino acid sequence
of human kidney MAT with those of human liver [9],
rat liver [7], and rat kidney {4] isozymes is presented in
Fig. 2. The human kidney enzyme showed 84, 84, and
999% similarity with human liver, rat liver, and rat kid-
ney isozymes, respectively. The amino acid sequences of
human kidney and liver MAT proteins are 84% identi-
cal throughout their length. This level of sequence sim-
ilarity suggests that our cloned human kidney MAT
protein seems to be a catalytic subunit.

3.3. Northern blotting
MNorthern blot analysis was performed using the en-
tire insert of HKSAM1 ¢cDNA as a probe. Probing of

39



Volume 312, number 1

Origin —

28s— __-38kb
18s— ¥ T 34k

Fig. 3. RNA blot analysis. Poly(A)* RNA extracted from adult human

kidney was hybridized to the HKSAMI probe. 28 S (4.8 kb) and 18

$ (1.9 kb) human kidney rRNA were used as size markers, RNA sizes
in kb are indicated on the right.

poly(A)” RNA derived from human kidney revealed
two mRNA species of 3.4 and 3.8 kb in length (Fig. 3).
The 3.4 kb band was the most abundant.

3.4 Developmental expression of MAT isozyme mRNAs

We have previously shown, by determining the en-
zyme activities, that the kidney-type MAT predomi-
nantly existed in fetal rat liver and was progressively
replaced by the liver-type isozyme during development
{17]. However, the availability of these two human
MAT isozyme cDNA sequences allowed us to examine
the expression of both isozyme mRNAs in the fetal and
adult human livers using the more sensitive RT-PCR
method. Poly(A)” RNAs extracted from human kidney,
fetal (21-week-old) human liver, and adult (78-year-old)
human liver were reverse transcribed to obtain comple-
mentary DNAs for PCR amplification. Primers used in
the PCR amplification were designed to amplify the
human kidney-type (primer pair K: nucleotide residues
24-43 and 210-229 in Fig. 1) and liver-type (primer pair
L: nucleotide residues 24-43 and 171-190 in [9]) MAT
sequences of 206 bp and 167 bp, respectively. When
¢DNA derived from adult human kidney RNA was
amplified, a single band was only detected at the size
(206 bp) of the product expected {rom the kidney-type
MAT using primer pair K (Fig. 4, lane 1). However, no
PCR product was observed using primer pair L (lane 2).
In contrast, the PCR products derived from adult
human liver contained a major band (167 bp) of the
liver-type MAT (lane 4), whereas the kidney-type MAT
was faintly detected (lane 3). This experiment clearly
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123456
Origin —m uE

Fig. 4, Ethidium bromidesstained polyacrylamide gel of RT-PCR

products. ¢cDNAs from adult human kidney (lanes 1 and 2), adult

human liver (lanes 3 und 4), and letal human liver (lanes 5 and 6) were

amplified using primer pair K (lanes 1, 3 and 5) or primer pair L (lanes

2,4and 6). Size markers (pUC118/Hinfl ragments) in bp are indicated
on the left. PCR products in Bp are indicated on the right.

showed that the kidney-type MAT mRNA was ex-
pressed at very low levels in the adult liver. These results
indicated that the RT-PCR analysis accurately ampli-
fied the target regions, and the products were not the
results of amplification of genomic DNAs. Furiher-
more, we have examined the expression of MAT
isozyme mRNAs in the fetal human liver. The results
showed that both kidney- and liver-type MAT mRNAs
were expressed in fetal human liver and the kidney-type
MAT mRNA was relatively abundant (lanes 5 and 6).
1t is considered to be somewhat difficult to derive abso-
lute quantitative conclusions from PCR. However, we
suggest that the differences in kidney-type MAT prod-
uct levels within each sample reported here are likely to
accurately reflect relative differences in mRNA levels.
Qur results are generally consistent with previous stud-
ies on the developmental expression of MAT isozymes
in the rat liver [9]. These findings suggest that, from fetal
to adult, the expression of these two MAT isozymes is
developmentally regulated.

'This cDNA will be a useful tool fer future studies to
understand the mechanisms of the tissue- and stage-
specific gene regulation,
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