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The cod ing se quences of two S-adenosyl-L-homocysteine hy dro lases (SAHases) were
identifiedinyellowlupinebyscreenigofacDNAIibrary. One ofthem, cor re sponding
to the complete protein, was sequenced and compared with 52 other SAHase se-
quences. Phylogeneticanalysis of these proteins identified three groups of the en-
zymes. Group A com prises only bac te rial se quences. Group B is sub di vided into two
sub groups, one of which (B1) is formed by an i mal se quences. Sub group B2 con sist of
twodistinctclusters, B2aand B2b. Cluster B2b com prisesall known plant se quences,
in clud ing the yel low lu pine en zyme, which are dis tin guished by a 50-residue in sert.
Group Cis heter o ge neous and contains SAHases from Archaea as well as a new class
of an i mal en zymes, dis tinctly dif fer ent from those in group B1.

S-Adenosyl+-homocysteine hydrolase (Ado-  (AdoHcy) to adenosine and homocysteine
Hcy hydrolase, SAHase, S-adenosylhomo-  (Fig. 1). AdoHcy is formed in methylation re-
cysteinase, EC 3.3.1.1) catalyzes the revers-  actions that utilize S-adenosyl-L.-methionine
ible breakdown of S-adenosyl-L-homocysteine  (AdoMet). AdoMet is a methyl donor in
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methylation of many biomolecules ranging
from small neurotransmitters (nor-
epinephrine, histamine) to macromolecules
(nucleic acids, lipids, polysaccharides, pro-
teins) (Giovanelli, 1987). By removing the
AdoHcy byproduct, SAHase serves as a regu
lator of AdoMet-dependent biological methyl-
ation reactions. Inhibitionof SAHase re sults
incellularaccumulationof AdoHcy, whichre
duces the rate of transmethylation, including
reactionsinvolvedinviralmRNATreplication.
There fore, SAHase isapo ten tial tar get for an

AdoHeoy

ACCAAGAGCAAGTTTGA-3' and RJIR
5-ACAATGGCATTGTTCTTCAT-3' were de si
gned us ing the aligned se quences of SAHases
from Catharanthus roseus (Schroder et al.,
1994), Medicago sativa (Abrahams et al.,
1995), Nicotiana sylvestris (Mitsui et al ., 1993),
and Petroselinum crispum (Kawalleck et al.,
1992) (see Fig. 2 for localization of primers
and Fig. 3 for plant phylogenetic relations).
RJ1F, with two-fold degeneration, corre-
sponds to the region between nucleotides
697—716, and RJ1R to the region 1015-1034

Ado Hey

Figure 1. Reversible breakdown of S-adenosyl-L-homocysteine (AdoHcy) to adenosine (Ado) and
homocysteine (Hcy) cat a lyzed by S-adenosyl-L-homocysteine hydrolase (SAHase).

tiviral ther apy. About fifty SAH hydrolase se
quences from various sources have been de-
posited in the genomic databases. These se-
quences contain a domain responsible for
non-covalent binding of NAD*, which is a co-
fac tor of the en zymes. In this pa per, we have
determined the nucle o tide and amino-acid se
guence of SAHase from a le gume plant, yel low
lupine (Lupinus luteus). The experiments de-
scribed here were carried out with yellow lu-
pine in the sym bi otic state, with roots in fected
with nitrogenfixingbacteria, Bradyrhizobium
lupini.

MATERIALS AND METHODS

Screening of cDNA library. A cDNA li-
brary from Lupinus luteus roots with young
and mature nod ules (Sikorskiet al., 1999) was
screened with a probe pre pared by PCR am pli
fication. Two PCR primers: RJ1IF 5'-GTY-

of the above sequences. Five ng of the above
cDNA li brary was used as a tem plate in PCR
amplificationwithTag DNA polymerase. The
amplicon was 338 nucleotides long and
showed 87% sequence identity at nucleotide
level and 92% identity at amino-acid level in
comparisonwiththecor respondingfragment
of Medicago sativa SAHase. A probe was pre-
pared with 100 ng of the amplicon, 0.033
mmoles [aSZP]dCTP 3000 Ci/mmol), ran-
dom prim ers, and Klenow en zyme. It was sub
se quently pu i fied with Ql1Agiuck PCR pu ri fi
ca tion kit (QIAGEN, cat. no. 28106) and used
for library screen ing. About 1.5 X 10° pfu of
the cDNA li brary was screened with the probe
yield ing about 200 hy brid izingsignals. cDNA
inserts of five purified A clones were
subcloned into the pSK Bluescript vec tor by in
vivo excision following the Stratagene
UNI-ZAP cDNA library protocol. Plasmid
DNA isolation by alkaline lysis was done ac-
cording to Sambrok et al. (1989). The clones
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were se quenced with the fmol DNA Cy cle Se
quencing Kit (Promega, cat. no. Q4100).
Clones pR1, pR2 and pR3 contained a
271-nucleotide insert (GenBank accession
num ber AF252255) cor re spond ing to the cod
ing region 610-880 of Medicago sativa
SAHase. Two other clones, pR4 and pR5, were
identicalandcontaineda1806 bpinsertcorre
sponding to the complete SAHase coding se-
quence (Fig. 2) (GenBank accession number
AF185635). In the com mon re gion they dif fer
from pR1, pR2and pR3 (88% iden tity at nu cle
otide level, 97% at amino-acid level). The lon-
gest ORF of pR4 and pR5 shows 84% identity
at nucle otide level and 91% iden tity atamino-
acid level toMedicago sativa SAHase. The pR4
and pR5in serts have 45 nucleotidesup stream
of the start codon and a 303-nucleotide 3" un-
translatedregion.

Hybridizationexperiments. Sam ples of 10
ug of total RNA from Lupinus luteus roots,
roots infected with Bradyrhizobium lupini,
leaves, and seeds were used to pre pare North
ern blots. RNA isolation was according to
Chirwing et al. (1979). Hybridization under
high stringency conditions with a radioac-
tively la beled in sert of pR4 re vealed the pres
ence of asin gle hy brid iza tion band in all sam
ples. The length of the hybridizing RNA is
about 1800 nu cleo tides whichisinagree ment
with the size of the pR4 and pR5 inserts.

Samples of 5 ug of Lupinus luteus genomic
DNA digested with restriction enzymes were
used for Southern blot analysis. Genomic
DNA prep arationwas per formed as in Crespi
et al. (1994). The blot was hybridized under
high stringency conditions with the same
probe as above. Two hybridizing genomic
DNA fragments (about 8.2 and 2.8 kb) were
obtained with Xbal, three fragments (12.0,
5.0, and 2.0 kb) with EcoRlI, and one (8.0 kb)
with BamHI.

Cloningandexpression. The lon gest ORF
of the pR4 clone was li gated into the pET-15b
expression vector using restriction sites for
Ndel and BamHI introduced intothe 5’ and 3’
ends of the Lupinus luteus SAHase cod ing se

quence by PCR amplification with appropri-
ate prim ers. BL21 Escherichiacoli cells trans-
formed with the above vec tor pro duced a new
protein after induction with IPTG.

Protein sequence analysis. Multiple pro-
teinsequencealign mentwas per formed using
the CLUSTAL W program (Thompson et al.,
1994). The amino-acid sequence of Lupinus
luteus SAHase was com pared with 52 other se
quences present in the NCBI and SWISS
PROT genomic databases and annotated as
SAHases. The aligned se quences were used to
con structa phylo gen etic tree in the TreeView
program (Page, 1996).

RESULTS AND DISCUSSION

The se quences of the cDNA clones pR1-pR5
attest to the presence of two SAHase homo-
logues in the Lupinus luteus genome. The
clones pR1, pR2, and pR3 reveal an incom-
plete coding sequence of one of those en-
zymes, LISAHase-l. The fragment of
LISAHas-1 is identical in all three clones and
corresponds to the region 655-925 bp of
LISAHas-2 as shown in Fig. 2. Two other
clones, pR4 and pR5, correspond to the com-
plete cod ing se quence of LISAHase-2 (Fig. 2).
The 1806 bp in serts of clones pR4 and pR5 are
100%identical atnucle o tide level and have an
identical struc ture, i.e. a 1458-bp-long cod ing
se quence sur rounded by a45-bp5’-UTRand a
303-bp 3-UTR (Fig. 2). Such sequence and
structure identity of two independently iso-
lated cDNA clones strongly sug gests that they
represent the complete transcript of the
LISAHase-2 gene. LISAHase-1 and LISA-
Hase-2 re veal 88% iden tity at nu cle o tide level
and 97% identity at amino-acid level. The
phylo gen etic status of LISAHase-2 is shown in
Fig. 3and is in agree ment with Lupinus luteus
phylogeny (the identity between LISAHase-2
and Medicago sativa SAHase is 84% at nu cle o
tide level and 91% at amino-acid level). In the
case of LISAHase-1, the known fragment is
too short for phylogenetic analysis with ade-
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-8 P B A e 1L B L R N U Al A Ay 4ant]l Can A Alss
1 4TG GCa TIG CTa GTa GAS Add  ACC  4CA  ACST GGT CGT Gas  Tad  4a5  GTG
1 M A L L v E E T T 5 el E E Y E v
4 AAG GAC ATS TCC CAA GCA GAC  TTC GGT COGT  CTa GAA ATA GAG  TTA GC4
7 K D M 5 Q A D F el E L E I E L A
97 Gas GTT Gais aTs CCT GGG TIG ATG GCT  TCa 4GA  TCT Gas TIT GGT  CCC
B E v E M P (el L M A 5 R 5 E F c P
1€ TOT CAG CC4  TIC AAh GGA GCT AAG  ATC  ACT GGC TOC  CTT CAC  ATS  ACT
£ 5 Q P F K G A K I T G 5 L H M T
195 ATC Caa  ACT GC4 GTC  CTS  ATT Gaa ACC  CTC  ACT GOC CTT GGT  GCT  Gaa
6 I Q T A v L I E T L T A L el A E
241 GTC  acGA TG TGT TCa TEC  4AC  ATC TIC TCoC  ACT CAG  GaC  CaT GCT  GCT
Bl ¥ R w c 5 C N I F 5 T Q D H A A
89 GCT  GoC ATT GCA CGT  GAC  AGT GOT GOT 6T TIT GCa TG 4G GGT  GAG
T A A I A R D 5 A A v F A w K c E
33T OACC CTC CAS GAG  TAT TGG TG TSC  ACT GAG CGT GOC  COTT GAT TSG  GGT
13 T L Q E Y W OW c T E R A L D W (el
388 CCT GGT GGT GGEC  CCT GAC CTC ATT GTT GAT GaT GGET GGT GAC ACC  ACG
1@ P (el (el (el P D L I v D D (el (el D T T
43 TTF TIG ATC CAT Gas GGG GTT 4AG GOT  GaG  Gas  ATT TAT GAG  AaF  AGT
1€ L L I H E el v K A E E I ¥ E E 5
481 GGC CaG  TIC  COT GAC  CCT GAT  TCA  ACT GAT  AAT GCOT GaG  TTT aas  ATT
6l @ Q F P D F D 5 T D N A E F K I
52 GTG TIG TOT  ATT ATé A4AG Gad GGG TG AAG  ACA GAT CCT  4AG  AGG  TaT
1T v L 5 I 1 E E el L E T D P K E ¥
ETT CAT 4A&G ATS AAS GAT A4GA  GTT GTT GGT GTT  TOG Gad GAG  ACA  ACT  ACT
193 H K M K D E v v el v 5 E E T T T
62 GGT GTT 4AG AGS TTS TAT Cas 4TS Cad GCT 44T GGa  4CT CTC TG TIC
W o v K E L ¥ Q M Q A M el T L L F
673 CCT  GCT  ATC 44T GTC 44T GAC  TCT OTC  ACC AAG  A4C0C 44C  TIT GAT 44C
7= P A 1 M v N D 5 v T K 5 K F D N
721 TTa TaT GGa TsC ©5C Cat  TCT CTC oCC GaT GGa  CT5  ATG  4GA  GCC ACT
24 L Y [l c R H 5 L P D el L M R A T
760 GAT GTT ATG  ATT GOC GO 4AS GTC  GCa GTT GTT GOT Go4  TAT GGA GAT
s D v M I A (el E v A v v A C Y (el D
BIT GTT G4 4AG GGT  TGT GOT  GOT GCA TG Adh Cas  GOT GGT SCT  CGT  GTC
MmOV el E [l ¢ A A A L E Q A ¢ A E v
865 ATA GTA ACC GAS  ATT GAT CCA  ATC TGT GC0C  CTT Cah GCT  ACA ATS  GAd
w1 v T E I D P I c A L Q A T M E
o013 GGT CTT can GTT CTa Ach  TIG Gasi GAT GIT GTC  TCC GaG GCT  GAT  ATC
0E L Q v L T L E D v v 5 E A D I
951 TIT GTT A4CC  ACC  ACA GOT 44T AAG GAC ATC  ATC ATG CTT GAT Cac  ATG
321 F v T T T el N K D I I M L D H M

W AA5  AAn ATG  AAG AAC  AAT GCC ATT GTC TGC  44C  ATT GGT Cac  TIC  Gac
3T K K M K N N A 1 v c N I [l H F D

W5T AaT Gab ATC Gac AT  CTT GGC  CTT GAG ACA CaC CCT GGT GIC  AAG  CGC
3 N E I D M L c L E T H P c v E R

10s ATS ACA ATS AAG CCT Chad ACT GAT AGS TGG GTC  TIC CCT GAG  ACC  AAC

360 I T I K P Q T D E W v F P E T N

1153 4CT GGC ATC  ATT aTa TIG GCA Gas GOT CGT  Tra ATG  44C  TIG GGT  TST
3| T (el I I I L A E el E L M N L c c
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1201 GCC  ACA GGA CAC  OC4 AGT TIT GTT ATG  TCA  TET TCa  TIC ACC  AAC  CAG
401 A T G H P 5 F v M 5 C 5 F T N Q
R# GIT ATT GCT CAG CTT GAG TIG TGG 44T GAG A4G AGT TCT GGA AAG  TAT
4T ¥ I A Q L E L W N E K 5 5 (¢l K Y
1297 GAG AAG A4AG GTT TAT GTT CTG ©CT AAG CAC  CTT GAT GAG A4G  GTT GCT
43 E K K v Y v L P K H L D E K v A
B4 GCT CTT CAC CTT GAd 44G  CTT GGA GCT  AA4G  CTC ACY A44G  CTT  AGC A4A4G
49 A L H L E K L el A K L T K L 5 K
1393 GAC Cad GCT GAT TAT ATC 4GT GTC CCT GTT GAG GGT CCh T4l 44G  CCT
465 D Q A D Y I ] v P v E (el P Y K P
441 TIC CAC TAT AGG TAC TGA TAT GAT ATC 44T CAT GAT GAT ACT GAG GG4
481 F H Y R Y  sTOF

1489 A4k GAA  AGT CAT TIT TAT GAT ATC 44T CAT GAT GAT ACT GAG GGA Add
1537 AGA AA4  GTC ATT TIT GTC ATT TIT 4TC TIG 444 CTG GAT TIT TIC Tha
1585 TT4 CT4 TAT TIT TC4 GAT TIG TsG TaG GGT GGT AGT TIT ATG AT4A TTT
63 TIG TIG GAT GIT TTa TIC CAT TG GTT GGG 4GG GTA AGA GCA  AdL  ACH
1681 44T CT4 ATG GTC TIT GCA Gid 4ATG AGA CC4A 44T 44T GGG TIT TIG 44T
1T 4AG GCT  TIG  ATT GaG  GIT GT TG GTT ATG ATT TIG  4ATT TAT GTT TG
17T TT4 ATT CaC CAT TTh CTh TC4& TaC TIT GGT CTC

Figure 2. Nucle o tide and amino-acid se quence of S-adenosyl-L-homocysteine hydrolase from yel low lu-
pine (LISAHase-2).

Se quences cor re sponding to the PCR primers RJ1F and RJ1R are un der lined. The plant-specific in sertis shown in
green. Itsep arates the cata lytic and NAD "-bind ing SAHase do mains. The frag ment printed in red cor re sponds to
the par tially se quenced LISAHase-1 (not shown). The de duced amino-acid res i dues that would be differentinthe

LISAHase-1 pro tein are shown in italics.

quate resolution. It remains, therefore, an
open question whether the two LISAHase
homo loguesare simply paraloguesoccu pying
distinct loci (a more probable hypothesis) or
whether they rep re senttwo al leles. More over,
be cause of the paleopolyploidy of the Lupinus
luteus ge nome, even orthology of LISAHase-1
and LISAHase-2 cannot be excluded.

The length of yellow lupine SAH hydrolase
MRNA estimated by Northern blotting is
around 1800 nucleotides, in good agreement
with the length of the pR4 and pR5 in sert. The
South ernblot data re veal the pres ence of one
(about 8.0 kb) BamHI fragment, two Xbal
fragments (8.2 and 2.8 kb), and three EcoRlI
fragments (12.0, 5.0, and 2.0 kb) in genomic
DNA which hybridize with the LISAHase-2
probe. The pattern of restriction-enzyme di-
ges tion sug gests that there is a sin gle gene for
each of the SAHase homologues in the

Lupinus luteus genome. The probe cross-
hybridization with the LISAHase-1 and
LLSAHase-2 genes could be ex pected be cause
of their high similarity.

The size of the transgenicprotein (about57
kDade ter mined by SDS/PAGE electrophore
sis) produced by Escherichia coli cells trans-
formed with the plasmid bearing the insert
from pR4, isin agree ment with the cal cu lated
mass of Lupinus luteus SAHase incremented
by the ad di tional histidine tag en coded by the
pET-15b vector. It is also consistent with the
mass (55 kDa) of SAHase iso lated from lu pine
seeds (Guranowski & Pawe3kiewicz, 1977).

The amino-acid sequence of yellow lupine
LISAHase-2 con tainsaspe cificinsert, char ac
terizing plant enzymes, located between
amino-acid res i dues 149 and 200 (Fig. 2). Mul
tiple protein sequence alignment indicates
that all known S-adenosyl-L-homocysteine hy-
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drolases can be divided into three groups:
group Acom prisingonly (but notall) bac terial
enzymes, group B formed primarily by euka-

zymes. It should be stressed that all known
plant sequences without exception are
grouped in clus ter B2b. The en zymes de rived

Cauhodacther crestemy 5
Fozeohacter denidmicans

Fhodobader capswatus

G=ohFoter sulfuredwcens

Rhodopzader gohaemides
Leggfomeda preus oohila

Bomletella bronohizemtics
Bometelz perussiz
Chlomiiun teoidua
Leizig 2 a domo v

Freus oo stz aanimi
Sohizosgechame yoes pon e
Cardida aMcans

Sacokhamar yoes cae visige
= Mmooy s iFew

ryotic proteins plus a few bac te rial se quences,
and group C dominated by Archaea. The en-
zymesingroup Aaretypically 400—425amino
acids long (molecular mass 45-47 kDa).
Group B can be divided into two subgroups.
Subgroup B1 contains only animal enzymes
except for one bacterial sequence. Subgroup
B2 is clearly subdivided into two clusters.
ClusterB2acontainsonlybacterial se quences
and one protozoan sequence, while cluster
B2b is comprised exclusively of plant en-

from animals, typified by human SAHase |
(Coul ter-Karis & Hershfield, 1989), are some
what longer (430—440 amino acids, 47—-49
kDa) than the bacterial proteins in group A.
Plant SAHases are still lon ger and consist of
485 residues (55 kDa). This size difference
cor re sponds to the ex tra seg ment of about 50
amino acids inserted between residues
around 150 and 200, and may be re lated to dif
ferent subunit composition of the plant en-
zymes (Ogawa et al., 1987). Finally, the main
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group C comprises enzymes from different
king doms, but not from plants, and is the only
group where the enzymes from Archaea are
found. Interestingly, in this group there are
also animal enzymes, from Homo sapiens
(GenBank accession number U82761) and
Drosophila melanogaster (Mar tinet al., 1995),
with closer homology to the Archaea se-
quences than to their homologues in group
B1. These enzymes are about 80 amino acids
longer than human SAHase | but sequence
alignments indicate that the extension is at
the N-terminus and is not re lated to the in sert
present in the plant enzymes.
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