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The cod ing se quences of two S-adenosyl-L-homocysteine hy dro las es (SAHases) were
iden ti fied in yel low lu pine by screenig of a cDNA li brary. One of them, cor re spond ing
to the com plete pro tein, was se quenced and com pared with 52 other SAHase se -
quences. Phylo gen etic anal y sis of these pro teins iden ti fied 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
two dis tinct clus ters, B2a and B2b. Clus ter B2b com prises all 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 C is het er 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-L-homocysteine hydrolase (Ado -
Hcy hydro lase, SAHase, S-adenosyl homo -
cysteinase, EC 3.3.1.1) cat a lyzes the re vers -
ible break down of S-adenosyl-L-homo cys teine

(AdoHcy) to adenosine and homo cysteine
(Fig. 1). AdoHcy is formed in methylation re -
ac tions that uti lize S-ade nosyl-L-methionine
(AdoMet). AdoMet is a methyl do nor in
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methylation of many biomolecules rang ing
from small neuro transmitters (nor -
epinephrine, his ta mine) to macromolecules
(nu cleic ac ids, lipids, poly sac cha rides, pro -
teins) (Giovanelli, 1987). By re mov ing the
AdoHcy by prod uct, SAHase serves as a reg u -
la tor of AdoMet-dependent bi o log i cal methyl -
ation re ac tions. In hi bi tion of SAHase re sults
in cel lu lar ac cu mu la tion of AdoHcy, which re -
duces the rate of trans methylation, in clud ing
re ac tions in volved in vi ral mRNA rep li ca tion.
There fore, SAHase is a po ten tial tar get for an -

ti vi ral ther apy. About fifty SAH hydrolase se -
quences from var i ous sources have been de -
pos ited in the genomic da ta bases. These se -
quences con tain a do main re spon si ble for
non-covalent bind ing of NAD+, which is a co -
fac tor of the en zymes. In this pa per, we have
de ter mined the nu cle o tide and amino-acid se -
quence of SAHase from a le gume plant, yel low 
lu pine (Lupinus luteus). The ex per i ments de -
scribed here were car ried out with yel low lu -
pine in the sym bi otic state, with roots in fected 
with ni tro gen fix ing bac te ria, Bradyrhizobium
lupini.

MA TE RIALS AND METHODS

Screening of cDNA li brary. A cDNA li -
brary from Lupinus luteus roots with young
and ma ture nod ules (Sikorski et al., 1999) was 
screened with a probe pre pared by PCR am pli -
fi ca tion. Two PCR prim ers: RJ1F 5′-GTY -

ACCAAGAGCAAGTTTGA-3′ and RJ1R
5′-AC AAT GGCATTGTTCTTCAT-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 lo cal iza tion of prim ers
and Fig. 3 for plant phylo gen etic re la tions).
RJ1F, with two-fold de gen er a tion, cor re -
sponds to the re gion be tween nu cleo tides
697–716, and RJ1R to the re gion 1015–1034

of the above se quences. Five ng of the above
cDNA li brary was used as a tem plate in PCR
am pli fi ca tion with Taq DNA poly mer ase. The
amplicon was 338 nu cleo tides long and
showed 87% se quence iden tity at nu cle o tide
level and 92% iden tity at amino-acid level in
com par i son with the cor re spond ing frag ment
of Medicago sativa SAHase. A probe was pre -
pared with 100 ng of the amplicon, 0.033
mmoles [α32P]dCTP (3000 Ci/mmol), ran -
dom prim ers, and Klenow en zyme. It was sub -
se quently pu ri fied with QIAqiuck PCR pu ri fi -
ca tion kit (QIAGEN, cat. no. 28106) and used
for li brary screen ing. About 1.5 × 105 pfu of
the cDNA li brary was screened with the probe
yield ing about 200 hy brid iz ing sig nals. cDNA
in serts of five pu ri fied λ clones were
subcloned into the pSK Bluescript vec tor by in 
vivo ex ci sion fol low ing the Stratagene
UNI-ZAP cDNA li brary pro to col. Plasmid
DNA iso la tion by al ka line lysis was done ac -
cord ing to Sambrok et al. (1989). The clones
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Fig ure 1. Re vers ible break down of S-adenosyl-L-homocysteine (AdoHcy) to adenosine (Ado) and
homocysteine (Hcy) cat a lyzed by S-adenosyl-L-homocysteine hydrolase (SAHase).



were se quenced with the fmol DNA Cy cle Se -
quencing Kit (Promega, cat. no. Q4100).
Clones pR1, pR2 and pR3 con tained a
271-nucleotide in sert (GenBank ac ces sion
num ber AF252255) cor re spond ing to the cod -
ing re gion 610–880 of Medicago sativa
SAHase. Two other clones, pR4 and pR5, were 
iden ti cal and con tained a 1806 bp in sert cor re -
spond ing to the com plete SAHase cod ing se -
quence (Fig. 2) (GenBank ac ces sion num ber
AF185635). In the com mon re gion they dif fer
from pR1, pR2 and pR3 (88% iden tity at nu cle -
o tide level, 97% at amino-acid level). The lon -
gest ORF of pR4 and pR5 shows 84% iden tity
at nu cle o tide level and 91% iden tity at amino-
acid level to Medicago sativa SAHase. The pR4 
and pR5 in serts have 45 nu cleo tides up stream 
of the start codon and a 303-nucleotide 3′ un -
trans lated re gion.
Hy brid iza tion ex per i ments. Sam ples of 10 

µg of to tal RNA from Lupinus luteus roots,
roots in fected with Bradyrhizobium lupini,
leaves, and seeds were used to pre pare North -
ern blots. RNA iso la tion was ac cord ing to
Chirwing et al. (1979). Hy brid iza tion un der
high strin gency con di tions with a ra dio ac -
tively la beled in sert of pR4 re vealed the pres -
ence of a sin gle hy brid iza tion band in all sam -
ples. The length of the hy brid iz ing RNA is
about 1800 nu cleo tides which is in agree ment
with the size of the pR4 and pR5 in serts.
Sam ples of 5 µg of Lupinus luteus genomic

DNA di gested with re stric tion en zymes were
used for South ern blot anal y sis. Genomic
DNA prep a ra tion was per formed as in Crespi
et al. (1994). The blot was hy brid ized un der
high strin gency con di tions with the same
probe as above. Two hy brid iz ing genomic
DNA frag ments (about 8.2 and 2.8 kb) were
ob tained with XbaI, three frag ments (12.0,
5.0, and 2.0 kb) with EcoRI, and one (8.0 kb)
with BamHI.
Clon ing and ex pres sion. The lon gest ORF

of the pR4 clone was li gated into the pET-15b
ex pres sion vec tor us ing re stric tion sites for
NdeI and BamHI in tro duced into the 5′ and 3 ′
ends of the Lupinus luteus SAHase cod ing se -

quence by PCR am pli fi ca tion with ap pro pri -
ate prim ers. BL21 Esch e richia coli cells trans -
formed with the above vec tor pro duced a new
pro tein af ter in duc tion with IPTG. 
Pro tein se quence anal y sis. Mul ti ple pro -

tein se quence align ment was per formed us ing 
the CLUSTAL W pro gram (Thomp son et al.,
1994). The amino-acid se quence of Lupinus
luteus SAHase was com pared with 52 other se -
quences pres ent in the NCBI and SWISS
PROT genomic da ta bases and an no tated as
SAHases. The aligned se quences were used to
con struct a phylo gen etic tree in the TreeView
pro gram (Page, 1996).

RE SULTS AND DIS CUS SION

The se quences of the cDNA clones pR1–pR5
at test to the pres ence of two SAHase homo -
logues in the Lupinus luteus ge nome. The
clones pR1, pR2, and pR3 re veal an in com -
plete cod ing se quence of one of those en -
zymes, LlSAHase-1. The frag ment of
LlSAHas-1 is iden ti cal in all three clones and
cor re sponds to the re gion 655–925 bp of
LlSAHas-2 as shown in Fig. 2. Two other
clones, pR4 and pR5, cor re spond to the com -
plete cod ing se quence of LlSAHase-2 (Fig. 2).
The 1806 bp in serts of clones pR4 and pR5 are 
100% iden ti cal at nu cle o tide level and have an
iden ti cal struc ture, i.e. a 1458-bp-long cod ing
se quence sur rounded by a 45-bp 5′-UTR and a
303-bp 3′-UTR (Fig. 2). Such se quence and
struc ture iden tity of two in de pend ently iso -
lated cDNA clones strongly sug gests that they
rep re sent the com plete tran script of the
LlSAHase-2 gene. LlSAHase-1 and LlSA -
Hase-2 re veal 88% iden tity at nu cle o tide level
and 97% iden tity at amino-acid level. The
phylo gen etic sta tus of LlSAHase-2 is shown in 
Fig. 3 and is in agree ment with Lupinus luteus
phy log eny (the iden tity be tween LlSAHase-2
and Medicago sativa SAHase is 84% at nu cle o -
tide level and 91% at amino-acid level). In the
case of LlSAHase-1, the known frag ment is
too short for phylo gen etic anal y sis with ad e -
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quate res o lu tion. It re mains, there fore, an
open ques tion whether the two LlSAHase
homo logues are sim ply paralogues oc cu py ing
dis tinct loci (a more prob a ble hy poth e sis) or
whether they rep re sent two al leles. More over, 
be cause of the paleopolyploidy of the Lupinus
luteus ge nome, even orthology of LlSAHase-1
and LlSAHase-2 can not be ex cluded.
The length of yel low lu pine SAH hydrolase

mRNA es ti mated by North ern blot ting is
around 1800 nu cleo tides, in good agree ment
with the length of the pR4 and pR5 in sert. The 
South ern blot data re veal the pres ence of one
(about 8.0 kb) BamHI frag ment, two XbaI
frag ments (8.2 and 2.8 kb), and three EcoRI
frag ments (12.0, 5.0, and 2.0 kb) in genomic
DNA which hy brid ize with the LlSAHase-2
probe. The pat tern of re stric tion-enzyme di -
ges tion sug gests that there is a sin gle gene for
each of the SAHase homo logues in the

Lupinus luteus ge nome. The probe cross -
hybridization with the LlSAHase-1 and
LLSAHase-2 genes could be ex pected be cause
of their high sim i lar ity.
The size of the trans gen ic pro tein (about 57

kDa de ter mined by SDS/PAGE elec tro pho re -
sis) pro duced by Esch e richia coli cells trans -
formed with the plasmid bear ing the in sert
from pR4, is in agree ment with the cal cu lated
mass of Lupinus luteus SAHase in cre mented
by the ad di tional histidine tag en coded by the
pET-15b vec tor. It is also con sis tent with the
mass (55 kDa) of SAHase iso lated from lu pine
seeds (Guranowski & Pawe³kiewicz, 1977).
The amino-acid se quence of yel low lu pine

LlSAHase-2 con tains a spe cific in sert, char ac -
ter iz ing plant en zymes, lo cated be tween
amino-acid res i dues 149 and 200 (Fig. 2). Mul -
ti ple pro tein se quence align ment in di cates
that all known S-adenosyl-L-homocysteine hy -
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Fig ure 2. Nu cle o tide and amino-acid se quence of S-adenosyl-L-homocysteine hydrolase from yel low lu -
pine (LlSAHase-2).

Se quences cor re spond ing to the PCR prim ers RJ1F and RJ1R are un der lined. The plant-specific in sert is shown in
green. It sep a rates the cat a lytic and NAD+-bind ing SAHase do mains. The frag ment printed in red cor re sponds to
the par tially se quenced LlSAHase-1 (not shown). The de duced amino-acid res i dues that would be dif fer ent in the
LlSAHase-1 pro tein are shown in ital ics.



dro las es can be di vided into three groups:
group A com pris ing only (but not all) bac te rial 
en zymes, group B formed pri mar ily by euka -

ryotic pro teins plus a few bac te rial se quences,
and group C dom i nated by Archaea. The en -
zymes in group A are typ i cally 400–425 amino 
ac ids long (mo lec u lar mass 45–47 kDa).
Group B can be di vided into two sub groups.
Sub group B1 con tains only an i mal en zymes
ex cept for one bac te rial se quence. Sub group
B2 is clearly sub di vided into two clus ters.
Clus ter B2a con tains only bac te rial se quences
and one pro to zoan se quence, while clus ter
B2b is com prised ex clu sively of plant en -

zymes. It should be stressed that all known
plant se quences with out ex cep tion are
grouped in clus ter B2b. The en zymes de rived

from an i mals, typ i fied by hu man SAHase I
(Coul ter-Karis & Hershfield, 1989), are some -
what lon ger (430–440 amino ac ids, 47–49
kDa) than the bac te rial pro teins in group A.
Plant SAHases are still lon ger and con sist of
485 res i dues (55 kDa). This size dif fer ence
cor re sponds to the ex tra seg ment of about 50
amino ac ids in serted be tween res i dues
around 150 and 200, and may be re lated to dif -
fer ent sub unit com po si tion of the plant en -
zymes (Ogawa et al., 1987). Finally, the main
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Figure 3. Phylo gen etic tree of SAHase se quences from genomic da ta bases.

The ma jor groups (A, B, C) and the sub di vi sion of group B are in di cated on the right. Color code: red, Bac te ria; blue,
Archaea; green, plants; black, other eukaryotic or gan isms.



group C com prises en zymes from dif fer ent
king doms, but not from plants, and is the only 
group where the en zymes from Archaea are
found. In ter est ingly, in this group there are
also an i mal en zymes, from Homo sa pi ens
(GenBank ac ces sion num ber U82761) and
Drosophila melanogaster (Mar tin et al., 1995),
with closer homology to the Archaea se -
quences than to their homo logues in group
B1. These en zymes are about 80 amino ac ids
lon ger than hu man SAHase I but se quence
align ments in di cate that the ex ten sion is at
the N-terminus and is not re lated to the in sert
pres ent in the plant en zymes. 
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