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High-resolution structures of complexes of plant
S-adenosyl-L.-homocysteine hydrolase (Lupinus

luteus)

S-Adenosyl-L-homocysteine hydrolase (SAHase) catalyzes the
reversible breakdown of S-adenosyl-L-homocysteine (SAH) to
adenosine and homocysteine. SAH is formed in methylation
reactions that utilize S-adenosyl-L-methionine (SAM) as a
methyl donor. By removing the SAH byproduct, SAHase
serves as a major regulator of SAM-dependent biological
methylation reactions. Here, the first crystal structure of
SAHase of plant origin, that from the legume yellow lupin
(LISAHase), is presented. Structures have been determined
at high resolution for three complexes of the enzyme: those
with a reaction byproduct/substrate (adenosine), with its non-
oxidizable analog (cordycepin) and with a product of inhibitor
cleavage (adenine). In all three cases the enzyme has a closed
conformation. A sodium cation is found near the active site,
coordinated by residues from a conserved loop that hinges
domain movement upon reactant binding. An insertion
segment that is present in all plant SAHases is located near
a substrate-pocket access channel and participates in its
formation. In contrast to mammalian and bacterial SAHases,
the channel is open when adenosine or cordycepin is bound
and is closed in the adenine complex. In contrast to SAHases
from other organisms, which are active as tetramers, the plant
enzyme functions as a homodimer in solution.

1. Introduction

S-Adenosyl-L-methionine (SAM) is the most common methyl-
group donor in the cellular methylation (Richards et al., 1978)
of a wide range of substrates from small-molecule compounds,
such as norepinephrine, catecholamines and phospholipids, to
macromolecules, including proteins, nucleic acids and poly-
saccharides. Biogenesis of the ribosome also involves
nucleotide methylations (van Buul et al., 1983; Lafontaine et
al., 1994; Housen et al., 1997; Ofengand, 2002; Seidel-Rogol et
al.,2003). At the epigenetic level, gene expression is regulated
by the methylation of genomic DNA and histones (Kinoshita
et al., 2004; Mull et al., 2006). Methylation has been linked to
suppression of gene expression and to transcriptional or post-
trancriptional gene silencing (Elmayan et al., 1998; Morel et al.,
2000; Jones et al, 2001; Rocha et al., 2005). During methyl-
group transfer, a byproduct, S-adenosyl-L-homocysteine
(SAH), is formed which is a strong inhibitor of SAM-
dependent methyltransferases. Two enzymes are involved in
the removal of SAH. 5'-Methylthioadenosine/S-adenosyl-L-
homocysteine (MTA/SAH) nucleosidase (EC 3.2.2.9) meta-
bolizes SAH to adenine and S-ribosyl-L-homocysteine. This
enzyme is mainly active in pathogenic or endosymbiotic
organisms (which lack an SAHase gene), the lifestyle of which
results in a reduction in the number of genes and the size of
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the genome (St¢pkowski et al., 2005). The second enzyme, S-
adenosyl-L-homocysteine hydrolase (SAHase; EC 3.3.1.1),
catalyzes the reversible breakdown of S-adenosyl-L-homo-
cysteine to adenosine (Ado) and homocysteine (Hcy) (de la
Haba & Cantoni, 1959). By removing SAH, S-adenosyl-L-
homocysteine hydrolase serves as an important regulator of
SAM-dependent methylation reactions. The enzyme controls
the SAM:SAH ratio, which is perceived to be an indicator of
the transmethylation activity of the cell (Poulton & Butt, 1975;
Chiang & Cantoni, 1979; Chiang, 1998). The equilibrium of
the reaction catalyzed by SAHase is shifted far towards the
direction of SAH synthesis. In addition, SAHase activity is
inhibited by adenosine, which is a product of the hydrolysis
reaction (de la Haba & Cantoni, 1959; Poulton & Butt, 1976).
Under physiological conditions, the removal of Ado and Hcy
is rapid and the net result is SAH hydrolysis (Richards et al.,
1978). In mammalian cells adenosine is metabolized to inosine
by adenosine deaminase (ADA; EC 3.5.4.4; Migchielsen et al.,
1995), whereas in plants adenosine kinase (ADK; EC 2.7.1.20)
is involved in the removal of adenosine (Moffatt et al., 2002).
Homocysteine is used for the regeneration of methionine and
for the synthesis of cysteine.

Transmethylation reactions and their coupled regulation
processes are crucial for growth and development in plants.
Over one-third of the total DNA in Arabidopsis thaliana is
methylated (Zhang et al., 2006). Chlorophyll biosynthesis also
involves a SAM-dependent transmethylation step (Alawady
& Grimm, 2005). In plant metabolism, SAM is not only a
methyl-group donor. After decarboxylation, it is a propyl-
amine-group donor in polyamine biosynthesis. It is also a
precursor in the biosynthesis of ethylene, a phytohormone
that induces fruit maturation. Any perturbation of the
SAM:SAH ratio may affect not only transmethylation reac-
tions but also other processes involving SAM. Therefore, the
concentrations of SAM and SAH must be strictly controlled,
especially during critical developmental periods, and plants
seem to be particularly sensitive to accurate SAM:SAH ratios
(Fulnecek et al., 2011). In tobacco, for instance, the inhibition
of SAHase in seeds resulted in mitotic transmission of hypo-
methylated DNA to adult plants, in pleiotropic developmental
defects and in deregulation of floral genes (Fulnecek et al.,
2011). In A. thaliana, cytokinin hormones up-regulate the
methylation potential and promote DNA methylation. Li et al.
(2008) have shown that the cytokinins increase the expression
of DNA methyltransferases. Furthermore, the expression of
S-adenosyl-L-homocysteine hydrolase and adenosine kinase is
induced. On the other hand, a reduced methylation potential
leads to cytokinin synthesis and expression of genes from the
methylation pathway. By the induction of many genes that
are responsible for methylation processes and also for their
regulation, cytokinins precisely control the transmethylation
cycle (Pereira et al., 2007; Li et al., 2008).

SAHases are oligomeric enzymes that are typically active
as homotetramers. Plant SAHases are an exception in this
respect as they have been reported to function as homodimers
(Guranowski & Pawetkiewicz, 1977; Brzezinski et al., 2008).
An SAHase protomer has a distinct two-domain fold, with a

deep crevice separating the N- and C-terminal domains. All
S-adenosyl-L-homocysteine hydrolases require a tightly but
noncovalently bound NAD™ cofactor for their activity, which
must be present in each subunit. All archaeal and some
bacterial SAHase sequences are shorter (with a total length of
about 420430 residues) than those from most eukaryotes and
bacteria (470-495 residues). The differences in polypeptide
length reflect a lack of eight amino-acid residues at the
C-terminal tail of archaeal-type SAHases and the presence
of an insert of about 40 amino-acid residues in most bacterial
sequences. This additional segment is also present in all plant
SAHases and in some other eukaryotic enzymes, but is absent
from fungal, insect and vertebrate enzymes (Stepkowski et al.,
2005). Structural knowledge of SAHases is mainly based
on crystallographic studies of eukaryotic and prokaryotic
enzymes from Homo sapiens (Turner et al., 1998; Yang et al.,
2003), Rattus norvegicus (Hu et al., 1999; Huang et al., 2002),
Plasmodium falciparum (Tanaka et al., 2004), Trypanosoma
brucei (PDB entry 3h9u; Structural Genomics Consortium,
unpublished work), Leishmania major (PDB entry 3glu;
Structural Genomics Consortium, unpublished work), Myco-
bacterium tuberculosis (Reddy et al, 2008), Burkholderia
pseudomallei (PDB entry 3glq; Seattle Structural Genomics
Center for Infectious Disease, unpublished work) and Brucella
melitensis (PDB entry 3n58; Seattle Structural Genomics
Center for Infectious Disease, unpublished work). The struc-
tures illustrate that SAHases undergo a significant confor-
mational transformation upon substrate binding. A comparison
of the conformation of the enzyme in the open form (rat
SAHase complexed with NAD™) with that in the closed form
(SAHases complexed with NAD" and Ado or its analogs)
reveals that the crevice between the two domains of a subunit
is closed upon substrate binding.

In the present study, we determined high-resolution crystal
structures of a recombinant plant S-adenosyl-L-homocysteine
hydrolase corresponding to the sequence encoded by the
Lupinus luteus shh-1 gene (LISAHase; Brzezinski et al., 2001)
crystallized as complexes with adenosine and cordycepin
(3’-deoxyadenosine), which were added to the crystallization
buffer. Cocrystallization with 2’-deoxyadenosine resulted in
cleavage of the ligand molecule. In the crystallized complex,
only the purine molecule occupies the binding site. The
homodimeric state of this plant SAHase in solution has been
confirmed by two experimental methods: ultracentrifugation
and size-exclusion chromatography. Enzymatic assays were
carried out to evaluate the kinetic parameters of recombinant
LISAHase and to establish the inhibitory potential of selected
ligands.

2. Materials and methods
2.1. Crystallization and data collection

The purification of LISAHase and the crystallization of its
complexes was carried out as described in Brzezinski et al
(2008). Briefly, protein solution (2.0 mg ml™" measured spec-
trophotometrically at 280 nm) was incubated overnight with
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Table 1

Crystallographic data and refinement statistics.

Values in parentheses are for the last resolution shell.

Data set

LISAHase-adenosine

LISAHase-adenine

LISAHase—cordycepin

Data-collection and processing statistics

Beamline EMBL/DESY X13 EMBL/DESY X13
Wavelength (A) 0.8086 0.8086
Temperature (K) 100
Space group P432,2
Unit-cell parameters (A)

a 122.4 122.0

c 126.6 126.4
Mosaicity (°) 0.38 0.53

Resolution range (A)
Total reflections

20.0-1.17 (1.19-1.17)
3420366

20.0-1.35 (1.37-1.35)
1855699

Unique reflections 319469 206827
Completeness (%) 99.9 (98.5) 99.3 (98.2)
Multiplicity 10.7 (5.3) 9.0 (6.2)
(Ilo(1)) 383 (2.3) 28.1(22)
Rierget 0.057 (0.708) 0.070 (0.670)

Refinement statistics

Resolution (A) 20.0-1.17 20.0-1.35
Working/test reflections# 315006/1093 204245/1057
R/Rgrec$ 0.128/0.159 0.128/0.163
Protein/water atoms 7516/1439 7516/1225
No. of ions (sodium/Tris) ~ 2/3 2/3
R.m.s.d. from ideality
Bond lengths (A) 0.019 0.018
Bond angles (°) 1.93 1.74
Average B factor (A?) 11.9 13.8
Ramachandran statistics (%)
Most favored regions 91.4 92.0
Allowed regions 8.6 8.0
PDB code 3ond 3one

EMBL/DESY X12
1.0000

122.6
126.6

0.50

50.0-2.00 (2.07-2.00)
691022

which included two molecules of
adenosine, two molecules of NAD* and
1439 water molecules, was of superb
quality and only one N-terminal glycine
residue (a cloning artifact) of chain A
was not included in the final set of co-
ordinates. Additionally, two Na® and
three Tris ions were identified in the
asymmetric unit. The identity of the
metal cations was confirmed using the
calcium bond-valence sum (CBVS)
method (Miiller et al., 2003).

2.2.2. LISAHase—adenine complex.

65547 The above model of the LISAHase-
?z‘; 8050)) adenosine complex stripped of all water
17.5 (3.1) molecules, ions and ligands was placed

0.131 (0.686)

into the nearly identical unit cell of the
LISAHase-adenine crystal. A differ-

50.0-2.00 .
64344/1119 ence Fourier map showed that the
0.156/0.201 active site only contained an adenine
;5100/637 molecule, which is a product of
2'-deoxyadenosine hydrolysis (Abeles
0.015 et al., 1980, 1982). Anisotropic stereo-
i;? chemically restrained structure-factor
refinement was carried out in
90.7 REFMACS (Murshudov et al., 2011)
gfnf using maximum-likelihood targets. The

T Rmerge = Yopa 2i Mi(hkD) — (IChkD)| /> s 3 1.(hkl), where (I(hkl)) is the average intensity of reflection
hkl. % Negative intensities were excluded from refinement. § R =), “F(.h,| — ‘chcWZw |Fypsl, where F, and
F, are the observed and calculated structure factors, respectively. Ry, is calculated analogously for the test reflections,

which were randomly selected and excluded from the refinement.

2 mM adenosine (crystal A), 2'-deoxyadenosine (crystal B) or
cordycepin (crystal C) at 277 K. Crystals were obtained using
20%(w/v) PEG 4000, 10%(v/v) 2-propanol, 0.1 M Tris—-HCl
pH 8.0. X-ray diffraction data were measured on EMBL
beamline X13 (crystals A and B) or beamline X12 (crystal C)
of the DESY synchrotron (Hamburg, Germany) to resolutions
of 1.17, 1.35 and 2.00 A, respectively. All crystals were tetra-
gonal and isomorphous. They belonged to space group P4;2,2.
All diffraction images were processed and scaled with
HKL-2000 (Otwinowski & Minor, 1997). Data-collection and
processing statistics are shown in Table 1.

2.2. Structure determination and refinement

2.2.1. LISAHase—adenosine complex. The structure was
solved as described previously (Brzezinski et al, 2008) by
molecular replacement using the program Phaser (McCoy et
al.,2007). Chain A of P. falciparum SAHase (PDB entry 1v8b;
Tanaka et al., 2004) was used as the search model. The correct
solution was found in space group P452,2 for two protomers
in the asymmetric unit, which create a dimer corresponding
to the active form of this plant enzyme. Anisotropic stereo-
chemically restrained structure-factor refinement was carried
out in REFMACS (Murshudov et al., 2011) using maximum-
likelihood targets. The electron density of the final model,

electron density was very well defined
for all of the protein residues except for
the N-terminal Gly residue of chain A.
Each subunit binds small-molecule
ligands as in the LISAHase-adenosine
complex, except that adenine replaces adenosine. Na* and Tris
ions were present as in the above structure. 1225 water
molecules were identified in the asymmetric unit of this
crystal.

2.2.3. LISAHase—cordycepin complex. The LISAHase—
adenosine complex model stripped of all water molecules, ions
and ligands was placed into the nearly identical unit cell of
the LISAHase—cordycepin crystal. Isotropic stereochemically
restrained structure-factor refinement was carried out in
REFMACS (Murshudov et al, 2011), with the inclusion of
three TLS groups (Winn et al., 2001) per protein chain. The
three N-terminal residues of chain A (GSH-, a cloning arti-
fact) were not included in the final model. Each protomer
binds one cordycepin molecule in the active site. There are
two Na* ions and one Tris molecule as in the above crystal
structures. 637 water molecules were identified in the asym-
metric unit of this crystal.

2.2.4. Final refinements and model statistics. Rounds of
REFMACS refinement were interspersed with manual model
rebuilding in Coot (Emsley & Cowtan, 2004). The stereo-
chemical quality of the models was checked using
PROCHECK (Laskowski et al., 1993). Final refinement
statistics for all of the LISAHase complexes are reported in
Table 1. The atomic coordinates and structure factors have
been deposited in the Protein Data Bank (PDB) with
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accession codes 3ond (LISAHase-adenosine complex),
3one (LISAHase-adenine complex) and 3onf (LISAHase—
cordycepin complex).

2.3. Determination of the oligomeric state

To confirm the homodimeric form of LISAHase, two
experiments were carried out. In the first experiment, 2 ml
LISAHase solution (2mgml™') in buffer A, consisting of
25 mM Tris-HCI pH 8.0, S0 mM NaCl, 1 mM TCEP, was
loaded onto an ultrafiltration membrane with a molecular-
weight cutoff of 150 kDa (Pierce Concentrator 7 ml/150K).
After a complete cycle of centrifugation (total volume passed
through the membrane), the protein concentration in the
supernatant was measured. In the second experiment, size-
exclusion chromatography was used to separate a mixture
of LISAHase (110 kDa per dimer) and Thermotoga maritima
SAHase (180 kDa, tetramer). A mixture of the two proteins
(1 mg of each) in 1 ml buffer B, consisting of 25 mM Tris—HCl

Figure 1

Overall structure of LISAHase. (a) A ribbon diagram of the LISAHase
AB homodimer. The NAD* cofactor (purple) and adenosine (orange) are
shown in space-filling representation. S-Strands are shown in green and
blue, and @-helices in red and gold, for the A and B subunits, respectively.
(b) The structure of one LISAHase subunit with colour-coded domains:
the substrate-binding domain (residues 1-230 and 404-438) is shown in
red, the insertion segment located in the substrate-binding domain
(residues 151-191) is shown in blue, the cofactor-binding domain
(residues 231-403) is shown in green and the C-terminal domain
(residues 439-485) is shown in gold.

pH 8.0, 100 mM NaCl, 1 mM TCEP, was loaded onto a
Superdex 200 HiLoad 26/60 column (GE Healthcare) equili-
brated with buffer B. Fractions corresponding to each enzyme
were pooled and analyzed using SDS-PAGE.

2.4. Assays of SAHase activity and inhibition

Assays of LISAHase activity in the hydrolytic direction
as well as an inhibition study were carried out spectrophoto-
metrically and the rate of Hcy formation was measured
by monitoring its reaction with DTNB [Ellman’s reagent;
5,5'-dithio-bis-(2-nitrobenzoic acid); Ellman, 1959; Yuan et al.,
1996]. Assays were performed in 200 pl using 0.35 mg LISA-
Hase (measured spectrophotometrically at 280 nm) and four
units of adenosine deaminase in a buffer composed of 100 pM
DTNB, 50 mM NaCl and 25 mM Tris-HCI pH 8.0. The reac-
tion was initiated by addition of SAH to a final concentration
of 100 uM. The conversion of Hcy to Hcy-TNB was carried
out at 293 K. The progress of the reaction was measured for
1 min and monitored at 412 nm. Initial velocity parameters
were estimated from the linear region of the recorded curve.
For the inhibition study, SAH was added to the reaction
mixture after S min of incubation with adenosine or cordy-
cepin, or immediately after the addition of 2’-deoxyadenosine.
For each nucleoside, concentrations from 1 to 4000 pM were
assayed to determine the ICsy constants.

The oxidized:reduced cofactor ratio in samples of purified
recombinant LISAHase as well as the time-dependent inacti-
vation of the enzyme by 2'-deoxyadenosine were monitored
spectrofluorometrically by excitation at 340 nm and measure-
ment of emission at 460 nm, as described by Yuan et al. (1993).
For the inactivation study, the reaction was initiated by the
addition of 2’-deoxyadenosine (final concentration of 1 mM)
to 600 p reaction mixture consisting of 0.8 mg LISAHase in a
buffer composed of 50 mM NaCl and 25 mM Tris—HCI pH 8.0.
The reaction was carried out at 293 K and was monitored for
80 min until the intensity of fluorescence emission reached a
plateau. Analogous experiments were carried out for adeno-
sine and cordycepin with concomitant NAD*:NADH ratio
determination.

3. Results and discussion
3.1. Overall structure of plant SAHase

The enzyme crystallizes in space group P4;2,2 with two
subunits, labelled A and B, in the asymmetric unit (Fig. 1a).
The two subunits form the biologically relevant homodimeric
enzyme (see §3.6). Each subunit is comprised of 485 amino-
acid residues, has a molecular mass of about 55 kDa and
contains a tightly but noncovalently bound NAD" cofactor.
Each protomer (Fig. 1b) consists of two large domains, the
substrate-binding domain and the cofactor-binding domain,
separated by a deep cleft. In addition, there is a small
C-terminal domain. All three complexes crystallized with the
ligand-induced closed conformation.

The substrate-binding domain corresponds to residues 1-
230 and 404-438. It has an o/B-type fold as observed in the
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previously reported structures. The central mixed S-sheet is
formed by nine strands with topology 1, 3x, —1x, —1x, 3x, 1x,
1x, 1x. The cofactor-binding domain, comprised of residues
231-403, adopts an unusual Rossmann fold with variation in
the topological connection of the BaBaf core (Turner et al.,

205,
!

T206

Figure 2

The mode of (a) adenosine, (b) cordycepin and (c) adenine binding in the
substrate-binding site of LISAHase. Only side-chain atoms involved in
polar interactions are shown. Possible hydrogen bonds are indicated by
broken lines. Water molecules are represented by spheres. The 2F, — F,
electron-density maps are contoured at 2o for adenosine and adenine and
at 1o for cordycepin.

Table 2

Polar interactions with the ligand molecules bound in the LISAHase
substrate-binding domain, with corresponding donor-acceptor distances
(A) in parentheses.

The interactions in the two subunits are almost identical; therefore, the
distances are only listed for chain A.
Adenine atom

Protein/water atom  Adenosine atom  Cordycepin atom

Thr64 O N1 (2.77) N1 (2.69) N1 (2.75)
Wat (A) N3 (2.88) - N3 (2.90)
GlIn66 O°' N6 (2.95) N6 (3.01) N6 (2.97)
His404 O N6 (2.96) N6 (3.03) N6 (2.98)
His404 N N7 (2.92) N7 (3.02) N7 (2.86)
Wat (B) — — N9 (2.89)
Asp239 0% 02 (2.51) 02 (2.57) —
Glu205 0;2 02 (2.62) 02 (2.73) —
Lys235 N 03’ (2.83 — —
T%Srzoﬁ o 03 52.723 — —
Asp139 O 05 (2.64) 05 (2.68) —
His62 N 05’ (2.80) 05’ (2.90) —

1998). Eight B-strands form the central B-sheet with topology
1x, 1x, —3x, —1x, —3x, 1, 1. The C-terminal fragment (residues
439-485) adopts a helix-loop-helix—loop structure and plays
the role of a dimerization domain. It extends to the adjacent
subunit, where it interacts with the cofactor.

3.2. Enzyme-ligand interactions

Crystal structures of LISAHase were determined in com-
plexes with adenosine, cordycepin and adenine. These ligands
are found in both subunits and are located in the crevice
between the substrate-binding and cofactor-binding domains.
Their binding modes are presented in Fig. 2. Polar interactions
in the active site for all three ligands are shown in Table 2.
Additionally, in all complexes each subunit also contains one
nicotinamide adenine dinucleotide molecule. Interactions with
all the above ligands are very similar in SAHases of different
origin and highly conserved residues are involved in binding
the substrate and the cofactor molecules (Fig. 3).

3.2.1. Adenosine. The binding mode of Ado is similar to
those observed in eukaryotic and bacterial SAHases com-
plexed with adenosine or its analogs (Turner et al., 1998;
Komoto et al., 2000; Tanaka et al., 2004; Reddy et al, 2008).
Amino-acid residues from both the substrate-binding and
the cofactor-binding domains are involved in Ado binding.
The adenine base is anchored in its binding site by several
hydrogen bonds. The N6 atom is a donor in two hydrogen
bonds, to the carbonyl group of His404 and the side-chain O
atom of GIn66, indicating that the purine ring exists in the
enolic form. The main-chain N atom of His404 and the side-
chain O atom of Thr67 are engaged in interactions with the N7
and N1 atoms, respectively, whereas a water molecule forms a
hydrogen bond to N3. Additionally, the side chains of Leu398
and Met409 participate in C—H- - -w and hydrophobic inter-
actions with the purine ring, respectively. The hydroxyl groups
of the ribose moiety interact with a water molecule and the
imidazole ring of His62 (O5’) and also with the carboxyl
groups of Asp139 (O5'), Glu205 and Asp239 (02'). The side
chains of Thr206 and Lys235 form hydrogen bonds to the O3’
atom.
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The adenine moiety of Ado is located in a crevice formed by Natural cytokinins cannot be bound by LISAHase, at least not
the side-chain atoms of Leu61, Thr64, Gln66, Thr67, Leu398, in the adenosine-binding site, owing to steric clashes of the N6
Met409 and Phe413 and also the main-chain atoms of Leu61, substituent present in these plant hormones. Our results are
His62 and His404. The latter residue is also involved in sodium thus in accord with the observations of Romanov & Deitrich
coordination. The shape and architecture of the Ado-binding (1995) and Li et al. (2008) that plant SAHases do not bind
pocket guarantee a perfect fit of the purine ring, as shown in cytokinins and that these phytohormones have no effect on
Fig. 4. This result contradicts an earlier study of plant SAHase SAHase activity. Along the same lines, N6-modified adenine
isolated from tobacco leaves, which suggested that it could compounds do not show any inhibitory effects towards human
serve as a cytokinin-binding protein (Mitsui et al, 1993). and protozoan SAHases (Tanaka et al., 2004).
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P. falciparum DGLMBATBFLISCGHRIVVICGYGDVGKGCASSMKGLGARVYITIE[IDPICAIQAVMEGENVVTLDEIVDKGDFFITCTGNVDVIKLEHLLK
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B. melitensis DGI GCTRIVMMAGEVAVVCGYGDVGKGSAQSLAGAGARVKVTIEVDPICALQAAMDGFEVVTLDDAASTADIVVTTTGNKDVITIDHMREK
R. norvegicus DGI ATBVMIAGRVAVVAGYGDVGKGCAQALRGFGARVIIT|EIDPINALQAAMEGYEVTTMDEACKEGNIFVTTTGIC[VDIILGRHFEQ

H.sapiens DGI AT MIAGRVAVVAGYGDVGKGCAQALRGFGARVIITIEIDPINALQAAMEGYEVTTMDEACQEGNIFVTTTGICIIDIILGRHFEQ
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L. luteus MKNNAIVCNIGHFDNEIDMLGLETHPGVKRITIKPQTDRWVFPETNTGIIILAEGRLMN|
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M. tuberculosis MKDHAILGNIGHFDNEIDMAGLERS.GATRVNVKPQVDLWTFGDTGRSIIVLSEGRLLN
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PSFVMSCSFTNQVIAQLELWNEK
PAFVMSFSFCNQTFAQLDLWQNK
PSFVMSNSFANQTIAQIELWTKN
PSFVMSNSFTNQTLAQIELFTRG
PSFVMSASFTNQVLGQIELFTRT
PSFVMSNSFTNQVMAQIELWTHP

H. sapiens MKDDAIVCNIGHFDVEIDVKWLNEN.AVEKVNIKPQVDRYRLKN.GRRIILLAEGRLV|N PSFVMSNSFTNQVMAQIELWTHP
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L. luteus SSGKYEKK....VYVLPKHLDEKVAALHLEKLGAKLTKLSKDQADYISVPVEGPY|KIPFH[Y|RY
P,falciparum DTNKYENK....VYLLPKHLDEKVALYHLKKLNASLTELDDNQCQFLGVNKSGPF[K|SNE[Y[RY
M. tuberculosis D..EYDNE....VYRLPKHLDEKVARIHVEALGGHLTKLTKEQAEYLGVDVEGPY[K|PDH[Y[RY
B.pseudomallei G..EYANK. .. ‘VYVLPKHLDEKVARLHLA.IGAQLSELSDDQAAYIGVSKAGPFKPDHYRY
B. melitensis D..AYKNE....VYVLPKHLDEKVARLHLDKLGAKLTVLSEEQAAYIGVTPQGPF[K|SEH[Y[RY
R.narvegicus D..KYPVG....VHFLPKKLDEAVAEAHLGKLNVKLTKLTEKQAQYLGMPINGPF[K|PDH|Y|RY
H. sapiens D..KYPVG. .VHFLPKKLDEAVAEAHLGKLEIVKEKLTKLTEKQAQYLGMSCDGPF[KIPDH[YIRY
Lmajor DNGKYPRGDKAGVFFLPKALDEKVAALHLAHVGA.L.KLTPK AEYINCPVNGPF[KPDH[YJRY
Figure 3

Multiple sequence alignment of selected SAHases. Only structurally characterized homologs of the plant enzyme which are known to be active as
tetramers are included. The secondary-structure elements as well as the residue numbers correspond to those of LISAHase. Residues which interact with
ligands are indicated by black triangles (substrate), open squares (cofactor) or stars (Na* cation). Black circles correspond to two conserved glutamate
residues located in the insertion segment. Residues on a pale-blue background are involved in nonbonded contacts between the A and B’ subunits within
a homotetramer and additionally in hydrogen bonding when boxed. Residues on an orange background participate in similar polar interactions between
the A and A’ subunits. The alignment was calculated in ClustalW (Larkin et al., 2007) and the figure was prepared using the ALINE editor (Bond &
Schiittelkopf, 2009).
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3.2.2. Cordycepin. The crystal structure of the LISAHase—
cordycepin complex was determined at a lower resolution
(2.0 A) compared with the other two complex crystals. Despite
this, the cordycepin molecule was perfectly defined in the
electron-density maps. Its binding mode is similar to that of
the enzyme-product complex discussed above. A noticeable
difference is the absence of the water molecule engaged in
hydrogen bonding to the N3 atom of the ligand. Owing to the
absence of the 3'-hydroxyl group, there are no interactions
with the Lys235 N¢ and Glu205 O°* atoms. As a consequence,
the ribose conformation differs from that found in the Ado
complex.

3.2.3. Adenine. S-Adenosyl-L-homocysteine hydrolase
activity is inhibited by 2’-deoxyadenosine (Hershfield, 1979).
Enzyme inactivation proceeds via the formation of an un-
stable 3'-keto-2'-deoxyadenosine; the subsequent breakdown
of the N-glycosidic bond leads to elimination of the adenine
molecule. As a result, NADH (the reduced cofactor) is formed
in an irreversible process. Adenine is also a product of
glycosidic bond hydrolysis, which is yet another reaction
catalyzed by SAHase (Abeles et al., 1980, 1982). The adenine-
binding mode is analogous to that observed in the nucleoside
complexes described above. The main difference is the
absence of the ribose moiety; however, four water molecules
mark its place in the active site. Moreover, these water
molecules are superposable with the O atoms of the ribose
moiety in the adenosine complex within 0.59 A (02'), 2.10 A
(03), 121 A (04) and 021 A (O5'). Thus, the spatial
arrangement of the four water molecules mimics the geometry
of the hydrophilic groups of a ribofuranose moiety. As a
consequence, the residues responsible for interactions with
the ribose moiety in the adenosine complex have an identical
conformation and form a similar network of hydrogen bonds.
None of the amino-acid residues from the cofactor-binding
domain are engaged in interactions with the Ade molecule,

Figure 4

Illustration of the close fit of the adenosine molecule (space-filling model)
in the substrate-binding pocket of LISAHase. The protein is shown in a
cutaway surface representation.

Table 3
Conformational analysis of the nucleosides found in the substrate-
binding site of LISAHase.

The interactions in the two subunits are almost identical; therefore, the
parameters are only listed for ligands ascribed to chain A. The amplitude (7,,)
and phase angle (P) of pseudorotation were calculated according to the
method of Jaskolski (1984).

Parameter Adenosine Cordycepin
Conformation Anti Anti
Angle (°)
X —105.9 (—ac) —110.7 (—ac)
y —169.2 (—ap) —175.5 (—ap)
Vo —39.2 —343
v 16.3 6.4
vy 11.1 20.5
V3 —343 —41.2
Vy 45.0 48.6
Tm 453 (4) 47.7 (9)
P 76.0 (5) 63.6 (10)
Pucker O4-endo (°Ty) C4-exo (,T°)

but the LISAHase—adenine complex still exists in the closed
conformation. This observation supports the proposition that
the interactions between the substrate-binding and cofactor-
binding domains are strong enough to stabilize the closed
conformation of the enzyme (Tanaka et al., 2004).

3.2.4. Nucleoside conformation. For both nucleosides, the
orientation of the nucleobase around the glycosidic bond is
anti and the position of the O5’ atom relative to the furanose
ring, defined by the C3—C4'—C5 —O5' torsion angle (y),
is trans. The only structural difference between the two
nucleosides is the absence of the 3’-hydroxyl group in the
cordycepin molecule. This difference between the two ligands
has a significant influence on their conformation, especially
the phase angle of pseudorotation of the ribose moiety
(Table 3). In the case of the enzyme—adenosine complex, the
sugar pucker is of O4'-endo type (°T,). Such ribose puckering
corresponds to a strained conformation that is intermediate
between the two principal (C2'-endo and C3'-endo) modes.
This strained conformation of the furan ring is stabilized by
two hydrogen bonds between the 3'-hydroxyl group and the
Lys235 N¢ and Thr206 O"" atoms. In the cordycepin complex,
no stabilization of the sugar conformation through 3’-OH
interactions is possible. As a result, the sugar conformation
in the LISAHase—cordycepin complex is less strained: C4’-exo
(4T°). It is of note that in both cases the puckering amplitude
is very high, particularly in cordycepin (47.7°).

3.2.5. Cofactor-binding site. The binding mode of the
NAD™ molecule is very similar to those observed in SAHases
from other organisms and the majority of the residues that are
involved in cofactor binding are fully conserved. The confor-
mation of the nicotinamide adenine dinucleotide is approxi-
mately the same in all three complexes. For the adenine
nucleotide part, the orientation around the glycosidic bond is
anti and the ribose puckering is C1’-exo.

The NAD" cofactor interacts with the side chains of
Asn240, Glu292, Asn327 and Asn397 as well as with main-
chain atoms of Asp272, Val273 and Ile348. There are also
numerous interactions with the substrate-binding domain,
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including the side chains of Thr206, Thr207 and Thr208, which
are formed as a result of the conformational change of the
enzyme that takes place upon nucleoside binding, in which the
substrate-binding domain rotates by about 17-18° towards the
NAD"-binding domain. As in other SAHases, residues from
the C-terminal domain of an adjacent subunit within the dimer
also participate in cofactor binding. These interactions involve
the side chains of the highly conserved Lys479 and Tyr483 that
are present in all eukaryotic and bacterial enzymes but not in
the archaeal homologs (Stgpkowski ef al., 2005). Participation
of the second subunit in cofactor binding seems to be crucial
for enzyme activity. Replacement of Lys426 in human SAHase
(which corresponds to Lys479 in LISAHase) by alanine or
glutamate produces inactive mutants which do not bind the
cofactor and moreover exist as monomers (Ault-Riché et al.,
1994). This observation strongly supports our conclusion
(discussed in detail below) that the AB dimer of LISAHase
present in the crystallographic asymmetric unit corresponds to
the biologically relevant form of the enzyme.

3.3. lons associated with the LISAHase molecule

Tris and sodium cations have been identified in all three
crystal structures. The presence of Tris ions is a crystallo-
graphic artifact. Sodium ions were also present in all purifi-
cation and crystallization buffers, but their location in the
crystal structure strongly indicates their involvement in the
enzymatic function. In all three complexes, each protomer
binds one sodium cation and the complete coordination
sphere has a distorted octahedral geometry provided by three
main-chain carbonyl groups (Thr402, Gly403 and His404) and

Wat(A)

Figure 5

The sodium-coordinating loop located in the proximity of the substrate-
binding site of LISAHase. The Na* cation is shown as a purple sphere
covered by 2F, — F; electron-density map contoured at 2o.

Table 4
Details of sodium coordination in all three complex structures, with the
corresponding ligand-Na™ distances in A.

The interactions in the two subunits are almost identical; therefore, the
distances are only listed only for chain A.

LISAHase- LISAHase- LISAHase—
Ligand atom adenosine adenine cordycepin
Thr402 O 2.50 2.46 2.70
Thr402 O 242 2.40 2.54
Gly403 O 2.78 2.65 3.50
His404 O 2.54 2.54 2.80
Wat (C) 2.47 2.40 2.36
Wat (D) 229 2.28 2.63

the side chain of Thr402 from a highly conserved loop located
between helices «15 and 16 (Fig. 3). In addition, two water
molecules complete the coordination sphere of each sodium
cation. The interactions of the sodium cation with the enzyme
are shown in Fig. 5 and their geometrical details are presented
in Table 4. In mammalian SAHases this loop is part of one
of two hinge regions involved in substrate-induced domain
reorientation (Hu ef al., 1999; Turner et al., 2000). In solution,
domain oscillations occur in ligand-free enzyme and they are
abolished upon ligand binding (Yin et al., 2000). Additionally,
mutational studies of the human enzyme indicate that sub-
stitution of His353 (equivalent to His404 in the plant enzyme)
by alanine slows down the domain movements (Wang et al.,
2006). In the plant enzyme, this loop corresponds to residues
401-405. The sodium cation could be speculated to play a role
in stabilization of the hinge region during the catalytic cycle.
All but one of the SAHase models in the PDB do not have a
metal cation in this site. The exception is the bacterial enzyme
from B. melitensis, which contains potassium ions (present
in the crystallization buffer) coordinated at the same site as in
LISAHase. Inspection of the SAHase models deposited in
the PDB strongly suggests that this site, usually marked as a
‘water’ molecule, is indeed occupied by a metal ion coordi-
nated by at least five O atoms. Thus, the elucidation of the
biological role of monovalent cations (if any) will require
additional studies.

3.4. Mechanism of SAH hydrolysis

The mechanism of the reversible hydrolysis of S-adenosyl-
L-homocysteine catalyzed by SAHase was first described by
Palmer & Abeles (1979). The first crystal structures of
mammalian SAHases directly identified the amino-acid resi-
dues involved in the catalytic reaction (Turner et al., 1998;
Hu et al., 1999; Komoto et al., 2000; Takata et al., 2002). Since
SAHases have rather highly conserved amino-acid sequences
and the catalytic residues have remained unchanged during
evolution, it is possible to reliably predict the key residues, as
well as their function, of the plant enzyme. By analogy to other
homologues, we postulate (Fig. 6) that in the initial step of
SAH hydrolysis the N¢ atom of Lys235 accepts the proton
from the 3’-OH group of the substrate (1). The nucleophilic
character of Lys235 is increased by hydrogen bonds to the O°'
atoms of Asn230 and Asn240 and to the carbonyl O atom of
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indicate the reaction steps described in the mechanism of SAH hydrolysis (see text).

Glu205. As a result, the C3’-H H atom becomes more labile
and hydride abstraction by the NAD" cofactor is facilitated
(2). The products of this reaction step are 3'-keto-AdoHcy
and NADH. The acidity of the C4'—H group of the 3'-keto

Y Cofactor-binding

Solvent-
access —p

C-terminal
domain

Figure 7

Superposition of the LISAHase protomer (green) with models of the
enzymes from P. falciparum (yellow; PDB entry 1v8b), M. tuberculosis
(raspberry; PDB entry 3ce6) and H. sapiens (blue; PDB entry 11i4). The
highly conserved Glul54 and Glul73 located in the 40-residue insert of
LISAHase are shown as sticks. Ligands are shown as space-filling models
using orange (adenosine) and gray (cofactor) colors.

derivative is higher when compared with the Ado molecule,
allowing the formation of a C4'~ carboanion through proton
transfer to the carboxylic group of Asp139 (3). Proton transfer
from the imidazole ring of His62 to the S° atom of the 3'-keto-
AdoHcy carboanion is followed by B-elimination of Hcy,
leading to the formation of 3'-keto-4’,5'-didehydroadenosine
(4). As the final step, a water molecule is attached through
Michael-type addition (5); consequently, the 3’-keto group is
reduced and Ado and NAD" are generated (6).

3.5. The plant-specific insert and the substrate-pocket access
channel

An insert of about 40 amino-acid residues is present in all
plant SAHases and also in a number of other eukaryotic and
bacterial enzymes (Stepkowski et al., 2005). In LISAHase this
segment forms a solvent-exposed region in the catalytic
domain (Fig. 7) in an analogous way as in the plasmodial (PDB
entry 1v8b) and bacterial (PDB entry 3ce6) enzymes (Tanaka
et al., 2004; Reddy et al., 2008). Despite its conserved topology
in the protein fold, the insert is in fact the area of the main
structural differences between these proteins. The bacterial
inserts are several residues shorter, leading to structural
divergence. Moreover, differences in the conformation of this
surface element could also result from different crystal-
packing contacts.
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The accessibility of the active site from the solvent region depends on the
peptide-plane rotation between residues His350 and Phe351. In the (a)
adenosine (Ado) and (b) cordycepin (3'-dAdo) complexes, the channel is
open, whereas in the (c) adenine (Ade) complex there is no access to
the substrate-binding site. The 40-residue insert forms part of the access
channel, as illustrated by the highly conserved Glul73, which is found on
its surface.

In yellow lupin SAHase, the insert corresponds to residues
150-190 and adopts a helix-strand-turn-helix structure as
observed in other insert-containing enzymes. The first helix of
the insert is an extension of an a-helix present in mammalian
SAHases (helix «l0 in human SAHase annotation). The
reasons why plant and most bacterial SAHases possess the
additional 40-residue segment, as well as its function, are not
well understood. However, it has been pointed out that owing
to the absence of the insert in mammalian enzymes, the mouth
to the access channel leading to the substrate-binding pocket
is more open when compared with insert-possessing SAHases
(Reddy et al., 2008). Moreover, part of the insertion region is
involved in the formation of the access channel itself. Also, in
contrast to the mammalian enzymes, more bulky residues are
found to form the walls of the access channel, rendering it
more constricted. Similar conclusions are true for the plant
enzyme, in which the insert is located near the substrate-
binding pocket access channel and constrains the mouth of the
channel considerably (Fig. 8). There are two conserved posi-
tions found in the insert region. The first one, a highly con-
served Glul54, is located far from the channel and the active
site and its potential role is unclear. The strictly conserved
Glul73 projects into the access channel but lies far from the
substrate-binding site. This indicates that it is not directly
engaged in the catalytic reaction. However, as part of the
channel structure it could participate in substrate/product
transfer to/from the active site.

It was observed by Reddy er al. (2008) that the solvent
channel could be open or closed by the His363 side chain,
which functions as a ‘molecular gate’ through a mechanism
based on a 180° flip of the peptide plane between the C* atoms
of the conserved histidine and phenylalanine residues. In
the plant enzyme, these residues correspond to His350 and
Phe351. In all SAHases this peptide flip would lead to
significant changes in several torsion angles. When the channel
is open, the histidine residue adopts a B-strand conformation,
while the next phenylalanine is found in the P-region of the
Ramachandran plot. When the channel is closed, the ¢/
angles of His350 and Phe351 correspond to the a-region and
the B-region, respectively.

Access to the active site seems to be regulated differently in
SAHase homologues of different origin. In the M. tuberculosis
SAHase-adenosine complex (PDB entry 3ce6) the channel is
closed, whereas it is open in the SAH complex (PDB entry
3dhy) to avoid steric clashes of the imidazole ring of His363
with the homocysteine moiety of the SAH molecule (Reddy
et al., 2008). In other bacterial and eukaryotic SAHases the
channel is also closed when adenosine or its analogues are
bound. Plasmodial and plant enzymes are exceptions in this
respect as the channel is open in complexes with adenosine, as
illustrated in Fig. 8 for the LISAHase—-adenosine complex. An
analogous situation is observed in the LISAHase—cordycepin
complex. The open channel could indicate that the enzyme
is ready to transfer the second reagent, ie. a molecule of
L-homocysteine, to start the synthesis reaction. The opposite
His350—Phe351 peptide-plane orientation is found in the
LISAHase-adenine complex, in which the channel is closed
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Table 5

Selected hits found by a Secondary-Structure Matching (SSM) search
with chain A from the LISAHase-adenosine complex as the query,
corresponding to different SAHase models in closed conformation.

The Q-score represents the quality function of the C* alignment, with the
maximum being 1.00 for 100% identical structures; r.m.s.d., C* root-mean-
square deviation (A) between LISAHase and the target enzyme; Njgn,
number of matched residues or length of alignment; %4, percentage
sequence identity. Values in parentheses are for similar calculations with the
tetramer of LISAHase present in the crystal lattice (chains A, B, A’, B") used as
the query.

PDB 0-
Source code Chain score Rm.s.d.  Nyjgn Yoseq

Plasmodium falciparum 1v8b B 0.90 0.78 (1.01) 471 (1865) 58.4

Mycobacterium tuberculosis 3ce6 D 0.88 0.71 (0.95) 469 (1856) 61.6
Burkholderia pseudomallei 3glq B 0.86 0.85 (1.01) 457 (1820) 61.9
Brucella melitensis 3n58 C 0.86 0.77 (1.28) 453 (1724) 62.9
Trypanosoma brucei 3h9u A 0.80 0.73 (0.81) 422 (845) 66.8
Rattus norvegicus 1kOu F 079 0.86 (1.12) 422 (1699) 64.2
Homo sapiens 114 A 0.78 0.87 (1.03) 421 (1686) 63.4
Leishmania major 3glu C 0.75 0.81 (1.11) 407 (1607) 65.1

and the adenine molecule is trapped. This explains why
adenine cannot be easily removed, even with prolonged
dialysis, after 2'-deoxyadenosine cleavage (Abeles et al., 1980).

3.6. LISAHase versus other S-adenosyl-L.-homocysteine
hydrolases

SAHases are highly conserved enzymes and their structural
core is closely related among enzymes of different origin.
Protomer comparisons show that their C* traces are super-
posable within 0.9 A (Table 5).

3.6.1. LISAHase forms a dimer in solution. In contrast to
other SAHases, which are homotetramers, LISAHase has
been reported to form an enzymatically active dimer in solu-
tion (Guranowski & Pawetkiewicz, 1977; Brzezinski et al.,
2008). We confirmed these predictions using two experiments.
In the first experiment, the total amount of loaded LISAHase
passed a membrane with a 150 kDa cutoff upon ultrafiltration.
Since the molecular weight of the LISAHase monomer is
55 kDa, this result is possible with a dimer (110 kDa) but not
with a tetramer (220 kDa). The second experiment used a
gel-filtration column to separate LISAHase and an internal
molecular-mass marker (tetrameric SAHase from T. maritima,
with a molecular mass of about 180 kDa), both at a concen-
tration of 1 mg ml~'. The chromatogram (Fig. 9) showed two
distinct well separated elution peaks. The first corresponds to
TmSAHase with a higher molecular mass and the second to
the present plant enzyme.

3.6.2. Geometric analysis of SAHase oligomeric states. In
the crystals of the LISAHase complexes, the crystallographic
twofold axis along the xy diagonal generates a tetrameric
assembly which corresponds to the oligomeric form found
for other SAHases. However, the above experiments clearly
indicate that LISAHase exists in the dimeric state in solution
and they also contradict the prediction obtained with the
PISA server (Krissinel & Henrick, 2007), which suggested a
tetramer as a possible oligomeric state in solution. The various
interfaces between subunits found by PISA are presented

in Table 6. Although there is a substantial crystal-packing
interface between two AB dimers related by the crystallo-
graphic dyad, it is of note that the interface between the A and
B subunits within the AB dimer is nearly 80% larger, primarily
because of the swapped C-terminal domains. A previous study
(Ault-Riché et al., 1994) demonstrated that mutations in the
C-terminal domain affect the enzyme activity and oligomer-
ization. Moreover, all SAHase crystal structures show that the
cofactor-binding site is formed with the participation of the
C-terminal domain from another subunit. All these observa-
tions point to the AB dimer (and not AA’, AB’ or BB') of
LISAHase as the biologically relevant form (Fig. 10a).

The ABA'B’ agglomerate of LISAHase generated in the
crystal lattice has the same general architecture as all other
SAHases that are active as homotetramers (Fig. 10b). As
presented in Table 5, the plant and plasmodial tetramers are
very similar. To explain the oligomeric behaviour of the yellow
lupin enzyme and other enzymes in solution, the differences
between the A-B and the nonproductive (A-A’, A-B’ or B-
B’) interfaces in all tetramers were inspected, as summarized
in Fig. 3 and Table 6. There are no drastic differences between
the interface areas and numbers of nonbonded contacts within
the AA’ and BB’ units, although as a rule the interfaces in
LISAHase are inferior. However, the number of hydrogen
bonds between these subunits is two to three times smaller in
the plant enzyme. The A-B’ interface is highly similar in all
enzymes with regards to the intersubunit area and inter-
actions. This suggests that the main determinant of tetra-
merization is the (higher) number of hydrogen bonds within
the A-A’ and B-B’ interfaces that is observed in nonplant
SAHases but not in LISAHase.

100
- LISAHase 70
/@ 55
TmSAHase 35
300 25
15

!
- / 10
- O,

:: M.W\M

& 413167 |8 |2 PO[it j2]13[14[5 16171219 poja1 p2p3paf
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Figure 9

Size-exclusion chromatographic separation of a mixture of TmSAHase
(180 kDa as a homotetramer) and LISAHase (110 kDa as a homodimer)
shows two distinct peaks. Peak fractions were loaded on SDS-PAGE to
confirm the order of elution: monomer of TmSAHase, 45 kDa (peak 1);
monomer of LISAHase, 55 kDa (peak 2). The molecular masses of the
markers (lane 3) are shown in kDa.
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Table 6

Results of intradimer interaction-interface searches obtained with the
PISA server (Krissinel & Henrick, 2007) for the LISAHase model and its
homologues which are known to be active as tetramers.

The following PDB coordinates were used: 3ond (this work), 1v8b
(P. falciparum), 3ce6 (M. tuberculosis), 3glq (B. pseudomallei), 3n58
(B. melitensis), 1kOu (R. norvegicus), 11i4 (H. sapiens), 3glu (L. major). In
PISA calculations for LISAHase two symmetrically related chains, A" and B’,
were generated using the crystallographic twofold axis along xy to obtain a
tetrameric assembly similar to SAHases from other (nonplant) organisms.
Chains A’ and B’ are crystallographic (twofold-symmetric) copies of chains A
and B of LISAHase and correspond to chains C and D in the other enzymes,
respectively. The interface area is calculated as the difference in the total
accessible surface areas of isolated and interfacing structures divided by two.
The numbers of contacts across the interfaces were established by PDBsum
(Laskowski, 2009); Np is the number of polar interactions across the interface
and Nypc is the number of nonbonded contacts across the interface.

Interface type Enzyme source Interface area (A) Np NxBc
A-B L. luteus 2911 28 323
P. falciparum 2860 20 266
M. tuberculosis 3075 31 328
B. pseudomallei 2864 29 310
B. melitensis 2728 20 273
R. norvegicus 2988 28 388
H. sapiens 2891 28 324
L. major 1909 21 177
A-A L. luteus 1651 6 125
P. falciparum 1939 14 123
M. tuberculosis 1668 16 151
B. pseudomallei 1751 22 192
B. melitensis 1661 16 149
R. norvegicus 1691 14 158
H. sapiens 1730 16 158
L. major 1799 12 156
B-B’ L. luteus 1618 6 123
P. falciparum 1921 12 136
M. tuberculosis 1665 16 148
B. pseudomallei 1750 22 178
B. melitensis 1496 13 126
R. norvegicus 1714 15 163
H. sapiens 1730 16 158
L. major 1789 12 156
A-B' L. luteus 443 — 49
P. falciparum 468 — 44
M. tuberculosis 456 — 55
B. pseudomallei 488 6 66
B. melitensis 368 — 31
R. norvegicus 415 — 38
H. sapiens 403 — 54
L. major 446 — 46

The apparently inconsistent results regarding the quaternary
structure of LISAHase can be reconciled if one assumes that
the oligomeric state depends on the protein concentration. At
lower concentration the enzyme certainly exists as a dimer,
while at high nonphysiological concentrations, for example as
found during the crystallization process, further oligomeriza-
tion is possible. Taking into account the fact that all other
known SAHases exist as homotetramers, one could speculate
that the LISAHase tetramer in a crystalline state is a kind of
evolutionary residual. Additional studies would be required to
clarify this phenomenon.

3.7. Enzymatic studies

The following kinetic parameters characterizing the
enzymatic activity of recombinant LISAHase towards SAH

hydrolysis have been determined: K,, = 9.8 + 1.2 uM,
Vimax = (2.3 £0.02) x 1077 M s~ ' and ko = 0.022 4 0.002 s
The Michaelis-Menten constant is in good agreement with
that for the enzyme isolated from yellow lupin seeds (12 pM)
reported by Guranowski & Pawetkiewicz (1977).

Inhibition assays only permitted the calculation of ICs,
values for adenosine and 2'-deoxyadenosine. The analysis was
carried out for a wide range of nucleoside concentrations from
1 to 4000 pM. The ICs, value for adenosine is 67 = 6 pM. On
the other hand, cordycepin and 2’-deoxyadenosine appear
to be very weak competitors. Cordycepin did not signifi-
cantly affect the SAHase reaction rates even at very high

(b)

Figure 10

(a) L. luteus S-adenosyl-L-homocysteine hydrolase (LISAHase) is active
in a homodimeric AB form. (b) Animal, bacterial and plasmodial
SAHases are active as ABCD homotetramers; the P. falciparum enzyme
(PDB entry 1v8b) is shown as an example. In the LISAHase crystal,
subunits A" and B’ are generated by the crystallographic twofold axis
along the xy diagonal and correspond to the C and D chains, respectively,
of the plasmodial enzyme.
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concentration (4 mM). 2'-Deoxyadenosine inactivates the
enzyme by irreversible reduction of the cofactor and by
trapping adenine in the active site. For the competition test,
the reaction was started immediately without any incubation
of the enzyme with this nucleoside in order to minimize the
influence of irreversible inactivation. 2’-Deoxyadenosine
reduces the enzyme velocity by half at a concentration of
about 2.7 mM. Such large differences in ICsy could indicate
that the presence of two hydroxyl groups at the sugar ring
favor adenosine as a stronger inhibitor.

Determination of the NAD"NADH ratio in purified
recombinant LISAHase indicates that about 95% of the
cofactor exists in the oxidized NAD" form. Time-dependent
inactivation of LISAHase by 2’-deoxyadenosine showed that
the accumulation of NADH increases over 80 min until the
emission intensity curve reaches a plateau. After the reaction,
the NAD" content is ~10-15% and the rest of the cofactor
exists in the reduced NADH form. This suggests that during
enzyme inactivation by 2’-deoxyadenosine, the adenine mole-
cule is formed mainly in a redox process in which NAD" is
irreversibly converted to its reduced form and the enzyme
becomes inactive. The second decomposition reaction, hydro-
lysis of 2’-deoxyadenosine, is insignificant, at least for the plant
enzyme. Adenosine and cordycepin did not increase the
intensity of fluorescence emission under similar conditions,
which confirms that they do not reduce the cofactor.

4. Conclusions

Recombinant SAHase from yellow lupin has been crystallized
in the presence of adenosine, of 3'-deoxyadenosine and of
2'-deoxyadenosine. The latter ligand was converted by the
active enzyme to adenine (Ade), which was unambiguously
detected in the ligand-binding site in excellent-quality
electron-density maps. The crystals of the adenosine and
adenine complexes diffracted X-rays to atomic resolution. The
asymmetric unit of the investigated crystals contains a
homodimeric protein corresponding to the active form of this
plant SAHase. Although crystallographic symmetry within the
crystal generates a tetrameric assembly corresponding to a
homotetramer similar to the biologically active form of
SAHases from other organisms, our additional experiments
demonstrate beyond doubt that the L. luteus enzyme exists in
a dimeric form in solution at physiological concentrations.
However, further oligomerization to form a tetramer is
possible at high nonphysiological concentrations or can be
forced by crystal packing. In addition to the Ado, Ade or
cordycepin ligands found in the substrate-binding domain,
each subunit contains a tightly bound NAD™ molecule in the
cofactor-binding domain. In addition to the two principal
domains, which are separated by a deep crevice, there is a
third small C-terminal domain which plays a role in dimer-
ization.
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