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ABSTRACT. The crystal structure of rat liv&s-adenosyk-homocysteine hydrolase (AdoHcyase, EC 3.3.1.1)
which catalyzes the reversible hydrolysis®adenosylhomocysteine (AdoHcy) has been determined at
2.8 A resolution. AdoHcyase from rat liver is a tetrameric enzyme with 431 amino acid residues in each
identical subunit. The subunit is composed of the catalytic domain, the N#iiding domain, and the

small C-terminal domain. Both catalytic and NABinding domains are folded into an ellipsoid with a
typical o/f twisted open sheet structure. The C-terminal section is far from the main body of the subunit
and extends into the opposite subunit. An NAMDolecule binds to the consensus NADinding cleft of

the NAD*"-binding domain. The peptide folding pattern of the catalytic domain is quite similar to the
patterns observed in many methyltransferases. Although the crystal structure does not contain AdoHcy or
its analogue, there is a well-formed AdoHcy-binding crevice in the catalytic domain. Without introducing
any major structural changes, an AdoHcy molecule can be placed in the catalytic domain. In the structure
described here, the catalytic and NADinding domains are quite far apart from each other. Thus, the
enzyme appears to have an “open” conformation in the absence of substrate. It is likely that binding of
AdoHcy induces a large conformational change so as to place the ribose moiety of AdoHcy in close
proximity to the nicotinamide moiety of NAD A catalytic mechanism of AdoHcyase has been proposed

on the basis of this crystal structure. Glul55 acts as a proton acceptor from '€ v@®en the proton

of C3-H is abstracted by NAD. His54 or Asp130 acts as a general adidise catalyst, while Cys194
modulates the oxidation state of the bound NADhe polypeptide folding pattern of the catalytic domain
suggests that AdoHcy molecules can travel freely to and from AdoHcyase and methyltransferases to properly
regulate methyltransferase activities. We believe that the crystal structure described here can provide
insight into the molecular architecture of this important regulatory enzyme.

In biological systems, there are a number of reactions in AdoHcy synthesis. Under physiological conditions, however,
which a methyl group is transferred from a few types of the removal of both Ado and Hcy is sufficiently rapid that
donor molecules to a wide variety of acceptor molecules. the net reaction proceeds in the direction of hydroly$)s (
Among the methyl donor§-adenosylmethionine (AdoMét)  Ado is removed by Ado deaminase and Ado kinase, and Hcy
is the one most widely used, while methyltetrahydrofolate is used for the synthesis of cysteine and the regeneration of
and betaine are involved in far fewer methylation reactions. methionine. In mammals, Hcy is produced solely from
After transferring the methyl group, AdoMet is converted AdoHcy, and it has been reported recently that an elevated
to Sadenosylhomocysteine (AdoHcy), which in turn is plasma Hcy level is one of the risk factors for coronary heart
hydrolyzed to adenosine (Ado) and homocysteine (Hcy) by disease ).
the action ofS-adenosylhomocysteine hydrolase (AdoHcyase, AdoHcy is a potent inhibitor of AdoMet-dependent me-
EC 3.3.1.1). The reaction catalyzed by AdoHcyase is thyltransferases3(-7). Since AdoHcyase is the only enzyme
reversible, and the equilibrium lies far in the direction of involved in AdoHcy metabolism and the reaction it catalyzes
is reversible, the activity of AdoHcyase is thought to play a
TThe works carried out at the University of Kansas have been critical role in the control of tissue levels of AdoHcy and,

Sugi%?]rtedtby NIH G:jagnt tGMr3172335 . wed in the Brookh hence, to modulate the activities of various methyltrans-
€ atomic coordinates have been deposited In the brooknaven ; H hi H
Protein Data Bank (file name 1B3R). ferases §). Indeed, a variety of inhibitors of this enzyme

*To whom all correspondence should be addressed: Departmenth@ve been shown to have antiviral activiti®s-(9), and to
of Molecular Biosciences, 3042 Haworth Hall, University of Kansas, exhibit immunosuppressive(), antiarthritic 1, 22), and
Lawrence, KS 66045-2106. Telephone: (785) 864-4727. Fax: (785) gntiparasitic 23 24) properties.

864-5321. E-mail: xraymain@kuhub.cc.ukans.edu. P £3, 24) prop

$ University of Kansas. AdoHcyase has been purified from a number of organisms
'Toyama Medical and Pharmaceutical University. and tissuesl, 25—37). The enzymes from all sources are
! Abbreviations: Ado, adenosine; AdoHcgadenosyk-homocys- oligomeric proteins with subunits withl, values of 45006

teine; AdoHcyase S-adenosyk-homocysteine hydrolase; Hcy.- 55000 and isoelectric points of 5:8.0. Each subunit
homocysteine; AdoMetS-adenosyl--methionine; rmsd, root-mean-

square deviation; MPD, 2-methyl-2,4-pentanediol; PEG, poly(ethylene CONtains 1 mol of tightly bound NAD Clones of AdoHcyase
glycol). have also been obtained from various sources, including rat
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liver (38), Dictyostelium discoideur(89), human placenta
(40), Rhodobacter capsulatugltl), Petroselinum crispum
(42), and Leishmania doneani (24). The deduced amino

acid sequences are highly conserved; for example, the amino

acid sequence of the rat enzyme is 97% identical with the
human enzyme and 52% identical with tFéasmodium
falciparumenzyme 43).

The mechanism of reversible hydrolysis of AdoHcy

catalyzed by AdoHcyase has been studied by Palmer and

Ableles @8, 44), who showed that AdoHcy and Ado are
first oxidized to 3-keto derivatives by the enzyme-bound
NADT*. This facilitates abstraction of the-groton by an
enzyme base, and the resulting carbanion eliminates'the 5
substituent, Hcy or water, to yield-Beto-4,5-dehydroad-
enosine. Michael type addition of water or Hcy to this central
intermediate, and reduction of-Beto by the NADH that is
formed, result in the formation of the final product, Ado or
AdoHcy. The catalytic mechanism described above is
illustrated below.
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Rat liver AdoHcyase is a tetramer consisting of chemically
identical and functionally equivalent subuni89(45). Each

Hu et al.

Table 1: Experimental Details and Refinement Parameters of
Crystal Structure Analysés

Experimental Details

resolution (A) 20.6-2.8
no. of crystals 2
no. of reflections measured 280288
no. of unique reflectiors 56314
% complete 97.5
Reym” 0.070
I/o(1)d 3.41
Refinement Parameters
no. of residues 1712
no. of NAD* molecules 4
no. of water molecules 413
Re® 0.197
Riree 0.268
rmsds
bonds (A) 0.011
angles (deg) 1.71
torsion angles (deg) 24.4
meanB values
Ca. atoms (&) 19.7
main chain atoms (A 21.4
all atoms (&) 23.8

a Space groupP2; with the following cell dimensionsa = 94.76
A, b= 134.48 A,c = 102.26 A, ands = 114.35. The M, of the
subunit is 47 410, with eight subunits in a unit cell; the percentage of
solvent content is 60%6.Unique reflections in the range between 10.0
A and the highest resolutiofiReym = =|I — DVE|I]. ¢1/o(l) in 3.0—
2.8 A resolution rangee R = Z|F, — F¢|/Z|Fyl.

exhibits other structural features similar to those of the liver
enzyme 46).

The hanging-drop vapor-diffusion method was employed
for crystallization of the enzyme. All crystallization experi-
ments were conducted at 2€. Crystals were grown in a
buffer containing 50 mM Tris/HCI buffer (pH 6.8), 10 mM
MgCl,, and 15% (w/v) PEG 6000 with a protein concentra-
tion of 10 mg/mL. The plate-shaped crystals suitable for
X-ray diffraction studies{0.3 mmx 0.2 mmx 0.1 mm)

subunit consisting of 431 amino acid residues contains 1 molwere grown for 1 day.

of tightly bound NAD'. The recombinant enzyme has been
produced inEscherichia coliusing a vector that contains
the coding sequence of the cDNA4G). Some of the

Data MeasuremeniThe crystals in a hanging drop were
scooped by a nylon loop and were dipped into a cryopro-
tectant solution containing 20% ethylene glycol, 50 mM Tris/

catalytically important amino acid residues have been probed | puffer (pH 6.8), 10 mM MgG), and 15% (wiv) PEG

by chemical modification and site-directed mutagenesis
studies 47—50). To better understand the mechanism of
action and to provide the bases for designing of potential
inhibitors of AdoHcyase, we have carried out a crystal-
lographic study of rat liver AdoHcyase. Here we report the
crystal structure determined at 2.8 A resolution, in which
the enzyme takes an open conformation. An X-ray study of
human placental AdoHcyase complexed with an inhibitor

6000 for 30 s before they were frozen in liquid nitrogen.
The frozen crystals were transferred on a Rigaku RAXIS
llc imaging plate X-ray diffractometer with a rotating anode
X-ray generator as an X-ray source (Gukadiation at 50
kV and 100 mA). The diffraction data were measured up to
2.8 A resolution at-180°C. The data were processed with
the program DENZOF2). Integrated reflections were scaled
and reduced with locally developed progrard3)( The data

and taking a closed conformation has recently been publisheds;atistics are given in Table 1.

(51).
EXPERIMENTAL PROCEDURES

Purification and Crystallization ProceduresdoHcyase

Structure DeterminationThe search for good crystals of
heavy atom derivatives was not successful. Therefore, the
structure determination was carried out by a molecular
replacement method. The calculated unit cell volume of

used in this study is the recombinant rat enzyme producedl 187 210 & suggests that there are four subunits of

in E. coli MV1304 transformed with the pUC118 plasmid

AdoHcyase in the asymmetric unit, with\é of 3.1 A%Da

that contains the coding sequence of rat AdoHcyase cDNA corresponding to a solvent content of 60%#) The four

(46). The enzyme was purified to homogeneity fr&@ncoli

subunits of the tetrameric AdoHcyase should be related with

extracts by gel filtration over Sephacryl S-300 and DEAE- a noncrystallographic 222 symmetry. Initially, the Patterson
cellulose chromatography as described previously. Recom-map was computed and two characteristic features were
binant AdoHcyase lacks the N-terminal acetyl group but observed.
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(1) The (U 0 W) zone exhibits a pseudom symmetry
whose mirrors are parallel and perpendicular to the crystal-
lographica axis, respectively. This suggests that the two
pseudo-2-fold axes are parallel and perpendicular to the
crystallographica axis, respectively.

(2) A characteristic peanut-shaped peak that is the second
highest in the Patterson map is observed on the coordinate §,
(M2, Y5, 0). This peak indicates that the third 2-fold axis is
approximately parallel to the crystallographiaxis, and the
center of tetrameric AdoHcyase is located ‘&, {y, 0).

To confirm this conclusion, a known tetrameric structure
(glycine N-methyltransferase) was placed Hi,(y, 0) in the
AdoHcyase unit cell, and the molecule was oriented so that
the noncrystallographic 2-fold axes were along &hendb
axes and perpendicular to ttad plane, respectively. The
calculated Patterson map of the model rotated by dréund
thea axis exhibits atmmsymmetry in the (U 0 W) zone as :
well as a peanut-shaped peak 44, /2, 0). 180 -135 90 45

A sgarch of the PDB files ind_icates that the structurgs of Ficure 1: Ramachandran plot of the main chain dihedral angles
36 unique NAD.“-blndan proteins have .been deposited. for the final atomic model (subunit A). Glycine residues are denoted
These 36 coordinates were downloaded into our computer. as triangles.

The NAD'™-binding domains were abstracted from the

coordinate files. All of the amino acid residues were able to bind the protein molecules with hydrogen bonds. The
converted to alanines, and then large loop sections werefinal crystallographicR-factor is 0.197 for all data (no
deleted from the models. These 36 polyalanine models werecutoff) from 8.0 to 2.8 A resolution. ThBgee for randomly
utilized for molecular replacement searches. All molecular selected 5% data is 0.2680). The coordinates have been
replacement calculations were carried out by using the deposited in the Brookhaven Protein Data Bank (file name
program X-PLOR 55). The highest 120 solutions of each 1B3R).

rotation search were employed in the Patterson correlation Although the search model (NABbinding domain) used
(PC) refinementg6). A solution with the highest peak after in this study is relatively small, a molecular replacement
PC refinement was put into the translation search. The method has worked in determining the relatively large
tetrameric structure was computed from the subunit coor- unknown structure. It is noted that this is a special case. As
dinate deduced from the translation search by applying thewill be discussed later, the NABbinding domains form the
noncrystallographic 222 symmetry. In the calculation,the  core of the tetrameric enzyme and their temperature factors
coordinate of the subunit was adjusted to form a contact are much smaller than those of the catalytic domains.
tetramer around the coordinaté/,( 0, 0). The subunit  Therefore, the NAD-binding domains contribute largely in
coordinates of the resulting tetrameric structures were refineddetermining the phase angles and the amplitudes of the
by a rigid-body least-squares method. THe, 2= F. map structure factors. It is noted that Turner et &ll)(state that
computed with the phases from the NADinding domain the highest degree of structural homology of the structure
of formate dehydrogenase [PDB file name 2NAB7) of human AdoHcyase was found with formate dehydroge-
exhibited the electron density peaks not only of the main nase.

chain of the NAD-binding domain but also of the side

chains. The map also showed some electron density peakdRESULTS

of.thea-helices an(ﬁ-strands of the catalytic domain. Thus, Overall Structure.The crystallographic refinement pa-
this model was judged to represent the correct structure. gmeters (Table 1), finalR? — F. maps, Ramachandran plot
The initial model was built on an SGI workstation using (Figure 1), and conformational analysis by PROCHEGK) (
the program TOM/FRODO5g, 59). The model was refined  indicate that the structure of AdoHcyase has been determined
with the POSITIONAL protocol and then with the simulated successfully. AdoHcyase consists of four subunits related
annealing procedure of X-PLORSY). In the first several by a pseudo-222 symmetry (Figure 2). The four subunits
cycles of refinement, noncrystallographic symmetry restraints are denoted subunits-AD. Although the four subunits are
were applied. Models were rebuilt where necessary, andcrystallographically independent, the subunits are structurally
previously undefined residues were built into the electron very similar. The rmsds of the & among the subunit
density maps. After multiple cycles of model building and structures related by a pseudo-222-fold symmetry are less
refinement, four bound NADmolecules and all the residues  than 0.42 A (Table 2). For simplicity, the following descrip-
except for three amino acid residues of the N-terminus weretion mainly refers to subunit A.
built into the electron density map. Refinement of isotropic ~ Structure of the SubunitThe AdoHcyase subunit is
temperature factors for individual atoms was carried out by composed of three domains, with the peptide chain organized
the individual B-factor refinement procedure of X-PLOR into 16 a-helices and 1%-strands as determined with the
using bond and angle restraints. During the final refinement program PROCHECK (Figure 3). The three domains are
stage, well-defined residual electron density peaks in dif- denoted the catalytic domain (residueslB1 and 352402),
ference maps were assigned to water molecules if peaks wereghe NAD"-binding domain (residues 183851), and the

Psi (de

Phi (degrees)
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Ficure 2: Tetrameric structure of AdoHcyase. SubunitsB related by a pseudo-222 symmetry are denoted by letters and are yellow,

cyan, magenta, and green, respectively. Four tightly bound NAbBlecules and four AdoHcy molecules deduced from a modeling study
are illustrated as red and blue sticks, respectively.

Table 2: Root-Mean-Square Deviations (A) between Two The NAD™ molecule is tightly held by hydrophobic interac-
Structures tions and by hydrogen bonds [O1PN(NABN(Val223),
T — O7N(NAD)-+-ND2(Asn345), N7N(NAD)-+O(lle298), N7N-

structure 1 structure 2(428 atoms) (1711 atoms) (4023 atoms) gNAD))'"%Dl((gSIng‘lg;, g]éi’(A(NA;:))’gHggfzzgg)), 832\-

- - NAD)---OE1(Glu24 NAD)---OE u24 -
subunit A subunit B 0.42 0.45 0.76 ’ !
subunit A subunit C 0.42 0.45 0.76 (NAD)--*NZ(Lys425B), and OR(NAD)---NZ(Lys425B)]
subunit A subunit D 0.08 0.11 0.21 (Figures 5A and 6A). It is noted that Lys425 and Tyr429
SUBU”!EE SUEU”!ES 8-28 8&;3 8-%2 from the adjacent subunit B participate in the hydrogen
subuni subuni . . . . . . . L.
subunit G subunit D 0.40 043 075 bonds. The nicotinamide moiety of NADs positioned near

the bottom of the “fat U” and faces th@strands of the
catalytic domain, whereas the adenine moiety is far from
C-terminal domain (residues 46331) (Figure 4). The small  the catalytic domain.

C-terminal domain that is composed of random €tivo- Tetrameric Structure-our subunits are connected around
turn a-helix—random coil is apart from the main body of a pseudo-222 symmetry to form a tetramer (Figure 2). The
the subunit and extends to the adjacent subunit B. Thefour NAD*-binding domains are located near the center of
catalytic and NAD-binding domains are each folded into the tetramer, and are tightly connected with each other by
an ellipsoid with a typicab/p twisted open sheet structure. both polar and nonpolar interactions. The catalytic domains
A relatively wide but shorj3-sheet is formed in the center are placed far from the center of the tetramer, and therefore,
of each ellipsoidal domain. The two domains are connectedthey have little interaction with each other. The tetrameric
at the ellipsoidal pole sections by exchanging a pair of structure indicates that the catalytic domains are more mobile
relatively longa-helices @N of the catalytic domain and  compared with the NAD-binding domains. Indeed, the
oG of the NAD'-binding domain). Consequently, the subunit average temperature factor of the catalytic domain is
of AdoHcyase is shaped like a “fat U”. It is noted that the significantly higher than that of the NADbinding domain
longesta-helix aG in the catalytic domain that might serve  (29.8 vs 10.2 A). In the small C-terminal domain, the
as a molecular hinge is slightly bent15°) in the middle. two-turn o-helix aP (residues 409416) participates in

In the catalytic domain, thg-sheet is composed of seven forming the adenine pocket of the NAbound to subunit
parallel-strands, and is covered by four and theebelices B (Figure 4). The hydrophilic C-terminus extends into the
at either side. Thes-sheet found in the NAD-binding central channel as described below and interacts with the
domain is composed of five parallgtstrands and a pair of  phosphate and ribose moieties of the NiAfund to subunit
antiparallelg-strands. Th¢-sheet is covered with three and B. Formation of the tetramer creates a unique channel
two a-helices, respectively. As shown in Figure 3, the peptide structure 10 A x 10 A x 50 A) that passes through the
folding pattern of the NAD-binding domain is quite similar ~ center of the tetramer (Figure 7). The channel is built
to that of the catalytic domain. There is a large cleft between with four sets ofaG—al helices of the NAD-binding

the catalytic domain and the NABbinding domain. The  domains. The interior surface of the channel is covered
f-sheet tips (C-terminal ends) of the catalytic domain and with four sets of 13 hydrophilic amino acid residues from
the NAD"-binding domain point to each other across the the threea-helices (Lys187, Tyrl92, and Argl95 from
cleft. An NAD* molecule lies in a crevice between the tips oG, Tyr220, Asp222, Lys225, GIn229, and Arg232 from
of 57 andp10 with the pyrophosphate group straddling the aH, and Asp244, Asn247, GIn250, Glu254, and Glu256
p-sheet and the two ends on the opposite sides ¢f-steeet. from al). The hydrophilic C-terminus (Asp427, His428,
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Ficure 3: Topology diagram showing the catalytic, NAinding, and C-terminal domains. Thehelices angb-strands are denoted by
rectangles and arrows, respectively. The small numbers in the rectangles and arrows represent amino acid residue numbers. The helices
with dotted lines are under thesheet.
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Ficure 4: Ribbon drawing of a single subunit of AdoHcyase showing three domains: the catalytic domain (green), thdiNdiby
domain (red), and the C-terminal domain (cyan). The C-terminal domain from subunit B is blue. The bouridr\dxule and the
AdoHcy molecule deduced from a modeling study are depicted yellow and magenta sticks, respectively.

Tyrd29, Arg430, and Tyr431) extends into the channel. channel. The exact biological role of this unique channel
These amino acid residues are connected to each other btructure is unknown.

hydrogen bonds and salt linkages. Two NADolecules AdoHcy Binding ModelThe peptide folding pattern of
are placed at the edge of the channel at the both endsthe catalytic domain is quite similar to the folding pattern
Twenty-four well-defined water molecules are found in the of catalytic domains of various AdoMet-dependent methyl-
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FIGURE5: Geometries of the NADand AdoHcy binding sites: (A) NAD-binding site from the X-ray study and (B) NAD and AdoHcy-

binding sites from the modeling. In the X-ray structure, a well-defined AdoHcy binding site is seen in the bottom of tHebiaihg

site. It is noted that an AdoHcy molecule is fitted into the X-ray structure without any major conformational changes. Possible hydrogen
bonds are depicted as thin lines. NARnd AdoHcy molecules are depicted as thin solid bonds.

transferases6@—70). Furthermore, there is a well-formed residues. The model crystal structure was manually adjusted
crevice between strangil andf34 as observed in methyl-  on a graphic workstation and refined using the POSITIONAL
transferases. A hydrophobic pocket-like structure is formed refinement protocol with the program X-PLOR. The X-ray
at the end of the crevice (Figure 5b). An AdoHcy molecule contribution part, xref, was excluded in the calculation, and
was introduced into the crevice to place its adenine moiety no water molecule was added in the model. Although the
in the hydrophobic pocket and to form hydrogen bonds side chains of amino acid residues moved slightly by
between the adenine ring and the sounding amino acidrefinement, the refined model structure was essentially the
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FiGure 6: Schematic diagrams of interactions of (A) NADn
the active site and (B) AdoHcy in the model structure. The possible

hydrogen bonds are depicted as dashed lines. The weak interaction
that are important for the catalysis are depicted as thick dashed

lines.

same as the X-ray structure with an AdoHcy, indicating that
an AdoHcy molecule can fit into the catalytic site without

any major conformational changes in the AdoHcyase struc-

ture (Figure 5B). Thr56 and Glu58 hydrogen bond to the

Biochemistry, Vol. 38, No. 26, 1998329

219-224 38). Indeed, in this crystal structure, an NAD
molecule binds at the tips (C-terminal ends)5@fands10,
where the strand order is reversed. The two loops connecting
A7 andaH, andp10 andaK, form the NAD*-binding cleft.
The pyrophosphate of NADbinds to the central region of
the domain straddling thg-sheet. The adenine moiety lies
on strandg$}7 and$8, while the nicotinamide is on the other
side of strand$10 and311. The consensus hydrogen bond
that connects the's#DH of adenosine ribose and an acidic
amino acid residue (Asp or Glu) is observed between 2
OH and the carboxyl group of Glu242. Previously, we
showed that the mutagenic change of Asp244 to a glutamate
resulted in a large reduction in the affinity for NAQ47).
Thus, the NAD-binding cleft is precisely at the position
predicted from the general sequence consenad)s (
Although the crystal structure does not contain AdoHcy
or its analogue, there is a well-formed crevice between
strand$51 andf4 in the catalytic domain. A simple modeling
study indicates that an AdoHcy molecule can fit the crevice
without introducing major structural changes. In the model
structure, AdoHcy binds to the catalytic domain with its
adenine moiety inserted into the deep cavity. This is
consistent with the results of previous spectrophotometric
and solvent perturbation studies which showed that the
adenine existed in a hydrophobic environmét®) (The Hcy
and ribose are exposed in the solvent channel. Aksamit et
al. (48) have proposed from site-directed mutagenesis studies
that Cys78 is located near the AdoHcy-binding site, although
not directly involved in the catalytic reaction. The crystal
structure indicates the occurrence of Cys78 in the loop
I%etweenﬁZ andaC, which is near the binding site of the
adenine moiety of AdoHcy. Yuan et ab@ have shown
that Cys194 occurs in the catalytic center and suggested that
it plays an important role in maintaining the @H reduction
potential for the effective release of the reaction products
and regeneration of the active form (NAOorm) of the
enzyme. The S atom of C194 and the C4 of nicotinamide

adenine ring, and Glu155 recognizes the ribose moiety by agre at a distance of 3.8 A. Although it is slightly long, if the

pair of hydrogen bonds (Figure 6B). Polar amino acid

distance indicates partial reduction of bound NADy

residues, His54 and Asp130, which could serve as a generalcys194, the results of Yuen et abQ) are consistent with

base in the abstraction of a-groton of AdoHcy, are seen

near the ribose moiety. However, it should be noted that the

ribose moiety of AdoHcy is quite distant from the nicoti-
namide moiety of NAD [for example, CJAdoHcy)---C4-
(NAD) = 6.3 A] (Figure 5B).

DISCUSSION

The crystallographic study described in this report provides

the reaction mechanism proposed below.

In the structure of rat liver AdoHcyase obtained here, the
catalytic and NAD-binding domains are apart from each
other. This “open” structure is in contrast with the “closed”
structure reported for human AdoHcyase complexed with a
substrate analogue’-Bydroxyl-3-ketocyclopent-4enylad-
enine B1). Thus, it is reasonable to assume that the large
cleft between the two domains is closed upon binding of

information about the secondary, tertiary, and quaternary the substrate to bring NAD and substrate into close

structures of rat liver AdoHcyase, and the amino acid
residues possibly involved in catalysis and NADinding
have been identified.

In open twistedw/f structures, it is known that a substrate
binds to the crevice formed between tWestrands that are
joined by a crossover connection (see, for example? tpf

proximity. Since the NAD-binding domains are attached
together at the center of the tetramer, the catalytic domain
should move toward the former. This movement would place
the C3-H of AdoHcy very close to the nicotinamide C4 of
NAD. It is most likely that rotation occurs at the N-terminal
end of the longxG that connects the catalytic domain to the

The structure of AdoHcyase presented here has two largeNAD *-binding domain. For example, if the torsion angle of
domains, each of which is composed of a typical open twisted the Gu—N bond of Thr184 imaG is changed from-69° to

o/f structure. A tightly bound NAD molecule is found in

—87°, the cleft is closed and AdoHcy moves toward the

the crevice of one of the domains. Amino acid sequence NAD* (Figure 8). Such a conformational change could move
analysis indicated that the region from Lys213 to Asp244 some of atoms on the surface of the catalytic domain more
conformed to the “fingerprint” sequence of the dinucleotide- than 10 A from their original sites. Since the small C-terminal

binding domain with the sequence GXGXXG at positions domain bridges the mobile catalytic domain and the station-
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(B)

Ficure 7: Unique channel structure composed of four sets of thrbelices (G—al) that passes through the center of the tetramer: (A)

a side view of the channel and (B) a view down the channel. The dimension of the chardél&x 10 A x 50 A. The diagram contains

four sets of residues 18@56 and the C-terminal tails (42@31) from the four subunits (yellow, cyan, magenta, and green). Four'NAD
molecules on the edges of the channel are red. It is noted that the C-termini hang into the channel as if they cork the entrances of the
channel.

ary NAD*-binding domain of the adjacent subunit, a slight nected to each other without creating the hollow channel,
movement of the C-terminal domain upon AdoHcy binding the catalytic domains would lose their mobility since they
might trigger a large conformational change of the catalytic would be close to each other in the tetrameric structure. If,
domain. Substrate-induced conformational change is a well-on the other hand, the NABbinding domains were less
established phenomenon (see, for exampley #gf tightly connected so a high mobility of the catalytic domains
As indicated by the temperature parameters of atoms, thewas maintained, the enzyme would not be able to keep the
catalytic domain is quite mobile, whereas the NADBinding tetrameric structure. In the tetramer, the small C-terminal
domain and the small C-terminal domain are less mobile. domains are exchanged between the adjacent subunits and
The high mobility of the catalytic domain is due to the unique form part of the NAD-binding sites. Therefore, the enzyme
architecture of the tetramer. As described in the previous must at least be a dimer to properly form the NADinding
section, a channel is formed in the center of the tetramer sites. However, the dimer structure cannot provide a strong
(Figure 7). This channel structure not only provides a strong rigid core framework. Formation of the tetramer allows
core framework but also offers mobility to the catalytic AdoHcyase to build a strong and rigid molecular framework
domains. If the NAD-binding domains were tightly con-  as well as flexible catalytic sites. The hydrophilic C-termini
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the C4 of AdoHcy [C4---OD1(Asp130)= 3.7 A, C4---
NE2(His54)= 3.9 A]. Thus, it is highly likely that either
Asp130 or His54 acts as a base to directly abstract the proton
from C4 of the substrate. The resulting carbanion then
eliminates Hcy to form the '&eto-4,5-dehydroadenosine
intermediate. After addition of OHto C5 of the intermedi-

ate, the protonated base (Asp130 or His54) returns a proton
to C4, and the @—S bond rotation allows approach of the
Cys194 SH group to NADH. Reduction of thel&to group

by the enzyme-bound NADH and the protonated Glul55
completes the hydrolysis. A schematic representation of the
mechanism is illustrated below.

LEpen cosnEnrmmadion Closed conformation

Ficure 8: “Open” and “closed” structures of the AdoHcyase. The

catalytic domain, NAD-binding domain, and small C-terminal Hey Cys194
domain are green, red, and cyan, respectively. The closed structure H_ . | Ade {
is generated by rotating theo&N bond of Thr184 from—69° to O=—>CH O H g
—87. i A e H
H /C3' o NH,
might cork the entrances of the channel to prevent a possible o 47' 03 0 .
disruption of the channel structure caused by any disturbance H H N
inside the channel such as metal ion binding. It is noted that  Asp130 t o" 1'1

N
catalytic domains could move in other operiosed struc- > o NAD'
tures without the channel (see, for example, T4y N f
Interestingly, the length~¢50 A) of the channel observed His54 Glul55
in this structure is similar to those observed in the channel-
forming transmembrane proteins, such as bacteriorhodopsinin contrast, Turner et al5Q) have proposed that Lys185 is
(75, 76), K* channel {7), andE. coli OmpF porins 78). the proton acceptor of O3 and a water molecule activated
The diameter of the channel is quite wide10 A) and by Asp130 and His54 abstracts the proton of-84
comparable to those d&. coli OmpF porins. It has been postulated that AdoHcyase and AdoMet-
On the basis of the crystal structure and modeling study, dependent methyltransferases would have a common struc-
the mechanism of hydrolysis of AdoHcy could be visualized ture at the substrate binding sites since AdoHcy is an
as follows. The adenosine moiety of AdoHcy is held to the effective product inhibitor of methyltransferases. In the
enzyme by hydrogen bonds [NLIAOG1(Thr56), N6A-- AdoHcy-binding domain of AdoHcyase, the peptide folding
OE1(Glu58), 02--OE1(Glul55), and O3-OE2(Glul55)]. pattern from helixaA (residues 28-39) to helixaF (residues
Upon binding of AdoHcy, the catalytic domain moves toward 156—169) is exactly the same as the pattern seen in
the NAD'-binding domain so the C3 is placed near the  methyltransferases of known structur&s,(79), although
C4 of nicotinamide of NAD. The OE2 of Glul55 serves the folding pattern of the C-terminal edge6( 57, andaF)
as a base to accept the proton from-®3 The HS group of is slightly different. The number of amino acid residues
Cys194 would move away from the C4 of NADy rotating composing the AdoHcy-binding domain of AdoHcyase (181)
the @3—S bond. This would bring the NADto a higher is also quite similar to that of the catalytic domain of
oxidation state and facilitate abstraction of the-Ei3of the methyltransferase [for example, the AdoMet-binding domain
substrate. In the model structure, Asp130 and His54 are neaof glycine N-methyltransferase has 178 residué8)j. In a

Table 3: Summary of the Crystallographic Data of Rat and Human AdoHcyases

rat AdoHcyase (this study)

human AdoHcyase

crystallization conditions

space group
unit cell dimension

no. of subunits in asymmetric unit
structure determination method

resolution (A)

no. of independent reflections used

bulk solvent correction

R, Rfree

rmsd for bonds (A), rmsd for angles (deg)

15% PEG 6000, 10 mM MgClI
and 50 mM Tris/HCI (pH 6.8)

P2,

a=94.76 Ab=134.48 Ac=102.26 A,

p=114.35, andV =1 187 210 R

a@=94.76 A,b=186.62 Ac = 134.48
A, p=93.2F, andV =2 374 428 &
4

molecular replacement with
NAD-binding structures
8.0-2.8
56314 (all data)
not applied
0.197,0.268
0.011,1.71

most favorable regions in Ramachandran ploti(%) 87.7

cofactor, inhibitor
conformation

NAD", no inhibitor
open

12% PEG 4000, 20% 2-propanol,
200 mM ammonium acetate, and 100
mM citrate buffer (pH 5.6)

C222

a=96.2Ab=173.6 Ac=1429A,
andV =2 386 476 &

a*=91.93Ab=168.02 A,c=137.77
A, andVv =2 128006 &
2

MAD with SeMets

50-2.8
49579 (all data)
applied
0.222,0.243
0.008, 1.68
83.0
NADH, DHCaA
closed

apseudoc222 cell.” From ref83. ¢ From ref51. ¢ According to the program PROCHECIKY).
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methyltransferase, AdoMet binds on the tipgestrands that
are joined by a crossover connection. AdoHcyase binds
AdoHcy at a similar part of the enzyme. It should be noted,

however, that consensus amino acid sequences observed at

the AdoMet-binding site of methyltransferases are not
observed in AdoHcyase.

It is interesting to compare the structures of AdoHcyase
and related enzymes. The AdoMet-binding pocket of AdoMet
synthetase, which catalyzes the synthesis of AdoMet from
methionine and ATP, is structurally quite different from the
AdoMet- and AdoHcy-binding pockets of methyltransferases
and AdoHcyase 80). Methionine synthase8() and me-
thionine repressor 8@Q), whose biological activities are
regulated by AdoMet, do not have the polypeptide folding

pattern seen in methyltransferases and AdoHcyase. It appears

that AdoMet- and AdoHcy-binding pockets can be con-
structed in various ways to support different biological
functions. For example, the AdoMet binding pocket of
AdoMet synthetase is designed to release the AdoMet that
is formed (low-affinity), while that of methyltransferase is
constructed to capture cytosolic AdoMet (high-affinity) and
to convert it to AdoHcy. AdoHcyase and methyltransferases
have a similar structural motif at the substrate binding sites
that may be helpful for AdoHcy in traveling freely to and
from these enzymes to regulate methyl transfer reactions.
Because the atomic coordinate data of human AdoHcyase
have not been released, it is not possible to compare the
structures of rat and human enzymes at the atomic level.
However, it is interesting to compare their crystallographic
data. As summarized in Table 3, both enzymes are crystal-
lized in related space groups. To directly compare the unit
cell dimensions, the monoclinic unit ceP?; space group)
of rat AdoHcyase is converted to a nonprimitive pseudo-
orthorhombic unit cell (pseud6222 space group). The
resulted pseudo orthorhombic unit cell dimensions are similar
to those in the preliminary report of human AdoHcya88) (
Especially the cell volumes of both enzymes are the same
(2.37x 10Pvs 2.38x 10° A3). Although the crystallization,
data collection, and structure determination of rat and human
AdoHcyases have been carried out independently, the
refinement parameters are quite similar to each other.
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