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NAD™ synthetase catalyzes the last step in the bio-
synthesis of nicotinamide adenine dinucleotide. The
three-dimensional structure of NH;-dependent NAD*
synthetase from Bacillus subtilis, in its free form and
in complex with ATP, has been solved by X-ray
crystallography (at 2.6 and 2.0 A resolution, respect-
ively) using a combination of multiple isomorphous
replacement and density modification techniques. The
enzyme consists of a tight homodimer with o/f subunit
topology. The catalytic site is located at the parallel
B-sheet topological switch point, where one AMP
molecule, one pyrophosphate and one Mg?* ion are
observed. Residue Ser46, part of the neighboring ‘P-
loop’, is hydrogen bonded to the pyrophosphate group,
and may play a role in promoting the adenylation of
deamido-NAD* during the first step of the catalyzed
reaction. The deamido-NAD™ binding site, located at
the subunit interface, is occupied by one ATP molecule,
pointing towards the catalytic center. A conserved
structural fingerprint of the catalytic site, comprising
Ser46, is very reminiscent of a related protein region
observed in glutamine-dependent GMP synthetase,
supporting the hypothesis that NAD* synthetase
belongs to the newly discovered family of ‘N-type’ ATP
pyrophosphatases.
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Introduction

Nicotinamide adenine dinucleotide (NAD™) is a ubiquitous
coenzyme involved in several biochemical processes such
as oxidation-reduction reactions, DNA repair, DNA
recombination and protein ADP ribosylations (Foster and
Moat, 1980; Tritz, 1987). NAD" biosynthesis can be
accomplished either through a de novo pathway or through
a pyridine nucleotide salvage pathway (White, 1982).
Both pathways have been characterized extensively in
Gram-negative bacteria, while less is known for Bacillus
sp. which are assumed to be similar to Escherichia coli
and Salmonella typhimurium. The early part of the de
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novo pathway involves the enzymes L-aspartate oxidase,
quinolinate synthetase and quinolinic acid phosphoribosyl-

- transferase, which convert L-aspartic acid into nicotinic

acid mononucleotide (NaMN). NaMN is then converted
into nicotinic acid adenine dinucleotide (deamido-NAD™),
through the action of NaMN adenylyltransferase, and
eventually into NAD* by means of NAD" synthetase.
Once synthetized, NAD* can be recycled within one of
the known salvage pathways (White, 1982).

The ubiquitous enzyme NAD™ synthetase (EC 6.3.5.1)
belongs to the amidotransferase family, an enzymatic
family involved in a variety of biochemical processes,
comprising synthesis of amino acids, purine and pyrim-
idine nucleotides, amino sugars, coenzymes and antibiotics

. (Zalkin, 1993; Smith, 1995). Amidotransferase enzymes

are characterized by the presence of two separated domains
which can belong to the same polypeptide chain or exist
as independent subunits. A ‘glutamine amide transfer’
domain (GAT domain) is responsible for the ability to use
glutamine as a nitrogen source, while the synthetase
domain confers specificity and catalyzes the transfer of
ammonia to the substrate (Zalkin, 1993). NAD™ synthetase
catalyzes the last step in NAD* biosynthesis, transforming
deamido-NAD™ into the final product NAD* by a two-
step reaction, whereby the adenylation of deamido-NAD™
is followed by addition of ammonia to the nicotinic acid
carboxylate (Figure 1) (Spencer and Preiss, 1967).

The enzyme from Bacillus subtilis, which has been
overexpressed in E.coli, consists of a functional homo-
dimer, of 271 residues per chain, with a mol. wt of
60480 Da (Nessi et al,, 1995). The enzyme has been
shown to be involved in spore germination and outgrowth,
through the isolation and characterization of temperature-
sensitive mutants during spore germination (Albertini and
Galizzi, 1975). Three additional mutants were isolated in
a general screen for conditional lethal mutants of B.subtilis
(Galizzi et al., 1976; Caramori et al., 1993). All mutants
affected in NAD* synthetase activity were impaired in
cellular functionality, thus indicating a major role for
the enzyme in cellular metabolism. The mutant enzyme
bearing the Glyl156—Glu substitution is 200 times less
active than the wild-type, producing a severe imbalance
in NAD* metabolism (Nessi et al., 1995). The enzyme
isolated from B.subtilis is strictly ammonia dependent and
is not able to utilize glutamine as a nitrogen source; the
existence of an as yet uncharacterized second subunit
bearing the GAT domain cannot, however, be ruled out.

On the basis of the above structural-functional informa-
tion, and in the light of the recently determined crystal
structure of GMP synthetase (Tesmer et al., 1996), NAD™
synthetase has been recognized as a member of a new
family of ‘N-type’ ATP pyrophosphatases, which include
asparagine synthetase and argininosuccinate synthetase.
These enzymes are proposed to share a common
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Fig. 2. Topology diagram of the NAD " synthetase subunit. White arrows and black cylinders represent B-strands and o-helices respectively.

mechanism of substrate adenylation. to promote sub-
sequent amidation reactions, and are characterized by a
conserved glycine-rich *P-loop” sequence motif in the
pyrophosphate (PP;) binding site region. In this context.
and considering that the enzyme is a potential target for
the design of a new class of antibiotic compounds. we
have determined the crystal structure of recombinant
NAD™ synthetase from B.subtilis, which is reported here
in its free form (at 2.6 A resolution) and in the ATP
complex (at 2.0 A resolution). The structure reveals a
very compact homodimer with an extended subunit—
subunit interface. The ATP and deamido-NAD™ binding
sites are located in deep clefts, on each subunit and at the
dimer interface. respectively. Two polypeptide loops which
are disordered in the free enzyme structure become fully
structured upon ATP binding.

Results and discussion

Overall quality of the model

The structure of the free enzyme was solved by means of
the multiple isomorphous replacement (MIR) method in
conjunction with density modification techniques. The cur-
rent model contains 490 residues and 116 solvent molecules
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with an R-factor of 0.189. and an R-free of 0.253. at 2.6 A
resolution; no interpretable electron density is present for
the regions comprising residues 82-87 and 204-225.

The NAD ™ synthetase—~ATP complex structure has been
refined at 2.0 A resolution to an R-factor of 0.174 and an
R-free of 0.238. A final (2F ~F,) electron density map
shows continuous density from residues 1 to 271 in both
subunits. The refined model contains 542 residues, 228
solvent molecules. two pyrophosphate groups, two mole-
cules of AMP and ATP and two Mg>" ions. The stereo-
chemistry of both refined models has been assessed with
the program PROCHECK (Laskowski et al., 1993); 95%
of the residues are in the most favored regions of the
Ramachandran plot and no outliers are present. Co-
ordinates for both the free form and the ATP complex
of NAD™ synthetase have been deposited with the
Brookhaven Protein Data Bank.

Overall structure

The polypeptide chain of each NAD™ synthetase subunit
is folded into five parallel B-strands, 12 o-helices and
connecting loops: a schematic view of the secondary
structure elements is reported in Figure 2. The protein
achitecture consists of a single 0/f domain, whose core



NAD* synthetase crystal structure

Fig. 3. Stereo ribbon representation of the subunit of NAD™ synthetase, as produced by the program MOLSCRIPT (Kraulis, 1991). The parallel
central -sheet can be seen roughly edge-on with the ATP binding site, where AMP, PP; and Mg>™ are shown as light blue ball-and-sticks and a blue
sphere. respectively. The two loops. encompassing residues 82-87 and 205-224. undergoing structural reorganization upon ATP binding are shown
as a green coil. The P-loop’, connecting the S1 B-strand with helix H3 is shown as a violet coil.

Fig. 4. Ribbon representation of the dimer of NAD™ synthetase as produced by the program MOLSCRIPT (Kraulis. 1991) viewed perpendicular to
the local dyad. The two subunits are colored in green and yellow. ATP (red), AMP (light blue) and PP; (light blue) are shown as a ball-and-stick and
Mg>" as a blue sphere. The "P-loop’ is colored violet.

is a highly twisted five stranded parallel open B-sheet, six stranded dinucleotide binding domain (Rossmann et al.,
flanked on both sides by o-helices (Figure 3). This 1975), except that in NAD™ synthetase the sixth B-strand
topological organization closely resembles the well known is substituted by a C-terminal extension of four a-helices.
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The active NAD™ synthetase homodimer is a ‘heart
shaped” molecule with approximate dimensions 43 A x
38 A X 65 A (Figure 4). The two subunits are related by a
local dyad. The dimer is very tight: 2678 A2of the accessible
surface area for each subunit (20% of their individual
accessable surface areas) is buried upon dimer formation.
This extended subunit interface, whose area falls in the
upper limit of the range observed for oligomeric proteins
(Janin ez al., 1988), may be related to the substantial stability
reported for the dimeric enzyme (Nessi et al., 1995).

The most striking feature in the subunit structure is repres-
ented by the extended C-terminal segment 260-271 and by
a helix-loop motif (residues 108-127 comprising the HS5
helix), which would protrude from a putative monomeric
structure. These two regions resemble the arms of a clamp
and anchor the two subunits to each other (Figure 4).

The dimer interface can be divided into two major regions
which differ by the nature of the intermolecular contacts.
The first region consists of an o-helical bundle, formed
across the local 2-fold axis by helices H5 and H6 of each
subunit. In forming the bundle, the H6 helices provided
by the two subunits become buried deeply at the dimer
interface. As aresult, anumber of hydrophobic intermolecu-
lar contacts are observed in their central regions, where
MetA140 and IleA141 meet their equivalent residues in
the facing subunit (contact distances of 3.5 and 3.6 A,

-

respectively). (Residues from the two subunits in NAD*
synthetase are numbered A1-A271 and B1-B271, respect-
ively.) Moreover, in the neighboring H5 helices, a stacking
interaction is observed between the aromatic rings of
Phe2114 and PheB105, with a center—center distance of
35A.

The second contact region contributing to the dimer inter-
face includes the C-terminal segment and residues 170-
179. In this area, several polar interactions, involving both
backbone and side chain atoms, are observed. In particular
a salt bridge between AspA177 and LysB170 (2.7 A), and
three main chain hydrogen bonds, AspA177 N-ValB154 O
(2.9 A), AspA177 O-AlaB263 N (3.3 A) and LeuA179
N-AlaB263 O (2.9 A), are observed. Moreover, the rather
extended conformation of the C-terminal residues allows
the juxtaposition of residue TrpA270 from one subunit into
an aromatic pocket (formed by residues TyrB32 and
PheB28) on the surface of the other. The indole ring of
the C-terminal TrpA270 (a residue conserved in the other
NAD™ synthetase amino acid sequences) is oriented edge-
on with respect to the aromatic rings of TyrB32 and PheB28,
with contact distances of 3.4 and 3.6 A, respectively.

ATP binding site
The ATP binding site is located at the o/p open sheet
topological switch point, firstly reported in dehydrogenases

® of
HisA257

ArgA251
Lysa2538d
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(Rossmann et al., 1975), a deep cleft between the first
(S1) and the fourth (S4) parallel B-strands (Figure 3). The
enzyme soaked in ATP shows clear electron density in
this pocket. compatible with AMP and PP;. The ‘P-loop’
at the end of the S1 B-strand, peculiar to the nucleotide
binding motif (Schulz, 1992), contains the fingerprint
sequence Ser-Gly-Gly-X-Asp-Ser-Thr, which has been
proposed to be characteristic of a new family of ATP
pyrophosphatases (Tesmer et al.. 1996).

Several interactions stabilizing both the PP; and the
AMP moieties are observed, and account for the enzyme
specificity with respect to ATP. All the protein residues
involved in AMP and PP; recognition are contributed by
a single subunit, and no intermolecular interactions
between the ATP binding pockets of the two subunits are
present. The adenine ring of the bound AMP is stabilized
primarily in its location by a hydrogen bond between its
N6 atom and the OD1 atom of GInA84 (2.8 A), and by
stacking with the guanidino group of ArgA139 (distance
of 3.5 A) (Figures 5A and 6). Moreover. the two hydroxyl
groups of the ribose are hydrogen bonded to ThrA157
(2.8 A) and to the carbonyl atom of GlyA44 (2.6 A). Next
to the AMP molecule, the PP; anion is bound to the
P-loop, making a total of five hydrogen bonds with protein
residues (amongst them SerA46 and SerA51 OG atoms
are at 2.7 and 2.6 A, respectively, from the B-phosphate
O atoms). whereas the y-phosphate is salt bridged to
LysA186 (2.7 A). The By-bridge oxygen is centered at the
N-terminus of the H3 helix, whose dipole (Hol et al..
1978) participates in PP; stabilization (Figures 5A and 6).

A strong peak in the F,—F, electron density map,
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NAD™ synthetase crystal structure

bridging the AMP and PPi units, has been modeled as a
Mg>" ion. considering the crystallization medium com-
position and due to the ideal octahedral co-ordination
observed, which is in keeping with the known co-
ordination behavior of this cation in proteins as well as
in co-ordinative complexes (Carugo et al., 1993). The Mg>~
ligands are provided by the AspA50 ODI1 atom (2.2 A).
the GluA 162 OEI1 atom (2.2 A). by the B- and y-phosphate
O atoms, at 2.0 and 2.1 A, respectively. and by the
AMP a-phosphate O atom, at 2.2 A. The coordinative
sphere is completed by water molecule W216, at a distance
of 2.0 A (Figure 5A); the Mg site is fully occupied and
the cation displays a B-factor of 25 A in both subunits.

Deamido-NAD* binding site

The quaternary structure of NAD™ synthetase defines two
equivalent elongated clefts. each extending for ~20 A at
the subunit interface. The electron density observed in
both clefts accounts for an intact ATP molecule, whose
y-phosphate group, however. displays B-factors >80 A2,
this observation being compatible with the absence of a
fixed location for the terminal phosphate. All the attempts
made in order to obtain crystals of the enzyme with bound
deamido-NAD™ were unsuccessful because of severe
crystal damage.

Inspection of the enzyme structure surrounding the
bound ATP molecule (in each of the two equivalent clefts:
Figures 5B and 6) shows that two residues contributed by
the different subunits, HisA257 and LeuB153, clamp the
adenosyl part of the bound nucleotide, fixing its orientation
in the pocket such that two strong hydrogen bonds are
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Fig. 5. (A) Stereo view of the ATP binding site. (B) Stereo view of the proposed deamido-NAD™ binding site in the presence of one bound ATP
molecule. A ball-and-stick representation has been adopted including residues of the B subunit (black). the A subunit (white) and the bound ATP
(white). (C) Overall stereo view of the catalytic center of NAD™ synthetase, including the ATP binding site (lower) and the deamido-NAD™ binding
site (upper): the dashed line connects the ATP and AMP closest atoms (9.8 A) in the ATP-soaked crystals. (All generated using MOLSCRIPT:

Kraulis, 1991.)
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SUBUNIT B

SUBUNIT A

Fig. 6. A schematic representation of the interactions which have been recognized as involved in nucleotide recognition and binding in both the ATP
and deamido-NAD™" binding sites of NAD™ synthetase. The dotted lines indicate interactions between connected atoms.

formed between the adenosyl N1 atom and the hydroxyl
group of TyrB32 (2.6 A), and between the adenosyl N3
atom and the NZ atom of LysA170 (3.2 A) (Figures 5B
and 6). The ribose moiety makes two hydrogen bonds,
with AspB177 at 2.6 A, and with W228 at 3.0 A, which
in turn is hydrogen bonded to the carbonyl group of
LeuB152 (3.2 A). It may be noticed that the presence of
an aspartyl residue at the 177 sites should discriminate
against the binding of NADP*, which bears a phosphate
group at the ribosyl 2’ position. At the opposite end of
the ATP molecule, the phosphate groups are stabilized
by residues provided by the other subunit. In fact, the
o-phosphate is at 3.3 A from the NH1 atom of ArgA137,
the B-phosphate is 3.2 A away from the OD1 atom of
AsnA133 and the y-terminal phosphate is at a distance of
3.3 A from LysA258 (Figures 5B and 6).

Thus, considering the homodimeric structure of NAD*
synthetase, the location of the two proposed deamido-
NAD™ binding sites at the subunit interface explains the
requirement for a dimeric structure for the attainment of
enzymatic activity. Such a proposal is supported further
by the conservation of all residues identified above as
being involved in nucleotide binding also in NAD®
synthetase from E.coli, which is reported as a stable dimer
(Willison and Tissot, 1994).

Mechanism of catalysis

Although the catalytic mechanism of NAD™ synthetase
has been analyzed so far only in general terms (Nessi et al.,
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1995), the first structural evidence on the organization of
the catalytic center, reported here, allows us to shed
more light on the details of the reaction mechanism. As
previously reported for the enzyme from E.coli (Spencer
and Preiss, 1967), and confirmed by us (C.Nessi, unpub-
lished results), the reaction proceeds through the adenyl-
ation of deamido-NAD™ followed by the attachment of
an NH; molecule onto the adenylated intermediate,
resulting in the final product NAD™* (Figure 1). As
described above, we observe four major clefts in the
dimeric enzyme, housing two ATP molecules at the subunit
interface, and two AMP-PP;-Mg?* in deep clefts within
each subunit. Orientation and nearest-neighbor considera-
tions suggest that the two reactive species participating in
the enzymatic reaction belong to different subunits, i.e.
ATP from one subunit reacts with deamido-NAD™" from
the other (Figures 5C and 6). The distance between the
nearest atoms of AMP and ATP observed in the complex
structure is 9.8 A. The empty space left, the structure of
the bound nucleotide and the surrounding cavity allow us
to model an entire molecule of deamido-NAD™* into the
site occupied by ATP in our crystals. Model building
brings the second ribose moiety present in deamido-NAD™*
within hydrogen bonding distance of residues ThrA169
and AspA173. Moreover, the carboxylate of the nicotinic
ring, in the modeled deamido-NAD?, is located next to
the o-phosphate of the bound AMP, correctly positioned
to provide a nucleophilic attack on the o-phosphate of
ATP during the first step of the catalytic cycle. A key role



in this respect could be played by the neighboring residue
SerA46, which stabilizes the PP; moiety through a hydro-
gen bond with its OG atom. This interaction could enhance
the electrophilic character of the o-phosphate. facilitating
its reactivity with deamido-NAD™ in the first step of the
catalyzed reaction. Similarly. the presence of the Mg~
ion may be related not only to structural requirements.
but also to its polarizing role (as a Lewis acid), favoring
the nucleophilic attack on the o-phosphate and stabilizing
the PP; leaving group.

Several examples of enzymatic catalysis proceeding
through adenylation of the substrate are known. Amongst
them are tRNA synthetases. CoA ligases and luciferase
(Delarue. 1995; McElroy et al., 1967; Conti et al., 1996).
The exact roles of residues participating in catalysis and
substrate binding have been studied extensively in tyrosyl-
tRNA synthetase and glutamyl-tRNA synthetase, both
structurally and by site-directed mutagenesis (Fersht, 1987;
Perona et al., 1993). In both enzymes, the activation of
the substrate through adenylation is accounted for entirely
by the binding energy, without any direct involvement of
covalent or acid-base catalysis deriving from the enzyme
functional groups (Fersht, 1987; Perona et al., 1993). Such
behavior seems unlikely in NAD® synthetase because
both the sequence in the signature P-loop and the ATP
binding mode are different from tRNA synthetases.

It has been reported previously that the Gly156—Glu
mutation in NAD™ synthetase results in an enzyme 200
times less active than the wild-type (Nessi et al., 1995):
the mutation strongly affects the K|,, value for NH;, leaving
the K,, values for ATP and deamido-NAD™ essentially
unaltered. Gly156 is observed in the surrounding area of
the ATP binding site at 6.7 A from the nearest ATP atom.
Modeling of the GlulS6 side chain indicates that this
residue is not compatible with direct interaction with ATP,
in keeping with the unaltered K, values. The replacement
of a glycine with a negatively charged side chain could
lead. on the other hand. to NH; sequestering, or create a
steric hindrance to the incoming base.

A second mutation. resulting in a temperature-sensitive
phenotype. has been identified in the gene coding for
NAD ™ synthetase in B.subtilis, even if the mutated enzyme
has not been purified and fully characterized (Caramori
et al., 1993). The reported mutation, His81—Tyr., occurs
in the loop connecting the S2 B-strand with helix H4. on
the protein surface. close to the ATP binding site. A
tyrosyl residue in this position may form a hydrogen bond
with AspA210, hampering access to the ATP binding site,
and decreasing the enzyme’s affinity for the nucleotide.

The comparison between the structures of free NAD™
synthetase and its ATP adduct reveals major structural
differences in two polypeptide loops neighboring the
active site. The structure of the free enzyme was refined
at 2.6 A resolution, imposing strict non-crystallographic
restraints, and did not reveal any electron density for the
two regions encompassing residues 82-87 and 204-225,
both in the surrounding area of the ATP binding site. We
concluded that the two regions were disordered in the free
enzyme, and were probably important in catalysis as they
were located in the proximity of the catalytic site. Such a
hypothesis was confirmed by the structure of the ATP
adduct. refined at 2.0 A resolution. which displays the
82-87 and 204-225 loops fully structured (Figure 3),

NAD™* synthetase crystal structure

suggesting their role in recognition/catalysis. Remarkable
interactions between AMP-PP; and residues of the two
loops are indeed observed: GInA84 is engaged in AMP
stabilization (Figures 5A and 6). and two mam chain
hydrogen bonds, ThrA208 N-PPi O3G (3.2 A) and
ThrA208 O—AMP O3A (2.8 A), are observed. Superposi-
tion of the structures of free and complexed NAD™
synthetase (r.m.s. of 0.12 A on all Co. atoms) reveals no
other regions of significant conformational change.

The ATP pyrophosphatase family

NAD™ synthetase has been proposed to be a member of
a new ATP pyrophosphatase family on the basis of a
conserved sequence fingerprint observed in GMP synthet-
ase, argininosuccinate synthetase and asparagine synthet-
ase (Tesmer er al. 1996). The three-dimensional structure
determined in the present study confirms this proposal.
revealing a common fold. partly shared by GMP and
NAD™ synthetases, as evidenced by the high score pro-
duced by the structural homology search program DALI
(Holm and Sander, 1993). In fact, NAD™ synthetase and
the ATP pyrophosphatase domain of GMP synthetase.
which share 20% sequence identity. can be superposed
with an r.m.s. of 1.6 A. for 116 Cot pairs (rm.s. of 0.29 A
for Ca pairs of residues belonging to the ‘P-loop’). The
structurally homologous region includes the central B-sheet
and the flanking o-helices. whereas no similarities are
detectable for the remaining regions. The ATP binding
site is remarkably similar in the two structures, with
clearly conserved features such as residues SerA46 and
SerAS51. part of the "P-loop’, LysA186. salt bridged to the
PP; units. and the dipole of helix H3. Some notable
substitutions, however, are also observed: residue
ArgA139 in NAD™ synthetase, which contacts the adenine
ring, is replaced by Phe315 in GMP synthetase. which is
oriented perpendicularly with respect to the adenine ring
of AMP. Residue ThrA157, hydrogen bonded in NAD™
synthetase to the ribose moiety of AMP, is occupied by
Gly335 in GMP synthetase which thus cannot provide such
a stabilizing interaction with the substrate. Remarkably. no
hydrogen bonds between the adenine moiety of AMP and
main chain atoms are observed in NAD™ synthetase. as
reported for GMP synthetase. where the only adenine—
protein hydrogen bond is established between N6 and
GInA84 ODI1 atoms. On the other hand, direct hydrogen
bonding between the N6 atom of AMP and the protein
backbone (Val260 O atom) is observed in GMP synthetase.

Materials and methods

Crystallization

The protein employed for crystallization was puritied as previously
described (Nessi er al.. 1995). Crystals of NAD™ synthetase from
B.subilis. with average dimensions of 0.4X0.3X0.2 mm?®. were grown
by dialysis from 22% v/v PEG 400. 0.05 M MgCl,. 0.1 M sodium
acetate. pH 5.2 at 28°C. at a protein concentration of 20 mg/ml. as
reported elsewhere (Rizzi er al.. 1996). They belong to the monoclinic
space group P2 with cells dimensions a = 53.0 A.b=871A.¢=
60.2 A and B = 111.1° considering one NAD+ wnthetase dimer per
asymmetric unit (60 480 Da). the calculated Vyyis 2.15 A’/Da (Matthews.
1968). with a corresponding volume solvent content of 43%.

Crystals of the NAD ™ synthetase—ATP complex were obtained by co-
crystallization using the hanging drop vapor diffusion technique. Drops
containing 11% v/v PEG 400. 0.025 M MgCl. 0.005 M ATP. 0.003 M
Triton X-100. 0.05 M sodium acetate. pH 5.2. with a protein concentration
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Table 1. Data collections statistics

Derivative Resolution (A) Measurements Independent reflections Completeness (%) Rinerge (%) Riso (%)°
Native 2.6 31328 95.2 5.6 -

LuCl; 3.0 53831 98.6 11.5 14.6
UO»(NO;3)» 3.5 18619 R 95.6 10.1 18.6
ATP complex 2.0 177 041 33 464 94.0 6.4 30.0

“Reree = ZHi—-<Ii>|/Z<[i>, where <Ii> is the mean value of the ith intensity measurements.
PRico = ZNFpHFIVEIF ], where Fiy, and F), are the derivative and native structure factors respectively.

of 20 mg/ml, were equilibrated against 22% PEG 400. 50 mM MgCl,.
0.1 M sodium acetate. pH 5.2 at 20°C. The resulting crystals belong to
space group P2, with cell dimensions a = 53.3 A, b = 878 A. ¢ =
61.4 A and B = 110.6°. Despite the fact that the free enzyme and the
ATP complex crystals have similar cell parameters, evaluation of the
diffracted intensities showed large variations between the two data sets
(Table I).

Data collection and structure determination

For data collection and heavy atom screening, the free enzyme crystals
were transferred in a stabilizing solution containing 26% v/v PEG 400,
0.05 M MgCl,, 0.1 M sodium acetate, pH 5.2. All data sets used for
MIR phasing were collected at room temperature on a Rigaku RAXIS
II image plate system, using Cu Ko radiation. Diffracted intensities were
evaluated and integrated using the program MOSFLM (A Leslie), while
the CCP4 suite was used for data reduction (CCP4, 1994). Table I gives
a summary of the data collection statistics for the native protein as well
as for the two heavy atom derivatives and for the ATP complex. The
soaking time for the two derivatives was 8 h in the case of LuCl; and
48 h in the case of UO5(NOj3),. The heavy atom concentrations were |
and 0.5 mM respectively. The Lu** isomorphous difference Patterson
map was solved using SHELX-90 (Sheldrick, 1991). The SIR phases
thus obtained were used to locate the UO,>" binding sites by difference
Fourier techniques. The heavy atom parameters were refined using
MLPHARE (Otwinowski, 1991); phasing statistics are reported in
Table 1II.

Although some secondary structure elements were clearly visible in
the initial MIR electron density map, its overall quality did not allow
chain tracing. However, the MIR phases were then improved substantially
by means of 2-fold density averaging. The presence of a dimer in the
asymmetric unit, suggested by the calculation of the Vy; value, was
confirmed by self-rotation function calculations, performed using the
program AmoRe (Navaza. 1994). A strong peak (7.2 over r.m.s.)
located at x = 180°, ¢ = 119.2°, y = 68.1° (Rossmann and Blow.
1962) clearly indicated the presence of a non-crystallographic 2-fold
axis whose location in the asymmetric unit was determined by the
program GLRF (Tong and Rossmann, 1990), used in the ‘real space
translation function’ mode (option tfun = 2). The non-crystallographic
operator was then refined with the subroutine CCMAX, part of the
program DEMON (Vellieux et al., 1995). A local correlation map

calculation (Podjarny and Rees, 1991) was used for determination of

the molecular envelope. The MIR phases were improved by simultaneous
application of 2-fold density averaging, solvent flattening, histogram
matching and map skeletonization with phase extension from 5.0 to
3.0 A, as implemented in the program DM (CCP4, 1994). The resulting
electron density map allowed us to trace ~90% of the protein model.
The O package (Jones et al., 1991) was used in the model-building
stage, using the BATON option. A polypeptide chain was easily built:
nevertheless, two major breaks were present in the electron density map.
at residues 82-87 and 204-225.

Crystallographic refinement

Free enzyme. The crystallographic refinement was carried out at 2.6 A
resolution using X-PLOR (Briinger. 1992a) and the Engh—Huber stereo-
chemical parameters (Engh and Huber, 1991). A random sample con-
taining 5% of the total reflections (700 reflections) was excluded from
the refinement and used for the calculation of the *free’ R-factor (Briinger.
1992b). Tight non-crystallographic symmetry restraints were maintained
throughout all the different stages of refinement. The program O was
used for manual rebuilding of the model (Jones et al., 1991). The initial
model (90% of the whole molecule) was subjected to 20 cycles of rigid
body refinement in the 6.0-3.0 A resolution range, lowering the R-factor
and the R-free to 48 and 49%, respectively. Subsequently. 300 cycles of
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Table II. MIR phasing statistics

Derivative Resolution No. of Reunis® Phasing <FOM>¢
(A) sites power®
LuCl; 3.0 5 0.80 1.09
0.39
UO5(NO3), 35 2 0.79 1.53

“Reutlis = ZNFpy + Fpl=Fy /ZIFpy + Fpl where Fp, Fpy and Fy are
the observed protein, observed derivative and calculated heavy atom
structure factors, with the sum over all centric reflections.

Phasing power = IFyl/E, where Fy is the calculated heavy atom
structure factors and E is the residual lack of closure.

C<FOM> (10.0-3.0 A) = | P(8) exp(i0)d6/ | P(8)d®. where P is the
probability distribution of the phase angle 6.

Table III. Refinement statistics

Free enzyme ATP complex

Resolution (A) 6.0-2.6 15.0-2.0
No. of protein atoms 3836 4210
No. of solvent atoms 116 228
R-factor (%)* 18.9 17.4
R-free (%)° 25.3 238
ACo (A 0.016 0.26
Root-mean-square deviations from ideality
Bond lengths (A) 0.020 0.015
Bond angles (°) 1.98 1.15
B-bonded atoms ( ;\2) 32 5.3

4R-factor = ZIF(,bS— Cukl/ZIFObSI‘

PR-free = ZIF gp—Feaic/ZIFops) (for the selected portion of all data).
‘r.m.s. deviation for all Ca atoms after superposition of the two
subunits.

energy minimization, with tight non-crystallographic symmetry restraints,
were performed, and a drop in the crystallographic R-factor to 32% (free
R-factor 40%) was observed. At this stage of refinement, the electron
density allowed sequence identification, and all the side chains were
inserted in the model. An additional 300 cycles of refinement were
carried out until convergence, giving an R-factor and a free R-factor of
26 and 36%. respectively. Final isotropic refinement of individual
B-factors led to an R-factor of 18.9% and a free R-factor of 25.3%.
Water molecules were added at positions with a density >36 in the
2F,-2F. map, considering only peaks engaged in at least one hydrogen
bond with a protein or a solvent atom.

The current model contains 505 amino acid residues and 116 water
molecules. The polypeptide residues 82-87 and 204-225 are not visible
in the electron density of both subunits. The average B-factors for the
3836 protem atoms and for the 116 ordered water molecules are 15.7
and 24.2 A? (14.3 A2 for the main chain and 17.2 A2 for the side
chains). respectively. The results of refinement are summarized in
Table III.

ATP complex. The crystallographic refinement was performed in the
15.0-2.0 A resolution range. using the TNT program package (Tronrud
et al., 1987), referring to the Engh ~Huber stereochemical parameters



(Engh and Huber. 1991). and excluding 5% (1668) randomly chosen
reflections for the calculation of the “free” R-factor (Briinger. 1992b).
Neither NCS restraints nor structure factor sigma cutoff were applied.
The initial R-factor. calculated with the refined coordinates of the free
protein. was 40% at 2.0 A resolution. This particularly high value
was expected because of the substantial intensity differences observed
between the apo-enzyme and the ATP complex data sets (Table II).
Initial rigid-body refinement in the 15.0-3.0 A resolution range resulted in
a drop in the R-factor and R-free to 31 and 35%, respectively. Inspection
of the 3F,-2F . and 2F -2F electron density maps allowed us unambig-
ously to trace the main chain for the two regions (82-87 and 204-225)
unstructured in the apo-enzyme model. After 10 additional cycles of
crystallographic restrained refinement. all the side chains for the two
new regions were positioned in correct electron density. The entire
model was then subjected to another series of refinement cycles until
convergence was reached at an R-factor of 23.5% and an R-free of 31%.
in the 15.0-2.0 A resolution range. Solvent molecules were then added
following the same criteria taken into account for the apo-enzyme.
Inspection of the electron density maps at this stage showed (for each
subunit) the presence of one intact ATP molecule bound at the subunit
interface and of one AMP and PP; in the extended ATP binding site.
After fitting of the ATP. AMP and PP; moieties. based on 3F,-2F_ and
2F,-2F, electron density maps. five cycles of individual isotropic
restrained B-factor and 10 cycles of positional restrained refinement
were carried out. Convergence was reached at R-factor and R-free values
of 17.4 and 23.8%. respectively. in the 15.0-2.0 A resolution range. The
final model consists of 4210 protein atoms (542 residues). 228 water
molecules. two PP; ions. two AMP molecules. two ATP molecules and
two Mg>" ions. The average B-factors for the protein atoms and for the
solvent atoms are 27.4 and 37.1 A2, respectively. All the refined B-factors
for the atoms of the two pyrophosphate and AMP units fall within the
15.0-32.0 A’ range. For the two ATP molecules. the same behavior is
observed. with the exception of the terminal y-phosphates. whose
B-factors are >80.0 A%, Details of the refinement are reported in Table III.
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