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Nicotinamide mononucleotide adenylyltransferase
(NMNAT), a member of the nucleotidyltransferase o/f-
phosphodiesterases superfamily, catalyzes a universal
step (NMN + ATP = NAD + PP,) in NAD biosynthesis.
Localized within the nucleus, the activity of the human
enzyme is greatly altered in tumor cells, rendering it a
promising target for cancer chemotherapy. By using a
combination of single isomorphous replacement and
density modification techniques, the human NMNAT
structure was solved by x-ray crystallography to a 2.5-A
resolution, revealing a hexamer that is composed of o/p-
topology subunits. The active site topology of the en-
zyme, analyzed through homology modeling and struc-
tural comparison with other NMNATSs, yielded
convincing evidence for a substrate-induced conforma-
tional change. We also observed remarkable structural
conservation in the ATP-recognition motifs GXXXPX-
(T/H)XXH and SXTXXR, which we take to be the univer-
sal signature for NMNATSs. Structural comparison of hu-
man and prokaryotic NMNATSs may also lead to the ra-
tional design of highly selective antimicrobial drugs.

Beyond its pivotal role as a redox cofactor in energy trans-
duction and cellular metabolism, NAD is also intimately in-
volved in signaling pathways. The NAD(P) derivatives nicotinic
acid adenine dinucleotide phosphate and cyclic ADP-ribose are
likewise among the most potent calcium-mobilizing agents (1,
2). NAD is the substrate for poly(ADP-ribosyl)ation, a vitally
important post-translation modification occurring within the
nuclei of higher eukaryotes by poly(ADP-ribose) polymerase
(3). NAD is also the substrate for mono-ADP-ribosyltrans-
ferase, an enzyme that transfers a single ADP-ribose unit from
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NAD onto target proteins in both mammalian and prokaryotic
cells (4). Most recently, high levels of NAD were shown to
extend yeast cell life-span, a phenomenon linked to the action
of NAD-dependent catalysis of protein deacetylation (5, 6).

Like ATP and GTP, NAD performs multiple tasks in both
energy and signaling transduction, indicating why NAD home-
ostasis must be tightly regulated in all living organisms. Any
impairment in NAD synthesis seriously impairs cellular me-
tabolism, eventually resulting in cell death (7). The biosynthe-
sis of this key redox coenzyme is accomplished either through a
de novo pathway or through NAD-recycling salvage routes with
notable differences between prokaryotes and eukaryotes (8).
All the known biochemical pathways converge to the reaction
catalyzed by NMN adenylyltransferase (EC 2.7.7.1), abbrevi-
ated NMNAT! (8). This transferase catalyzes the nucleophilic
attack by the 5’ phosphate NMN or nicotinic acid mononucle-
otide on the a-phosphoryl of ATP, releasing PP; and NAD or
nicotinic acid adenine dinucleotide (9). Although the eukaryotic
enzyme forms NAD and nicotinic acid adenine dinucleotide at
similar rates, its prokaryotic counterpart prefers the deami-
dated substrate (nicotinic acid mononucleotide) (8). Because
the reaction is fully reversible, NAD can also be reconverted to
ATP (10).

Human NMNAT, the only NAD/nicotinic acid adenine dinu-
cleotide biosynthetic-pathway enzyme within the nucleus (11,
12), may be so localized to meet the consistently high demand
for NAD in nuclear poly(ADP-ribosyl)ation reactions. A critical
factor in cell survival, NMNAT activity is altered in highly
proliferating cells, rendering the enzyme a potential target for
cancer chemotherapy (13, 14). An equally relevant issue is the
multistep metabolic activation of the prodrug tiazofurin (15) to
form tiazofurin adenine dinucleotide where the last step is
mediated by NMNAT. The NAD analog known as tiazofurin
adenine dinucleotide strongly inhibits IMP dehydrogenase, a
widely acknowledged target for cancer chemotherapy (16).
NMNAT activity is reduced to below 5% of its wild type activity
in a tiazofurin-resistant cell line (17), stressing the key role of
NMNAT both in prodrug activation and as a potential target
for cancer chemotherapy.

Because our group aspires to achieve the rational design of
antineoplastic and antimicrobial agents (18, 21, 22), the crys-
tallographic investigation reported here provides the first op-
portunity to compare the detailed structures of human and
prokaryotic NMN adenylyltransferases. Based on structural
similarities identified on the basis of the Methanococcus jann-

! The abbreviations used are: NMNAT, nicotinamide mononucleotide
adenylyltransferase; SIR, simple isomorphous replacement; r.m.s., root
mean square; r.m.s.d., root mean square deviation; PPAT, phospho-
pantetheine adenylyltransferase.
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aschii structure, previously solved by our group (18), NMNAT
was recognized to be a member of the nucleotidyltransferase
superfamily of o/B-phosphodiesterases. Characterized by the
presence of a highly conserved (H/T)XGH motif (19), these
enzymes share a common adenylylation mechanism. We have
now determined the crystal structure of recombinant human
NMN adenylyltransferase in its free form at a resolution of 2.5
A. The structure reveals a hexameric assembly with 322 sym-
metry composed of o/B-topology subunits. The enzyme active
site has been analyzed through a detailed structural compari-
son with M. jannaschii (18) and Methanobacterium thermoau-
totrophicum NMNATS (20). Our structural data also revealed a
remarkable structural conservation in ATP-recognition motifs
GXXXPX(T/H)XXH and SXTXXR, which we propose to be the
universal signature for NMNATS.

EXPERIMENTAL PROCEDURES

Crystallization—The recombinant protein used in the crystallization
experiments was purified from Escherichia coli as described previously
and consists of a polypeptide chain of 279 residues (14). The protein was
provided in a buffered solution containing 0.02 M Tris at pH 8.0, 2 mm
ATP, and 2 mm MgCl, and has proven to be active. Crystals of human
NMNAT were grown using the hanging drop vapor diffusion method by
equilibrating 2 ul of purified protein solution at a concentration of 20
mg/ml against an equal volume of reservoir solution containing 1.8 M
ammonium sulfate, 0.1 M Tris, pH 8.1, 4% v/v isopropyl alcohol.

The crystals grow to a size of ~0.1 X 0.1 X 0.1 mm in about 4-5 days
at 20 °C and can be assigned to two different space groups depending on
the cryoprotectant employed for data collection at 100 K. If 20% glycerol
is used, the analysis of the diffraction data sets collected allowed us to
assign the NMNAT crystals to the monoclinic space group P2, (crystal
form I) with cell dimensions @ = 141.0 A, b = 87.0 A, ¢ = 141.9 A, B=
118.10° containing six molecules per asymmetric unit with a corre-
sponding solvent content of 70%. For crystal form I, a diffraction limit
of a 3.3-A resolution was observed. On the other hand, when light
paraffin oil is employed as a cryoprotectant, NMNAT crystals belong to
the hexagonal space group P6,22 (crystal form II) with cell dimensions
a=b=14750 A and ¢ = 61.50 A and diffract to a 2.5-A resolution. In
this case, one molecule is present per asymmetric unit with a corre-
sponding solvent content of 60%.

Structure Solution and Refinement—For data collection and heavy
atom screening, the crystals were transferred in a stabilizing solution
containing 2.0 M ammonium sulfate, 0.1 M Tris, pH 8.1, 4% v/v isopropyl
alcohol, 2 mm ATP, and 2 mm MgCl,. All data sets were collected using
synchrotron radiation at the beam line ID14 EH3 at European Syn-
chrotron Radiation Facility (Grenoble, France, A = 0.8139 A) at a
temperature of 100 K. Diffraction data sets employed for SIR phasing
were collected on the monoclinic crystals, whereas the high resolution
data set employed in refinement was collected on the hexagonal crys-
tals. Diffracted intensities were evaluated and integrated using the
program MOSFLM (23), whereas the CCP4 suite was used for data
reduction (24). Table I gives a summary of the data collection statistics.
The mercuric chloride isomorphous difference Patterson map was
solved using SHELX-90 (25), and heavy atom parameters were refined
using MLPHARE (26); phasing statistics are reported in Table I. The
soaking time for the mercuric derivative was 6 h at a concentration of
0.5 mM. The initial SIR electron density map calculated for the mono-
clinic crystal form did not allow chain tracing, providing only a clear
identification of the protein boundaries. The initial SIR phases were
then sensibly improved by means of 6-fold density averaging. The
presence of a hexamer with 32-point group symmetry in the asymmetric
unit was confirmed through the calculation of the self-rotation function,
performed using the program AmoRe (27). Five strong peaks located at
k= 119.5, ¢ = 84.1, y = 273.2 (4.5 o over r.m.s.); at k = 180.0, ¢ = 60.0,
¢ = 5.8 (4.2 oover r.m.s.); at k = 180.0, ¢ = 6.2, ¢y = 180.0 (5.2 o over
r.m.s.); and at k = 180.1, ¢ = 59.7, y = 180.0 (10.2 o over r.m.s.) were
identified. This hexameric arrangement was also consistent with the
position of the 12 heavy atom sites located in the difference Patterson.
The locations of the non-crystallographic 3- and 2-fold axes were deter-
mined with the program GLRF (28), used in the real-space translation
function mode (option tfun = 2). The SIR phases were then improved by
simultaneous application of 6-fold density averaging, solvent flattening,
and histogram matching with phase extension from 5.0 to 3.3 A, as
implemented in the program DM (29). The resulting electron density
map was of good quality but allowed a clear tracing of the backbone

TaBLE 1
Crystallographic statistics

Native I HgCl, Native II
X-ray data
Space group P2, P2, P6,22
Resolution 3.3 4.3 2.5
Unique reflections 42041 14068 14056
Redundancy 3.2 2.3 8.4
Completeness 96.0 98.7 99.8
R e’ 10.4 10.0 7.5
o’ 20.4

Phasing power® 1.28
R 0.80
FOM* 0.31
No. of protein atoms 1750
No. of solvent atoms 58
R-factor (%) 23.4
R-free (%)% . 28.6
r.m.s.d. bond lengths (A) 0.018
r.m.s.d. bond angles (degrees) 2.0
r.m.s.d. planar 1-4 distance (A) 0.011

“Roperge = S| — T)/2(Ti), where (Ii) is the mean value of the ith
intensity measurements.

® Ry, = 2|Fpul — |Fpll/2|Fp|, where Fpyy and F, are the derivative and
native structure factors, respectively.

¢ Phasing power = |[F/E, where Fy; is the calculated heavy atom
structure factors and E is the residual lack of closure.

AR tic = 2Fpgr + Fp| — Fy|2|Fpy; + Fp|, where Fp, Fppy, and Fy, are
the observed protein, observed derivative, and calculated heavy atom
structure factors with the sum over all centric reflections.

¢ (FOM) (10.0-3.5 A) = [ P(6) exp (10)d6/[P(6)d§, where P is the
probability distribution of the phase angle 6.

" R-factor = Z|F,,. — F ., J/2|F,, .

& R-free = X|F,,, — F.,[2|F,,.| (for the selected portion of all data).
only, suffering from a limited resolution (3.3 A). Nevertheless, 80% of
the entire protein was traced as a polyalanine model at this stage. This
partial structure was employed as a search model for molecular replace-
ment calculation against the hexagonal crystal form. An unambiguous
solution for both the cross-rotation and translation functions could be
obtained using the program AmoRe (27), therefore providing the oper-
ator that relates the coordinates of the monoclinic and hexagonal crys-
tal structures. At this point, a multicrystal density averaging procedure
was attempted. An envelope was defined on the basis of the polyalanine
model built in the monoclinic structure (covering one monomer),
whereas the starting electron density was derived from the initial SIR
phases. The calculation was carried out with the program DMMULTI
(29), extending the phases for the hexagonal crystal form to a 2.5-A
resolution. The resulting electron density map was of high quality, and
an unambiguous tracing, including all the side chains, was performed
using the program O (30). Nevertheless, three major breaks were pres-
ent in the electron density map between residues 1-4, 111-147, and
258-279.

Only the hexagonal structure was subjected to refinement because of
the highest resolution obtained using these crystals. The crystallo-
graphic refinement was carried out at 2.5 A employing REFMAC (31).
A random sample containing 965 reflections (roughly 1% of the total
number of reflections) was excluded from the refinement and used for
the calculation of the free R-factor (32). The program O was used for
manual rebuilding of the model. The initial model (80% of the whole
molecule) was subjected to 10 cycles of rigid body refinement in the
15.0-4.0 A resolution range, lowering the R-factor and the R-free to 39
and 41%, respectively. Subsequently, 50 cycles of REFMAC were per-
formed, observing a drop of the crystallographic R-factor to 34% (free
R-factor 36%). An additional 50 cycles of refinement were carried out,
obtaining a R-factor and a free R-factor of 26 and 28%, respectively.
Solvent molecules were manually added at positions with density > 40
in the F, — F, map, considering only peaks engaged in at least one
hydrogen bond with protein atom or solvent atom. A final round of 20
cycles of refinement was carried out on the resulting model until con-
vergence, at an R-factor of 23.4% and R-free of 28.1%.

The current model contains 216 amino acid residues and 58 water
molecules. The three major breaks detected after the multicrystal den-
sity averaging procedure were still present in the refined electron
density map, between residues 1-4, 111-147, and 258-279. These
breaks in the electron density were also present in all six subunits of the
monoclinic structure. The average B-factors for the 1750 protein atoms
and for the 58 ordered water molecules are 58.7 and 56.2 A% (54.6 A2 for
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Fic. 1. Stereo ribbon view of the subunit of human NMN ad-
enylyltransferase, as produced by the program MOLSCRIPT
(48). The parallel central six-stranded B-sheet can be seen roughly
edge-on with the topological switch point, representing the NAD bind-
ing site.

the main chain and 62.7 A2 for the side chains), respectively. The
results of refinement are summarized in Table I.

Deposition—The coordinates of human NMNAT have been deposited
with the Protein Data Bank (accession code 1KKU).

RESULTS AND DISCUSSION

Overall Quality of the Human NMNAT Structural Model—
Two different crystal forms could be obtained depending on the
cryocooling condition: crystals of form I belong to the mono-
clinic space group P2; with six molecules in the asymmetric
unit, and crystals of form II belong to the hexagonal space
group P6522 with one molecule in the asymmetric unit (see
“Experimental Procedures”). The structure of human NMNAT
was solved by means of the single isomorphous replacement
method in conjunction with multicrystal density averaging.
Only the hexagonal crystal form was refined, and the current
model contains 216 residues and 58 solvent molecules with an
R-factor of 0.234 and R-free of 0.286 at a 2.5-A resolution. No
electron density is present for residues 1-4, 111-147, and
258-279, neither in the hexagonal nor in the monoclinic struc-
tures. The stereochemistry of the refined model has been as-
sessed with the program PROCHECK (33). 90% of the residues
are in the most favored regions of the Ramachandran plot, and
no outliers are present. Residue 19 has been recognized as a cis
proline. Coordinates of human NMNAT have been deposited
with the Protein Data Bank.

Overall Structure—The polypeptide chain of each NMNAT
folds into six B-strands, nine a-helices, and connecting loops.
The protein architecture consists of a classical o/B-dinucleotide
binding domain (residues 5-216) whose core is a strongly
twisted six-stranded parallel open B-sheet, flanked on both
sides by a-helices (Fig. 1). The C-terminal portion of the protein
(residues 217-258) forms a second small domain, made up by
two a-helices (Fig. 1). A hexameric assembly was observed in
both of the two crystal forms. In the hexagonal crystal form, the
322 crystallographic symmetry operations assemble the mono-
mers present in the asymmetric unit into a hexamer (Fig. 2, a
and b). The same oligomeric arrangement is observed in the
monoclinic crystal form, where a hexamer endowed with 32-
point group symmetry is present in the asymmetric unit.

The overall quaternary structure can be viewed as a trimer-
of-dimers, where two major intersubunit interfaces can be dis-
tinguished. The first concerns associated protomers related by
a dyad axis (Fig. 2, a and b), whereas the second involves
protomers related by a 3-fold axis (Fig. 2a). A total of 2100 Az
of molecular surface are buried upon oligomerization on each
monomer. In particular, 1200 A2 of the accessible surface are
buried on each monomer upon dimer formation. Many interac-

Fic. 2. Ribbon representation of the hexamer of NMN adenyl-
yltransferase as produced by the program MOLSCRIPT (48)
viewed along the local 3-fold axis (a) and the local dyad (b). Each
of the six subunits is colored differently.

tions occurring across the dyad axis participate in dimer sta-
bilization, including hydrogen bonds and hydrophobic contacts.
Residues 217-220 meet their equivalent in the facing mono-
mer, and residues 234-238 of one subunit contact residues
26-33 of the other (Fig. 3). Phe-217 appears to play an impor-
tant role in the dimer stabilization, making a strong hydropho-
bic interaction with Ile-221 of the other monomer (Fig. 3).
Interestingly, a single nucleotide polymorphism was reported
for human NMNAT, resulting in the expression of either phe-
nylalanine or leucine at position 217 (34). In our structure, a
phenylalanine residue occupies position 217 (Fig. 3). However,
the presence of a leucine residue would be fully compatible with
the structural environment observed and would not disrupt the
network of hydrophobic interaction essential for the dimer
stability.

Fewer contacts are observed between protomers related by
the triad axis where 500 A2 of accessible surface area are
buried on each monomer upon trimer formation, revealing a
loose trimer. The intratrimer contacts observed consist of both
electrostatic and hydrophobic interactions and are provided by
two regions on each monomer, encompassing residues 198-204
and 228-232. Among the electrostatic interactions observed,
Tyr-A198 provides two strong hydrogen bonds with its OH
atom at a distance of 2.8 A from the Arg-B228 NH1 atom and
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FiG. 3. Stereo view of the Ca trace of the NMNAT dimer, viewed along its local dyad. Phe-217 and Ile-221 are shown in a ball-and-stick

representation. The figure was generated using MOLSCRIPT (48).

its carbonyl atom at 2.8 A from the Arg-B231 NH,, atom. A
strong hydrophobic interaction occurs between Trp-B204 and
Arg-A232, whose guanidino group stacks against the aromatic
ring of Trp-B204. All the contacts observed are repeated be-
tween subunit B and C as well as C and A.

The approximate overall dimensions of the globular hexamer
of human NMNAT are 60 A along the triad axis and 50 A across
it. As can be seen in Fig. 2a, a solvent channel crosses the
entire hexamer running along the 3-fold axis. Based on struc-
tural comparison with the previously reported structures of M.
Jannaschii (18) and M. thermoautotrophicum (20) NMNAT, we
proposed the enzyme active site to be located in a wide cleft
facing the channel and extending from the top of the hexamer
to the trimer-trimer interface (Fig. 2a). The interior of the
channel is characterized by a distribution of positively charged
residues, including Arg-188, Arg-228, Arg-231, Arg-232, and
Lys-225, all located in proximity of the proposed enzyme active
site (Fig. 4). As already observed in the hexameric structure of
M. jannaschii NMNAT, such a distribution could be suited for
the highly negative substrate ATP to be steered to its binding
site from the bulk solvent (18). However, the extension of the
positive surface observed in human NMNAT is smaller than
that reported in the case of M. jannaschii NMNAT, reflecting
the lower number of positively charged residues featuring the
active site of the human enzyme (Fig. 4).

The structural arrangement of human NMNAT suggests a
conservation of the hexameric assembly in all NMNATS since
the same structural architecture was reported for both M.
Jjannaschii (18) and M. thermoautotrophicum enzymes (20).
However, human NMNAT was reported by us to be a tetramer
in solution, based on gel filtration experiments (14). Therefore,
the crystallographic observed hexamer could not represent the
only functionally active oligomeric state for NMNAT. In this
respect, the dimer building up the hexamer (Fig. 3) could be
considered as the minimal NMNAT oligomeric unit resulting in
tetramers or hexamers, depending on the environmental
conditions.

Consistent with its subcellular localization, a putative nu-
clear localization signal was identified in the human enzyme in
the 2*PGRKRKW!?° amino acids stretch (12). Moreover, a
previously proposed interaction with PARP1 (35) has recently
been confirmed (12), stressing a possible role of NMNAT in
regulating PARP1 activity. Despite the fact that NMNAT was
proven to be a substrate for nuclear kinases in vitro (12), either
which of the proposed putative residues (positions 109, 136,
and 256) is actually phosphorylated or whether the phospho-
rylated form has a precise physiological role is still unknown
(12). However, it is tempting to speculate a possible role of
phosphorylation in regulating either the enzyme activity or the
interaction with PARP1. In this respect, it should be noticed
that both the putative phosphorylation sites and the nuclear
localization signal are disordered in our structure (Fig. 1). We
speculate that a conformational change may occur upon phos-

FiG. 4. Ca trace of the NMNAT subunit. The residues surrounding
the active site are drawn in a ball-and-stick representation. The helix
H8 is colored in red. The figure was generated using MOLSCRIPT (48).

phorylation and/or formation of a protein-protein complex with
PARP1, resulting in the structuration of the flexible regions.

Comparison of the Active Site of the Human Enzyme with
Those of Other NMN Adenylyltransferases—The catalytic
mechanism of this key enzyme has been investigated in depth,
showing a kinetic behavior fully compatible with an ordered
sequential Bi-Bi mechanism (36). According to the proposed
mechanism, NMN binds first followed by ATP, and in the
reversed reaction, PP; precedes NAD. Once both NMN and ATP
are bound to the active site of the enzyme, the reaction pro-
ceeds through a nucleophilic attack by the 5’ phosphate of
NMN on the a-phosphoryl of ATP, assisted by a magnesium ion
that plays an essential role in catalysis (9, 18).

We cannot presently obtain diffracting crystals of enzyme
complexed with any of its substrates. Attempts at enzyme
co-crystallization with ATP or NAD invariably yielded crystals
of the free form. When co-crystallizations were attempted with
NMN or PP;, no crystals were obtained under conditions that
routinely produced crystals of the free form. A possible expla-
nation is the strict substrate binding order observed in the
kinetic mechanism of human NMNAT. Extensive crystalliza-
tion screenings have been carried out in the presence of NMN
or PP;, but no crystals could be obtained. We infer that these
unsuccessful trials may be due to NMN- or PP;-induced confor-
mations that are incompatible with efficient crystal packing.
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NMNAT has been recognized as a member of the nucleoti-
dyltransferase o/B-phosphodiesterase superfamily, which in-
cludes class I aminoacyl-tRNA synthetase (37), luciferase (38),
glycerol-3-phosphate cytidylyltransferase (39), adenylylsul-
fate-phosphate adenylyltransferase (40, 41), ATP sulfurylase
(42), phosphopantetheine adenylyltransferase (PPAT) (43), and
pantothenate synthetase (44). These enzymes catalyze the
transfer of a nucleotide monophosphate moiety onto different
substrates through transition state stabilization without any
direct involvement of the chemistry of protein residues in ca-
talysis (18, 43, 45). A peculiar feature of all members of this
superfamily is the strict conservation of the (T/H)XGH se-
quence fingerprint with a striking conservation of the second
histidine, shown to be involved in substrate binding and tran-
sition state stabilization (18, 39, 43). Among nucleotidyltrans-
ferase a/B-phosphodiesterases, NMNAT has been reported to
be characterized by a wider signature fingerprint consisting of
residues GXFXPX(T/H)XXH (14). Recently, our group solved
the structure of M. jannaschii NMNAT in complex with ATP
(18), and the structure of M. thermoautotrophicum NMNAT in
complex with NAD and NMN has also been published (20). A
DALI search (46) against the entire Protein Data Bank re-
vealed as the top scores the structures of PPAT (ID code, 1b6t)
(43) and M. jannaschii NMNAT (ID code,1f9a) (18). PPAT and
human NMNAT show 20% sequence identity and can be super-

mFNMNAT 1
MENMNAT 4
hNMNAT 5
mFNMNAT 41
MENMNAT 44
hNMNAT 55
Fic. 5. A structural-based amino
acid sequence alignment of NMINATSs. mFNMNAT 87
The sequences of enzymes from M. jan- MENMNAT 93
naschii (mjNMNAT), M. thermoauto- hNMNAT 100
trophicum (mtNMNAT), and human
(hNMNAT) are shown.
m7NMNAT 117
MmENMNAT 123
hNMNAT 187
MmINMNAT 138
MENMNAT 144
hNMNAT 235

Crystal Structure of Human Nuclear NMN Adenylyltransferase

posed with an r.m.s.d. of 2.4 A for 157 Ca pairs, whereas M.
Jannaschii NMNAT and human NMNAT superpose with an
r.m.s.d. of 3.0 A for 146 Ca pairs (20% sequence identity). A
structural superposition has also been conducted for the hu-
man enzyme and M. thermoautotrophicum NMNAT (ID code
1ej2) (20) (showing 18% sequence identity), resulting in an
r.m.s.d. of 2.3 A for 118 Ca pairs.

Based on the these considerations, the active site of human
NMNAT has been identified and analyzed (Fig. 4) through
sequence and structural comparisons with members of the
nucleotidyltransferase o/B-phosphodiesterase superfamily
and homology modeling with the M. jannaschii and M. ther-
moautotrophicum NMNAT structure in different liganded
states. A structural-based sequence alignment revealed only
15 residues strictly conserved in all three NMNAT structures
(Fig. 5). Ten of them are fundamental residues for the sta-
bility of the NMNAT fold, whereas Gly-15, Pro-19, His-24,
Thr-224, and Arg-227 appear to be directly or indirectly in-
volved in ATP recognition and/or catalysis. The strictly con-
served residue His-24, part of the 2}(T/H)XXH?* sequence
fingerprint, has been demonstrated to be a key catalytic
residue in other nucleotidyltransferase a/B-phosphodiester-
ases (20, 41) and was proposed as the major protein determi-
nant stabilizing the transition state (18, 43, 45). Therefore, as
expected, it is conserved even in human NMNAT. The struc-

LRGFII |GRFQPFHKGH| LEVIKKIAEE VDEII----- -IGIGSAQKS
MRGLLV |GRMQPFHRGH| LOQVIKSILEE VDELI-—--- ~ICIGSAQLS
EKTEVVLLAC | GSFNPITNMH| LRLFELAKDY MNGTGRYTVV KGIISPVGDA

* * * K *

H-TLENPFTA GERILMITQS LKDY---DLT YYPIPIKDIE FNSIWVSYVE
H-SIRDPFTA GERVMMLTKA LSENGIPASR YYITIPVQDIE CNALWVGHIK

YKKKGLIPAY -HRVIMAELA TKNSKWVEVD TWE----SLQ KEWKETLKVL
* *

SLTPPFDI~~ ~——-——~ VY SGNPLVRV-~ ~---- LFEER GYE---VKRP

MLTPPFDR~~ ---=----~ VY SGNPLVQR-- —-—-- LFSED GYE---VTAP

RHHQEKLEAS AVPKVKLLCG ADLLESFAVP NLWKSEDITQ IVANYGLICV

21 -FNRKEY]SGT EIRRRMLNGE
Pl mmmmm o e mmm e mm e -FYRDRY|SGT EVRRRMLDDG
TRAGNDAQKF IYESDVLWKH RSNIHVVNEW FAND--T|SST KIRRALRRGQ

* _* * *

KWEHLVPKAV VDVIKEIKGV ERLRKLA
DWRSLLPESV VEVIDEINGV ERIKHLA
SIRYLVPDLV QEYIEKHNLY SSE

* Kk * *

Fi16. 6. Stereo view superposition
of the GXXXPX(H/T)XXH and SXT-
XXT signature fingerprint of human
(green), M. jannaschii (yellow), and
M. thermoautotrophicum (white)
NMNATS. Only the backbones are shown
for the non-conserved residues. This fig-
ure was generated by using MOLSCRIPT
(48).
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tural analysis shows that Gly-15 and Pro-19 are needed to
properly orient the catalytic relevant His-24 (Fig. 6). Indeed
Pro-19 is in the unusual cis conformation in all three NMNAT
structures reported to date. Such a conformation determines
a peculiar turn of the polypeptide chain resulting in a proper
orientation of His-24, whose conformation must be carefully
fixed for catalysis (Fig. 6). Despite the fact that it is not
strictly conserved, Thr-21 is a key residue for ATP recogni-
tion (Figs. 5 and 6). In fact, Thr-21 would contact the ATP
B-phosphate, analogously to the His-16 in the M. jannaschii
NMNAT-ATP complex (18), therefore appearing as an impor-
tant residue for ATP binding. Moreover, as already reported
for glutaminyl-tRNA synthetase (47), PPAT (43), and M.
jannaschit NMNAT (18), the main chain nitrogen atom of
Thr-21 is hydrogen-bonded to the 8-nitrogen of His-24, which
is therefore neutral with a proton localized on its e-nitrogen.
Such a remarkable conservation of the hydrogen-bonding
scheme for the residues (part of the (T/H)XXH motif) strongly
supports the notation of a relevant role in catalysis for the
second conserved histidine supposed to stabilize the transi-
tion state intermediate. With respect to ATP binding, as
much as the role played by Thr-224 and Arg-227 appears to
be important, both are strictly conserved in all NMNATS (Fig.
5). The two residues are part of the 222SXTXXR?27 sequence,
which is structurally conserved in all NMNATSs (Figs. 5 and
6). Both the threonine and arginine residues were reported to
stabilize the ATP +y-phosphate in the structure of the M.
jannaschii NMNAT-ATP complex (18). Moreover, the SX-
TXXR motif is localized at the N terminus of the H8 helix
(Figs. 1 and 4), a conserved secondary structural element in
NMNATS, which was suggested to participate in ATP recog-
nition through the interaction of its dipole with the ATP
B-phosphate in the M. jannaschii-ATP complex (18). On the
other hand, none of the residues contacting the ATP «- and
B-phosphates in the M. jannaschiit NMNAT-ATP complex are
conserved in the human enzyme. Particularly interesting is
the absence in the human enzyme of a highly conserved
arginine residue contacting the ATP B-phosphate in all nucle-
otidyltransferases, which was suggested to be a key residue
for ATP recognition in nucleotidyltransferases (18, 39, 43,
47). Based on the structure of the free form of human
NMNAT, the unusual ATP conformation observed in the M.
Jjannaschii structure (18) appear to be mainly dictated by the
strong interactions observed between ATP y-phosphate and
the conserved threonine and arginine protein residues (Thr-
224 and Arg-227 in the human enzyme). Therefore, the con-
served residues (part of the TXXH and SXTXXR motifs) could
represent the minimal and essential structural requirement
for ATP recognition in all NMNATSs. However, we cannot rule
out the possibility of an ATP-induced conformational change
that could bring into place other protein residues relevant for
nucleotide recognition. Altogether, we identified two strictly
structurally conserved sequence fingerprints in all NMNATS,
GXXXPX(T/H)XXH and SXTXXR (Figs. 5 and 6), both featur-
ing the ATP binding site. Moreover, we propose as the uni-
versal sequence signature fingerprint for o/B-nucleotidyl-
transferases the (T/H)XXH motif, the glycine residue being
included previously into the signature ((T/H)XGH) but not
present in human NMNAT and not essential to maintain the
conformation adopted by the motif (Fig. 6).

Quite surprisingly, none of the residues reported to bind
NMN in the M. thermoautotrophicum NMNAT (20) are ob-
served in the structure of the human enzyme, making any
proposal about the NMN binding mode poorly reliable. In
particular, neither Trp-87 nor Asn-84, which have been rec-
ognized as key residues in the recognition of NMN in M.

thermoautotrophicum NMNAT (20), are observed in an equiv-
alent position in human NMNAT. In the human enzyme, two
residues, Trp-169 and Glu-94, are located in close proximity
to the expected NMN binding site and could be involved in
the binding of the nicotinic moiety of NMN (Fig. 4). However,
such a possibility would again require a conformational
change induced by substrate binding, properly building the
NMN binding site. In fact, a crude homology modeling based
on the structural superposition with M. jannaschii NMNAT-
ATP and M. thermoautotrophicum NMNAT-NAD complexes,
aimed at the definition of NMN and ATP binding sites, re-
veals a number of serious steric collisions at both sites. Such
observations support the hypothesis of a conformational
change induced by substrate binding, resulting in the proper
assembly of the enzyme active site.
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