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Abstract Nicotinamide/nicotinic acid mononucleotide
adenylyltransferase (NMNAT) has long been known as the
master enzyme in NAD biosynthesis in living organisms.
A burst of investigations on NMNAT, going beyond
enzymology, have paralleled increasing discoveries of
key roles played by NAD homeostasis in a number or
patho-physiological conditions. The availability of in-depth
kinetics and structural enzymology analyses carried out on
NMNATS from different organisms offer a powerful tool
for uncovering fascinating evolutionary relationships. On
the other hand, additional functions featuring NMNAT
have emerged from investigations aimed at unraveling the
molecular mechanisms responsible for complex biological
phenomena such as neurodegeneration. NMNAT appears
to be a multifunctional protein that sits both at the core of
central metabolism and at a crossroads of multiple cellular
processes. The resultant wealth of biochemical data has
built a robust framework upon which design of NMNAT
activators, inhibitors or enzyme variants of potential
medical interest can be based.
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Abbreviations

NAD Nicotinamide adenine dinucleotide

NaAD Nicotinic acid adenine dinucleotide

NMN Nicotinamide mononucleotide

NaMN Nicotinic acid mononucleotide

NmR Nicotinamide ribose

AMP-CPP  Alpha, beta-methyleneadenosine
5'-triphosphate

NLS Nuclear localization signal

Introduction

Nicotinamide/nicotinic acid mononucleotide adenylyl-
transferase (NMNAT) catalyses the reversible condensation
of ATP with nicotinic acid mononucleotide (NaMN) or
nicotinamide mononucleotide (NMN) to yield nicotinic
acid adenine dinucleotide (NaAD) or nicotinamide adenine
dinucleotide (NAD), respectively. Owing to its central role
in NAD biosynthesis in all living organisms, the NMNAT
enzyme has been recognized as a highly promising target
for the development of novel therapeutics for the treatment
of a number of pathological conditions including infectious
diseases and cancer [1-5]. As such, the NMNAT enzyme
has been the subject of extensive structural and biochemical
investigations aimed at understanding its catalytic mecha-
nism as an important step toward the discovery of effective
drugs ([1, 2, 6] and references therein). The recent finding
that NMNATs of different species possess potential
neuroprotective activity [7-12] has attracted additional
research attention to this housekeeping enzyme, highly
conserved through distant phyla.

Here, we intend to analyze the conserved versus peculiar
structural features in NMNAT homologues of different
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species in an overall view, as excellent reviews providing
details for each characterized NMNAT are already avail-
able [1, 2]. Specifically, we will focus on the catalysis and
facilitation of protein—protein interactions by NMNAT
including the oligomeric assembly, as well as the potential
structural basis for its neuroprotective activity. These
properties are of paramount importance not only for
structure-based drug design but also for protein design,
where an NMNAT with altered substrate specificity, cata-
lytic efficiency and/or capability to interact with other
protein partners could contribute to the understanding of
the molecular mechanisms of neurodegeneration.

Structural enzymology of NMNAT

Since the report of the first crystal structure of an NMNAT
from the archaea Methanococcus jannaschii [13], several
structural investigations have been carried out to determine
the structure of NMNAT from representatives of all three
living kingdoms and covering different states along the
reaction coordinates. Indeed, the structures of NMNAT
from archaea [13-15], eubacteria [16-21], and eukarya
[22-25] have been reported. Interestingly, the NMNAT
enzymatic activity is also found in proteins endowed with
dual functions, whereby the NAD biosynthetic activity is
associated with a second function residing on a different
domain in a chimeric protein. A bi-functional NMNAT/
ADP-ribose pyrophosphatase (NadM-Nudix) enzyme has
been reported in bacteria and its 3D structure solved from
Synechocystis sp. (SyNadM-Nudix) [26]. Even more fas-
cinating from an evolutionary point of view is the case of
the NadR protein. NadR, a protein confined to a few spe-
cies belonging to the eubacterial domain, is indeed
endowed with both NMNAT and ribosylnicotinamide
kinase (NmRK) activities [27, 28] together with tran-
scriptional regulatory activity [29, 30], showing an intricate
interplay of the three activities as a function of the NAD+
content of the cell ([1] and references therein). In both
Salmonella enterica serovar Typhimurium and Escherichia
coli, NadR effectively binds DNA and represses the syn-
thesis of nadA and nadB, two genes coding for the first
two enzymes in the de novo NAD+ biosynthetic pathway,
at high NAD+ concentration. Concomitantly, both its
NMNAT and NmRK kinase enzymatic activities are
diminished. On the other hand, low NAD+ level triggers a
conformational change on the protein that causes NadR to
dissociate from DNA, thus de-repressing genes involved in
NAD biosynthesis and increasing its NAD biosynthetic
activities. Moreover, in this latter conformation, NadR is
thought to interact with PnuC, a transporter of the NAD
precursors NMN and NmR across the bacterial membrane,
therefore further sustaining NAD biosynthesis by making

such precursors available within the cell [30-32]. However,
such elegant interplay among the three different activities
relying on the existence of two distinct conformations does
not apply to the NadR from Haemophilus influenzae,
whose crystal structure has also been recently determined
[33]. Indeed, while containing both NmRK and NMNAT
activities, HiNadR lacks a DNA binding domain and
therefore cannot act as a transcriptional repressor [28].
Such peculiar behavior can be explained in evolutionary
terms as H. influenzae having developed a unique NAD
synthetic strategy lacking all but NadR biosynthetic
enzymes [34, 35]. This bacterium is proposed to rely on the
host for its NAD requirement through the following
mechanism: extracellular NAD is degraded by a periplas-
mic NAD pyrophosphatase (NadN) to NmR that is
imported by the action of the PnuC transporter into the
cytoplasm, where HiNadR coverts it back to NAD by its
dual enzymatic activity.

In this section, we will highlight the structural features
that emerge as essential for folding stability and substrate
recognition in NMNATS from different organisms and their
impact on the catalytic mechanism. We will also analyze
and discuss the intriguing tendency of the NMNAT enzyme
to form oligomeric assemblies and to become engaged in
protein—protein complexes, either non-covalent or in the
context of chimeric protein formation.

Opverall structural architecture

Although NMNAT from different sources show a low
degree of sequence identity (e.g., about 15% between
bacterial and human NMNATSs) they share a common and
highly conserved structural architecture (Fig. 1). Indeed,
all NMNATS contain an o/ff domain consisting of a central
parallel f§ sheet flanked by a helices on both sides and a
small C-terminal domain formed by two o helices. The
NMNAT o/ff domain exhibits a topological organization
closely resembling the widely described dinucleotide-
binding domain also known as the “Rossmann fold,” and
provides the essential structural determinants for substrate
recognition and catalysis as well as for oligomeric assem-
bly. The C-terminal small domain appears to play an
important structural role in connecting NMNAT to a
domain that bears a second function in the chimeric pro-
teins NadR and SyNadM-Nudix [19, 33] (Fig. 2), but no
obvious general function can be envisaged for this small
domain in other NMNATS, although in a few cases it has
been shown to contribute to the stabilization of homo-
oligomers [13, 22, 24].

Among all NMNATSs whose structure has been reported
so far, the archaea enzymes show the shortest sequence
(168 residues in the case of MjNMNAT). As such, the
NMNAT from archaea can be considered as a natural
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M. jannaschii NMNAT M. thermoautotrophicum NMNAT
Fig. 1 Structural architecture of archaea NMNAT, considered the
prototype of the family. M. jannaschii NMNAT in complex with ATP
(left panel) and M. thermoautotrophicum NMNAT in complex with
NAD (right panel) are shown in a ribbon representation. The ATP and
NAD are shown as ball-and-sticks and the magnesium ion as a green
sphere. The loop playing an important role in the oligomeric assembly
and the small C-terminal domain, are colored in blue. All figures were
generated by PyMol (http://www.pymol.org)

“mini-NMNAT” containing all the essential structural
elements capable of sustaining fold stability and catalysis
in the family of NMN adenylyltranferases. It therefore
appears that a five-stranded parallel f-sheet flanked by five
a-helices and connecting loops together with two a-helices

containing a C-terminal small domain, as observed in
MjNMNAT, possibly represent a minimal structural
requirement to build up the NMNAT fold (Figs. 1 and 2).

Substrate recognition

Structural comparison together with sequence analysis
allows inclusion of NMNAT in the super family of nucleo-
tidyltransferase o/f phosphodiesterases, characterized by a
conserved (H/T)XXH sequence fingerprint involved in
nucleotide binding [13, 36]. NMNATSs share two strictly
conserved sequence fingerprints: the (H/T)XXH motif in
the N-terminal region of the protein and the SXXXXR
motif in the C-terminal region [22]. Interestingly, all
strictly conserved residues in both signatures are involved
in ATP recognition, whose binding site is a pocket located
at the o/ topological switch point between the first and the
fourth parallel 8 strand of the central f sheet (Figs. 1 and
3). As observed in the structure of the ATP complex with
the prototypical MjNMNAT [13], the first histidine in the
(H/T)XXH motif interacts with the ATP [-phosphate
whereas the second conserved histidine in the signature
binds to the a-phosphate and is an essential residue for
catalysis as demonstrated by site-directed mutagenesis
experiments in both archaeal and human enzymes [15, 37].

M. jannaschii NMNAT

hANMNAT1

hNMNAT3

Fig. 2 Ribbon representation of NMNAT from different sources with
the small C-terminal domain colored in blue. The structural element,
either a long loop or a loop and a small f§ strand that connects the o/ff
domain to the C-terminal domain is depicted in orange. Such a

E. coli NaMNAT

S. aureus NaMNAT
y
$

(2

ﬁ

H. influenzae NadR Synechocystis sp NadM-NUDIX

structural element is subjected to conformational changes that
accompany catalysis and also provides a key contribution to the
oligomeric assembly stabilization in all the NMNATS featured with a
quaternary structure, either dimers, tetramers or hexamers
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Regarding the SXXXXR signature fingerprint, the serine
residue forms a hydrogen bond with the ATP f phosphate
by its main chain nitrogen atom. The fact that a strictly
conserved residue plays a key function in catalysis by main
chain rather than side chain atoms is remarkable. Con-
versely, the conserved arginine salt bridges connect to the
ATP y phosphate through its guanidinium moiety and
complete a series of interactions that involve all three
phosphates of the adenosine nucleotide (Fig. 3). Moreover,
the structure of the MjNMNAT-ATP complex revealed
ATP to be intimately associated with the catalytically
essential magnesium ion, whose coordination sphere is
indeed provided by the oxygens of the three nucleotide
phosphates and by solvent molecules. Based on structural
observation, the catalytic role of the divalent cation was
proposed to be that of a polarizer that favors nucleophilic
attack on the ATP o-phosphorous by the incoming pyridine
mononucleotide [13].

If ATP binding appears to be conserved in all NMNATs,
a remarkably different behavior is observed in the binding
pocket of the other mononucleotide substrate: NaMN/
NMN. Depending on the organism, NMNAT shows a
marked preference for either one or both forms of the
pyridine mononucleotide ([1, 2] and references therein).
Archaea NMNAT shows a catalytic propensity toward the
amide form of the nucleotide (NMN) while the bacterial
enzyme has nicotinic acid mononucleotide (NaMN) as the
preferred substrate. All three reported human isozymes,
hNMNAT1-2 and -3, can recognize both NMN and NaMN

W R 121

8126

R 130
~ "\ a-elix 11 .

Fig. 3 View of the ATP binding site in M. jannaschii NMNAT (PDB
code 1F9A). The key residues for ATP binding are shown in a ball-
and-stick representation and the catalytically essential magnesium
ion as a magenta sphere. The strictly conserved residues of the
(H/T)XXH and SXXXXR sequence fingerprints, are shown with a
green background. Dotted lines indicate specific interactions des-
cribed in the text

with similar efficiency [38, 39]. Therefore, it could be
argued that the NMN versus NaMN binding sites in
enzymes from different sources should diverge and contain
peculiar structural determinants for the recognition of
either form of the substrate. However, although the struc-
tures of several NMNATS in complex with NMN, NaMN,
NAD or NaAD [14-21, 23-25] have been reported, no
exhaustive and general answer can be provided to the
question of which and to what extent conserved versus
peculiar structural determinants contribute to pyridine
mononucleotide binding and dictate NMN versus NaMN
substrate selectivity in the different enzymes. Even though
satisfactory explanations have been provided for specific
enzymes, no conserved structural patterns responsible for
pyridine mononucleotide selectivity have emerged from
the wealth of available structural data. Indeed, while few
major structural determinants appear to be conserved in
different NMNATSs for the recognition of the aromatic
moiety of the pyridine mononucleotide, the stabilization of
the carboxylic, ribose and phosphate moieties is based on a
set of peculiar interactions that vary among different
enzymes, providing a remarkable example of protein
plasticity in substrate binding. Particularly versatile
appears the binding strategy that different NMNATSs have
developed to achieve stringent versus relaxed binding
selectivity of the carboxylic portion of the substrate.
Recognition of the pyridine ring by different NMNATS is
mainly achieved by an aromatic stacking interaction with
a strictly conserved Trp residue (Fig. 4). The residues
responsible for ribose and phosphate recognition largely
diverge in different NMNATSs, although one positively
charged residue, either a lysine or an arginine, seems to be a
conserved structural feature possibly playing a key role in
the recognition of the pyridine mononucleotide phosphate in
all enzymes (Fig. 4). As anticipated above, the contribution
toward specific recognition of either the amide or the acidic
form of the pyridine mononucleotide severely changes
among different enzymes. In the human isoforms I and 3, the
most notable contributions toward the observed relaxed
specificity are provided by solvent molecules that mediate
the interaction between the protein matrix and the carbamide
or carboxylic moieties of the substrate and by hydrogen
bonds between the carboxylic moiety and protein main chain
atoms [23, 24] (Fig. 4c, d). Careful structural comparison of
E. coli NMNAT (EcNMNAT) and Methanobacterium
thermoautotrophicum NMNAT (MtNMNAT)s [16] lead to
the proposal that the preference displayed by the eubacterial
enzyme for the acidic form of the pyridine mononucleotide
is mainly due to a peculiar anion binding pocket (Fig. 4b)
whereas the archaeal NMNAT guarantees a better binding
site for NMN by creating a poorly polar environment, less
favorable for the negative charge bearing NaMN [14]
(Fig. 4a). On the other hand, although the structural
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Fig. 4 View of the NaAD and A
NAD binding site in different
NMNATS. Protein residues and
solvent molecules playing a key
role in dinucleotide binding are
shown as ball-and-stick and
sphere, respectively. The strictly
conserved tryptophan
n-stacking with the pyridine
ring is depicted with a

green background.

a M. thermautotrophicum
NMNAT-NAD complex (PDB
code 1IM8 K). b S. aureus
NaMNAT-NaAD complex
(PDB code 2H2A).

¢ hNMNAT1-NAD complex
(PDB code 1KQN).

d hNMNAT3-NaAD complex
(PDB code 1NUP)

comparison of the NAD-bound forms of MINMNAT and
SyNadM-Nudix revealed notable difference in residues
interacting with the amide moiety of the pyridine portion in
the two enzymes, the observed preference for NMN over
NaMN shown by SyNadM-Nudix could not be definitively
explained [26].

Taken together, all these data suggest that recognition
by different NMNATS of the acidic versus amide form of
the pyridine mononucleotide is based on a series of subtle
factors rather than well-defined structural requirements.
The enzyme evolved a strategy that relies on the use of
main chain atoms, solvent molecules, dynamical factors
and conformational changes either drastic or subtle, to fine
tune the structural determinants that ultimately control
substrate specificity.

Implications for catalysis

The divalent cation-dependent reaction catalyzed by
NMNAT proceeds via nucleophilic attack of the pyridine
mononucleotide 5'-phosphate on the ATP a-phosphate,
resulting in a penta-coordinated transition state that
ultimately evolves to NaAD/NAD and inorganic pyro-
phosphate (PPi) [40].

Although the reaction mechanism has been quite
extensively studied in different NMNATS by structural and
steady-state kinetics analysis ([1, 2] and references
therein), a few aspects need further investigation. In par-
ticular, the remarkable capability shown by the enzyme to
catalyze the forward and reverse reaction with a nearly
identical catalytic efficiency is far from elucidated.

ne
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A structural walk along the NMNAT-catalyzed reaction
coordinates, based on the analysis of snapshots of the
enzyme in different states, provides a framework for
understanding catalysis. The enzyme active site appears to
be carefully designed to accommodate and properly orient
the reactant groups without direct involvement of protein
residues in covalent or acid/base catalysis [6, 13]. The role
of the protein milieu is also essential for stabilization of the
transition state, with the second histidine of the (H/T)XXH
signature likely being a key residue in this respect [13, 15,
37] (Fig. 3). The correct structuring of the enzyme active
site and the ideal positioning of reactant groups for efficient
catalysis is achieved through conformational changes
mainly affecting the protein region connecting the o/f8
central domain to the C-terminal one (Fig. 2). In the case of
bacterial NMNATS, the structural comparison of substrate-
bound [17] and product-bound [16, 18-21] forms reveals
that pronounced conformational changes occur only
upon binding of both substrates ATP and NaMN. Similar
structural rearrangements are also observed in human and
archaeal NMNTAs, although to a smaller extent [22-25].
Interestingly, we noticed that, in the structure of the ternary
complex hNMNAT3:NMN:AMP-CCP, the two reactant
groups are observed at a distance of about 7 A and con-
sequently a conformational change is required for the
reaction to actually take place. Therefore, it seems that
achievement of the correct positioning of the substrate
reactant groups through conformational changes represents
a common catalytic strategy in all NMNATS.

The reaction catalyzed by NMNAT proceeds via a
sequential bi-bi mechanism [39]. A two-substrate sequential
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mechanism can proceed with either ordered or random
substrate admission. Recently, in depth steady-state kinetics
analyses have been carried out for human NMNATSs and
Bacillus anthracis NMNAT (BaNMNAT) [21, 38]. In the
case of both hNMNAT1 and hNMNAT2, ATP was dem-
onstrated to bind first followed by NMN, while in product
release PPi is the first molecule to leave followed by NAD.
Conversely, in hNMNAT3, NMN binds first followed by
ATP, while the order of product release remained unchan-
ged with respect to that observed for hNMNAT1 and
hNMNAT?2. In all cases, it appears that ANMNATS display
an ordered sequential bi-bi mechanism although with
inverted substrate admission order. Such an observation
would support the proposal that conformational changes
affecting the enzyme upon binding of the first admitted
substrate would be required to allow binding of the second.
However, the structures of hNMNAT1 in complex with
NMN only, of ANMNAT?3 in complex with either NMN, or
the non-hydrolysable ATP analogue AMP-CPP, have been
reported [23, 25]. Such a discrepancy is likely to be the
consequence of the sensibly higher substrate concentrations
used in the structural studies with respect to steady-state
kinetics investigations.

Very recently, an exhaustive kinetic and structural
characterization has been reported for BaNMNAT that
revealed a random sequential bi-bi mechanism with
negative co-operativity for both NaMN and ATP [21].
The structural analysis carried out on this enzyme sup-
ports the negative co-operativity phenomenon evidenced
by steady-state kinetics and reveals a half-site occupancy
with only one molecule of NaMN bound per dimer of
NMNAT. Although in BaNMNAT both recognition of
NaMN and the severe conformational changes accom-
panying NaAD formation appear to be similar to what
was previously reported in other eubacterial NMNATS,
the half-site occupancy observed in BaNMNAT is a
peculiar feature never observed before in any other
NMNAT. It is, however, worth noting that MjNMNAT
shows negative cooperativity for both ATP and NMN
[41], although no detailed kinetics have been determined
for this enzyme.

Oligomeric assembly

The recently investigated negative cooperativity exhibited
by BaNMNAT stimulates further discussion on a still open
question regarding structure—function relationships in
NMNATS, i.e., the role of the different quaternary assem-
bly observed in the enzyme from different organisms. The
observation that the enzymes from both E. coli and
P. aeruginosa are monomers excludes the hypothesis of a
possible strict requirement of a quaternary assembly for
sustaining catalysis in NMNAT. However, all NMNATSs

from gram-positive bacteria have been observed as dimers
in crystal structure. Indeed, BSNMNAT, SaNMNAT and
BaNMNAT have all been shown to form a dimer based on
secondary structural elements that are absent in NMNATS
from gram negative bacteria. In particular, a peculiar f§
strand featuring the region that connects the Rossmann fold
with the C-terminal domain in BsNMNAT and SaNMNAT
(Fig. 2) has been proposed to be a major structural element
for stabilization of the homo-dimeric structure [19]. The
same secondary structural element, together with other
peculiar features, is also involved in the stabilization of
the BaNMNAT dimer, where the subunit interface was
revealed to be significantly perturbed on catalysis upon
product formation [21]. Such an observation suggests that
the oligomeric assembly could be of functional significance
in BaNMNAT, likely for sustaining the negative coopera-
tivity. On the other hand, no clear clues emerge about a
functional requirement of the dimer observed in the
structures of BsSNMNAT and SaNMNAT [18, 19]. The
same is true for hNMNAT3, where the homo-tetramer
observed in the structure, does not appear to be critical for
catalysis [23]. An intriguing case is represented by archaea
NMNAT and hNMNAT]1. Indeed, both enzymes displays a
complex oligomeric assembly based on homohexamers
endowed with D32 point symmetry [13, 14, 22, 24]
(Fig. 5), whose possible function is unclear. We find worth
noticing that in archaeal and hNMNAT1 such a conserved
quaternary structure is built based on the use of different
secondary structural elements [5, 13, 22], and we therefore
argue that the possible function of the homo-hexamer could
be different for the two enzymes. The surface decorating
the interior of the channel created by the hexameric
assembly in archaeal NMNATSs turns out to be highly
positively charged (Fig. 5a). In the case of MjNMNAT,
such a charge distribution creates an electrostatic sink that
was proposed to efficiently steer the highly negative sub-
strates to the enzyme active sites that face the solvent
channel crossing the whole hexamer [13]. Although less
pronouncedly positively charged, a similar electrostatic
field is also observed in the hNMNAT1 hexamer (Fig. 5b).
Therefore, we propose the overall conserved oligomeric
assembly featuring archaeal and human isozyme I NMN-
ATs to be of significant relevance for catalysis. However,
we suggest that the homo-hexamer observed in hNMNATI1
could also be instrumental for sustaining other physiolog-
ical requirements that appear to be peculiar to the human
enzyme. hNMNAT1 is a nuclear enzyme and possesses a
canonical mono-partite nuclear localization sequence
(NLS) [42, 43] that could not be observed, owing to its
intrinsic high conformational flexibility, in any of the
reported structures of hNMNAT1. The loop that bears the
NLS is obviously expected to interact with proteins of the
nuclear importing system, and therefore to be involved in
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Fig. 5 Oligomeric assembly
and electrostatic potential in
hexameric NMNATSs viewed
along the three-fold axis.
Positive and negative
electrostatic potential are
represented in blue and red,
respectively. a M. jannaschii
NMNAT. b Human NMNAT]
(PDB code 1KKU). For one of
the subunits, the region not
visible in the crystal structure
due to high conformational
flexibility is indicated by a
dotted line. The sequence of the
nuclear localization sequence
(NLS) is indicated with the
residue subjected to
phosphorylation (Ser136) in red
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the formation of a complex with major players of the
nuclear translocation machinery. Moreover, hNMNATI1
can be phosphorylated by protein kinase C at site Ser136, a
residue part of the disordered NLS-containing region [42].
Very recently it has also been reported that, depending
on its phosphorylation state, hNMNNATI can bind and
activate automodified poly (ADP-ribose) polymerase I
(PARP1) [44]. We are therefore tempted to speculate that
the hexamer observed in hNMNAT1 could be of functional
relevance for establishing protein—protein interactions with
either the nuclear translocation machinery, the protein
kinase C or PARP1. We hypothesis that the electrostatic
field resulting from the hexameric assembly in the archaea
enzyme has been evolutionarily conserved in hNMNAT1
for maintaining efficient catalysis. However, the use in
hNMNAT]1 of different secondary structural elements for
building up the homo-hexamer [13, 22] could be necessary
to fulfill a second physiological requirement, i.e., the
establishment of protein—protein complexes. The hNM-
NATI1 quaternary structure appears to be a response to two
different requirements: efficient catalysis and signaling
through protein—protein interactions. Such a hypothesis can

be validated only if the structure of ANMNATI in complex
with one of those possible interactors can be determined.

Tissue and subcellular distribution of NMINAT proteins
in eukaryotic organisms

The essential role for NAD in energy transduction and a
variety of signaling pathways requires a stable cellular
concentration and rapid availability. The demand for NAD
necessitates proximal localization of NMNAT, the central
enzyme in NAD synthesis, at sites where NAD is con-
sumed. On the other hand, the distribution of NMNAT may
indicate the requirement of NAD and/or NMNAT in local
metabolic or signaling pathways. In prokaryotic or archaeal
cells, the distribution of NMNAT is less of a concern as the
cells are small and molecules inside the cells are rather
accessible. In eukaryotic organisms where cells are highly
compartmentalized, the subcellular localization of NMNAT
is of great importance to the understanding of the cellular
function of NMNAT. Furthermore, in organisms where
more than one NMNAT isoform has been discovered, the
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tissue and cellular distribution of different NMNAT
isoforms will likely indicate important tissue-specific
requirements and functions of NMNAT.

Several homologues of NMNAT have been identified
and characterized in eukaryotic organisms, including yeast,
Drosophila, mouse and human. Two NMNAT genes have
been identified and characterized in yeast S. cerevisiae [45,
46], one NMNAT has been identified in Drosophila [9],
and three NMNAT genes have been identified in human
[23, 42, 43, 47]. Genomic searches using BLAST have
predicted the existence of one NMNAT gene in S. pombe,
two in C. elegans, one in A. gambiae, and three in mouse
[23, 37]. Sequence analysis and alignment of the NMNAT
homologues has shown a high degree of homology in the
signature (T/H)IGH and ISSTXXR adenylyltransferase
motifs [23, 43]. Among the identified homologues, human
and mouse NMNAT1 are the only NMNATS that possess a
canonical mono-partite NLS [42, 43]. Cellular localization
studies have also confirmed that both human and mouse
NMNATI are nuclear enzymes [12, 39, 42]. Although
lacking a canonical NLS, the Drosophila NMNAT has also
been observed to be enriched in the nucleus [9], suggesting
that the protein may be small enough to traffic freely into
the nucleus.

Human NMNAT2 and NMNAT3 have been initially
isolated as cytosolic NMNAT enzymes [23, 37, 47]. A
more detailed subcellular analysis using a tagged protein
expression system in cultured mammalian cells revealed a
preferential localization of NMNAT?2 and NMNATS3 at the
Golgi complex and the mitochondria, respectively, [39].
The organelle specific localization of human NMNATI, -2
and -3 suggested a possible non-redundant function and
distinct requirement for each NMNAT protein. Interest-
ingly, nuclear-specific functions of NMNAT1 in addition
to its NAD synthesis function have been discovered (see
below). It remains to be determined whether there are
Golgi- or mitochondria-specific functions of NMNAT2
or -3.

In addition to the difference in subcellular localization,
the three human NMNATSs also show differential yet
complementary tissue distribution patterns. NMNAT1 has
been observed to be widely distributed, with expression in
all tissues except the spleen [39, 43]. NMNAT?2 is highly
expressed in the brain, and moderately expressed in the
heart, skeletal muscle and pancreas [37, 39, 47]. NMNAT3
is not expressed in the brain but in most other tissues with
the highest levels in the lung and spleen [23, 39]. Since
they have distinct enzymatic properties [23, 37, 39, 42, 43,
47], it is likely that the additional NMNAT isoforms
emerged in mammals to meet tissue-specific demands. It
will be interesting to understand what these tissue-specific
demands are, and the correlation between the enzymatic
properties and these demands.

The additional functions of NMINAT

NMNAT is a housekeeping enzyme required for all
organisms. The structural and enzymological properties of
its NAD synthesis function have been well characterized
as discussed above. Recently, additional functions have
been discovered for NMNAT, including a potential role in
the DNA repair process through protein—protein interac-
tion, and neuroprotective functions in the nervous system
of mouse, rat and Drosophila. Such discoveries of mul-
tiple functions endowed in a single protein are very
exciting as they demonstrate the intricate and complex
interactions between different biological processes within
cells. For NMNAT, as the structural characteristics of
several NMNAT isoforms are known, it is particularly
intriguing to analyze the structural basis for the additional
functions. These types of analyses will not only help us
understand the interactions between different cellular
processes, but also provide clues as to how proteins
acquire additional functions. In this section, we will
describe the additional functions of NMNAT that have
been identified and discuss the potential structural basis
for these functions.

The role of NMNAT in DNA repair
through its interaction with PARP-1

NAD(+) is required in the nucleus in the eukaryotic cells
as substrate for covalent protein modifications, including
mono-ADP-ribosylation [48], poly-ADP-ribosylation [49,
50], and NAD dependent protein deacetylation by sirtuins,
proteins of the silent information regulator 2 (Sir2) family
[51]. The NAD synthesis activity of the nuclear NMNAT,
NMNATTI, will influence these NAD-consuming processes
in the nucleus. One of the major NAD-consuming nuclear
enzymes is poly-ADP-ribose polymerase 1 (PARP-1)
required for DNA damage repair. PARP-1 binds to DNA
single-strand breaks, triggers the synthesis of ADP-ribose
polymers, and subsequently initiates recruitment of the
DNA repair machinery [50, 52]. The activity of PARP-1 is
regulated by the levels of NAD. Recently, it was shown
that NMNAT1 can amplify the poly-ADP-ribosylation by
binding to activated, automodifying PARP-1 [44]. Inter-
estingly, phosphorylation of NMNAT]1 by protein kinase C
at Ser136, a residue part of the disordered NLS-containing
region [42], will preclude the interaction with PARP-1
[44]. It is possible that the quaternary structure assembly of
NMNATI facilitates the protein—protein interaction in
addition to allowing efficient catalysis and production of
NAD (see above). These studies suggest that, in addition to
its NAD synthesis activity, NMNAT can regulate the
function of other enzymes and proteins through direct
binding. We further speculate that phosphorylation of



Functions and structural enzymology of NMNAT

2813

NMNAT may serve as a switch between these two
functions.

The discovery of the neuroprotective effects
of NMNAT

The neuroprotective potential of NMNAT emerged with
the genetic mapping and characterization of the mutation in
the slow Wallerian degeneration mouse, WidS. Wid® mouse
carries a dominant mutation that delays Wallerian degen-
eration in the distal stump of an injured axon [53]. In a
wild-type animal following nerve injury, the axons and
synaptic terminals distal to the injury undergo a degener-
ative process (i.e., Wallerian degeneration) within 48 h
[54]. Remarkably, in Wid® mice, the injured axon maintains
cellular structural integrity for more than 2 weeks and is
able to transmit action potentials for up to 15 days after
injury [55]. The genetic cause of the protective effects has
been mapped to a chimeric gene Ube4b/Nmnatl resulting
from gene triplication, which contains the entire coding
region of mouse NMNATI1 [56]. The chimeric gene
Ube4b/Nmnatl produces a fusion protein that consists of
three parts: the amino-terminal 70 amino acid fragment of
Ube4b (ubiquitination factor E4B), a unique 18 amino acid
linking region translated from the 5’ untranslated region
(UTR) of Nmnatl, and full length NMNAT1 [56, 57].
The dramatic neuroprotective effects offered by WidS
protein and its unique protein structure have drawn
research interest in isolating the protective factor. Is it the
N-terminal 70 amino acid (N70), the 18 amino acid linking
region, or the NMNATI, or a combination of any of these
three elements that is protective? One study using trans-
genic mouse models has shown that transgenic mice
overexpressing Nmnatl do not exhibit the same protection
as WId® protein from Wallerian degeneration [58], sug-
gesting that NMNAT1 alone is not enough. However,
several studies using dorsal root ganglia (DRG) explants
suggested that NMNATI1 alone has robust protective
effects [11, 12, 59]. More recently, two studies using
mouse and Drosophila models, respectively, have demon-
strated the requirement of the N-terminal 16 amino acid
sequence of the W1d® protein for its protective effects in
delaying Wallerian degeneration [60, 61]. They have
identified valosin-containing protein (VCP) p97 as the
binding partner of the N-terminal 16 amino acid sequence
[60, 61]. Although the detailed mechanism is still unclear,
it is likely that the interaction with VCP helps targeting of,
or localizing, W1d® protein to the proper site to carry out its
protective function [60, 61]. Interestingly, the cytoplasmic
NMNAT, NMNATS3, also exhibits pronounced protective
effects against axon degeneration induced by injury or
oxidative stress, and its potency is equivalent to the Wid®
protein [7, 59, 60]. These experiments suggest that, firstly,

NMNAT proteins possess the neuroprotective potential,
and secondly, in W1d® protein, it is likely that the protec-
tive activity is carried by NMNATT1 and that the N-terminal
sequence facilitates the targeting.

Additional evidence supporting the neuroprotective
function of NMNAT came from a Drosophila study, where
mutant alleles of NMNAT were uncovered in an unbiased
forward genetic screen for neurodegeneration [9]. This
study showed that loss of Drosophila NMNAT causes
severe neuronal and synaptic degeneration without affect-
ing neural development [9]. Furthermore, overexpression
of Drosophila NMNAT protects neurons from excessive
activity-induced degeneration [9] or injury-induced axonal
degeneration [10]. This study suggested that NMNAT
serves as a neuronal maintenance factor and functions to
protect against activity-induced deterioration under normal
conditions, and that an increased NMNAT protein level
could allow neurons to tolerate a higher level of insults.

The protective role of additional copies of Ube/NMNAT
in the Wallerian Degeneration Slow mouse and findings of
the neuronal maintenance function of NMNAT in Dro-
sophila suggest a conserved function of NMNAT in
maintaining neuronal integrity and protecting neurons
against adverse conditions.

NMNAT protects against neurodegeneration caused
by injury, environmental insults or genetic mutations

Studies on WId® mice have suggested that the Ube/
NMNAT chimeric protein offers neuroprotection in a
variety of neurodegenerative conditions: (1) injury induced
axonal degeneration in the peripheral nervous system
(PNS) [53, 55] and central nervous system (CNS) [62, 63]
in both transgenic mice and rats [57, 64]; (2) environmental
insults-induced degeneration, such as Taxol-induced axon
degeneration [65], and oxidative stress/ischemia-induced
neuronal degeneration [66]; and (3) genetic mutation-
induced neurodegeneration, including “dying back” axon
degeneration in myelin protein zero (P0) mice, a model of
Charcot-Marie-Tooth disease [67], motor neuron degener-
ation in progressive motor neuropathy (pmn) mice [68],
axon degeneration in mice with gracile axonal dystrophy
(gad) [69], and nigrostriatal axon degeneration in a Par-
kinson’s disease model [70]. Studies in DRG explants have
shown that NMNAT proteins (both NMNATI1 and
NMNAT3) protects against axon degeneration induced by
injury or oxidative stress [7, 11, 12, 59]. Studies in Dro-
sophila have also suggested that NMNAT alone protects
neurons from degeneration caused by injury [10], by
excessive light stimulation, by an environmental stress [9],
or by genetic mutations such as overexpression of Dro-
sophila Ataxin or human Ataxin 1 with 82 poly-glutamine
track [8]. The broad neuroprotective effects of Ube/



2814

R. G. Zhai et al.

NMNAT and NMNAT proteins suggest that NMNAT
functions as a general neuronal maintenance factor and
protects neurons from internal or external insults.

The role of NAD synthesis activity of NMNAT
in neuroprotection

The neuroprotective activity of NMNAT is rather intrigu-
ing, and understanding the role of NAD and NAD synthesis
activity of NMNAT is the first step in revealing the
mechanisms of neuroprotection. Several research groups
have applied NAD exogenously to a DRG neuronal culture
system to test the requirement of NAD [11, 12, 58, 59].
However, the results are conflicting. Some studies have
shown that applying NAD is protective, although the effect
is not specific to NAD, as pyruvate or EGTA had similar
effects in the same studies [11, 12, 59]. Another study
suggests that exogenously applied NAD cannot protect
axons from lesion-induced axon degeneration [58]. In wid®
mice where Ube/NMNATI protein level is increased, an
elevated NAD level was not observed [57]. Furthermore,
overexpressing other enzymes in the NAD synthesis
pathway displayed minimal protective activity [59, 60].
These studies suggest that the neuroprotective activity is
likely to be intrinsic to NMNAT1 and NMNATS3 proteins
and NAD may play only a partial or indirect role. It is also
possible that exogenously applied NAD can ‘free up’
NMNAT from its NAD synthesis function and allow more
NMNAT to engage in the protective function, thereby
delaying degeneration.

Numerous studies using mutational analyses suggest
that the NAD synthesis activity of NMNAT or W1d® pro-
tein is required for neuroprotection [12, 58, 60, 61, 71]. In
these studies, mutations that disrupt either the catalytic
motif GXFXPX(T/H)XXH, H24A [60], P28G [71], or the
NMN binding motif WXXT, W170A (W258A in WId®)
[12, 58, 61] abolish the protective activity of WId® or
NMNATI against axon degeneration. However, a study
using Drosophila models showed that enzyme-inactive
Drosophila NMNAT bearing mutations in both substrate
binding motifs, WI98G/R224A provided an similar level of
protection against excitotoxicity-induced neurodegenera-
tion compare to wild-type NMNAT [9]. Whether this
discrepancy is due to differences in expression levels, or
differences between injury- and excitotoxicity-induced
degeneration, remains to be resolved.

Although an understanding of the detailed mechanisms
is still lacking, it is likely that NAD and the enzyme
activity of NMNAT contribute to neuroprotection. W1d®
(Ube/NMNAT) and NMNAT proteins therefore serve as a
link between metabolism and neuronal homeostasis. More
importantly, this may provide an exciting opportunity for

identifying drug targets and developing strategies to delay
neurodegeneration.

Chaperone function of NMNAT

The study using Drosophila models showing the protective
activity of enzyme-inactive NMNAT (W98G/R224A)
indicated the existence of additional functions independent
of NAD enzymatic activity [9]. It led to the discovery of
the chaperone function of NMNAT proteins [8]. The
chaperone function would be consistent with the protective
effects of Ube/NMNAT and NMNAT in different neuro-
degenerative conditions, as chaperones such as Hsp70,
Hsp40 and Hsp16.2 have also been shown to be protective
in several neurodegenerative disease models including
Alzheimer’s disease [72, 73], amyotrophic lateral sclerosis
[74], Parkinson’s disease [75], Huntington’s disease, and
other poly-glutamine expansion disorders [76—78]. These
disorders are all associated with the accumulation and
aggregation of misfolded protein species, and the mecha-
nisms of protection by chaperones likely involve regulating
aggregation, solubility, stability or degradation of patho-
genic proteins. Interestingly, Drosophila NMNAT protein
was shown to prevent and reduce aggregation of unfolded
protein in vitro and in cultured cells in a manner similar to
other known chaperones [8].

Analyzing the structural basis of the neuroprotective
function is of great importance. A structural analysis using
the DALI search server [79] comparing the structure
coordinates of human NMNAT1 (PDB ID code 1KKU)
and NMNAT3 (ID code INUR) [23] and chaperone pro-
teins in the entire Protein Data Bank (PDB) revealed that
the structures of human NMNAT]1 and 3 share 96% iden-
tity (Fig. 6a), and both NMNATI and NMNAT3 share
structure similarity with chaperone UspA (Universal stress
protein A, ID code 1JMYV, Fig. 6b) [80], with a Z score of
5.1, and Hsp100 (ID code 1JBK) [81] with a Z score of 2.8.
A Z score higher than 2.0 indicates significant structural
similarity [79]. A structural superposition of NMNAT1 and
UspA shows that the core of NMNAT overlaps with that of
UspA and the similarity is most significant at three helices
where the folds are overlapping (Fig. 6¢). Structure
superposition shows 13% sequence identity with a root
mean square deviation (RMSD) of 3.0 A, suggesting that,
over the entire UspA protein, the structure difference
between NMNAT1 and UspA is 3.0 A on average. The
three best overlapping alpha-helices can be superimposed
with RMSD ranging from 0.39 to 0.44 A based on 10
Calpha pairs (Fig. 6¢c, arrows). The structure analysis
indicates that NMNAT bears structural elements resem-
bling other known chaperone proteins. These structure
features have allowed eukaryotic NMNAT proteins to take
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hsNMNAT1 C
) hsNMNAT3

Fig. 6 Human NMNAT1 and chaperone UspA share significant
structure similarity. a A structure superposition of human NMNAT1
and NMNAT3 shows that they share 96% structure identity. b Crystal
structure of UspA. ¢ A structural superposition of NMNAT! and
UspA shows 13% sequence identity and a RMSD of 3.0 A over the
entire length of the UspA protein. The three best overlapping alpha-
helices are marked with H1 (UspA 15-24) (hNMNAT1 24-33)

on chaperone activity in the nervous systems of complex
organisms.

The discovery of additional functions of a housekeeping
enzyme, NMNAT, in processes other than NAD synthesis
has important implications: (1) one protein could have
multiple independent functions; and (2) multiple cellular
processes intersect at key points where the multi-functional
proteins reside. It will be of great importance to determine
the regulatory mechanisms that switch one function of
NMNAT to another, and the cellular conditions that cause
such switches.

Final remarks and future perspectives

From a structural and enzymological point of view,
NMNAT is an intriguing enzyme. Although showing a
highly conserved overall 3D architecture, NMNATs from
different sources developed different pyridine mononucle-
otide selectivity, where either the acid or the amide form is
preferentially recognized. Remarkably, specificity for the
different forms is achieved by a series of subtle binding
interactions that involve protein main chain atoms and
solvent molecules as well as by dynamic factors, rather
than relying on few and highly specific molecular deter-
minants. Another rather peculiar aspect of NMNAT is the
capability of catalyzing the forward and reverse reactions
at a comparable pace. Such a characteristic, suggested to
possibly be of physiological relevance as it results in ATP
synthesis and NAD consumption [42], represents a chal-
lenging task for the catalysis. A major, although only

RMSD of 0.44 A based on 10 Ca, H2 (UspA 64-74) (hlNMNAT1 65—
75) RMSD of 0.40 A based on 11 Ca, and H3 (UspA 90-98)
(hNMNATI1 95-103) RMSD of 0.39 A based on 9 Ca (arrows in c).
The structure superposition was done using DALILITE (http://www.
ebi.ac.uk) and the figure generated with the program PyMol
(http://www.pymol.org)

partially explored, issue in enzymology involves the
mechanisms underlying product release. In this respect,
NMNAT is an interesting model in that product release is
strictly linked to the catalytic efficiencies of both forward
and reverse reactions. Investigating in detail the catalytic
mechanism of the reverse reaction, and the processes
controlling NAD release versus binding, represent one of
the future challenges in the enzymology of NMNAT.

A fascinating aspect of NMNAT is represented by its
tendency to interact with other protein partners, as exem-
plified by hNMNAT1 that is capable of interacting with
protein kinase C, automodified PARP1, and with the
nuclear translocation machinery. The observation of chi-
meric proteins where the NMNAT fold is linked to another
enzymatic function also stresses an apparent inclination of
the NMNAT domain toward protein—protein interaction.
Further emphasis in this direction is provided by the
discovery that Drosophila NMNAT exhibits chaperone
activity [8], i.e., a function that requires the establishment
of protein—protein interactions. Although the molecular
determinants responsible for such an activity in DmNM-
NAT are still to be precisely identified, it appears that its
C-terminal region plays a key role in this respect as a
C-terminal truncated version of the protein lose chaperon
activity [8]. It is worth noticing that the C-terminal a-helix
featuring all known NMNATS is the site of attachment of
the domain bearing the second enzymatic function in both
the NadR and NadM-Nudix chimerical proteins (Fig. 2).
We are therefore tempted to hypothesize a role of the
C-terminal domain of NMNATS as a possible docking site
for protein interactors. In this context, it is interesting to
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note that WId® represents another example of how the
NMNAT fold seems to be prone to formation of chimerical
protein. An in depth investigation of the possible capacity
of WId® to interact with still to be identified protein part-
ners could indeed provide a contribution to unravelling
molecular mechanisms subtending the neuroprotective
effects shown by Wid®.

With respect to the potential of NMNAT to be exploited
as a target for novel therapeutics, the wealth of available
enzymological and structural data provides a solid frame-
work for structure-based design of inhibitors of potential
medical interest. However, we think that protein engi-
neering of NMNAT should be more extensively explored
in the future as a tool for better understanding of both
structure—function relationships and in vivo biological
functions of the enzyme, with possible therapeutic impli-
cations. Indeed, by using the available structural and
kinetics data, it should be possible to engineer an NMNAT
with increased NAD synthetic activity—a sort of “super-
NMNAT”—that could turn out to be more protective
against Wallerian degeneration by making available, in a
faster manner, neuroprotective NAD.
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