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Abstract: Nicotinamide mononucleotide adenylyltransferase (NMNAT) catalyzes the formation of
NAD by means of nucleophilic attack by 50-phosphoryl of NMN on the a-phosphoryl group of ATP.
Humans possess three NMNAT isozymes (NMNAT1, NMNAT2, and NMNAT3) that differ in size and
sequence, gene expression pattern, subcellular localization, oligomeric state and catalytic
properties. Of these, NMNAT2, the least abundant isozyme, is the only one whose much-needed
crystal structure has not been solved as yet. To fill this gap, we used the crystal structures of
human NMNAT1 and NMNAT3 as templates for homology-based structural modeling of NMNAT2,
and the resulting raw structure was then refined by molecular dynamics simulations in a water box
to obtain a model of the final folded structure. We investigated the importance of NMNAT2’s
central domain, which we postulated to be dispensable for catalytic activity, instead representing an
isozyme-specific control domain within the overall architecture of NMNAT2. Indeed, we experimentally
confirmed that removal of different-length fragments from this central domain did not compromise the
enzyme’s catalytic activity or the overall tridimensional structure of the active site.
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Introduction

While NAD is an essential and ubiquitous coenzyme

that plays fundamental roles in cellular redox reac-

tions, its cleavage is essential for such protein modi-

fication reactions as histone deacetylation by the sir-

tuins1–3 and mono- and poly-(ADP-ribosyl)ation by

ARTs and PARPs, respectively.4–7 NAD also partici-

pates in calcium ion signaling through its derivative

nicotinic acid adenine dinucleotide phosphate

(NaADP) and degradation products ADP-ribose and

cyclic ADP-ribose.8 What is now abundantly clear is

that NAD homeostasis (i.e., synthesis, transforma-

tions, and degradation) is of utmost significance in

cellular energy metabolism, signal transduction and

chromatin stability and remodeling.

During the preparation of this manuscript, a report by Lau C.
et al. confirming the full dispensability of the NMNAT2 central
domain for the catalytic activity and the importance of the
cysteine 164–165 residues for the golgian localization appeared
in the literature (Lau C, Dolle C, Gossmann TI, Agledal L, Niere
M, Ziegler M (2010) Isoform-specific targeting and interaction
domains in human nicotinamide mononucleotide adenylyltransferases.
J Biol Chem 285:18868–18876).
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Nicotinamide mononucleotide adenylyltransfer-

ase (NMNAT, EC 2.7.7.1) is the central enzyme of

the NAD biosynthesis, catalyzing the transfer of the

adenylyl moiety of ATP to NMN (or to its deami-

dated form NaMN)9–14 (Fig. 1).

In humans, three different NMNAT isozymes

have been identified and extensively characterized

both at the molecular and biochemical levels. They dif-

fer in size, kinetic properties, tissue expression, subcel-

lular compartmentation and oligomeric state.15

The structure of human NMNAT1 (hNMNAT1),

a 279-residue nuclear protein expressed in all tis-

sues, has been independently solved in three differ-

ent laboratories and determined in the absence and

presence of its substrates and products.16–18

Human NMNAT2 (hNMNAT2), a 307-residues

enzyme that shares 34% sequence identity with

NMNAT1, is uniquely localized within the Golgi com-

plex.15 Unlike NMNAT1 and NMNAT3 which are oli-

gomeric, gel filtration studies indicate that NMNAT2

is monomeric.19 Concerning its distribution in human

tissues, the protein is most abundant in brain, but is

also present in heart and skeletal muscle.19,20

The tissue-specific expression pattern of human

NMNAT3 (hNMNAT3), a 252-residues mitochond-

rion localized protein, differs from NMNAT1. In par-

ticular, NMNAT3 is present in lung, spleen,15 red

blood cells,21 and, to a lesser extent, in placenta and

kidney.22 The 3D structure of NMNAT3 has been

solved in its ligand-free form and when complexed to

NMN, NAD, NaAD and an ATP analogue.22

Overall these data suggest that these isozymes

have specific and distinctive roles, rather than being

merely redundant in their function.

The relevance of human NMNAT isozymes is

underscored by their involvement in several path-

ways of the cellular metabolism.

In particular, NMNAT is a target of emerging

importance in cancer chemotherapy, chiefly because

most tumoral tissues reveal low NMNAT expression

with respect to normal tissues23 and because treat-

ment with isozyme-specific NMNAT inhibitors prom-

ises to reduce NMNAT activity, thereby deplete NAD

below that needed for cancer cell survival. In addi-

tion, NMNAT is responsible for the metabolic activa-

tion of the antineoplastic compounds of the tiazo-

furin class: these compounds are intracellularly

converted by nucleoside kinase and NMNAT in their

corresponding NAD analogues, such that their anti-

neoplastic action is related to their ability to inhibit

IMP dehydrogenase, ultimately blocking purine

biosynthesis.24,25

NMNAT has also been involved in the protection

against neurodegenerative disorders, being able to

slow the Wallerian degeneration in mutant mice,

that is, axonal self-destruction in response to axonal

injury.26–28 Recent works demonstrated the involve-

ment of NMNAT2 in this process,29,30 even though

its neuroprotective effects are still debated. Finally,

NMNAT is also recognized as a promising target for

the development of novel antibacterial drugs,31

mainly because NAD is essential for microbial cell

survival and because there are significant differen-

ces in the active site structures of bacterial and the

human NMNATs.

Such considerations demand the comparative

analysis of human and bacterial NMNAT struc-

tures, an enterprise that should enable the design

of selective NMNAT inhibitors with high potential

as modulators of human NAD metabolism and as

antibiotics.

While NMNAT1 and NMNAT3 and several bac-

terial NMNATs have been structurally character-

ized,32 NMNAT2 has resisted 3D structural analysis,

owing its poor solubility and its susceptibility to

aggregation (unpublished results). In such situa-

tions, our computational approach represents a

powerful tool to fill voids in the understanding of its

distinctive structural properties.

In this report, we now provide a homology-based

model of human NMNAT2 that uses published struc-

tures of human NMNAT117 and NMNAT322 as tem-

plates, followed by refinement with molecular dy-

namics simulations in a ‘‘water box’’. The results of

the simulation and the comparison with the other

human isozymes prompted us to make some inter-

esting considerations on NMNAT2 structure-func-

tion relationship.

In addition to analyzing the NMNAT2 structure

in silico, we also investigated the relevance of the

enzyme’s central region, which shows no sequence

homology with NMNAT1 or NMNAT3 (Fig. 2). This

central region represents a distinct structural unit

in the overall predicted architecture of NMNAT2,

Figure 1. The NMNAT catalyzed reaction. NMN: nicotinamide mononucleotide; NaMN: nicotinic acid mononucleotide; NAD:

nicotinamide adenine dinucleotide; NaAD: nicotinic acid adenine dinucleotide.
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and we generated and functionally characterized

NMNAT2 mutants whose central region was lacking

variable-length aminoacid stretches. Our findings

demonstrate that this region is not directly involved

in enzyme catalysis.

Results

Homology modeling
Our model obtained for NMNAT2 structure predic-

tion (Fig. 3) includes residues 5-303, because the

first four residues correspond to the disordered N-

terminus of the already solved NMNAT1 and

NMNAT3 structures.16–18,22

A Ramachandran plot for the refined structure

(Fig. 4) was evaluated using the program PRO-

CHECK33: 232 residues were in the most favored

regions, 29 residues were in the additional allowed

regions, one residue (Q300) in a generously allowed

region and only two residues (D286 and Y302) in the

disallowed region. Overall, 98.9% of the nonglycine

and nonproline residues were in the most allowed or

in the additional allowed regions highlighting the

good geometry of the model.

Superimposition of the NMNAT2 model with the

NMNAT1 and NMNAT3 template structures yielded

backbone root mean square deviation (RMSD) values

(e.g., 2.35 Å for 1KQN, 2.39 Å for 1NUU, 2.40 Å for

1KQO, and 2.40 Å for 1NUQ) for the most conserved

regions that are in agreement with a good modeling

of the conserved core.

The reported three-dimensional structures for

NMNAT1 and NMNAT3 present an unresolved cen-

tral region,16–18,22 and NMNAT2’s central region

(residues 103–196; See Fig. 2) shows no homology

with the corresponding sequences of the NMNAT1

and NMNAT3 isozymes or, for the matter, with any

other proteins in the PDB database. Therefore, this

region was folded by using a template based on a

library of short peptides of known X-ray structure,

as automatically returned from the SWISS-MODEL

server.34 We identified five putative helices (repre-

sented by residues 106–113, 117–123, 135–152, 158–

174, 183–193), linked by several loops.

To evaluate our model, we considered its stabil-

ity during the simulation by measuring the RMSD

of the C-a as a function of time over the entire 500

ps simulation. We computed separately the RMSD

both for the region 106–193 of the NMNAT2 model

and for a model lacking this region and representing

the conserved region (Fig. 5). It can be noted that

the last model showed great stability for the whole

simulation with an RMSD plateau of �0.18 nm,

while the region 106–193 showed a progressive drift

with a major RMSD plateau of �0.3 nm. To examine

the structural fluctuation on a residue by residue

basis, we computed the time-averaged root mean

square fluctuation (RMSF) of the C-a for the whole

Figure 2. Multiple alignment of the three human NMNAT isozymes.
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model (Fig. 6). Also in this case, the N- and C-ter-

mini were very stable, while the central region

underwent the major displacement.

The stability of NMNAT2 D106–193 was further

suggested by the calculation of the distances

between the centers of mass of the N- and C-termi-

nal domains and the number of hydrogen bonds

formed between them as a function of time

[Fig. 7(A,C)]. Both parameters were very stable dur-

ing the simulation, and a mean of 11.83 6 1.86

hydrogen bonds appeared to stabilize the interaction

between the two domains, with their mass centers

showing a mean distance of 1.11 6 0.02 nm. Similar

calculations were performed between the central

and the N- and C-terminal regions.

The results, reported in Figure 7(B,D), show a

slight progressive decrease of the distance between

these regions, possibly due to a simple random drift

of the central one or to a progressive interaction

between them. In the latter hypothesis, since the

number of formed hydrogen bonds appears to be

quite constant during the simulation (9.47 6 1.68),

the progressive interaction could well be attributable

to hydrophobic forces.

To visualize the detailed interactions of the

docked poses of the natural ligands, the AUTO-

DOCK 4.0.235 program was used. Docking studies

with NMN, ATP and NAD concerned the NMNAT2

three-dimensional model obtained through homology

modeling. The residues involved in recognition and

stabilizing interactions of natural ligands were the

same indicated for NMNAT117,18 and NMNAT322

(unpublished results).

NMNAT2 deletion mutants
To investigate the importance of the central domain

of NMNAT2 on the catalytic properties of the

Figure 3. Structural representation of the three NMNAT isozymes. Ribbon diagram of NMNAT1 (PDB code 1KQN) (A), our

predicted NMNAT2 model (B), and NMNAT3 (PDB code 1NUP) (C) with their respective molecular surfaces (D,E,F). N and C

indicate the amino- and carboxy- termini of the polypeptide chain, respectively. The positions of the disordered central

regions on NMNAT1 and 3, missing in the PDB structure files, are indicated with asterisks (*), whereas the putative disordered

corresponding region of NMNAT2 is represented both in ribbon and surface visualization (B and E). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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protein, we generated four mutants lacking amino

acid stretches of different length in the domain.

With respect to wild type NMNAT2, the deletion

mutants lacked residues I113-R194 (mutant D82),
I126-R194 (mutant D69), I152-R194 (mutant D43),
and I163-R194 (mutant D32) (Fig. 2).

Upstream to the different deletions, the muta-

genesis resulted in the substitution of C112 with W

in D82 mutant, V125 with G in D69 mutant, and

K151 with R in D43 mutant.

All mutants were over-expressed in E. coli BL21

cells showing expression levels comparable to that

showed by the wt protein (Fig. 8).

The resulting recombinant proteins were puri-

fied by affinity chromatography on a nickel-based

Ni-NTA resin (Fig. 9), and their NMNAT activities

were determined spectrophotometrically. The results

of such activity measurements demonstrated cata-

lytic activities that were comparable, if not slightly

higher, than that of the wt protein. In particular wt

NMNAT2 showed a specific activity of 4.42 U/mg,

whereas D82, D69, D43, and D32 showed specific

activities of 6.83 U/mg, 6.62 U/mg, 7.22 U/mg, and

6.95 U/mg, respectively.

To investigate the influence of the central do-

main on the NMNAT2 sensitivity to magnesium

ions, the purified recombinant proteins were sub-

jected to our highly reliable HPLC-based NMNAT

assay in the presence of various concentration of

MgCl2, ranging from 0 to 20 mM. All deletion

mutants showed a behavior comparable to that

exhibited by the wt protein. In particular, at 20 or

50 lM MgCl2, all proteins exhibited about 20 or 45%

of activity, respectively, with respect to the activity

at 20 mM MgCl2 (100%).

Finally, the purified mutants were subjected to

gel filtration experiments to determine their oligo-

merization state. All proteins showed a native molec-

ular mass in the range 30–40 kDa, as expected for

the mass of the monomeric form of the mutated

proteins.

Discussion

Because NMNAT is widely regarded as an important

druggable target for chronic and infectious diseases,

there is a remarkable interest in gaining structural

insights for guiding the development of high-affinity

NMNAT inhibitors.36

Rational drug design of NMNAT inhibitors

requires a detailed knowledge of the enzyme 3D

structure, focusing on the distinct features of human

NMNAT isozymes, which are also known to differ

with respect to their tissue expression, state of oligo-

merization, subcellular localization, and certain cata-

lytic properties.15 Inasmuch as NMNAT2 is the only

human NMNAT for which there is no solved three-

dimensional structure yet, this study focused on

obtaining a homology model of this protein, based on

NMNAT1 and NMNAT3 crystal structures.17,22

Amino acid sequences alignment between the

three human NMNATs shows a high degree of

sequence homology spanning the N- and C-terminal

regions, which likewise contain certain signatures

common to all NMNATs (e.g., GXXXPX(T/H)XXH at

the amino-terminal and SX(T/S)XXR at the carboxy-

Figure 4. Ramachandran plot of NMNAT2 predicted model.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. RMSD of the C-alpha of the NMNAT2 model.

^:NMNAT2D(106–193); n:region 106–193. See text for

explanation.

Figure 6. RMSF of the C-alpha of the NMNAT2 model.
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terminal) and are linked by an extremely variable

central region that is not conserved both in chain

length and sequence. The only features common to

NMNAT1 and NMNAT3 central regions are the dis-

ordered state and the high flexibility. In fact, the

crystallographic studies carried out to date on these

two proteins have been unable to assign a tertiary

structure to these regions, whose coordinates are

therefore missing in the structures deposited in the

Protein Data Bank.16–18,22

The overall architecture of the conserved N- and

C-terminal domains consists of a classical Rossmann

fold37 (six b-sheets surrounded by several a-helices)
typical of nucleotide-binding proteins. In Figure 3 a

comparison between the refined NMNAT2 model

with crystallographic NMNAT1 and NMNAT3 struc-

tures is reported. The secondary structure analysis

of the predicted model reveals that the N-terminal

domain is composed by three b-sheets and four heli-

ces, while the C-terminal contains three b-sheets
and seven helices. These two domains bend toward

Figure 7. Distances between the centers of mass of the N- and C-terminal conserved domains (A) and between the global

conserved domain and the central region 106–193 (B). Number of hydrogen bonds between the N- and C-terminal domains

(C) and between the global conserved domain and the central region 106–193 (D). Angle and length cut-off for H-bonds

detection are 60� and 2.5 Å, respectively.

Figure 8. SDS-PAGE (10% polyacrilamide gel) of BL21

cells hyper-producing wt and deletion mutants NMNAT2:

M ¼ molecular weight standard; Lanes 1, 3, 5, 7, 9: BL21

cells hyper-producing wtNMNAT2, D82, D69, D43, and D32,
respectively, before induction; lanes 2, 4, 6, 8, 10: BL21

cells hyperproducing wtNMNAT2, D82, D69, D43, and D32,
respectively, after induction.

Figure 9. Tricine SDS-PAGE (10% polyacrilamide gel) of

purified recombinant proteins. The different band migration

corresponding to the different protein sizes can be

observed.
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the central region to reconstruct the Rossmann fold

represented by a strongly twisted six-stranded paral-

lel b-sheet core surrounded by the helices. The cen-

tral domain, taken as automatically returned from

the SWISS-MODEL server, is composed by five heli-

ces linked by several loops, with the first helix mod-

eled as a continuation of the last helix of the N-ter-

minal domain.

The overall model is particularly reliable at the

level of the conserved N- and C-terminal domains,

which represent the catalytic core and which have

shown a high stability during the simulation. The

central domain instead shows a slightly higher insta-

bility and mobility and, considering the analogy with

the corresponding central disordered regions of

NMNAT1 and NMNAT3, could be a flexible disor-

dered region too. As a further support to this specula-

tion, we found that the DisEMBL38 server (http://dis.

embl.de/) predicts a disordered state for this region.

In light of its reliability, the predicted NMNAT2

model has been used for docking studies that were

performed to validate the putative active site local-

ization. As expected, the results showed that the

active site was localized at the level of the conserved

N- and C-terminal regions and the residues involved

in enzyme-substrates/product interactions were the

same conserved residues reported for NMNAT117,18

and NMNAT3.22 None of the residues of the central

region was involved in stabilizing interactions;

indeed this region appeared to stick out of the

remaining catalytic core (Fig. 3).

To further analyze this aspect, we investigated

the requirement of the central domain on the cata-

lytic activity of the protein.

We presume that the nonconserved NMNAT cen-

tral region has noncatalytic functions, perhaps

required for subcellular localization, interaction with

other proteins or even controlling enzyme turnover.

For example, in the NMNAT1 primary structure both

the nuclear localization signal39 123PGRKRKW129

and S136, representing the phosphorylation site

involved in the modulation of the interaction with

PARP1,40 are included in the central domain. Like-

wise the central domain of NMNAT2 is probably re-

sponsible for localizing this isozyme to the Golgi appa-

ratus; interestingly the central domain contains the

two adjacent C164 and C165, a distinctive structural

element among NMNAT family members.32,41 On the

other hand, the mitochondrial localization of

NMNAT3 presumably depends on its predicted N-ter-

minal mitochondria-targeting sequence.42

In light of the solved NMNAT1 and NMNAT3

3D structures and our energy-minimized homology-

NMNAT2 model, we suggest that these central domains

represent distinctive structural noncatalytic units.

We thus investigated the influence of the iso-

zyme-specific central domain of NMNAT2 on the en-

zymatic activity/protein fold, by generating

NMNAT2 mutants lacking different-length stretches

within this domain. The smallest deletion removed

32 residues, whereas the more extended deletion

removed a total of 82 residues, corresponding to

nearly the entire domain.

All deletion mutants retained the ability to cata-

lyze NAD synthesis from NMN and ATP, demon-

strating that the central domain is not essential for

functional folding of the catalytic core. Notably, the

deletion mutants had higher specific activities than

observed with wt enzyme. We speculate that they

may fold in particular stabilized conformations that

may activate catalysis, perhaps by increasing sub-

strate accessibility to the catalytic core. In principle,

such activity-enhancing conformations might be

achieved in vivo through interaction of the central

domain with other specific proteins or metabolic

regulators.

Beyond analyzing the significance of NMNAT2’s

central domain for catalytic activity, we investigated

its possible involvement in the functional and struc-

tural properties of the protein, that is, its sensitivity

to magnesium ions and its oligomeric organization.

Among the three human isozymes, NMNAT2 is

the most sensitive to magnesium ions concentration,

exhibiting activity even at very low metal concentra-

tion.43 To learn if the central domain could influence

such catalytic ability, the purified recombinant

mutants were assayed in the presence of various

concentrations of MgCl2. We found that the sensitiv-

ity of NMNAT2 to magnesium ions is independent

on the central domain, because all deletion mutants

and the wild type enzyme showed comparable acti-

vation by this divalent cation (data not shown).

Finally we investigated the importance of the cen-

tral domain for the oligomerization state of the protein.

Gel filtration experiments showed that

NMNAT2 exists as a monomeric protein in solu-

tion,19 differently from NMNAT1 and NMNAT3

which exhibit an oligomeric organization.16,22 Con-

sidering the high homology between the conserved

globular structures solved for NMNAT1 and

NMNAT3 and our predicted NMNAT2 model, it

could be presumed that the monomeric state of

NMNAT2 is determined by the presence of the cen-

tral domain, which might hinder intermolecular

interactions between different NMNAT2 monomers.

Even so, the central-domain deletion mutants exhib-

ited the same monomeric state as wt NMNAT2.

In summary, this report represents the first

attempt to predict the 3D structure of human

NMNAT2 by means of homology modeling. We found

that the fold of NMNAT2 is virtually superimposable

to those of NMNAT1 and NMNAT3, especially in the

conserved N- and C-terminal regions, which form a

globular catalytic unit characterized by a Rossmann

fold. Our experimental results showed that the non-

conserved central region is dispensable for the
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enzymatic activity and, probably, for the 3-D folding

of the catalytic core of the enzyme. This is in keep-

ing with both the homology model, which shows the

central domain as a sticked out structural unit, and

the molecular docking simulations, which suggest

that the residues interacting with substrates and

NAD reside in the N- and C-terminal conserved

regions.

Materials and Methods

Homology modeling

A raw structure of NMNAT2 was determined by

means of homology modeling using SWISS-

MODEL,34,44,45 an automated protein modeling

server. The model was based on both the alignment

with amino acid sequences of NMNAT1 (31.8% iden-

tity with NMNAT2) and NMNAT3 (32.7% identity

with NMNAT2) (Fig. 2) and their structures when

complexed with the substrates NAD (PDB code

1KQN17 for NMNAT1 and 1NUU for NMNAT322)

and NaAD (PDB code 1KQO for NMNAT117 and

1NUQ for NMNAT322).

Amino acid sequence alignments were carried

out with CLUSTAL-W46–48 algorithm, followed by

manual refinement using the SWISS-PDB viewer

program.34 The structural stability of the model

returned from the server was tested by means of mo-

lecular dynamics simulation using the GROMACS

simulation package49,50 which solves the Newtonian

equations of motion for the desired system, thereby

calculating how atomic coordinates vary as a func-

tion of time.

The simulation was performed by using the

SWISS-PDB viewer software in which the raw model

obtained from the homology modeling was superim-

posed with the crystal structure of NMNAT1 in com-

plex with NMN (PDB code: 1GZU18). The structure

was energy-minimized in vacuo using 1000 steps of

steepest descent to remove distorted geometries and

it was embedded in a solvent box consisting of 9418

single point-charge water molecules51 and a Mg2þ

ion added to remove the negative net charge of the

system. The next step consisted of a canonical 20 ps

simulation with position restraints to the protein

(necessary for randomization of the water molecules

surrounding the model) followed by a 500 ps unre-

strained simulation. All the simulations were per-

formed coupling the solvent, the cation and the pro-

tein separately to the thermal bath at 300 K

(coupling constant ¼ 0.1 ps) and applying an iso-

tropic constant pressure of 1 bar (coupling constant

¼ 0.5 ps, compressibility ¼ 4.5 X 10-5 bar-1). Parti-

cle Mesh Ewald algorithm52,53 was used to compute

the electrostatic interactions. The protein, water,

and ion parameters were those of the Gromacs force

field. The last 80 ps of the 500 ps simulation were

used to compute an average structure for the

NMNAT2, which, after minimization with 1000 steps

of steepest descent, represents our final model [Fig.

3(B)]. 3D rendering was done with VMD54 or

SWISSPBD viewer softwares.34 Other analyses were

performed using scripts included in the Gromacs

package.

NMNAT2 deletion mutants

NMNAT2 cloning. Human NMNAT2 open reading

frame was amplified by PCR from pET15b-NMNAT2

recombinant vector.19 Appropriate primers carrying

HindIII and NdeI restriction overhangs for direc-

tional cloning into the polylinker region of pET28c

(Novagen) were used (primers 2-28c-FW and 2-28c-

REV, Table I). The resulting construct pET28c-

NMNAT2 was replicated in E. coli TOP10F’ strain

(Invitrogen) and verified by sequencing before use in

protein expression in E. coli BL21 strain.

NMNAT2 central domain removal. A unique

BamHI site is present in the NMNAT2 coding

sequence (nucleotides 581–586). According to CLUS-

TAL-W multiple alignment of the three NMNAT iso-

zymes (Fig. 2), the corresponding amino acids

(R194–L196) are located at the end of the noncon-

served central region of NMNAT2.

Four additional BamHI restriction sites were

inserted by site-directed mutagenesis into the coding

sequence of the central region by using the Quick

change XL site-directed mutagenesis kit (Strata-

gene) and appropriate primers (Table I). The new

BamHI sites were inserted in nucleotide positions

335–340 (corresponding to aminoacids C112–L114),

374–379 (V125–G127), 452–457 (K151–L153), and

485–490 (R162–C164). The plasmid template used

for mutagenesis was the pET28c carrying the wt

NMNAT2 gene.

The mutated plasmids were replicated in

TOP10F’ E. coli strain and cleaved by BamHI. After

the removal of the cleaved fragments by loading on

agarose gel, the resulting plasmids were purified,

Table I. Primers Used in This Study

Sequence (50-30)

D82-FW GAGGGTGACTGGCTGGATCCTCTCCAATGTC
D82-REV GACATTGGAGAGGATCCAGCCAGTCACCCTC
D69-FW CTTCCATGACACCTGGGATCCGACAGCCACA

AAACG
D69-REV CGTTTTGTGGCTGTCGGATCCCAGGTGTCA

TGGAAG
D43-FW GCCCACTGCAGCCAGGATCCTGGGGAAGG

TGGGAG
D43-REV CTCCCACCTTCCCCAGGATCCTGGCTGCA

GTGGGC
D32-FW AAAGCCTCAGCCGGATCCGCTGTGTCCGCCC
D32-REV GGGCGGACACAGCGGATCCGGCTGAGGCTTT
2-28c-FW ATTTGACATATGACCGAGACCACCAAGAC
2-28c-REV ATTAAGCTTCTAGCCGGAGGCATTGATG
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religated by using T4 DNA Ligase, and replicated in

TOP10F’. After sequencing validation, the plasmids

were transformed in E. coli BL21 and used for the

hyper-production of the mutated proteins.

Protein expression and purification. Cultures

of E. coli BL21 cells carrying pET28c plasmids

encoding for wt NMNAT2 or its deletion mutants

were grown in an incubator shaker (200 rpm) at

28�C in Luria-Bertani medium supplemented with

50 lg/mL kanamicin. When cultures reached an

OD600nm of 0.6–0.8, induction was initiated by add-

ing 1 mM IPTG followed by incubation for 4 h.

Induced cells were harvested by centrifugation

(5000g, 10 min, 4�C) and resuspended in 1/20 vol

of original culture with lysis buffer composed by

50 mM Na-phosphate (pH 7.5), 300 mM NaCl,

10 mM imidazole, and 5 mM CHAPSO, freshly sup-

plemented with 1 mM TCEP, 1 mM PMSF, and

0.02 mg/mL leupeptine, antipain, chymostatin, pep-

statin and aprotinin. Cells were lysed by sonication

(20 s, 0.5 s intervals, 50 W). The crude extracts were

clarified by centrifugation at 27,000g for 20 min at

4�C for subsequent protein purification. The His-

tagged wt and deletion mutants NMNAT2 were puri-

fied by Ni-NTA (Qiagen) affinity chromatography.

Briefly, the clarified supernatans were mixed with Ni-

NTA resin (0.1 mL of resin per mL of crude extract)

previously equilibrated with 50 mM Na-phosphate

(pH 7.5), 300 mM NaCl, 10 mM imidazole, 1 mM

TCEP, and left in gentle agitation at 4�C. After

30 min, the resin-containing crude extracts were

loaded onto columns (6 cm � 1cm) and the flow-

throughs were discarded. After washing with 25 mM

imidazole in the same buffer, the elution of recombi-

nant proteins was carried out by a single step

increase of imidazole concentration to 250 mM. All

purification steps were performed at 4�C. Chromato-

graphic fractions were subjected to tricine SDS-

PAGE55 and tested for NMNAT activity by a spectro-

photometric assay. Active and homogeneous fractions

were pooled and stored at 4�C. Protein concentration

was determined by the Bradford method,56 using

Bovine Serum Albumin (BSA) as the standard.

NMNAT activity. NMNAT activity of wt and

mutated NMNAT2 was measured by a spectrophoto-

metric coupled assay or by an HPLC-based assay.57

Concerning the spectrophotometric assay, the

standard reaction was performed at 37�C in a 1-mL,

1-cm-path cuvette, in final volume of 0.4 mL. The

incubation mixture contained 172.5 lL ethanol rea-

gent (1% V/V ethanol, 70 mM Tris-HCl pH 7.5, 8.4

mg/mL semicarbazide/HCl), 11.25 lg Alcohol dehy-

drogenase (ADH, 4 units), 225 lg BSA, 25 mM

MgCl2, 1 mM ATP, 1 mM NMN and the appropriate

amount of purified NMNAT2. The reaction was usu-

ally started by the addition of NMN. The increase in

absorbance was recorded continuously at 340 nm

and from the slope of the linear progress curve the

enzyme activity (U/ml) was calculated.

The HPLC-based assay57 was used to investi-

gate the behavior of the proteins in presence of vari-

able concentration of magnesium. Reaction mixtures

containing HEPES/KOH 27 mM pH 7.5, ATP 1 mM,

NMN 1 mM, DTT 1 mM, variable MgCl2 concentra-

tions (0, 20, 50, 100, 500, 2000, 20000 lM), and H2O

to a final volume of 100 lL were incubated in a

water bath at 37�C for 10 min. To stop reactions,

50 lL ice-cold 1.2 M HClO4 were added to the single

mixtures. After 10 min on ice, the samples were cen-

trifuged 2 min at 16,000g and 140 lL aliquot of the

perchloric acid supernatants were neutralized by the

addition of 27 lL 1 M K2CO3. The neutralized reac-

tions were frozen at �20�C, thawed, centrifuged

2 min at 16,000g and the supernatants were loaded

on a 250 � 4.6 mm Supelcosil LC-18T 5 lm
reversed-phase HPLC column (Supelco).57 The

amount of NAD was determined from the peak area

of the HPLC-separated compounds, with reference to

NAD standard, and for each protein the activity was

reported as percentage with respect to the activity

measured at 20 mM MgCl2.

Gel filtration
The oligomeric state of NMNAT2 mutants was deter-

mined by gel filtration on a Superose 12 HR 10/30

column (Pharmacia).19 A buffer containing 50 mM

HEPES, 0.3 M NaCl, and 3 mM DTT was used for

elution.

Standard proteins were: BSA (66 kDa), ovalbu-

min (45 kDa), and carbonic anhydrase (30 kDa).

Selected fractions obtained at a flow rate of 0.5 mL/

min were analyzed by SDS–PAGE and tested for

their NMNAT activity by using the spectrophotomet-

ric assay.
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