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Nicotinamide mononucleotide (NMN) adenylyltransferase 2
(Nmnat?2) catalyzes the synthesis of NAD from NMN and ATP.
The Nmnat?2 transcript is expressed predominately in the
brain; we report here that Nmnat2 is a low abundance protein
expressed in neurons. Previous studies indicate that Nmnat2
localizes to Golgi. As Nmnat?2 is not predicted to contain a sig-
nal sequence, lipid-binding domain, or transmembrane do-
main, we investigated the nature of this interaction. These ex-
periments reveal that Nmnat?2 is palmitoylated in vitro, and
this modification is required for membrane association. Sur-
prisingly, exogenous Nmnat?2 is toxic to neurons, indicating
that protein levels must be tightly regulated. To analyze
Nmnat2 localization in neurons (previous experiments relied
on exogenous expression in HeLa cells), mouse brains were
fractionated, showing that Nmnat2 is enriched in numerous
membrane compartments including synaptic terminals. In
HelLa cells, in addition to Golgi, Nmnat2 localizes to Rab7-
containing late endosomes. These studies show that Nmnat?2 is
a neuronal protein peripherally attached to membranes via
palmitoylation and suggest that Nmnat2 is transported to syn-
aptic terminals via an endosomal pathway.

Nicotinamide mononucleotide (NMN)? adenylyltrans-
ferases (Nmnat) catalyze the synthesis of NAD from NMN
and ATP (1-3). Humans and mice express three isoforms,
each from a separate gene: Nmnatl, -2, and -3; whereas inver-
tebrates such as Drosophila melanogaster have only one (4).
Nmnat?2 is unique in that its transcript is expressed predomi-
nately in the brain (5-7). In contrast, Nmnat1 and -3 tran-
scripts are widely expressed, although they do not necessarily
overlap (2). Furthermore, Nmnat2 localizes to Golgi (8),
whereas Nmnatl is nuclear (8, 9), and Nmnat3 associates with
mitochondria (8, 10). This suggests that 1) Nmnatl, -2, and -3
have evolved specialized roles in vertebrate NAD metabolism,
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and 2) the subcellular location of NAD synthesis is cell
type-specific.

In addition to its role as a cofactor, NAD is also a substrate
for numerous enzymes including sirtuins, poly(ADP-ribose)
polymerases, and ADP-ribosyl cyclases (e.g. CD38) (11). These
enzymes regulate diverse cellular processes including tran-
scription, apoptosis, and calcium signaling (12—14). In eu-
karyotes, NAD is synthesized either de novo from tryptophan
or recycled from nicotinic acid, nicotinamide, or nicotinamide
riboside (1, 11). Because neurons require an enormous
amount of energy to propagate action potentials, it is not sur-
prising that insufficient dietary intake of NAD precursors re-
sults in severe neurological dysfunction (15, 16).

It is unclear what specific role Nmnat2 has in the brain that
cannot be met by Nmnat1 or -3. To address this question, we
have first sought to understand how Nmnat2 interacts with
the Golgi, its cellular and developmental protein expression,
and its localization in brain cells. We report here that Nmnat2
is a developmentally regulated, low abundance neuronal pro-
tein that localizes not only to Golgi but also to vesicles and
synaptic compartments. Overexpression of Nmnat2 is toxic to
neurons, suggesting that endogenous protein levels must be
tightly regulated and providing a rationale for its low abun-
dance. Additional experiments investigate its interaction with
Golgi, revealing that Nmnat?2 is peripherally attached to the
membrane via palmitoylation. Biochemical analysis shows
that endogenous Nmnat2 behaves like a membrane protein
but is difficult to solubilize suggesting that 1) palmitoylation
directs Nmnat2 to detergent resistant membranes or 2) in
addition to palmitoylation, Nmnat2 is held at the membrane
via protein-protein interaction. Finally, colocalization studies
in HeLa cells suggest that Nmnat2 may traffic through an en-
dosomal pathway via Rab7-containing vesicles. The data pre-
sented here provide the basis for future investigation of the
specific role of Nmnat2 in neuronal NAD metabolism.

EXPERIMENTAL PROCEDURES

Antibodies—Full-length human NMNAT2 (NM_015039)
was cloned into pET-28a (Novagen) and expressed in Rosetta
(DE3)pLysS Escherichia coli. The resulting His-tag fusion pro-
tein was purified using nickel-nitrilotriacetic acid agarose
beads (Qiagen) according to the manufacturer’s guidelines.
Polyclonal antibody was generated by YenZym Antibodies
(San Francisco, CA) and purified by affinity chromatography.
Antibodies against the following proteins were purchased
from the indicated vendors: neurofilament (heavy chain; Af-
finity BioReagents); valosin-containing protein (VCP) and
GM130 (BD Biosciences); Rab7 and EEA1 (Cell Signaling
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Technology); and EEA1, FLAG, GAPDH, TGN46, and VDAC
(Sigma). Antibodies against Rab5, synaptobrevin 2, synapto-
tagmin [, and «/B-neurexins were kindly donated by Thomas
Stidhof (Stanford School of Medicine, Palo Alto, CA). Joachim
Seemann (University of Texas Southwestern Medical Center,
Dallas, TX) kindly donated anti-3-COP antibody.

Mammalian Expression Vectors and Site-directed
Mutagenesis—Human NMNAT2 (NM_015039) was cloned
into pEGFP-N1 (Clontech) as described previously (10). This
construct is referred to here as Nmnat2-EGFP and was used
as template for PCR-based mutagenesis to create the C164S/
C165S mutant as well as the low homology domain (LHD; see
below) deletion mutants. Nmnat2-FLAG and Nmnat2 C164S/
C165S-FLAG were generated by subcloning into a C-terminal
FLAG vector. All constructs were verified by DNA
sequencing.

Lentivirus Production—Lentiviral shRNA vectors (pLKO.1-
puro) targeted against mouse Nmnat2 and EGFP were pur-
chased from Sigma. Nmnat2-EGFP and its derivatives were
subcloned into a modified version of FUGW, a lentivirus ex-
pression vector, which, along with the packaging constructs
pVSVG and pCMVAS8.9, were kindly provided by Thomas
Siidhof (Stanford School of Medicine). Lentiviruses were pro-
duced from HEK293T triple-transfected (FuGENE 6) with
pVSVG, pCMVAS.9, and one of the lentiviral expression vec-
tors described above. Approximately 48 h after transfection,
virus containing medium was collected and filtered (0.45 um)
then stored in small aliquots at —80 °C until needed. Viruses
were titered by quantitative PCR using a protocol adapted
from Salmon and Trono (17) and Sastry ez al. (18).

Cell Culture and Imaging—HEK293T, Neuro-2a, and SH-
SY5Y cell lines were purchased from ATCC. U343 and U87
cells were generously donated by Richard Lu (UT Southwest-
ern Medical Center). HeLa cells were a gift from Joachim See-
mann (UT Southwestern Medical Center). Cultures were
maintained in growth medium containing 10% FBS/DMEM
(Invitrogen), except SH-SY5Y, which were maintained in 10%
FBS/Advanced minimum essential medium supplemented
with nonessential amino acids, 110 mg/ml sodium pyruvate,
and 2 mM glutamine (Invitrogen). SH-SY5Y cells were differ-
entiated using a previously established protocol (19). In brief,
SH-SY5Y were seeded at low density and sequentially treated
with 10 uM retinoic acid (Sigma) in growth medium for 5 days
and then 50 ng/ml human BDNF (Invitrogen) in serum-free
medium for an additional 7 days. At this point, most cells de-
veloped a rounded shape with an extensive network of neu-
rites emanating from clumps of cell bodies.

Primary neuronal cultures were generated using standard
procedures from cortex dissected from late embryonic (E18)
mouse brains. In brief, tissues were cut into small uniform
pieces and treated for ~5 min with warm papain solution (20
units/ml, Worthington; dissolved in Hanks’ balanced salt so-
lution supplemented with 10 mm HEPES-NaOH, pH ~ 7.2,
Invitrogen). To inactivate the papain, tissue fragments were
briefly incubated with a solution of 1.25% trypsin inhibitor
(Sigma) and then rinsed with cold Hanks’ balanced salt solu-
tion/HEPES buffer. Neurons were dissociated by gentle tritu-
ration using a fire-polished Pasteur pipette in neuronal
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growth medium consisting of Neurobasal supplemented with
B-27 and 2 mm glutamine (Invitrogen). For expression analy-
sis, cells were plated on poly-p-lysine (0.1 mg/ml, Sigma)
coated 6-cm dishes at a density of 1 X 10° cells/plate. Neu-
rons were fed every 3 days and collected at various time
points, as indicated. Primary glial cultures were also derived
from the cortex using a similar procedure with the following
exceptions; tissue fragments were incubated with papain solu-
tion for 15 min, and cultures were maintained in 10% FBS/
DMEM. The absence of neurotrophic factors results in the
selective loss of neurons. Glial cultures were fed every 7 days
and were maintained for ~21 days before harvesting.

For immunofluorescence experiments, cortical neurons were
seeded at a density of 1 X 10° cells per coverslip (12 mm diame-
ter, Thermo Fisher Scientific) previously treated with Matrigel
(1:100 in PBS, BD Biosciences) and 0.1 mg/ml poly-D-lysine
(Sigma). HeLa cells were seeded at a density of 2 X 10* cells per
coverslip. Cells were fixed with 3.7% paraformaldehyde, perme-
abilized with 0.1% Triton X-100, washed several times with PBS,
and blocked for 30 min with a solution of 4% BSA (Sigma) and
1% normal goat serum (Jackson ImmunoResearch Laboratories).
Incubation with primary antibody was done overnight at 4 °C.
Coverslips were mounted with ProLong Gold antifade reagent
(Invitrogen), and images were collected using a Zeiss LSM 510
confocal microscope.

Analysis of Nmnat2 Expression in Cells and Tissue—Tissues
were collected from age-matched mice and washed with PBS
and then immediately flash-frozen in liquid nitrogen and
ground to a powder using a mortar and pestle. Cells were
washed with ice-cold PBS and then collected with a rubber
policeman and centrifuged at 400 X g for 5 min. Cell pellets
and tissue powder were lysed with cold 50 mm HEPES-NaOH,
1% LDS, 1 mm DTT, and protease inhibitors (0.2 mm PMSF,
0.5 ng/ml leupeptin, and 1 um pepstatin A) and then briefly
sonicated to reduce viscosity. Protein concentration was
measured using the DC protein assay according to the manu-
facturer’s instructions (Bio-Rad). Within a given experiment,
the same amount of total protein was loaded for each sample.

Palmitoylation Assay—HEK293T cells transiently express-
ing Nmnat2-FLAG or Nmnat2 C164S/C165S-FLAG were
incubated for 6 h in media containing 0.4 mCi/ml [9,10 -
3H(N)]palmitic acid (PerkinElmer Life Sciences). Cells were
washed with ice-cold PBS, collected using a rubber police-
man, and centrifuged at 800 X g and then lysed with 1%
LDS/4 m urea and diluted 1:20 with buffer B (1% Nonidet
P-40, 0.2 mm PMSF, 0.5 pg/ml leupeptin, and 1 uM pepstatin
A). Diluted lysate was incubated with anti-FLAG agarose
beads overnight at 4 °C. After extensive washing with PBS,
bound protein was eluted in a small volume of sample buffer
(60 mMm Tris-HCI, pH 6.8, 2% LDS, 10% glycerol, and 0.025%
bromphenol blue). Eluted protein was separated by SDS-
PAGE and exposed to Biomax XAR film (Kodak) at —80 °C
for 14 days. To enhance detection of radiolabeled protein,
polyacrylamide gels were impregnated with 2,5-diphenylox-
azole (Sigma) as described by Bonner and Laskey (20).

Purification and Activity of Nmnat2 and Nmnat2
C164S/C1655—The coding sequence for human NMNAT2
and NMNAT?2 C164S/C165S was cloned into pMBP-parallell
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(21). The resulting maltose-binding protein fusion protein
was affinity purified using amylose resin (New England Bio-
Labs). After removal of the maltose-binding protein tag by
tobacco etch virus protease treatment, Nmnat2 and
Nmnat2 C164S/C165S were further purified using a phe-
nyl-Sepharose column and by gel filtration chromatogra-
phy (GE Healthcare).

Steady-state kinetic parameters were determined using a
coupled assay adapted from Kurnasov et al. (22). Briefly, reac-
tion mixtures were prepared in parallel containing 50 mm
HEPES-NaOH, pH 7.5, 115 mm ethanol, 40 mm semicarba-
zide, 6 units/ml of alcohol dehydrogenase, 5% glycerol, and
varying amounts of ATP and NMN. Reactions were started by
adding purified Nmnat2 or Nmnat2 C164S/C165S to a final
concentration of 0.4 nMm. The production of NADH was moni-
tored by measuring absorbance at 340 nm. Apparent values
of K, and k_,, were calculated using SigmaPlot 11 (Systat
Software).

Extraction of Postnuclear Membrane Fractions—Whole
mouse brains from adult mice were cut into equally sized
pieces and homogenized on ice using a potter-elvehjem ho-
mogenizer in buffer A supplemented with 320 mm sucrose.
Buffer A consists of 10 mm HEPES-NaOH, pH 7.4, 1 mMm
DTT, and protease inhibitors (0.2 mm PMSF, 0.5 pug/ml leu-
peptin, and 1 um pepstatin A). To reduce nuclear and whole
cell contamination, homogenate was filtered through four
layers of cheesecloth and centrifuged at 900 X g for 10 min.
The resulting supernatant was centrifuged at 100,000 X g for
1 h. The supernatant from this spin is designated as the cyto-
solic (§100) fraction. The pellet (P100), which is enriched for
cytoplasmic membranes, was suspended with buffer A/320
mM sucrose. 100 ul aliquots of P100 (1 mg/ml) were centri-
fuged at 100,000 X g for 1 h. The resulting pellets were sus-
pended in 100 ul of buffer A supplemented with one of the
following: 320 mM sucrose, 1 M NaCl, 4 m urea, 1% CHAPS,
1% octyl glucoside (OG), or 1% lithium dodecyl sulphate
(LDS). Suspensions were incubated on ice for 30 min and
then centrifuged at 100,000 X g for 1 h. To analyze the hydro-
phobicity of endogenous Nmnat2, cytoplasmic membranes
were extracted with 2% Triton X-114 (EMD Chemicals) over-
night on ice. Separation of the detergent and aqueous phases
was done essentially as described by Brusca and Radolf (23).

Fractionation of Mouse Brain Synaptosomes—This protocol
is based on previously published methods with some modifi-
cations (24 —27). Whole mouse brains were homogenized in
320 mM sucrose, 10 mm HEPES-NaOH, pH 7.4, 1 mm DTT,
and protease inhibitors (0.2 mm PMSF, 0.5 ug/ml leupeptin,
and 1 uM pepstatin A) using a potter-elvehjem homogenizer
attached to an overhead motor (~500 rpm). Homogenate was
filtered through four layers of cheesecloth and then centri-
fuged at 900 X g for 10 min to sediment nuclei and unbroken
cells (P1). To enrich for synaptosomes and mitochondria,
postnuclear supernatant (S1) was centrifuged at 11,000 X g
for 15 min. All remaining membranes in the resulting super-
natant (S11) were collected by centrifugation at 200,000 X g
for 2 h (P200). The synaptosome/mitochondria pellet (P11)
was washed once with homogenization buffer and then lysed
in hypotonic buffer (5 mm HEPES-NaOH, pH 7.4, supple-
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mented with protease inhibitors). This suspension was then
centrifuged at 25,000 X g for 20 min to sediment large mem-
brane fragments (LP1). These membranes (LP1) were further
fractionated by flotation through a discontinuous sucrose gra-
dient. The LP1 pellet was suspended with 1.1 M sucrose and
formed the bottom layer, with solutions of 0.855 and 0.32 m
sucrose layered on top. Gradients were centrifuged at 19,500
rpm for 2.5 h using an SW-41 rotor (Beckman Coulter). Mye-
lin enriched membranes (A) were collected from the 0.32/
0.855 M interface and synaptic plasma membranes (B) from
the 0.855/1.1 M interface. Mitochondria accumulated at the
bottom of the tube in a sticky dark brown pellet (C). Synapto-
some supernatant (LS1) was centrifuged at 200,000 X g for

2 h to sediment synaptic and other small vesicles (LP2).

RESULTS

Expression Profile of Nmnat2 Protein—To evaluate the ex-
pression of endogenous Nmnat2, we generated several poly-
clonal antibodies using either peptides or full-length protein.
Following an initial assessment, sera against full-length
Nmnat2 was chosen for further analysis. To establish its spec-
ificity, we looked for cell lines expressing high levels of
Nmnat2 transcript (BioGPS). As a result, Neuro-2a cells,
which are a mouse neuroblastoma cell line, were infected with
three different sShRNA-expressing lentiviruses: two targeted
against Nmnat2 and one targeted against EGFP (negative con-
trol). Total lysate from Neuro-2a was analyzed by Western
blot, and a band migrating at the expected molecular mass
(34.4 kDa) is observed in cells infected with control virus but
is undetectable in cells infected with shRNA targeted against
Nmnat2 (Fig. 1A).

Existing studies show that the Nmnat2 transcript is en-
riched in the brain relative to other tissues (5-7), although the
transcript has also been detected in heart and muscle (7). To
further test the specificity of this antibody, we compared ly-
sates from various tissues and identified the same ~34-kDa
band detected in Fig. 14 in brain but not heart or any other
tissues examined (Fig. 1B), including skeletal muscle (data not
shown). Note that a slightly slower migrating band (marked
with an asterisk) is observed in several tissues including brain,
suggesting that this is a nonspecific band. To determine
whether this band is nonspecific, we compared brain lysate
derived from mice in which both Nmmnat2 alleles have been
trapped. The intensity of the same ~34-kDa band observed in
Fig. 1 (A and B) is reduced ~50% (Fig. 1C), consistent with a
50% reduction in mRNA expression (p = 0.002, n = 3),
whereas the intensity of the same slower migrating band ob-
served in Fig. 1B (asterisk) remains constant. This mouse line
was created to analyze the physiological function of Nmnat2.
A more detailed analysis of these mice will be provided in fu-
ture studies. Gene traps often produce null mutants (28);
however, reduced (or even normal) expression of the underly-
ing gene is not uncommon (29, 30).

Using Western blot analysis, these data show that an anti-
body targeted against full-length Nmnat2 detects a band mi-
grating at the expected molecular weight in lysate derived
from brain and a neuroblastoma cell line. This band is sensi-
tive to targeted knockdown using either shRNA or a gene-
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FIGURE 1. Nmnat2 is a neuronal protein and expression is developmen-
tally regulated. A, to assess the specificity of an in-house antibody tar-
geted against full-length Nmnat2, Neuro-2a, a neuroblastoma cell line re-
ported to express Nmnat?2 transcript (BioGPS), were infected with
lentiviruses (MOI of 1) expressing either shRNA against Nmnat2 (lanes A and
B) or EGFP (lane C). Total lysate from each was compared by Western blot.
B, to evaluate the tissue expression of Nmnat2, lysate from various tissues
were analyzed by Western blot. Note that a slightly slower migrating band
is observed in several tissues including brain, marked with an asterisk; this
band is nonspecific as shown in C. C, comparison of brain lysate from mice
in which both Nmnat2 alleles have been trapped (Tr/Tr) versus wild-type
controls (+/+). Each lane represents a single animal. As expected (see text),

Nmnat2 expression in gene trap mouse brain is ~50% of wild-type controls.

Note the same nonspecific band observed in B, marked with an asterisk.

D, to evaluate the cellular expression of Nmnat2, lysates from various cell
types were analyzed by Western blot. Nmnat2 is detected in a human neu-
roblastoma cell line SH-SY5Y, but not in primary glia, U87 or U343, which
are glioblastoma cell lines, or either of the negative controls NIH3T3 or
HEK293T. In SH-SY5Y, Nmnat2 is dramatically up-regulated upon differenti-
ation. E, Nmnat2 expression increases during maturation of primary cortical
neurons similarly to synaptobrevin 2, a critical synaptic vesicle protein.

F, expression of Nmnat2 during mouse development. Mouse brain lysate
was obtained from a pair of male and female mice at birth and every 4 days
thereafter as indicated. For each panel, an equal amount of protein was
loaded in each lane; actin, GAPDH, or VCP are used as loading controls. An
asterisk indicates a nonspecific band. NF, neurofilament; Syb 2, synaptobre-
vin 2; DIV, days in vitro; Diff., differentiated; Undiff., undifferentiated. HC,
heavy chain.

trap insertion. The intensity of this band compared with
known amounts of purified recombinant Nmnat2 indicates
that the abundance of endogenous protein in the brain is very
low (~0.001% of total protein). To the best of our knowledge,
this is the first antibody validated to detect endogenous
Nmnat2.

Based on its specific expression in the brain, we speculated
that Nmnat2 may be further restricted to specific cell types,
i.e. neurons or glia. Therefore, we analyzed total lysate from
several different cells, including SH-SY5Y, a human neuro-
blastoma cell line; U87 and U343, which are glioblastoma cell
lines; as well as primary cultures. Nmnat?2 is expressed in two
neuroblastoma cell lines: SH-SY5Y (Fig. 1D), Neuro-2a (Fig.
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1A), and primary cortical neurons (Fig. 1E) but is undetect-
able in primary glia or either of the glioblastoma cell lines
tested (Fig. 1D), suggesting that Nmnat2 is more strongly ex-
pressed in neurons.

Interestingly, Nmnat2 protein levels increase dramatically
upon differentiation of SH-SY5Y (Fig. 1D) and during matu-
ration of primary neuronal cultures (Fig. 1E). This effect was
also observed in vivo, as Nmnat2 levels in the brain are rela-
tively low at birth and then peak toward the end of the post-
natal period (Fig. 1F). This expression profile is similar to
Rab5, which regulates endocytosis and early endosome fusion
(31), and synaptobrevin 2, which is a neuronal protein critical
for normal synaptic function (32). In contrast, neurofilament
(heavy chain) increases dramatically at the end of postnatal
development (33), whereas VCP, a chaperone (34), remains
steady throughout.

Nmnat2 Is a Palmitoylated Peripheral Membrane
Protein—Nmnat2 has previously been reported to localize to
the Golgi complex in HeLa cells (8). As it is not predicted to
contain a signal sequence or transmembrane domain (or lipid
binding domain), we speculated that Nmnat2 localization to
this organelle results from peripheral attachment via protein-
protein interaction or lipid modification.

Nmnatl, -2, and -3 consist of a conserved bipartite Ross-
man fold linked together by a unique stretch of amino acids in
the middle of the primary sequence, which is referred to here
as the LHD. Given that LHD (Nmnatl) contains the nuclear
localization sequence (35), we speculated that LHD (Nmnat2)
may contain residues essential for its localization. Therefore,
we generated several short deletion mutants (Fig. 24) and
compared their localization relative to GM130, a well charac-
terized Golgi marker (36). We used lentiviruses for gene deliv-
ery to reduce potential artifacts due to high level expression
resulting from transient transfection. The localization pattern
of LHD-A2 closely resembles full-length Nmnat2, whereas
LHD-A1, LHD-A4, and LHD-AS5 retain Golgi localization but
have increased cytoplasmic signal (Fig. 2B). This suggests that
residues 109 -124 (LHD-A1) and 170-193 (LHD-A4 and -A5)
may contribute but are not required for Golgi localization. In
contrast, LHD-A3 does not colocalize with GM130 and shows
diffuse cytoplasmic localization.

Among the residues deleted in the LHD-A3 mutant (amino
acids 143-169), we focused on Cys'®* and Cys'®®, given that
1) they are within a highly conserved cluster (Fig. 34) and 2)
cysteines are targets of prenylation and palmitoylation (37).
Because prenylation occurs on C-terminal CAAX motifs, we
directly investigated the possibility that Nmnat2 is palmitoy-
lated using metabolic labeling. Nmnat2, but not Nmnat2
C164S/C165S, labels with [*H]palmitate, indicating that 1)
Nmnat2 is palmitoylated and 2) Cys'®* and Cys'®® are re-
quired for this modification (Fig. 3B).

To determine whether palmitoylation is required for Golgi
localization, we compared the localization of Nmnat2 C164S/
C165S relative to GM130. In contrast to wild-type control,
but identical to LHD-A3 (see Fig. 2B), Nmnat2 C164S/C165S
appears diffuse in the cytoplasm and does not colocalize with
GM130 (Fig. 3C). This suggests that Nmnat2 C164S/C165S is
soluble. To investigate this possibility, infected cells were
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FIGURE 2. Residues 143-169 are necessary for Golgi localization and
membrane association. A, schematic of human NMNAT2 (NP_055854) in-
dicates residues that have been deleted in a given mutant. A characteristic
stretch of residues poorly conserved between Nmnat1, -2, and -3, referred
to as the LHD, is illustrated with a dotted line; conserved regions are in solid
yellow. B, HelLa cells infected with lentiviruses (MOl ~ 3) expressing either
Nmnat2 or the indicated mutant (with EGFP tag) were fixed and then
probed for GM130 to assess Golgi localization. Scale bar, 10 wm.

treated prior to fixation with digitonin, a mild detergent that
selectively permeabilizes the plasma membrane, allowing sol-
uble components of the cytoplasm to rapidly diffuse out of the
cell. Under these conditions, cytoplasmic Nmnat2 C164S/
C165S and EGFP are washed out, whereas wild-type Nmnat2
is retained in the cell (Fig. 3D).

Although Cys'®* and Cys'®* are likely targets of palmitoyla-
tion, these residues could be necessary for Nmnat2 to acquire
and/or maintain its tertiary structure. To test this possibility,
we compared the activities of purified recombinant Nmnat2
C164S/C165S to wild-type (in parentheses): k., = 7.21 *
0.46 s~ ' (0.654 = 0.50 s '), KATP = 112.88 = 0.14 um
(84.25 = 0.13 um) and KM = 2,95 + 0.40 um (6.91 + 1.31

asEvie
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uMm). Although it is unclear why Nmnat2 C164S/C165S has a
faster turnover rate (k_,,), the mutant is fully active, indicating
that it is able to maintain its tertiary structure.

Consistent with membrane localization, most endogenous
Nmnat2 sediments with a crude membrane fraction (P100)
after subcellular fractionation of mouse brains in the absence
of detergent (Fig. 44). To clarify its interaction with the P100
fraction, we attempted to extract Nmnat2 using a selection of
reagents commonly used to solubilize peripheral membrane
proteins. VCP is a chaperone that is attached to membranes
via protein-protein interaction (34) and is readily soluble in
4 M urea (Fig. 4B). Conversely, Rab5, a small GTPase tethered to
membranes via geranylgeranylation (38, 39), and synaptotag-
min [, an integral membrane protein (40), and Nmnat?2 re-
main in the pellet fraction. Rabb5 is readily soluble in all deter-
gents tested, whereas Nmnat2, VCP, and synaptotagmin I are
partially soluble in CHAPS and OG. This is expected for VCP
as these detergents lack the necessary polarity to efficiently
disrupt protein binding. Similarly, synaptotagmin I also binds
numerous proteins at the membrane, which probably ac-
counts for its partial solubility under these conditions. Be-
cause endogenous Nmnat?2 is resistant to extraction with 4 m
urea but slightly soluble in CHAPS and OG, this suggests that
1) palmitoylation recruits Nmnat2 to detergent resistant
membranes or 2) Nmnat2 is tightly held at the membrane via
protein binding and palmitoylation.

Finally, we assessed the behavior of endogenous Nmnat2 in
a solution of Triton X-114. Triton X-114 has a similar struc-
ture to Triton X-100 but is more hydrophobic and has a lower
cloud point. At temperatures above the cloud point, a deter-
gent solution spontaneously separates into aqueous and de-
tergent phases. Because Triton X-114 is a nondenaturing
detergent, proteins with hydrophobic surfaces, such as trans-
membrane and lipid-modified proteins, partition with the
detergent phase, whereas hydrophilic proteins remain in the
aqueous phase (41). In contrast to its poor solubility in Triton
X-100 (data not shown), Nmnat2 is readily soluble in the
more hydrophobic Triton X-114, and it is highly enriched in
the detergent phase following phase separation (Fig. 4C).

In summary, Nmnat2 localization to the Golgi requires
palmitoylation, whereas mutation of Cys'®* and Cys'® to ser-
ine abolishes this modification and results in a soluble, active
protein. Furthermore, despite its lack of a transmembrane
domain (or lipid-binding domain) endogenous Nmnat2 has
the biochemical characteristics of a membrane protein. Taken
together, these data strongly suggest that Nmnat2 is peripher-
ally anchored to membranes via palmitoylation.

Sufficiency of Nmnat2 Low Homology Domain (LHD) for
Golgi Localization— LHD(Nmnat2) was cloned in-frame with
EGFP to determine whether this region is sufficient for Golgi
localization. Although the fluorescent signal in these cells is
low, LHD(Nmnat2)-EGFP shows diffuse cytoplasmic localiza-
tion (Fig. 5A) similar to Nmnat2 C164S/C165S and LHD-A3.
Based on this observation, we speculated that LHD(Nmnat2)-
EGFP may be unstable. Following treatment with MG132, a
proteasome inhibitor, LHD(Nmnat2)-EGFP weakly colocal-
izes with GM130 (Fig. 5B). This suggests that residues outside
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FIGURE 3. Nmnat2 is a palmitoylated peripheral membrane protein. A, sequence alignment reveals Cys'®* and Cys'®" as potential targets of palmitoyla-
tion. Palmitoylation lacks a well defined motif but occurs on cysteines frequently with nearby basic residues. Cys'®* and Cys'®* are highlighted in red,
whereas nearby conserved basic residues are in boldface italic. B, HEK293T were transfected and metabolically labeled with [*H]palmitate. Following immu-
noprecipitation, incorporation of radiolabel was assessed by in-gel fluorography. To assess the efficiency of immunoprecipitation, a 1:10 dilution of eluted
protein was analyzed by Western blot (WB). CC, Cys'®* and Cys'®>; SS, Ser'®* and Ser'®®. C, HeLa were infected with lentiviruses (MOI of 3) expressing ei-
ther Nmnat2-EGFP, Nmnat2 C164S/C165S-EGFP, or EGFP and then fixed and probed for GM130, a well characterized cis-Golgi marker (36). D, infected HelLa
cells were permeabilized with digitonin prior to fixation to assess the solubility of wild-type Nmnat2 and C1645/C165S mutant. Note that under these con-
ditions, the nuclear membrane remains intact. Scale bar, 10 um.
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FIGURE 4. Biochemical characterization of Nmnat2 membrane association. A, mouse brains were homogenized and fractionated in detergent-free
buffer as described under “Experimental Procedures.” An asterisk indicates a nonspecific band. B, to characterize the nature of the interaction between
Nmnat2 and the membrane, P100 pellets were extracted with either high salt (1 m NaCl), a chemical denaturant (4 m urea), or a selection of detergents: 1%
CHAPS (zwitterionic), 1% OG (nonionic), or 1% LDS (anionic). P and S refer to pellet and supernatant collected after a 30-min extraction on ice and a subse-
guent 100,000 X g spin. C, Nmnat2 is efficiently extracted in 2% Triton X-114 and partitions with detergent following phase separation, as expected for a
palmitoylated protein.

the low homology domain are required for stable interaction tion of endogenous Nmnat2 by immunoblotting, it is un-

of Nmnat2 with Golgi. suitable for immunohistochemistry experiments due to
Overexpression of Nmnat2 Is Toxic to Primary Neurons— unacceptably high background. All commercially available

Although the antibody described here is useful for detec- Nmnat2 antibodies, as well as several other in-house anti-
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FIGURE 5. Nmnat2 low homology domain is insufficient for stable inter-
action with Golgi. A, Hela cells infected with lentivirus (MOl ~ 3) express-
ing LHD(Nmnat2)-EGFP were fixed and probed for GM130. B, treatment of
these cells with a proteasome inhibitor, MG132 (20 um for 2.5 h), boosts the
overall intensity of fluorescent signal revealing weak colocalization be-
tween LHD(Nmnat2)-EGFP and GM130 (arrows). Images were taken using
the same exposure settings for both dimethyl sulfoxide (DMSO, negative
control) and MG132-treated cells. Scale bar, 10 um.

bodies were also tested but with similar results (data not
shown).

To assess the localization of Nmnat2 in neurons, primary
cultures were infected with lentivirus expressing either
Nmnat2 or Nmnat2 C164S/C165S. Unexpectedly, overexpres-
sion of wild-type Nmnat?2 is toxic to neurons, resulting in per-
vasive cell death (Fig. 6A). In contrast, Nmnat2 C164S/C165S
is well tolerated, indicating that increased Nmnat activity
alone is not sufficient for toxicity. Furthermore, toxicity is not
observed in non-neuronal cells (e.g. HeLa) and is independent
of affinity tags (data not shown). This suggests that the levels
of endogenous Nmnat2 must be tightly regulated and may
account for its low abundance. Nonetheless, prior to the onset
of toxicity, exogenous Nmnat2 localizes to Golgi, consistent
with its reported localization in HeLa (8), as well as vesicles in
dendrites and axons (Fig. 6B).

Nmnat2 Localizes to Synaptic Terminals (i.e. synaptosomes)—
Palmitoylation is a common mechanism used by neurons to
sort peripheral membrane proteins to specific compartments
including axons, dendrites, and synapses (42—44). To deter-
mine whether endogenous Nmnat2 localizes to any of these
structures, mouse brain synaptosomes, which are detached
nerve terminals formed during homogenization (45), were
purified and fractionated yielding pellets enriched for synaptic
vesicles, myelin, synaptic plasma membrane, and mitochon-
dria (Fig. 7A, schematic).

Nmnat?2 is enriched equally between synaptosome (P11)
and cytoplasmic membrane (P200) enriched fractions, unlike

asEvie
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B-COP, which in neurons is found exclusively in the cell body
(46) and is highly enriched in P200 and cytosol (S200) (Fig.
7B). B-COP is a coatmer protein that continually cycles on/off
transport vesicles between the cis-Golgi and endoplasmic re-
ticulum (47-50). In contrast to B-COP, Rab5 localizes to both
pre- and postsynaptic terminals (51, 52) and is detected in all
fractions. Further purification of synaptosomes (P11) shows
that Nmnat2 co-purifies with markers for synaptic vesicles
(synaptobrevin 2) (53) and synaptic plasma membrane (a/f3-
neurexins) (24). Note that o/ B-neurexins only minimally con-
taminate LP2 (synaptic vesicle enriched fraction), suggesting
that this fraction is relatively free of plasma membrane. Be-
cause Nmnat?2 is not detected at the plasma membrane when
overexpressed (e.g. Figs. 3C, top panel, and 6B), its co-purifi-
cation with o/B-neurexins in fraction B may indicate the
presence of dendrite-derived endosomes, consistent with the
presence of Rab5 in this fraction as well. Taken together with
our observation that Nmnat2-EGFP localizes to vesicles in
dendrites and axons (Fig. 6B), these data suggest that endoge-
nous Nmnat2 localizes to vesicles in synaptic terminals.

Nmmnat2 Localizes to Rab7-containing Late Endosomes and
trans-Golgi Network in HeLa Cells—Under normal growth
conditions, when overexpressed at low levels via lentiviral
infection (MOI of 3), Nmnat2 localizes not only to Golgi but
also to cytoplasmic vesicles (e.g. Figs. 3C, top panel, and 6B).
Localization is independent of the presence of an affinity tag
(data not shown). A subset of these structures colocalize with
Rab7 (Fig. 8), a late endosome marker (54). In some instances,
Nmnat2 and Rab7 are adjacent or only partially co-localize.
Nmnat2 also colocalizes with perinuclear TGN46, a trans-
Golgi network marker (55). In contrast, there is no significant
overlap with EEA1, an early endosome marker (56), indicating
that Nmnat2 localizes to specific compartments in the endo-
somal pathway. Consistent with its presence at synaptic ter-
minals, these results suggest that Nmnat2 is transported to
these compartments via an endosomal pathway.

DISCUSSION

In this report, we have analyzed the expression and local-
ization of Nmnat2 and characterized its interaction with cel-
lular membranes. To analyze Nmnat2 protein expression, we
generated and validated a polyclonal antibody against full-
length protein. Of all antibodies tested, including in-house
and all commercially available antibodies, the antibody de-
scribed here had the best specificity and sensitivity. Nmnat2 is
detected exclusively in neurons with expression peaking
shortly after birth suggesting that these cells require addi-
tional NAD synthesis during early postnatal development.
Although this coincides with an intense period of synaptogen-
esis (57), the reason for an increase in expression during this
time remains to be determined.

Overexpression of Nmnatl, -2, or -3 in neurons has been
demonstrated to slow the rate of axon degeneration in vivo
and in vitro (58 — 62). Although the underlying mechanism
remains to be elucidated, axon degeneration precedes neuro-
nal cell body death in many neurodegenerative diseases in-
cluding Alzheimer and Parkinson diseases, suggesting that
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FIGURE 6. Exogenous Nmnatz2 is toxic to primary neurons. A, primary cortical neurons were infected with lentivirus expressing either Nmnat2-FLAG or
Nmnat2 C164S/C165S-FLAG. Approximately 4 days after infection, cultures were fixed and probed with an anti-FLAG antibody. Nmnat2, but not Nmnat2
C164S/C165S, is toxic to neurons, which results in massive neuronal death; arrows indicate neurons shown in the inset. For comparison, a glial cell in each
image is marked with an asterisk. Scale bar, 50 um. B, primary cortical neurons were infected with lentivirus (MOl ~ 3) expressing Nmnat2-EGFP. Nmnat2
localizes to Golgi (as in HeLa cells) but also dendrites and axons (scale bar, 10 um). Shown is a magnified view of a dendrite (lower panel; scale bar, 2 um).

manipulation of NAD synthesis pathways may provide new
therapeutic targets (63).

Paradoxically, overexpression of Nmnat2 is toxic to pri-
mary neurons (but not other cell types such as HeLa), whereas
Nmnat2 C164S/C165S is well tolerated, indicating that excess
Nmnat activity alone is insufficient to cause toxicity. One
possible explanation for this phenotype is that exogenous
Nmnat2, but not Nmnat2 C164S/C165S, forms aggregates
that are toxic to neurons (but not other cell types). How-
ever, this scenario is unlikely, given the highly reducing
environment of the cytoplasm. Alternatively, exogenous
Nmnat2 may form a spurious interaction with one or more
proteins at the membrane. It has recently been suggested
that such interactions are a common cause of toxicity re-
sulting from protein overexpression (64). The lack of gross
toxicity in non-neuronal cells may therefore be due to the
absence (or low abundance) of a specific interacting pro-
tein. Another possibility is that exogenous Nmnat2 in neu-
rons binds to a bona fide protein target, but toxicity results
from overstimulation of an existing metabolic or signaling
pathway.
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Using superior cervical ganglia cultures, Gilley and
Coleman (65) have recently shown that endogenous Nmnat2
localizes to axons and that Nmnat2-EGFP particles are trans-
ported via fast axonal transport. Here, we show prominent
localization of Nmnat2-EGFP to dendrites and axons and that
endogenous Nmnat2 localizes to synaptic terminals. Consistent
with our observation, Zhai et al. (4) report that Drosophila
Nmnat localizes to synaptic puncta, suggesting a conserved
function for Nmnat at synapses.

While this paper was being reviewed, Lau et al. (66) pub-
lished an analysis of the low homology domain (LHD) of
Nmnatl, -2, and -3 (which they refer to as isoform-specific
targeting and interaction domains, i.e. ISTID1, ISTID2, and
ISTID3). These authors report that Nmnat2 is palmitoylated
on Cys'®* and Cys'®®. We also show that Nmnat2 is palmitoy-
lated but conclude only that Cys'®* and Cys'®” are required
for this modification. Furthermore, we report that endoge-
nous Nmnat2 has the biochemical characteristics of a mem-
brane protein despite lacking a transmembrane domain or
lipid binding domain; and Nmnat2 is difficult to solubilize,
suggesting that it is either 1) recruited to detergent-resistant
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FIGURE 7. Endogenous Nmnat2 localizes to synaptic terminals. A, schematic of synaptosome purification protocol. Synaptosomes are detached nerve
terminals formed during homogenization and contain membranes derived from both pre- and postsynaptic compartments. For P1,S1, P11, S11, P200, and
S200, P refers to pellet, and S refers to supernatant, whereas numbers refer to the force of centrifugation for each step (e.g. $200, supernatant resulting from
200,000 X g spin). B, Western blot analysis of fractionated mouse brains; an equal amount of protein was loaded for each sample. An asterisk indicates a
nonspecific band. NRX, neurexin; Syb 2, synaptobrevin 2; synap., synaptosome; SV, synaptic vesicles; SPM, synaptic plasma membrane; mito, mitochondria.
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FIGURE 8. Nmnat2 localizes to Rab7 late endosomes and trans-Golgi
network in HelLa cells. Hela cells were infected with lentiviruses (MOI of 3)
expressing Nmnat2-EGFP and then fixed and probed for Rab7, a late endo-
some marker (67) (top panel); TGN46, a trans-Golgi network marker (55)
(middle panel); or EEA1, an early endosome marker (56) (bottom panel). Dot-
ted lines indicate regions in the cytoplasm where Rab7 and Nmnat2 are
closely associated. Arrows indicate where Nmnat2 does not co-localize with
Rab7. Arrowhead indicates specific vesicle where Nmnat2 colocalizes with
Rab7. An asterisk marks the nucleus in each cell. Scale bar, 10 um.

membranes or 2) tightly held at the membrane via protein
binding and palmitoylation. Additionally, Lau et al. (66) re-
port that expression of FLAG-ISTID2-EGFP, consisting of

DECEMBER 17, 2010+VOLUME 285+-NUMBER 51

residues 108 —190, is sufficient for Golgi localization. In con-
trast, we find that LHD(Nmnat2), defined as residues 109 —
193, is insufficient to stably interact with Golgi membranes.
Future experiments will investigate the effect of the low ho-
mology domain on overall stability of Nmnat2.

It remains to be determined what specific role Nmnat2
plays in neuronal NAD metabolism, and specifically, what
advantages its localization and membrane association pro-
vide. However, the data presented here provide a solid foun-
dation from which these questions can better be addressed.
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