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Background: Leber congenital amaurosis 9 (LCA9) is a severe retinal degeneration condition caused by mutations in the
NAD� biosynthetic enzyme NMNAT1.
Results: Many of LCA9-associated NMNAT1 mutants have relatively normal enzymatic and neuroprotective activities, but
manifest stress-induced instability.
Conclusion: Stress-induced instability of NMNAT1 could be responsible for retinal abnormalities in LCA9.
Significance: Our results identify potential mechanisms that promote retinal degeneration observed in LCA9.

Leber congenital amaurosis 9 (LCA9) is an autosomal reces-
sive retinal degeneration condition caused by mutations in the
NAD� biosynthetic enzyme NMNAT1. This condition leads to
early blindness but no other consistent deficits have been
reported in patients with NMNAT1 mutations despite its central
role in metabolism and ubiquitous expression. To study how
these mutations affect NMNAT1 function and ultimately lead to
the retinal degeneration phenotype, we performed detailed
analysis of LCA-associated NMNAT1 mutants, including the
expression, nuclear localization, enzymatic activity, secondary
structure, oligomerization, and promotion of axonal and cellu-
lar integrity in response to injury. In many assays, most mutants
produced results similar to wild type NMNAT1. Indeed, NAD�

synthetic activity is unlikely to be a primary mechanism under-
lying retinal degeneration as most LCA-associated NMNAT1
mutants had normal enzymatic activity. In contrast, the second-
ary structure of many NMNAT1 mutants was relatively less sta-
ble as they lost enzymatic activity after heat shock, whereas wild
type NMNAT1 retains significant activity after this stress. These
results suggest that LCA-associated NMNAT1 mutants are
more vulnerable to stressful conditions that lead to protein
unfolding, a potential contributor to the retinal degeneration
observed in this syndrome.

Leber congenital amaurosis (LCA)2 is a severe retinal degen-
erative condition that results in blindness at birth or within the
first few years of life. Causative mutations in at least 17 different
genes have been identified in LCA. These genes are those with
largely retina-specific expression (e.g. RPE65, AIPL1, LCA5,

CRX, CEP290, and IMPDH) as well as those that are expressed
broadly in many tissues (e.g. GUCY2D, NMNAT1, RDH12,
RPGRIP1, and CRB1) (1). A 10-centimorgan region on 1p36
was identified as LCA9 locus in a Pakistani family (2) and fur-
ther analysis identified NMNAT1 mutations in families with
LCA, most of which had associated macular atrophy (3– 6).
Almost all of these patients harbored compound heterozygote
mutations, with the most common being a missense E257K
mutation (3– 6). A new study reports that individuals with a
homozygous E257K mutation in one family did not have ocular
abnormalities, suggesting this is a hypomorphic mutation with
incomplete penetrance (7).

The retinal dystrophy in LCA is characterized by photore-
ceptor cell dysfunction and death with almost undetectable
electroretinogram responses in most cases by the end of the
first year of life (1). Many genes whose mutation results in pho-
toreceptor degeneration in LCA or retinitis pigmentosa are
ubiquitously expressed, yet the pathology is localized to the
retina. The susceptibility of retinal photoreceptor cells to these
mutations could be associated with their unique physiology and
environment. For example, the visual cycle, which regenerates
the light-sensitive 11-cis-retinal from the light-stimulated all-
trans-retinal form, produces oxidative stress and requires
continual supplies of NAD� for the necessary dehydrogenase
reactions (9). The accumulation of all-trans-retinal due to dys-
function of retinal pigment epithelium cells, which engulf pho-
toreceptor cells to maintain homeostasis, also results in photo-
receptor abnormalities (10). In addition, the high levels of
unsaturated lipids like docosahexaenoic acid in photoreceptor
outer segments make them highly vulnerable to oxidative stress
(11).

NMNAT1 is an enzyme that synthesizes NAD� from NMN
and ATP. NMNAT1 is localized to the nucleus, whereas related
enzymes NMNAT2 and NMNAT3 are located in the Golgi/
cytoplasm and mitochondria, respectively. NMNAT1 muta-
tions in LCA are located throughout the entire molecule; no
single domain or motif appears to be targeted. The mutations
are thought to reduce NMNAT enzymatic activity based on
analysis of patient cells in two cases and limited analysis of other
mutants in vitro (5, 6). NMNAT1 appears to be an essential
gene as Nmnat1-deficient mice die during early embryogenesis,
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whereas Nmnat1 heterozygotes are reported to have no overt
deficits (8). Thus, it would appear unlikely that the LCA-asso-
ciated NMNAT1 mutations are total loss-of-function, because
the patients have no other overt phenotypes. Much recent
excitement has been generated by the discovery that overex-
pression of NMNAT1 (or other Nmnat enzymes) prevents
degeneration of injured axons (12, 13). Moreover, NMNAT
enzymatic activity is essential and sufficient for axonal pro-
tection (14). In contrast, studies in Drosophila show that
dNMNAT chaperone activity, but not enzymatic activity, is
required to prevent degeneration of photoreceptors (15) or
axons of mushroom body neurons after JNK inactivation (16).
In this study, we used multiple assays to characterize a series of
NMNAT1 mutants associated with LCA to gain insights into
how these mutations lead to retinal degeneration.

Experimental Procedures

Plasmids—NMNAT1 mutants were constructed with either
N-terminal HA or FLAG epitope tag by gene synthesis and
inserted into the BamHI site of pUC57 (GeneScript). The
clones constructed included: FLAG-wild type, FLAG-V9M,
FLAG-A13T, FLAG-D33G, FLAG-R66W, FLAG-I217N, FLAG-
E257K, FLAG-STP280Gln, HA-wt, HA-M69V, HA-V98G,
HA-V151F, HA-D173G, HA-R207W, HA-R237C, and HA-
L239S. The fragments were transferred into the BamHI site of
the lentivirus vector FCIV that includes a downstream IRES
Venus for monitoring expression (12). The E257Q and E257D
NMNAT1 mutants were generated using mega primer PCR
and cloned into the BamHI site of FCIV by InFusion (Clontech).
For bacterial expression of wild type and mutant NMNAT1
proteins, the respective cDNAs were subcloned into the BamHI
site of pET30a.

Cell Culture—Mouse dorsal root ganglion (DRG) were dis-
sected from E13.5 CD1 embryo and cultured in 96-well plates
coated with poly-D-lysine (0.1 mg/ml; Sigma) and laminin (3
�g/ml; Invitrogen) as previously described (14). After cell
attachment, 100 �l of complete medium (Neurobasal E (Gibco)
containing B27 (2%; Invitrogen), nerve growth factor (100
ng/ml; 2.5S Harlan Bioproducts), uridine (1 �M; Sigma),
5-fluoro-2�-deoxyuridine (1 �M; Sigma), and penicillin/strepto-
mycin) was added. Lentiviruses were added (1–10 � 103 pfu)
after 3 days in vitro (DIV) where indicated.

Lentiviruses were produced in HEK293T cells as previously
described (12). Cells were seeded at a density of 1 � 106 cells/
35-mm well the day before transfection. FCIV lentivirus con-
structs harboring NMNAT1 cDNAs (400 ng) were cotrans-
fected with vesicular stomatitis virus-G (400 ng) and pSPAX2
(1.2 �g; Dr. Didier Trono, EPFL) using X-tremeGene (Roche
Applied Science). The virus-laden culture medium was col-
lected 2 days after transfection. The lentivirus particles were
purified and concentrated from the cleared culture supernatant
with Lenti-X concentrator (Clontech).

In Silico Protein Oligomerization Analysis—We mapped the
LCA-associated NMNAT1 mutations onto the experimentally
determined structure for NMNAT1 (PDB code 1KQN) (17).
We visually classified mutations as candidates for affecting olig-
omerization based on the participation of the involved residues
in contacts at the monomer-monomer interface. The muta-

tions were modeled in silico using the RosettaDesign program
(18) to predict conformational changes and alterations in pro-
tein stability. This analysis predicted that NMNAT1 R66W,
V151G, M69V, and V98G mutants would form unstable
oligomers.

NMNAT Enzymatic Assay—HEK293T cells were transfected
with NMNAT1 FCIV expression vector that includes an IRES-
Venus cassette to co-express Venus fluorescent protein. After 4
days, the cells were lysed by sonication in PBS containing pro-
tease inhibitor mixture (Roche) and centrifuged to obtain a
clear supernatant. NMNAT enzymatic activity in the cell
supernatant was measured by quantifying NAD� by fluores-
cence. The fluorescence generated by conversion of non-fluo-
rescent resazurin to resorufin was monitored using a coupled
reaction with diaphorase and NADH that is converted from
NAD� by alcohol dehydrogenase.

NMNAT enzymatic assays were performed in buffer con-
taining HEPES (pH 7.4, 10 mM), MgCl2 (4 mM), EtOH (1 mM),
resazurin (0.04 mM), alcohol dehydrogenase (0.5 units), dia-
phorase (0.02 units), ATP (100 �M), and NMN (100 �M) (all
chemicals and enzymes were obtained from Sigma). Resorufin
fluorescence (excitation � 544 nm, emission � 590 nm) is pro-
portional to the NAD� concentration and was monitored at
37 °C from 0 to 20 min using a POLARStar Optima plate reader.
NAD� concentrations were calculated from standard curves
obtained from reactions containing 0.025 to 20 �M NAD�. To
quantify the amount of NMNAT1 in each reaction, the fluores-
cence intensity (excitation � 485 nm, emission � 520 nm) from
the co-expressed Venus was measured. We then used Western
blotting to establish a NMNAT1/Venus ratio for each mutant
(Fig. 1e) so that we could use fluorescent intensity to calculate
NMNAT1 levels in all assays. Finally, the NAD� concentration
in each reaction was normalized by the relative NMNAT1
amount determined by the NMNAT1/Venus ratio. Data were
averaged from 3 independent wells for each mutant and wild
type NMNAT1 protein.

NMNAT1 Kinetic Assays—Recombinant NMNAT1 proteins
were purified as described below. Enzymatic activity was
assayed at varying ATP levels (15 to 500 �M) with 16, 63, 250, or
500 �M NMN. Reactions were carried out for 2 min at 37 °C in
solution containing 10 mM HEPES (pH 7.4), 4 mM MgCl2, and
0.2 �g/ml of NMNAT1 protein. Reactions were stopped by
adding an equal volume of 0.5 M HClO4 and then neutralized
with 3 M K2CO3. NAD� was quantified by HPLC (LC20AT,
Shimadzu) using a C18 column (LC18T, Supelco). Samples
were loaded in 50 mM phosphate buffer (pH 7.0) and eluted with
increasing MeOH concentration (0% for 5 min, 0 –5% for 1 min,
5% for 5 min, 5–15% 2 min, 15% for 10 min). Initial reaction
velocities (nmol of NAD�/min �g of protein) were fitted to
Lineweaver-Burk plots to obtain apparent Vmax. A secondary
plot of apparent Vmax against substrate concentration was used
to obtain Km and kcat.

Axonal Degeneration and CCCP Neuronal Death Assay—
DRG neurons were infected with NMNAT1 or control lentivi-
ruses at DIV3. Four days later the axons were severed and distal
axon segments were imaged with �20 objective at 0, 9, 24, and
48 h after transection using a high content imager (Operetta,
PerkinElmer). Axon degeneration (degeneration index) was
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quantified using 24 images from 4 wells per condition as previ-
ously described (14, 19). For dose-dependent axon degenera-
tion studies, neurons were infected with varying amounts of
virus (1–10 � 103). Venus fluorescent intensity of the cell bod-
ies (as a measure of NMNAT1 expression level) was monitored
immediately after axotomy (4 fields per well). Average Venus
fluorescence intensity was calculated after background sub-
traction using ImageJ (NIH). Briefly, total fluorescent intensity
was divided by the area occupied by the cell bodies. Axon
degeneration indices were plotted against the averaged Venus
intensity arbitrary units (a.u.) (expression level) to determine
dose dependence.

DRG neurons expressing wild type or mutant NMNAT1 pro-
teins were incubated with the mitochondria uncoupling re-
agent CCCP (100 �M; Sigma) at DIV7. Cell death was moni-
tored using ethidium homodimer-1 (1 �M; Invitrogen) and
nuclei were visualized with bis-benzamide (12.5 �g/ml; Sigma).
NMNAT1 expression was verified by monitoring Venus fluo-
rescence as above. Images of 6 fields per well were taken
immediately after addition of CCCP (control, non-degenerated
condition) and the same fields were imaged again 24 h later
(CCCP-induced cell death) using a high content imager. The
percentage of dead cells (ethidium homodimer-1 positive cell)
versus total cells (bis-benzamide positive cells) was calculated
using background subtracted binarized images of each field
with built-in ImageJ macros (Find Maxima with segmentation
option and Particle Analyzer). A total of 24 images from 4 inde-
pendent wells per condition (wild type and mutant NMNAT1)
were analyzed.

Circular Dichroism (CD) Analysis—pET30a plasmids encod-
ing His6-tagged wild type or mutant NMNAT1 proteins were
transformed into Rosetta(DE3)pLysS (EMD Millipore) compe-
tent cells. Expression of NMNAT1 recombinant protein was
induced by isopropyl 1-thio-�-D-galactopyranoside for 5 h at
37 °C. Bacterial pellets were harvested by centrifugation and
homogenized by sonication in buffer containing 150 mM NaCl,
50 mM phosphate buffer (pH 8.0), and protease inhibitor mix-
ture (Complete EDTA; Roche). Recombinant proteins were
purified with HIS-Select� HF nickel affinity gel (Sigma). Puri-
fied NMNAT1 recombinant proteins were dialyzed against PBS
and examined by electrophoresis on SDS-PAGE. Protein con-
centrations were determined by BCA protein assay kit (Thermo
Scientific). CD spectra were collected on a Chirascan CD spec-
trometer (Applied Photophysics) using 20 �g of NMNAT1 pro-
tein in 200 �l of 50 mM phosphate buffer (pH 7.5). Wavelength
scan measurements were performed from 200 to 280 nm. Ther-
mal denaturation was followed at 220 –225 nm as the temper-
ature was ramped from 5 to 80 °C in 5 °C increments. Thermal
denaturation curves were fit to a two-state model by the non-
linear least squares method (20).

NMNAT1 Oligomer Analysis by HPLC Gel Filtration—Cell
lysates were prepared without detergents from HEK293T cells
expressing wild type or mutant NMNAT1 proteins along with
Venus fluorescent protein. The lysate from �5 � 105 cells was
applied to an HPLC column (BIO GFC-500, 30 cm � 7.8 mm,
5-�m particle; Supelco) under isocratic conditions (137 mM

NaCl, 1 mM MgCl2, 0.2 M phosphate buffer, pH 7.0) with flow
rate of 1 ml/min (Waters 600). Protein elution profiles were

monitored using 241 nm absorbance and fractions were col-
lected every 5 s. The retention time (i.e. size) of wild type and
mutant NMNAT1 protein fractions was determined by analyz-
ing the individual fractions using Western blotting with FLAG
or HA antibody. The column was calibrated using molecular
mass standards (200-kDa � amylase, 150-kDa alcohol dehydro-
genase, 66-kDa bovine serum albumin, 29-kDa carbonic anhy-
drase; Sigma). The standards were mixed with Venus-express-
ing HEK293T lysate at a protein ratio of about 5:1 and retention
time of each standard was determined by absorbance at 241 nm.
The retention time for Venus protein was measured with 485
nm excitation and 520 nm emission in each HPLC experiment
as internal control. The standard curve was calculated by plot-
ting the molecular weight against the relative retention time of
each protein standard and Venus. The average molecular
weight of each NMNAT1 species (i.e. hexamer, dimer, or mono-
mer) was determined using relative retention time of each
NMNAT1 against internal Venus retention time. Results from
3 independent HPLC experiments were averaged.

Western Blot and Immmunohistochemistry—Lysates pre-
pared from HEK293T cells or DRG neurons expressing NMNAT1
proteins were analyzed by Western blotting or immunohisto-
chemistry using anti-HA (9110 rabbit; Abcam), anti-FLAG (M2
mouse; Sigma), anti-Nmnat1 (mouse; Abcam), anti-�-tubulin
(mouse; Sigma), or anti-GFP (rabbit; Invitrogen) antibodies
using previously described conditions (21). ImageJ (NIH) gel
analysis tool was used to quantify the amount of each band.

Results

LCA9 is an autosomal recessive retinal degenerative condi-
tion that is caused by mutations in NMNAT1 (1– 4). Presently,
34 different mutations, mostly missense mutations, spread
across the entire protein-coding region have been reported
(Fig. 1a). Most cases harbor compound heterozygous muta-
tions (48 out of 54 LCA9 cases; 3– 6), with very few reports of
homozygous mutations. A mutation of E257K is the most com-
mon and occurs in more than 70% of LCA9 cases. To gain
insight into how the NMNAT1 mutation results in retinal
degeneration, we investigated the biochemical properties of
a number of NMNAT1 mutants. Fourteen LCA-associated
NMNAT1 mutants including E257K were chosen for study
based on a number of criteria including their position in the
protein, the type of mutation, the potential effects on protein
oligomerization, and their coincidence with other mutations in
LCA cases (Fig. 1a, asterisks). LCA-associated NMNAT1 mu-
tants were tagged with FLAG or HA on the N terminus and
cloned into a vector containing a downstream IRES Venus cas-
sette. The level of NMNAT1 expression from this vector in
HEK293T and DRG cells was determined by Western blotting
using anti-NMNAT1 antibody (Fig. 1b). In both HEK293T cells
and DRG neurons, the exogenous wild type NMNAT1 was eas-
ily detected using this antibody. However, endogenous
NMNAT1 was below the level of detection, suggesting that the
contribution of endogenous NMNAT1 is minimal in our enzy-
matic assays performed with cell lysates.

Next, NMNAT1 mutant proteins were expressed in HEK293T
cells. All NMNAT1 mutants were detected at the same molec-
ular weight as wild type NMNAT1 by Western blotting (Fig. 1,
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c and d). The expression level of the LCA-associated mutants
was comparable with wild type NMNAT1 with the exception of
the significantly lower expression of the R66W, M69V, V98G,
and D173G NMNAT1 mutants (Fig. 1c). For each mutant, we
used Western blotting to quantify the level of NMNAT1 pro-
tein, the level of the co-expressed Venus, and endogenous �-tu-
bulin (Fig. 1e). The transfection efficiency defined by the
Venus/�-tubulin ratio was comparable for each experiment.
Mutant NMNAT1 expression, normalized by either �-tubulin
or Venus, was comparable with wild type NMNAT1 in most
instances. However, this ratio was much less for R66W, M69V,

V98G, and D173G mutants (p � 0.005), indicating that these
mutant proteins were less stable than wild type NMNAT1.
These ratios, established by Western blotting, were used in
combination with Venus fluorescent intensity measurements
to quantify NMNAT1 in subsequent assays.

Protein localization was analyzed by immunohistochem-
istry using HEK293T cells expressing wild type versus
mutant NMNAT1. All LCA-associated NMNAT1 mutants
co-localized with a nuclear marker, indicating that the muta-
tions did not disrupt the normal nuclear localization of the
protein (Fig. 2, a and b). Overall, we found no abnormalities

FIGURE 1. NMNAT enzymatic activity of LCA-associated NMNAT1 mutants. a, schematic displaying locations of LCA-associated mutations in NMNAT1
(arrows). Asterisks indicate mutations analyzed in this study. b, lysates from HEK293T cells (left column) or DRG neurons (right column) expressing Venus or
FLAG-tagged wild type NMNAT1 (left column) were analyzed by Western blotting using antibodies to NMNAT1, FLAG, GFP, or �-tubulin. Note that endogenous
NMNAT1 levels are undetectable with this antibody in both HEK293T cells and DRG neurons. c, lysates from HEK293T cells expressing FLAG- or HA-tagged wild
type or mutant NMNAT1 from the FCIV expression construct containing an IRES-Venus cassette were analyzed by Western blotting using antibodies to FLAG,
HA, or GFP. Note that expression of R66W and M69V mutants was significantly lower than other NMNAT1 proteins. Venus expression serves as transfection
control. d, longer exposure of Western blot of R66W and I217N NMNAT1 mutants shows proteins of normal size but very low expression in case of R66W. e,
quantification of protein expression of NMNAT1 (FLAG- or HA-tagged), Venus, and �-tubulin (endogenous marker) in HEK293T cells. The ratio of NMNAT1 to
Venus, NMNAT1 to �-tubulin, or Venus to �-tubulin are shown for each NMNAT1 mutant. The values were normalized to the corresponding either FLAG- or
HA-tagged wild type NMNAT1. Asterisks denote significant reduction of NMNAT1 expression compared with wild type NMNAT1 (p � 0.005 t test).
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in the nuclear localization of LCA-associated NMNAT1
mutants.

The major function of NMNAT1 is to convert NMN to
NAD�, a key molecule in cellular bioenergetics. To test
whether LCA-associated NMNAT1 mutants have deficits in
enzymatic activity, HEK293T lysates expressing wild type or
mutant NMNAT1 proteins were analyzed for NMNAT func-
tion (see “Experimental Procedures”). The NAD� produced
using lysates prepared from HEK293T cells expressing wild
type NMNAT1 after a 60-min incubation was 121 � 23.5 �M,

whereas that of non-transfected cells (endogenous NMNAT
activity) was negligible (4.2 � 0.3 �M). Under these conditions,
lysates prepared from cells expressing the less stable R66W,
V98G, and D173G NMNAT1 mutants had significantly lower
enzymatic activity, the V151F and R237C mutants showed
reduced NMNAT1 activity, whereas all others showed rela-
tively normal NAD� synthetic activity (Fig. 2c). To summarize,
most of the LCA-associated NMNAT1 mutations did not show
severe decrements in basal enzymatic activity using this trans-
fected cell lysate-based NMNAT enzymatic assay.

To further characterize the effects of selected mutations on
NMNAT enzymatic activity, we compared the kinetic parame-
ters of wild type versus several NMNAT1 mutants using puri-
fied recombinant protein. The V98G NMNAT1 mutant was
inactive in the lysate assay (Fig. 2c). Consistent with this result,
its substrate affinity for both ATP and NMN was greatly
reduced, with the Km for NMN more than 100 times greater
than wild type (Table 1). The most common LCA9 mutant,
E257K, showed a 3-fold increase in Km for ATP and NMN com-
pared with wild type. However, the measured catalytic activity
for ATP was comparable, whereas that for NMN was only mod-
estly reduced. The L239S mutant showed reduced affinity for
NMN but normal affinity for ATP, and its catalytic activity was
higher than wild type. These results suggest that some LCA9
NMNAT1 mutants have reduced enzymatic activity when sub-
strate availability is limited.

It is well known that cell soma degeneration is a leading cause
of various neurodegenerative diseases including retinal degen-
eration (22). We next explored whether the disease-associated
mutants were equivalent to wild type NMNAT1 in protecting
against cell death. For these experiments, we used an assay in
which DRG neurons are treated with the mitochondrial uncou-
pling agent CCCP, which causes energetic failure, ROS accu-
mulation, and cell death (23). CCCP-induced ROS accumula-
tion in DRG neurons was confirmed using the ROS-sensitive
dye DCFDA (Fig. 3, a and b). DRG neurons were infected with
lentivirus expressing wild type or mutant NMNAT1 or Venus
alone. Neurons expressing Venus only were dead 24 h after
addition of CCCP (100 �M), whereas those expressing wild type
NMNAT1 largely survived CCCP treatment (Fig. 3, c and d).
Most of the LCA-associated NMNAT1 mutants delayed
CCCP-induced neuronal death similar to wild type; however,
several mutants including those with reduced protein stability
and enzymatic activity (R66W, V98G, and D173G) as well as
L239S were significantly less effective (Fig. 3, c and d). Interest-
ingly, whereas analysis of enzyme kinetics showed reduced sub-

FIGURE 2. Subcellular localization of wild type and LCA-associated
NMNAT1 mutants. Subcellular localization of wild type or mutant NMNAT1
with antibodies to (a) FLAG or (b) HA epitope tags was analyzed by immuno-
histochemistry. All NMNAT1 mutant proteins were localized exclusively to the
nucleus (stained with bis-benzamide (bis-Bz)). The specificity of the staining
was confirmed by correlation between FLAG or HA signal and the co-ex-
pressed Venus protein florescence. c, NMNAT enzymatic activity of the
mutants was measured by monitoring NAD� production (see ”Experimental
Procedures“). Activity was normalized to Venus expression level and
expressed as NAD� production rate (�M/min). Asterisks denote significant
alteration of NMNAT activity compared with wild type NMNAT1 (p � 0.01, t
test).

TABLE 1
Kinetic parameters of LCA9 mutant NMNAT1
Kinetic parameters of NMNAT1 wild type and mutants. Recombinant NMNAT1
was mixed with various amount of ATP and NMN and determined NAD� pro-
duced by HPLC. Data are average of three independent reactions and values for wild
type NMNAT1 are comparable to a previous report (28).

ATP NMN
Km kcat Km kcat

�M s	1 �M s	1

WT 57.1 � 32.2 68.4 � 11.4 26.7 � 17.1 73.8 � 10.3
E257K 187.8 � 66.4 54.4 � 14.6 91.3 � 47.8 45.6 � 9.9
V98G 
300 456 � 123 
2800 713 � 120
L239S 57.8 � 11.0 153.1 � 81.1 57.9 � 31.3 153.0 � 81.0
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strate affinity for both E257K and L239S mutants, only L239S
fails to prevent CCCP-induced cell death.

Studies of the wlds mutant mouse led to the discovery that
overexpression of NMNAT1 delays the degeneration of

axons in response to a wide variety of injuries including
mechanical severing, mitochondrial inhibitors, and chemo-
therapeutic agents (12, 24, 25). This axonal phenotype is
exerted locally via extra-nuclear localization of overexpressed
NMNAT1 and requires NMNAT enzymatic activity (14). To
determine whether defects in NMNAT-mediated axonal pro-
tection contributed to the retinal degeneration in LCA, we
expressed wild type or mutant NMNAT1 in DRG neurons via
lentivirus. After DIV7, the axons were severed and the extent of
axonal degeneration was quantified at multiple time points.
Axons from neurons overexpressing wild type NMNAT1
remained intact for 48 h post-axotomy (Fig. 4, a and b), whereas
those from control neurons (expressing Venus only) com-
pletely degenerated in 9 h (Fig. 4, a and b). Most of the LCA-
associated NMNAT1 mutants promoted axonal protection
that was essentially equivalent to that mediated by wild type
NMNAT1. The mutants that showed significantly reduced
expression or enzymatic activity in previous assays (R66W,
M69V, V98G, V151F, D173G, R237C) were all deficient in their
ability to maintain axonal stability after injury (Fig. 4, a and b).
Surprisingly, the L239S and the common E257K NMNAT1
mutants failed to prevent axon degeneration, yet their enzy-
matic activity is relatively normal. In these two mutants, enzy-
matic kinetic assays showed a reduced substrate affinity (Table
1), suggesting that they could have reduced activity if substrate
availability is limited after axonal injury.

Previously, we demonstrated that NMNAT1 overexpression
gave rise to limited amounts of NMNAT1 in the axon and that
axonal protection is correlated with the amount of NMNAT in
the axon compartment (13). To further explore the inability of
the enzymatically active E257K and L239S NMNAT1 mutants
to prevent axonal degeneration, we compared the dose depen-
dence of wild type versus mutant protein using IRES-derived
Venus fluorescence intensity as a measure of NMNAT1 expres-
sion level (Fig. 1e). Axons from DRG neurons expressing Venus
alone degenerated completely by 24 h after axotomy at all
Venus fluorescence intensity levels. In contrast, axons from
wild type NMNAT1-expressing neurons were protected at
Venus fluorescence intensity as low as 700 a.u. (Fig. 5a). The
E257K NMNAT1 mutant did not protect axons at low expres-
sion levels (i.e. Venus fluorescence intensity between 700 and
1000 a.u.). However, axon degeneration indices decreased with
increasing Venus fluorescence intensity such that axons re-
mained intact (degeneration index �0.2) at 
1300 a.u. Simi-
larly, other mutants defective in preventing axon degeneration
(i.e. M69V, V98G, D173G) also showed dose-dependent
increases in axon protection activity (data not shown), suggest-
ing that retinal deficits associated with the NMNAT1 mutation
could be dependent on the level of expression. In contrast, the
L239S mutant failed to block axon degeneration at all doses
tested (Fig. 5a), suggesting that this mutant protein has addi-
tional unidentified defects.

These results suggest that LCA-associated NMNAT1 muta-
tions could affect protein stability or trafficking to the axon
compartment. To examine this further, we concentrated on the
most common mutation, E257K, which is an acidic to basic
substitution. We asked whether the character of the replace-
ment amino acid was important, and tested NMNAT1 mole-

FIGURE 3. Most LCA-associated NMNAT1 mutants protect neurons from
CCCP-induced cell death. a, DRG neurons (7 DIV) were fixed and stained
with neurofilament middle chain antibody (DSHB) and nuclear marker DAPI.
b, fluorescent and bright field images of DRG neurons (7 DIV) treated with
DMSO or 100 �M CCCP for 4 h and incubated with 0.5 mM CM-H2DCFDA ROS
sensor (Invitrogen). ROS accumulation in CCCP-treated cells is evident. c, DRG
neurons were infected with lentivirus expressing wild type or LCA-associated
NMNAT1 mutants. The neurons were treated with CCCP (100 �M) and cell
viability was assessed by staining with ethidium homodimers. Representative
images of neurons treated with CCCP for 24 h are shown. All nuclei were
visualized with bis-benzamide (blue) and dead cells were identified by
ethidium homodimer (yellow) incorporation. d, percentage of dead cells at
baseline and at 24 h after CCCP treatment. Asterisks denote significant reduc-
tion in cell survival when compared with wild type NMNAT1 (p � 0.01, t test).
Scale bar � 20 �m.
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cules with neutral (E257Q) and acidic (E257D) substitutions in
the axonal degeneration assay. We found that both E257D and
E257Q mutants protected axons similarly to wild type
NMNAT1 (Fig. 5b). The enzymatic activities of all three
mutants at position 257 were comparable with each other
(E257K, 3.3 � 0.5 �M/min; E257Q, 4.4 � 0.6 �M/min; E257D,
3.4 � 0.8 �M/min) and wild type NMNAT1, thus the negative
charge at position 257 appears to influence NMNAT1 func-
tions other than its enzymatic activity (for example, see Fig. 6c).
Interestingly, a recent report suggested that the E257K muta-
tion could be hypomorphic and could be a genetic modifier of
other LCA subtypes (7).

Structural studies show that human NMNAT1 exists as a
hexamer. To test whether the LCA-associated NMNAT1 muta-
tions alter oligomer formation, we performed a number of stud-
ies (see “Experimental Procedures”) on selected mutants. The
mutants tested included those predicted by in silico analysis to
affect oligomer formation as well as those deficient in the
CCCP-induced death and axotomy assays. The mutant pro-
teins were expressed in HEK293T cells and the size of the
NMNAT1 oligomers was determined by size exclusion chro-
matography. We found a major peak of reactivity for wild type
and all mutant NMNAT1 proteins at 218 � 43 kDa (n � 21),
which is close to the predicted size of the epitope-tagged

NMNAT1 hexamer (198 kDa) (calculated NMNAT1 mono-
mer � 32 kDa). Importantly, there were no significant differ-
ences in the peaks observed between wild type and LCA-asso-
ciated NMNAT1 mutants, suggesting that the mutants do not
adversely affect hexamer formation (Table 2).

The native protein conformation is the most thermodynam-
ically stable form of the molecule with the given amino acid
sequence. This structure can be disrupted by a single amino
acid substitution, reducing the effective protein concentration
or resulting in a toxic gain-of-function change. To investigate
the effect of LCA-associated mutations on the NMNAT1 sec-
ondary structure, we expressed and purified wild type and
mutant NMNAT1 proteins from Escherichia coli, and exam-
ined them using circular dichroism (CD) spectroscopy. Wild
type NMNAT1 showed a CD spectrum typical of an �-helical-
rich protein. The NMNAT1 mutants we examined displayed
CD spectra similar to wild type NMNAT1 (Fig. 6a). To deter-
mine whether LCA-associated mutations rendered NMNAT1
susceptible to thermal stress, we followed thermal unfolding by
CD spectroscopy at 222 nm. �-Helical structures of all LCA-
associated mutants begin unfolding at a lower temperature
than wild type NMNAT1 (Fig. 6b). The midpoint of the unfold-
ing transition (Tm) was calculated using theoretical curve fitting
(26) for wild type NMNAT1 � 69.2 � 0.38 °C, E257K � 66.6 �

FIGURE 4. Many LCA-associated NMNAT1 mutants prevent axon degeneration after axotomy. Axons from DRG neurons infected with lentivirus express-
ing wild type or LCA-associated NMNAT1 mutants were severed at DIV7 and axon segments distal to the cut site were imaged. a, representative images of distal
axon segments 24 h after severing are shown. b, axon degeneration was quantified at 0, 9, 24, and 48 h after axotomy. The LCA-associated mutants showed
varying degrees of axon protective activity. Some mutants protected axons for up to 48 h post-transection, similar to wild type NMNAT1. Other mutants
showed essentially no protection with axons degenerating completely within 9 h, similar to Venus (control) expressing neurons. Asterisks denote significant a
increase in degeneration index (lack of axon protection) compared with wild type NMNAT1 (p � 0.01, t test).
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0.59 °C, V98G � 65.8 � 0.55 °C, and L239S � 61.4 � 0.86 °C.
These results suggest that the secondary structures of E257K,
V98G, and L239S NMNAT1 mutants are less stable than that of
wild type NMNAT1.

To further investigate the effect of thermal stress on wild type
and LCA-associated mutant function, NMNAT enzymatic
activity was measured after a heat shock, which causes for-
mation of protein aggregates and has been used previously to
examine enzyme stability (27). Wild type and mutant
NMNAT1 proteins were either incubated on ice (native) or
incubated at 68 °C for 10 min (heat shock) prior to measuring
NMNAT enzymatic activity 25 min later. Wild type NMNAT1
retained �30% of native activity after the 68 °C incubation;
however, most of the LCA-associated mutants including E257K
and L239S completely lost their enzymatic activity after heat
shock (Fig. 6c). To explore the relationship of these findings to
other NMNAT1 functions, we focused on mutations at Glu257.
In examining a series of mutations at this residue to the LCA-
associated Lys (basic), Gln (neutral), or Asp (acidic), we found

that change from an acidic to basic residue did not disrupt base-
line enzymatic function but did inhibit NMNAT1 axon protec-
tive function (Fig. 5b). We therefore tested each of these three
mutants (E257K, E257Q, and E257D) in the heat shock assay
and found that NMNAT enzymatic activity of the E257Q and
E257D mutants was retained after heat shock, whereas no activ-

FIGURE 5. Dose-dependent axonal protection by LCA-associated NMNAT1
mutants. Axons from DRG neurons were infected with different amounts of
lentivirus expressing wild type, E257K, or L239S NMNAT1 mutants. Axons
were transected at DIV7 and axonal degeneration was quantified at 24 h after
axotomy. Degeneration indices were plotted against relative Venus fluores-
cent intensity derived from co-expressed IRES-Venus. a, axonal degeneration
of Venus, wild type, or E257K expressing neurons was plotted against expres-
sion level (Venus intensity of a.u. Note that E257K mutant protects axons
when expressed at higher levels. b, axonal degeneration of E257K, E257Q, or
E257D-expressing neurons plotted against relative expression level (Venus
intensity). Axons from E257Q or E257D were protected at much lower expres-
sion level than E257K. Degeneration indices of E257K from (a) are plotted for
reference purpose.

FIGURE 6. Most LCA-associated NMNAT1 mutants have unstable second-
ary structures. Analysis of CD spectra of wild type and selected NMNAT1
mutants using bacterially expressed recombinant proteins. a, representative
CD spectra of wild type, E257K, V98G, and L239S NMNAT1 proteins. b, CD
spectra at 222 nm at a range of temperatures is shown. The midpoint of the
unfolding transition (Tm) was calculated as described under “Experimental
Procedures.” All three mutants exhibited decreased secondary structure sta-
bility against thermal unfolding. c, NMNAT1 proteins were monitored for
enzymatic activity after heat shock (10 min at 68 °C). NAD� production was
measured for each mutant in the native state and after heat shock. The ratio of
NMNAT activity (heat shocked versus native) at 25 min after substrate addi-
tion was plotted for each mutant. Most mutants lost all or most of their NAD�

synthetic activity after heat shock compared with wild type NMNAT1. d,
E257K, E257Q, and E257D NMNAT enzymatic activities were monitored with
or without heat shock as described in c. Both E257Q and E257D but not E257K
retained NMNAT enzymatic activity after heat shock.
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ity was detectable after heat shock of the LCA-associated
E257K mutant (Fig. 6C). The retention of activity was particu-
larly robust for the E257D mutation, indicating that a negative
charge at this position contributes to the stability of the
enzyme. These results suggest that the secondary structure of
many LCA-associated NMNAT1 mutants is less stable than
wild type, particularly under stressful conditions such as those
that may exist in the metabolically hyperactive photoreceptor.
This may result in aberrant functions that are not apparent
when basal NMNAT activity is examined and could contribute
to the retinal deficits observed in LCA.

Discussion

We have analyzed the biochemical properties of LCA-asso-
ciated NMNAT1 mutants to gain insight into how these muta-
tions lead to retinal degeneration and blindness. We examined
multiple facets of these enzymes including their expression
level, cellular localization, NAD� synthetic activity, prevention
of injured axon degeneration, protection from CCCP-induced
neuronal cell death, protein secondary and tertiary structure,
and protein stability under stressful conditions. To summarize
the data, we scored the mutants based on a compilation of
results from all the assays we performed (0 � equivalent to wild
type, 	1 � lower than wild type and higher than negative con-
trol, 	2 � equivalent to negative control; see Table 3).
Although, no consistent pattern emerged for all the mutations
from this analysis, several appear to be overall more disruptive
including R66W, M69V, V98G, D173G, L239S, and E257K.

E257K was significantly less effective at preventing axonal
degeneration than wild type or most other LCA-associated
NMNAT1 mutants even though it had near normal enzymatic
activity. Similarly, the L239S has normal enzymatic activity, yet
fails in the axon and cell death protection assays. It is possible
that these dichotomies occur due to a failure to properly form
the hexameric NMNAT complex. However, our predictive
modeling studies to estimate the impact of these mutations on
oligomerization as well as the size exclusion chromatography
data, revealed no evidence for LCA-associated NMNAT1
mutant defects in hexamer assembly. Analysis of the enzyme
kinetics revealed a reduced affinity for substrate in the case of
the E257K and L239S mutants. The potential limited substrate
availability in an injured or stressed retinal cell may lower the
activity of these NMNAT1 mutants.

In addition CD spectroscopy revealed reduced stability of
E257K and L239S secondary structure under thermal stress.
These observations support the idea that LCA-associated
NMNAT1 mutants are less stable than wild type enzyme. Sim-
ilarly, many mutants including E257K and L239S completely
lost enzymatic activity after heat shock, suggesting that LCA-
associated NMNAT1 mutations render the enzyme susceptible
to cellular stress-induced changes in protein folding and, ulti-
mately, activity.

We analyzed a total of 14 different LCA-associated
NMNAT1 mutants in this study, including those that occur as
compound heterozygous or homozygous mutations. Among
these, there are three with no measurable deficits in NMNAT
enzymatic activity that appear as homozygous mutations, V9M,
D33G, and STP280Gln, suggesting that other NMNAT1 func-
tions are important for retinal degeneration. There are several
currently unexplained discrepancies between our results and
those previously reported concerning mutant E257K, which
has been reported to be enzymatically crippled (5). The rela-
tively high frequency of the E257K variant allele yet low number
of LCA patients homozygous for the mutation coupled with the
absence of a retinal phenotype in an individual homozygous for
the mutation suggest that E257K is a hypomorphic allele (4 –7).
Although this mutant had relatively normal activity at baseline
in our analyses, it was extremely sensitive to stressful condi-
tions, as heat shock destroyed its activity. The V9M protein was

TABLE 2
Oligomer formation of LCA9 mutant NMNAT1
Lysates of HEK293T cells expressing wild type or mutant NMNAT1 were fraction-
ated by a size exclusion chromatogram column under non-denaturing conditions.
The molecular weights of the NMNAT1 oligomers were determined using a stan-
dard curve. Average molecular weights and standard deviations were calculated
from 3 independent experiments.

NMNAT1 Mr (average) S.D.

WT 219 41
V9M 241 45
E257K 256 48
M69V 201 48
V98G 214 56
D173G 205 29
L239S 188 38

TABLE 3
Biochemical scores of LCA9 mutant NMNAT1
Summary of scores from indicated assays (blank or 0 � equivalent to wild type; 	1 � greater than wild type and less than negative control; 	2 � equivalent to negative
control).

Expression
Nuclear

localization
NMNAT
activity

Cell body
protection Oligomerization

Axon
protection Refolding Total score

V9M 	1 	1
A13T 0
D33G 0
R66W 	2 	2 	1 	2 NDa 	7
M69V 	1 	2 	2 	5
V98G 	1 	1 	1 	2 	2 	7
V151F 	1 	1 	2
D173G 	1 	1 	1 	2 	2 	7
R207W 	2 	2
I217N 	2 	2
R237C 	1 	2 	3
L239S 	1 	2 	2 	5
E257K 	2 	2 	4
STP280Gln 	1 	1

a ND, not able to determine because of low protein expression.
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enzymatically normal in our assays but has been reported to be
severely compromised when analyzed in vitro (6). In support of
our studies, NAD� levels in fibroblasts from patients homozy-
gous for this mutation were essentially normal (6). Given the
mutation profile of the currently available genotypes and the
enzymatic data of the mutants we examined, we found only one
case (R66W; R237Cys compound heterozygote) in which basal
NMNAT enzymatic activity would be predicted to be less than
50% of that in control subjects. All other cases are predicted to
have more than half of the NMNAT activity observed in control
subjects. This level of NMNAT activity should be sufficient to
maintain retinal function; in support, an unaffected family
member heterozygous for the R66W NMNAT1 allele (a severe
loss-of-function mutation) has normal retinal function (family
007, subject I-1 (6)). These results suggest that a reduction in
basal NMNAT enzymatic activity may contribute to retinal
degeneration in LCA9 patients, but is unlikely to be the primary
mechanism.

In our studies, we found that NMNAT1 secondary structure
stability is reduced in many LCA-associated mutants. These
results suggest that the combination of reduced NMNAT enzy-
matic activity and increased susceptibility to protein unfolding
under stressful conditions should be considered as a mecha-
nism for the NMNAT1 mutation resulting in retinal degenera-
tion. In support, we summed the total NMNAT1 biochemical
scores (Table 3) for each LCA9 case in Table 4 and found that all
cases had negative scores except for one case (homozygous
N33G). The NMNAT1 N33G mutant, which is homozygous in
one LCA9 case, did not show deficits in any of the assays we
performed. This result indicates that additional assays are
needed to identify the molecular defect in this enzyme or, alter-

natively, that mutations in other loci may also be present in
some LCA9 cases.

NMNAT1 is required for proper embryonic development as
Nmnat1-deficient embryos die at embryonic day 10 (8); how-
ever, there is no obvious pathology outside of the retina in
patients with NMNAT1 mutations (3– 6). Why is the retina so
sensitive to NMNAT1 mutation? Indeed, photoreceptor cells in
the Drosophila eye are also extremely sensitive to dNmnat loss;
however, in this organism the deficit can be rescued by enzy-
matically inactive dNmnat (15). The cell type(s) that are pri-
marily affected in the retina of patients with LCA-associated
NMNAT1 mutations is a key question that has not been fully
addressed. In many retinal degeneration diseases, including ret-
initis pigmentosa and LCA, the photoreceptors and retinal pig-
ment epithelium (RPE) cells are often the major affected cell
types. The visual cycle is a chain of reactions that regenerate
photosensitive 11-cis-retinal from the light stimulated form,
all-trans-retinal, whose accumulation results in retinal degen-
eration. RPE cells are constantly engulfing photoreceptor
outer segments and their renewal is essential for photore-
ceptor cell homeostasis and avoiding accumulation of oxi-
dized unsaturated fatty acids. These retina-specific environ-
ments may conspire to make retinal cells more susceptible to
altered NMNAT1 function (9, 10). Our finding that NMNAT1
overexpression protects neurons from CCCP-induced cell
death may be an important clue for the role of NMNAT1 in
retina homeostasis.

Results from the axonal protection assays revealed that most
LCA-associated NMNAT1 mutants that failed to protect
degenerating axons at low expression levels could prevent axon
degeneration when expression was increased. The reduced

TABLE 4
Summary of biochemical scores for LCA9 cases
Summary of mutations found in LCA9 patients combined with biochemical scores of NMNAT1 from Table 2. The mutations present in individual subjects are listed in
columns. The biochemical score for each mutant tested is summed to provide a total mutant score. The left-most column lists the positions and identities of the mutated
residues.
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penetrance of these alleles in some cohorts may be due to dif-
ferent expression levels caused by other genetic or epigenetic
factors. This observation suggests that increasing expression of
these NMNAT1 mutant proteins in the retina could potentially
prevent the deficits and, perhaps, the blindness caused by these
mutations. It will be important to study the role of other com-
ponents in the NAD� biosynthetic pathway in the retina to fully
understand the importance of NAD� metabolism in retina
homeostasis.
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