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gene than for its wild-type chromosomal ver-
sion (/4). Extrinsic and intrinsic noise must be
combined to explain the observed amount of
variation; regulatory mechanisms aimed at sup-
pressing noise, such as negative feedback (/5),
need to respond to both sources.

To be able to model the behavior of tran-
scriptional regulatory circuits, it is essential
to understand the interplay between regulato-
ry dynamics and noise. We introduced a syn-
thetic oscillatory network, termed the Re-
pressilator (7, 16), into strain M22 (Table 1
and Fig. 2F). This network causes periodic
synthesis of Lacl, which repeatedly turns
both promoters on and off. Large excursions
in overall fluorescence intensity occur (high
M- An additional consequence is signifi-
cant increases in ), (compared with thatin a
similar strain with the same mean rate of
transcription; see Table 1). This is consistent
with theoretical predictions that noise is
greater during the approach to, rather than at,
a steady state (/7). Thus, regulatory dynam-
ics can cause substantial changes in noise
levels.

If the amount of noisiness in a cell is genet-
ically determined, then different strains might
exhibit different basal noise levels (both intrin-
sic and extrinsic). Therefore, we inserted the
two reporter genes in various genetic back-
grounds. The amount of noise was similar in
most strains, but one, D22, displayed about
twice the amount of noise (Fig. 3, B and C, and
Table 1). The known genotype of this strain
differed from that of a related, less noisy, strain
only by deletion of the rec4 gene, which sug-
gests that lack of RecA was responsible for the
increased noise. In agreement with this
hypothesis, transduction of the ArecA allele into
less noisy strains such as M22, JM22, and RP22
was sufficient to substantially increase m,,, (Fig.
2, B and C, and Table 1). This increased noise
in ArecAd cells does not depend on a loss of
viability (/8). RecA acts to rescue stalled rep-
lication forks (19), which suggests that in-
creased noise may arise from transient copy-
number differences between different parts of
the chromosome.

These results show that intrinsic and ex-
trinsic classes of noise are important in set-
ting cell-cell variation in gene expression.
Both types of noise should similarly occur in
all other intracellular reactions involving
small numbers of reactants. Any cellular
component that suffers intrinsic fluctuations
in its own concentration will act as a source
of extrinsic noise for other components with
which it interacts. Thus, given the substantial
noise measured here, reliable functioning of
the cell may require genetic networks that
suppress, or are robust to, fluctuations (/5,
20). At the same time, it is clear that noise,
if amplified, offers the opportunity to gen-
erate long-term heterogeneity in a clonal
population.
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S-Nitrosylation of Matrix
Metalloproteinases: Signaling
Pathway to Neuronal Cell Death

Zezong Gu,” Marcus Kaul," Boxu Yan,2* Steven ). Kridel,?*
Jiankun Cui,” Alex Strongin,? Jeffrey W. Smith,?
Robert C. Liddington,? Stuart A. Lipton'}

Matrix metalloproteinases (MMPs) are implicated in the pathogenesis of neu-
rodegenerative diseases and stroke. However, the mechanism of MMP activa-
tion remains unclear. We report that MMP activation involves S-nitrosylation.
During cerebral ischemia in vivo, MMP-9 colocalized with neuronal nitric oxide
synthase. S-Nitrosylation activated MMP-9 in vitro and induced neuronal ap-
optosis. Mass spectrometry identified the active derivative of MMP-9, both in
vitro and in vivo, as a stable sulfinic or sulfonic acid, whose formation was
triggered by S-nitrosylation. These findings suggest a potential extracellular
proteolysis pathway to neuronal cell death in which S-nitrosylation activates
MMPs, and further oxidation results in a stable posttranslational modification

with pathological activity.

Matrix metalloproteinases (MMPs) constitute
a family of extracellular soluble or mem-
brane-bound proteases that are involved in
remodeling extracellular matrix. A role for
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MMPs has also been suggested in the patho-
genesis of both acute and chronic neurode-
generative disorders such as stroke, Alzhei-
mer’s disease, HIV-associated dementia, and
multiple sclerosis (/-3). MMP-9 in particular
is elevated in human stroke (4). Mice treated
with MMP inhibitors or deficient in MMP-9
manifest reduced cerebral infarct size (5-7).
Members of the MMP family (with the ex-
ception of MMP-7) share structural features
including propeptide, catalytic, and he-
mopexin domains. One cysteine residue in
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the conserved autoinhibitory region of the
propeptide domain coordinates a zinc ion
(Zn?%) in the catalytic site and thus inhibits
the proform of the enzyme. Disruption of the
Zn**-cysteine interaction exposes Zn?* in
the active site, allowing H,O to bind, and
consequently activates the MMP zymogen by
a mechanism known as the cysteine switch
(8, 9). Under physiological conditions, MMP
activity is also controlled by tissue inhibitors
of MMPs ( TIMPs) (I, 2).

Nitric oxide (NO) is a signaling molecule
that regulates many biological processes in
the nervous system, including neurotransmit-
ter release, plasticity, and apoptosis (/0-12).
The chemical reactions of NO are largely
dictated by its redox state (/3). NO can mod-
ulate the biological activity of many proteins
by reacting with cysteine thiol to form an
S-nitrosylated derivative (/4-17). Cerebral
ischemia and reperfusion result in nitrosative
and oxidative stress, and hence the produc-
tion of NO and reactive oxygen species (/8,
19). The regulation of protein function by
S-nitrosylation has led to the proposal that
nitrosothiols function as posttranslational
modifications analogous to phosphorylation
or acetylation. Although the factors govern-
ing cysteine reactivity toward nitrosylating
agents are not completely understood, critical
features include basic and acidic residues
flanking the reactive cysteine, either in linear
sequence or as a consequence of the three-
dimensional organization of the protein,
which catalyze the nitrosylation and deni-
trosylation steps (20). Because such a motif
exists in MMPs, we sought to determine
whether S-nitrosylation could mechanistical-
ly trigger the cysteine switch to activate
MMPs under pathophysiologically relevant
conditions.

Gelatin zymography revealed an increase
in both the expression of proMMP-9 and in
MMP-9 activity in the ischemic hemisphere
of rodents after focal cerebral ischemia and
reperfusion (Fig. 1A). The slight decrease in
actin in the damaged hemisphere may reflect
cell loss. MMP-2 was not activated (21).
Similar changes in MMP-9 have recently
been reported after human embolic stroke
(4). MMP activity was particularly elevated
in ischemic brain parenchyma after ischemia
and reperfusion (Fig. 1B). Moreover, activa-
tion of MMP was abrogated after stroke in
neuronal nitric oxide synthase (nNOS)
knockout mice or in wild-type animals that
had been treated with the relatively specific
nNOS inhibitor 3-bromo-7-nitroindazole
(3br7NI) (Fig. 1B). Neuroprotection has been
demonstrated previously under each of these
conditions of NOS inhibition (27, 22). In
wild-type animals not treated with NOS in-
hibitors, immunocytochemistry revealed that
many neurons in ischemic cortex manifested
MMP activity (Fig. 1C, arrows). We also
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observed substantial colocalization of
MMP-9 and nNOS in the ischemic cortex
(Fig. 1D). Hence, there is coincident produc-

tion of NO and MMP-9 activity after isch-
emia and reperfusion.
To determine whether MMP-9 could be S-
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Fig. 1. nNOS-associated MMP-9 activation in ischemic cortex after middle cerebral artery (MCA)
ischemia and reperfusion. (A) (Top) Gelatin zymography showing increased proMMP-9 expression
and MMP-9 activity on the ischemic side of the brain compared with the contralateral side after
2-hour MCA occlusion and 24-hour reperfusion in C57BL/6) mice (n = 7). (Middle) immunoblotting
with antibody to MMP-9, showing increased MMP-9 expression on the ischemic side of the mouse
brain compared with the control side. (Bottom) A slight decrease in actin on the ischemic side of
the brain may reflect cell loss. The right MCA was occluded by intraluminal filament for 2 hours and
then removed for reperfusion (28). MMP-9 was extracted from brain tissue in tris buffer {50 mM
tris (pH 7.6), 5 mM CaCl,, 150 mM NacCl, 0.05% Brij35] containing 1% Triton X-100, followed by
affinity precipitation with gelatin Sepharose 4B (29). (B} In situ zymography with the MMP
fluorogenic substrate DQ-gelatin-FITC (Molecular Probes) was performed on fresh cryostat sections
of mouse brains harvested after MCA ischemia and reperfusion. Deconvolution microscopy revealed
increased MMP activity (green) in the ischemic cortex relative to the control side (untreated,
C57BL/6)). Counterstaining with Hoechst 33342 (blue) showed decreased nuclear DNA staining,
indicating cell loss in the ischemic cortex after ischemia and reperfusion. Increased MMP activity in
the ischemic cortex was abrogated in mice injected intraperitoneally before ischemia with
3-bromo-7-nitroindazole (3br7NI, 30 mg per kg of body weight) (Alexis Biochemicals, San Diego;
control contained soybean oil vehicle) and in nNOS knockout (KO) mice (Jackson Laboratory, Bar
Harbor, ME) but not in wild-type control mice. (C) Neurons (red, NeuN immunopositive) double
labeled for MMP activity (green, arrows) in the ischemic cortex. Nuclear DNA was visualized by
staining with Hoechst 33342 (blue). Some nonneuronal cells also showed MMP activity (arrow-
heads). (D) Colocalizaton {yellow) of nNOS (green} and MMP-9 (red) in the ischemic cortex was
detected by double immunofluorescent staining after MCA ischemia and reperfusion. Scale bars, 50
pm.

1187



1188

nitrosylated and thus activated by NO in vitro,
we generated a recombinant proMMP-9 that
included the propeptide and catalytic domains
of MMP-9 (R-proMMP-9). To eliminate the
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Fig. 2. S-Nitrosylation and consequent activation
of MMP-S in vitro by SNOC. (A) R-proMMP-9 (1.1
mg/ml) was incubated with SNOC (200 pM) for
15 min at room temperature. S-Nitrosylated
MMP-9 thus generated was assessed by release of
NO, causing the conversion of DAN to the fluo-
rescent compound NAT (*P < 0.03 by analysis of
variance). SNOC itself quickly decayed and thus
resulted in insignificant S-nitrosothiol readings in
this assay (see also fig. S1) (24). (B) Activation of
proMMP-9 by APMA, SNOC, and acidified sodium
nitrite (to yield nitrosonium, NO™). R-proMMP-9
(100 ng/ml) was reacted with 200 uM APMA,
SNOC, acidified sodium nitrite, or L-cysteine for
18 hours at room temperature and then analyzed
by gelatin zymography. SNOC was generated by
reaction of sodium nitrite and L-cysteine as de-
scribed (30). The digested matrix, revealed by
staining with Coomassie blue, indicated proteo-
lytic activity. (C) Kinetics of activation of
R-proMMP-9 treated with APMA (Hl) SNOC (A)
or untreated control (@). MMP activity was as-
sessed by the cleavage rate of fluorogenic sub-
strate | peptide (25 wM; Calbiochem, San Diego,
CA; excitation wavelength, 280 = 1 nm; emission
wavelength, 360 * 5 nm).
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effects of TIMP-1 binding, which might inter-
fere with catalysis and activation of MMP-9,
we did not include the hemopexin domain. We
incubated R-proMMP-9, purified from condi-
tioned medium of stably transfected human em-
bryonic kidney 293 (HEK293) cells (23), with
the physiological NO donor S-nitrosocysteine
(SNOC). We detected S-nitrosothiol generation
by measuring the fluorescent compound
2,3-naphthyltriazole (NAT) (24). NAT is stoi-
chiometrically converted from 2,3-diamino-
naphthalene (DAN) by NO released from
S-nitrosylated proteins and thus provides a
quantitative measure of S-nitrosothiol forma-
tion. SNOC-treated R-proMMP-9 resulted in
significant S-nitrosothiol formation (Fig. 2A).
To ensure that the S-nitrosothiol generated un-
der these conditions represented S-nitroso-
MMP-9 and not residual SNOC, we examined
the stability of S-nitrosothiols at different incu-
bation times. The S-nitrosylatton product of
SNOC-treated R-proMMP-9 was much more
stable than SNOC alone; within 15 min of
incubation, more than 95% of the SNOC had
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Fig. 3. Exogenous MMP-9 activated by SNOC
induces neuronal apoptosis in cerebrocortical
cell culture. (A) The percentage of MAP-2-pos-
itive neurons displaying MMP activity increased
after exposure to ~150 pM proMMP-9 that had
been preactivated with 200 puM SNOC (*P <
0.01 by Student’s t test; n = 1500 neurons
counted in five separate experiments) (24). (B)
Quantification of neuronal apoptosis induced
by R-proMMP-9 preactivated by SNOC before
addition to cerebrocortical cultures for 18
hours. SNOC-activated MMP-9 significantly in-
creased neuronal apoptosis, whereas the MMP
inhibitor GM6001 abrogated the effect (*P <
0.01 by analysis of variance; n = 4000 neurons
scored in six experiments). NO was dissipated
from old SNOC by overnight incubation before
addition.

decayed, whereas more than 80% of the S-
nitroso-MMP-9 remained (fig. S1) (24). This
temporal separation allowed us to distinguish
SNOC from S-nitroso-MMP-9 in the fluores-
cent S-nitrosothiol assay.

To determine whether S-nitrosylation of
R-proMMP-9 resulted in its activation, we
compared the effects of the exogenous
MMP-9 activator p-aminophenylmercuric ac-
etate (APMA) with those of SNOC and an-
other nitrosylating agent, acidified sodium
nitrite. Incubation with APMA, SNOC, or
acidified sodium nitrite led to a partial con-
version of the 53.5-kD R-proMMP-9 into the
41.2-kD activated form of MMP-9 (Fig. 2B);
we confirmed the respective masses by mass
spectrometry (27). Activation was inhibited
in the presence of the MMP-specific hydrox-
amate inhibitor GM6001 (21). We then com-
pared the activity of R-proMMP-9 incubated
with APMA or SNOC by assaying the ability
to cleave a synthetic peptide substrate (Fig.
2C). The initial velocity of R-proMMP-9 ac-
tivation was 4.80 pM/hour by APMA com-
pared with 0.88 pM/hour by SNOC. S-Ni-
trosylation led to similar activation of the
full-length MMP-9 as well (fig. S2) (24).
These findings demonstrate that MMP-9 can
undergo S-nitrosylation in vitro and show
that NO can directly activate MMP-9,

We examined the effects of NO-activated
MMP-9 on neuronal cell apoptosis in cere-
brocortical cultures. The percentage of neu-
rons exhibiting MMP activity increased after
exposure to R-proMMP-9 that had been pre-
activated with SNOC, compared with
R-proMMP-9 alone (Fig. 3A and fig. S3A)
(24). SNOC from which NO was dissipated
did not activate R-proMMP-9 and did not
increase the percentage of neurons exhibiting
MMP activity (27). Additionally, 18 hours
after exposing neurons to SNOC-activated
R-proMMP-9, we scored apoptotic neurons
by staining with the neuronal marker anti—
microtubule-associated protein—2 (MAP-2)
and terminal deoxynucleotidyltransferase-
mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) in conjunction with con-
densed nuclear morphology assessed with
Hoechst 33342 (fig. S3B) (24). For these
experiments, R-proMMP-9 was preactivated
by SNOC; NO had already been released
from SNOC by the time the cultures were
incubated with the activated MMP-9, as de-
termined by measurement with an NO-sensi-
tive electrode (11). Hence, direct release of
NO from SNOC or the formation of per-
oxynitrite (ONOO ™) due to the release of NO
from SNOC and subsequent reaction with
superoxide anion (O, ™) could not have ac-
counted for the observed neuronal apoptosis
(11). Treatment of neurons with NO-activat-
ed MMP-9 increased apoptosis, whereas
treatment with the MMP inhibitor GM6001
blocked neuronal cell death (Fig. 3B). We
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also observed that many neurons became de-
tached from the dish after exposure to NO-
activated MMP-9. These results strongly sug-
gest that even high levels of inactivated
proMMP-9 protein do not have a deleterious
effect on neurons. However, activation of
MMP-9 by NO has toxic effects.

Although S-nitroso-MMP-9 formation was
associated with MMP-9 activation, nitrosothi-
ols can be short-lived and their reaction can be
reversed by chemical reducing agents (25). S-
Nitrosothiol formation could also lead to irre-
versible oxidative reactions that would perma-
nently activate MMPs. To assess the possibility
of these additional oxidative products and fur-
ther identify the chemical nature of the NO-
triggered modification of MMP-9 responsible
for activation, we conducted peptide mass fin-
gerprinting (24). Mass spectra were obtained
after digestion of human R-proMMP-9 with
trypsin either in acrylamide gel slices (fig. S4)
(24) or in solution under native conditions by
matrix-assisted  laser  desorption/ionization
time-of-flight (MALDI-TOF) mass spectrome-
try. Using the latter method, we found a mass
peak at 816.7 daltons, representing the propep-
tide domain fragment CGVPDLGR (26) (Fig.
4A, left). We then observed a 48-dalton shift in
the mass spectrum of the 816.7-dalton fragment
after SNOC exposure, yielding a peak at 864.8
daltons, consistent with oxidation to the sulfon-
ic acid derivative (SO,H-CGVPDLGR) (Fig.
4A, right; n = 3 experiments).

We next asked if the oxidation products of
MMP-9 that we encountered in vitro after S-
nitrosylation were also present in vivo during
focal ischemia and reperfusion. We examined
mass spectra of tryptic fragments from affinity-
precipitated MMP-9 obtained from rat brain
after a 2-hour focal cerebral ischemia and 15-
min reperfusion injury or from the contralateral
(control) side of the brain (» = 12 animals). For
these experiments, we performed in-gel diges-
tion with trypsin because gel separation offered
better protein resolution. Free cysteines were
alkylated to avoid cleavage followed by uncon-
trolled disulfide formation. MALDI-TOF anal-
ysis of specimens obtained from the control
side of the brain revealed that after reduction
and alkylation by iodoacetamide (57 dal-
tons), the rat propeptide domain fragment
(CGVPDVGK, 774 daltons) yielded a peak at
830.3 daltons, representing the alkylated frag-
ment (acet-CGVPDVGK) (Fig. 4B, left). In
contrast, on the side of the brain with the stroke,
the propeptide domain was not as susceptible to
reduction and alkylation, as evidenced by the
appearance of an additional peak indicating a
propeptide tryptic fragment at 821.8 daltons;
this peak represented the addition of a 48-dalton
adduct, in accord with sulfonic acid derivatiza-
tion of the thiol group (SO,H-CGVPDVGK)
(Fig. 4B, right), and was similar to that found in
vitro after NO activation of human MMP-9
(Fig. 4A). Additionally, MALDI-TOF mass
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fingerprinting analysis revealed that, of the 19
cysteine residues present in MMP-9, only the
cysteine in the propeptide domain that coordi-
nates Zn?>* in the active site was irreversibly
modified to a sulfinic (—SO,H) or sulfonic
(-SO,H) acid in these experiments (24). Our
findings indicate that S-nitrosylation of this cys-
teine residue in the prodomain followed by
further oxidation to a sulfinic or sulfonic acid
derivative leads to activation of MMP-9. Unlike
S-nitrosylation, these latter oxidative reactions

are irreversible and therefore contribute to the
pathophysiological activation of MMP-9, as
found during cerebral ischemia and reperfusion.
One of the pathways proposed for oxidation of
the nitrosylated cysteine is via hydrolysis to
form a sulfenic acid: E-S-N=0 + H,0 —
E-S-OH + HNO (25). The sulfenic acid is
labile and susceptible to facile oxidation to the
stable sulfinic or sulfonic acid derivatives, as
demonstrated by crystal structure modeling
(fig. S5) (24). Activation of the enzyme can
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Fig. 4. Peptide mass fingerprinting analysis of the modified thiol group of the cysteine residue
within the highly conserved autoinhibitory prodomain of human and rodent MMP-9. (A) (Left)
MALDI-TOF spectra of in-solution tryptic digest of R-proMMP-9 revealed four signature masses
(arrows) from five tryptic fragments. (Right) The tryptic fragment CGVPDLGR at 816.7 daltons
shifted by 48 daltons to 864.8 daltons (arrow) after exposure to SNOC, representing
SO,H-CGVPDLGR. (B) Detection of tryptic fragments by MALDI-TOF mass spectrometry of
gel-purified MMP-9 from rat brains after 2-hour middle cerebral artery (MCA) occlusion plus
15-min reperfusion. MMP-9 was extracted in tris buffer with 1% Triton X-100, affinity
precipitated with gelatin Sepharose 4B, subjected to SDS—polyacrylamide gel electrophoresis
under nonreducing conditions, and visualized by silver staining. (Left) Gel-purified MMP-9 was
reduced and alkylated before digestion. MALDI-TOF mass spectrometry revealed a mass peak
at 830.3 daltons (arrow), representing the iodoacetamide (57 daltons)-alkylated rat peptide
acet-CGVPDVGK (57 + 774 daltons) from the propeptide domain isolated from control brains.
(Right) A mass of 821.8 daltons (arrow), representing the 774-dalton propeptide domain
fragment plus a 48-dalton modification (SO,H-CGVPDVGK), was observed in the ischemic side
of the brain. MALDI-TOF spectra did not detect modification of other cysteine residues within
MMP-9 tryptic fragments. (C) Treatment with 3br7Ni before ischemia blocked formation of the
sulfinic or sulfonic acid modifications of MMP-9. (Left) In soybean oil vehicle-treated rats,
MALDI-TOF mass spectrometry revealed three signature mass peaks of the MMP-9 tryptic
fragments (at 831, 866, and 1070 daltons), plus a mass peak of 821 daltons representing the
propeptide domain fragment containing a 48-dalton modification (SO;H-CGVPDVGK). (Right)
In rats treated with 3br7NI (30 mg per kg of body weight, intraperitoneal) (37), the mass peak
at 821 daltons was not detected in the ischemic side of the brain.
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occur before cleavage but after sulfinic or sul-
fonic acid modification, as we were able to
observe these derivatives in our peptide analy-
sis of proMMP-9. To confirm the pathophysi-
ological relevance of these findings, we per-
formed the same ischemia and reperfusion
experiments after nNOS inhibition with
3br7NL, which is known to be neuroprotective
and decrease stroke size. Under these condi-
tions with NO formation blocked, the sulfinic
and sulfonic acid oxidation products of activat-
ed MMP-9 were not observed in our
MALDI-TOF analysis (Fig. 4C). One caveat
with these findings is that nNOS deletion or
NOS inhibition diminishes stroke damage, and
hence one could argue that other stroke-related
processes responsible for MMP activation
would be reduced. Nonetheless, taken together
with the data demonstrating S-nitrosylation of
MMPs and our finding that MMPs activated in
this manner cause neuronal apoptosis in vitro, it
is likely that NO activation of MMPs partici-
pates in neuronal injury in vivo.

S-Nitrosylation and subsequent oxidation of
protein thiol in the prodomain of MMP-9 can
thus lead to enzyme activation, and homolo-
gous MMPs may be activated in a similar man-
ner. This series of reactions confers responsive-
ness of the extracellular matrix to nitrosative
and oxidative stress. Such insults are relevant to
a number of pathophysiological conditions, in-
cluding cerebral ischemia and neurodegenera-
tive diseases. Extracellular proteolytic cascades
triggered by MMPs can disrupt the extracellular
matrix, contribute to cell detachment, and lead
to a form of apoptotic cell death known as
anoikis, similar to that observed in our neuronal
cultures (27). The elucidation of an extracellu-
lar signaling pathway to neuronal apoptosis in-
volving NO-activated MMPs may contribute to
the development of new therapies for stroke
and other disorders associated with nitrosative
and oxidative stress.
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Myelin-Associated Glycoprotein
as a Functional Ligand for the
Nogo-66 Receptor

Betty P. Liu, Alyson Fournier, Tadzia GrandPré,
Stephen M. Strittmatter*

Axonal regeneration in the adult central nervous system (CNS} is limited by two
proteins in myelin, Nogo and myelin-associated glycoprotein (MAG). The re-
ceptor for Nogo (NgR) has been identified as an axonal glycosyl-phosphatidyl-
inositol (GPI}-anchored protein, whereas the MAG receptor has remained elu-
sive. Here, we show that MAG binds directly, with high affinity, to NgR. Cleavage
of GPI-linked proteins from axons protects growth cones from MAG-induced
collapse, and dominant-negative NgR eliminates MAG inhibition of neurite
outgrowth. MAG-resistant embryonic neurons are rendered MAG-sensitive by
expression of NgR. MAG and Nogo-66 activate NgR independently and serve
as redundant NgR ligands that may limit axonal regeneration after CNS injury.

Axons of the adult mammalian CNS possess
an extremely limited ability to regenerate af-
ter injury, largely because of environmental
factors preventing axon growth (1, 2). Char-
acterization of the molecular mechanisms
limiting axonal regeneration holds promise
for the development of therapeutics to pro-
mote recovery after human CNS injury (3, 4).
Two factors limiting CNS regeneration,
Nogo and MAG, are produced by oligoden-
drocytes and are distributed in the myelin that
ensheathes CNS axons (5, 6). Successful
axon regeneration in the peripheral nervous
system can be attributed to the absence of
Nogo in myelinating Schwann cells, the rapid
clearance of MAG by macrophages, and the

induction of regeneration-associated genes

(1-6). The recently identified Nogo receptor

Department of Neurology and Section of Neurobiol-
ogy, Yale University School of Medicine, New Haven,
CT 06510, USA.
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(NgR) is a leucine-rich repeat (LRR) protein
that is GPI-anchored to the outer leaflet of the
plasma membrane and binds a discrete cell-
surface Nogo domain, Nogo-66 (7). MAG is
recognized as a sialic acid—binding SIGLEC
(sialic acid—dependent immunoglobulin-like
family member lectin) protein with an affin-
ity for gangliosides GD1a and GT1b (8-14).
It has been suggested that these gangliosides
might serve as axonal MAG receptors (/7).
No axonal proteins with high affinity for
MAG have been identified. Here, we find that
NgR serves as a receptor for MAG as well as
Nogo-66, indicating that blockade of this one
receptor may reverse the action of two inhib-
itors of CNS axonal regeneration.

NgR lacks an intracellular component,
suggesting that it serves as the primary Nogo-
66 binding site while an associated trans-
membrane coreceptor subunit mediates intra-
cellular signal transduction (7). We sought to
identify a coreceptor component by using an
expression-cloning strategy based on the
binding of a soluble fusion protein composed
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