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Natriuretic peptides are an ancient family of hormones/para-
crine factors that regulate blood pressure, cardiovascular
homeostasis, and bone growth. The mammalian family
consists of atrial natriuretic peptide, brain natriuretic peptide,
and C-type natriuretic peptide. All three peptides are derived
from separate genes, but share a common 17-amino-acid
disulfide ring that is required for biological activity. A family of
three cell surface receptors mediates their cellular effects: two
are receptor guanylyl cyclases, enzymes that catalyze the
synthesis of the intracellular second messenger, cGMP, whereas
one is a decoy receptor that lacks enzymatic activity. In this
article, the structure, function, and regulation of each hormone
and receptor are discussed.

Natriuretic Peptides

ATRIAL NATRIURETIC PEPTIDE

The first natriuretic peptide to be identified was atrial
natriuretic peptide (ANP), which was originally called
atrial natriuretic factor (ANF) because of its unknown
structure. It was discovered by de Bold and co-workers
in 1981. They found that intravenous infusion of atrial,
but not ventricular, homogenates into rats caused a rapid
and dramatic increase in renal sodium and water
excretion that was accompanied by reduced blood
pressure. Subsequently, a smooth muscle relaxing
activity was shown to cofractionate with the natriuretic
activity. The peptide responsible for both blood pressure
lowering properties was purified and sequenced from
multiple species by several laboratories. The structure of
the polypeptide precursor of the mature peptide was
derived from ¢cDNA sequence, which like the peptide
sequence was obtained from a number of different
species by several different laboratories.

All natriuretic peptides are synthesized as preprohor-
mones. Human preproANP is 151 amino acids in length.
Proteolytic removal of the amino-terminal signal
sequence yields a 126 residue proANP peptide, which
is the predominant storage form found in dense atrial
granules. Upon secretion, proANP is cleaved by corin,
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a transmembrane serine protease, to a 98 residue amino-
terminal peptide and a 28 residue carboxyl-terminal
peptide. Both fragments circulate in the plasma and are
elevated under conditions where vascular volume is
increased, such as congestive heart failure. The carboxyl
terminal 28 amino-acid peptide is the mature biologi-
cally active form of ANP that mediates the known
biological effects associated with the ANP gene
(Figure 1).

The majority of ANP gene expression occurs in the
cardiac atria, but there is low-level expression in extra-
atrial tissues, e.g., central nervous system, adrenal gland,
kidney, and ventricles. Expression in the latter tissue is
generally only observed in early life or during ventricular
hypertrophy. Hence, ANP mRNA expression has
become a universal marker for ventricular remodeling
that results from prolonged hypertension or other forms
of cardiovascular insult. Differential processing of ANP
in the kidney produces a variant containing four
additional amino-terminal amino acids called urodila-
tin. It has been reported to be more potent than ANP,
possibly because it is less sensitive to proteolytic
degradation by neutral endopeptidases (NEPs). Atrial-
wall stretch, reflecting increased intravascular volume, is
the dominant stimulus for ANP release. However,
several hormones and neurotransmitters — such as
endothelin, arginine vasopressin, and catecholamines —
also stimulate its secretion.

In addition to stimulating natriuresis, diuresis, and
vasorelaxation, ANP also inhibits renin, vasopressin,
and aldosterone release. It decreases cell proliferation
and hypertrophy as well. Hence, ANP’s short-term
(natriuresis, diuresis, vasorelaxation) and long-term
(antimitogenesis) effects are generally considered
beneficial.

Transgenic mice exhibiting lifelong elevated plasma
ANP levels display reduced blood pressure and heart
size. In contrast, mice lacking ANP are hypertensive.
The initial report describing these animals suggested that
ANP regulates blood pressure in a salt-sensitive manner,
but a subsequent communication indicated that these
same mice were also hypertensive when fed a very low
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FIGURE 1

Schematic representation of natriuretic peptides and their receptors. Black arrows indicate which receptors each natriuretic peptide

binds. Note that each peptide can bind more than one receptor. Blue circles in natriuretic peptide structures indicate conserved residues. Red lines
indicate disulfide bonds. Black branched lines indicate N-linked glycosylation sites. Blue Ps indicate phosphorylation sites. ANP, atrial natriuretic
peptide; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; cGMP, cyclic guanosine monophosphate; GC-A, guanylyl cyclase A; GC-
B, guanylyl cyclase B; GTP, guanosine triphosphate; NPR-A, natriuretic peptide receptor A; NPR-B, natriuretic peptide receptor B; NPR-C,

natriuretic peptide receptor C.

salt diet (0.008% NaCl), consistent with ANP
mediating its effects independently of body sodium
chloride levels.

ANP is degraded outside and inside the cell by
extracellular proteases and NPR-C-dependent internali-
zation and degradation, respectively. The extracellular
NEP 24.11 is a metallopeptidase that degrades all three
natriuretic peptides. Recently, compounds have been
developed that inhibit both angiotensin converting
enzyme (ACE) and NEP. Omapatrilat, the most studied
of these so-called vasopeptidase inhibitors, has the
combined benefit of prolonging the blood pressure
decreasing effects of natriuretic peptides while inhibi-
ting the blood pressure increasing effects of the
angiotensin system. Although early indications from
clinical trials suggested that these drugs are beneficial to
some patients with hypertension and/or congestive
heart failure, very recent studies indicate that patients
receiving vasopeptidase inhibitors experience more
angioedema than patients treated with ACE inhibi-
tors. Therefore, further development is needed before

vasopeptidase inhibitors are viable alternatives to
current therapies.

BRAIN NATRIURETIC PEPTIDE

Although brain natriuretic peptide (BNP) was originally
isolated from porcine brain, it was subsequently found
to be more abundant in cardiac ventricles. Of all the
natriuretic peptides, the amino-acid sequence of BNP
varies most among species. For instance, in human, pig,
and rat, mature BNP is 32, 26, and 45 amino acids in
length, respectively.

Human BNP c¢cDNA encodes a 132 amino-acid
preprohormone that is processed to a 105-residue
prohormone by removal of the signal peptide. Both
corin and the endopeptidase, furin, have been shown to
cleave the prohormone into the 32 amino-acid mature
peptide. In the myocyte, BNP mRNA levels are
regulated transcriptionally and posttranscriptionally in
response to increased ventricular filling pressures or
mechanical stretch. BNP is functionally similar to ANP



with respect to its vasorelaxant, natriuretic, and
diuretic properties, but normal plasma BNP levels are
only one-seventeenth of ANP levels. In contrast to ANP,
ventricular BNP is not stored in secretory granules,
instead it is released in a constitutive fashion
following synthesis. Transgenic mice overexpressing
BNP exhibited reduced blood pressure and cardiac
weight accompanied by an elevation of plasma cGMP
concentrations. They also exhibit increased long
bone growth that most likely results from cross-
activation of NPR-B. BNP null mice have normal
blood pressures, but display pressure-sensitive cardiac
fibrosis, proliferation of interstitial fibroblasts, and
elevated ventricular extracellular matrix proteins.
Hence, BNP’s main function may be to regulate the
cardiac ventricles.

BNP release is directly proportional to ventricular
volume expansion and pressure overload. Although
ANP is elevated in patients with congestive heart failure,
BNP levels correlate more closely with left ventricular
pressure, amount of dyspnea, and the state of neuro-
hormonal modulation. Therefore, BNP, more than ANP,
is an excellent indicator of heart failure. A rapid, whole-
blood BNP assay (Triage BNP Test, Biosite Inc., San
Diego, CA) that allows quick evaluation of patient
plasma BNP levels was recently approved by the US
Food and Drug Administration. Normal human plasma
levels of BNP are <40 pg ml~! and levels greater than
100 pg ml~! are highly correlated with congestive heart
failure. The high negative predictive value of this
measurement suggests that it may be extremely
useful in ruling out cardiac abnormalities in patients
with dyspnea.

Recombinant B-type natriuretic peptide, whose
clinical and trade names are Nesiritide and Natrecor,
respectively, mimics the actions of endogenous BNP. It
has been studied in more than 1700 patients with acute
decompensated heart failure and has been shown to
cause potent, dose-related vasodilation that is rapid in
onset and sustained for the duration of drug infusion. It
was approved for the treatment of acute decompensated
congestive heart failure by the Food and Drug
Administration in 2001.

C-TYPE NATRIURETIC PEPTIDE

Like BNP, C-type natriuretic peptide (CNP) was first
isolated from porcine brain. It is the most highly
expressed natriuretic peptide in this tissue. Similarly in
cerebrospinal fluid, CNP is ~2 pM, which is about
tenfold higher than ANP or BNP. BNP is also found at
high concentrations in cytokine-treated endothelial cells
and bone tissue. Because it is barely detectable in
plasma, CNP is expected to signal primarily in a
paracrine manner.
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The primary structure of CNP is similar to ANP and
BNP, but it lacks a C-terminal tail (Figure 1). It has
higher amino-acid identity between species than ANP
and BNP. For example, the structures of CNP from
humans, pigs, and rats are identical. The 103 amino acid
CNP propeptide is processed to either 53 or 22 amino
acid forms. Furin, but not corin, has been suggested to
mediate this final cleavage step. Both the 53 and 22
amino acid forms have been identified i vivo and the
22-amino-acid peptide predominates in the central
nervous system, anterior pituitary, kidney, vascular
endothelial cells, and plasma. Unlike ANP, CNP is not
stored in granules. Instead, it is regulated at the level of
transcription by various signaling molecules, such as
transforming growth factor-8, tumor necrosis factor-a,
and shear stress.

CNP relaxes vascular smooth muscle and is a more
potent dilator of veins than ANP or BNP. It is not a
potent inducer of diuresis and natriuresis. Like ANDP,
CNP has been shown to inhibit the proliferation of
various cultured cell lines. A potential clinical benefit of
this antimitogenic property was demonstrated in a
rodent model when CNP treatment was shown to
dramatically inhibit the normal vascular intimal
thickening that accompanies balloon angioplasty.

Homozygous deletion of the gene-encoding CNP in
mice caused more than half of the offspring to die
during postnatal development. Surviving animals
exhibited shortened body length and defects in
endochondral bone development, which is analogous
to human dwarfism. Importantly, ¢cGMP-dependent
protein kinase II (PKGII) knockout mice also develop
dwarfism as a result of impaired endochondral
ossification, suggesting that PKGII mediates the
CNP-dependent skeletal effects. Consistent with a
linear CNP/cGMP/PKGII pathway, the targeted
expression of CNP in growth plate chondrocytes
cannot increase the longitudinal bone growth or
chondrocytic proliferation and hypertrophy in PKGII
knockout mice.

Natriuretic Peptide Receptors

There are three known natriuretic peptide receptors.
Natriuretic peptide receptor A (NPR-A) (also known
as guanylyl cyclase A (GC-A)) and natriuretic peptide
receptor B (NPR-B) (also known as guanylyl cyclase B
(GC-B)) are receptor guanylyl cyclases, whereas the
natriuretic peptide clearance receptor (NPR-C) does
not possess any known enzymatic activity. Instead,
NPR-C controls the local concentration of natriuretic
peptides that are available to bind NPR-A and
NPR-B through receptor-mediated internalization
and degradation.
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GUANYLYL CYCLASE-LINKED
NATRIURETIC PEPTIDE RECEPTORS

The ligand selectivity for NPR-A is ANP> BNP >
CNP, whereas the ligand selectivity for NPR-B is
CNP > ANP > BNP. Mice lacking NPR-A are
hypertensive and develop cardiac hypertrophy and
ventricular fibrosis. In addition, they are completely
unresponsive to the renal and vasorelaxing effects of
ANP and BNP, consistent with NPR-A being the sole
signaling receptor for these peptides. A promoter
mutation resulting in reduced transcription of the
human NPR-A gene was recently identified and
shown to be highly correlated with essential hyper-
tension or ventricular hypertrophy.

Both NPR-A and NPR-B consist of an ~450-
amino-acid extracellular ligand-binding domain, a 21-
residue hydrophobic membrane-spanning region, and a
566- or 568-amino-acid intracellular domain, res-
pectively (Figure 1). The latter can be divided into a
~250-amino-acid kinase homology domain (KHD),
a 41-amino-acid hinge-dimerization region, and a
250-amino-acid C-terminal guanylyl cyclase catalytic
domain. Like adenylyl cyclases and soluble guanylyl
cyclases, a dimer is believed to be the minimal catalytic
unit for both NPR-A and NPR-B.

The NPR-A extracellular domain contains three
intramolecular but no intermolecular disulfide bonds
(Figure 1). Similar Cys are conserved in the extracellular
domain of NPR-B. Both NPR-A and NPR-B are highly
glycosylated, and several studies suggest that glycosyla-
tion is required for proper receptor folding and/or
transport of the receptor to the cell surface, but is not
required for hormone binding. The crystal structure of
the glycosylated, unliganded, dimerized hormone-
binding domain of NPR-A has been solved at 2.0A
resolution. It reveals that the monomer consists of two
interconnected subdomains, each encompassing a cen-
tral B-sheet flanked by a-helices and the dimerization
results from juxtaposition of 2 X 2 parallel helices that
bring the two protruding C termini in close proximity.
The crystal structure of an ANP-NPR-A complex has
not been solved.

Activation of the guanylyl-cyclase-linked natriuretic
peptide receptors is incompletely understood. Both
receptors are homooligomers in the absence and
presence of their respective ligands, indicating that
receptor activation does not simply result from ligand-
dependent dimerization. However, ANP binding does
cause a conformational change in NPR-A that brings the
extracellular juxtamembrane regions of each monomer
closer together. In addition to natriuretic peptides, ATP
is also required to maximally activate these receptors in
broken cell preparations. Since receptors lacking the
kinase homology domain are constitutively active and
are not further stimulated by ATP, it has been suggested

that the ATP binding to the kinase homology domain
may relieve the basal repression of the guanylyl cyclase
domain. No direct binding data have been presented to
confirm this hypothesis, but ATP has been shown to
modulate ANP binding and cyclase activity in purified
receptor preparations, which is consistent with a direct
binding model. On the other hand, the ATP effect
observed with purified preparations is significantly less
than that seen in crude membranes, which is consistent
with a hypothesis where membranes contain an ATP-
binding factor that is only partially removed during the
purification procedure.

In the resting state, both NPR-A and NPR-B are
highly phosphorylated on serines and threonines within
their KHD domains. NPR-A isolated from resting 293
cells is phosphorylated on Ser497, Thr500, Ser502,
Ser506, Ser510, and Thr513, which are located within a
17-residue stretch that contains the glycine-rich elbow
and putative ATP-binding region of its KHD. Mutation
of any of these phosphorylated residues to alanine in
order to mimic a dephosphorylated serine or threonine
results in decreased ANP-dependent guanylyl cyclase
activities. Furthermore, receptors containing alanine
substitutions at four or more phosphorylation sites are
completely unresponsive to hormone. NPR-B is phos-
phorylated on Thr513, Thr51, Ser518, Ser523, and
Ser526 in a similar region of its KHD. Four of these five
sites are conserved between NPR-A and NPR-B.
Phosphorylation of NPR-B is also required for ligand-
dependent activation.

With respect to the mechanism by which an
activated receptor is turned off, a process commonly
referred to as desensitization, a number of theories have
been put forth. Initial in vitro data suggested that direct
phosphorylation of NPR-A by protein kinase C
mediated its desensitization, but subsequent studies
conducted in live cells indicated that desensitization in
response to chronic natriuretic peptide exposure (hom-
ologous desensitization) or activators of protein kinase
C results in the loss of phosphate from NPR-A and
NPR-B. The role of phosphorylation/dephosphoryla-
tion in the regulation of these receptors was later
clarified when mutations that mimic phosphorylated or
dephosphorylated receptors were shown to be active
or inactive, respectively. These experiments revealed for
the first time a clear positive correlation between the
phosphorylation state and enzymatic activity of NPR-A
and NPR-B.

In contrast to the protein phosphorylation, the role of
ligand-dependent internalization and degradation of
NPR-A is unclear. Pandey and co-workers have reported
many times that NPR-A undergoes this process, whereas
Maack and co-workers contend that NPR-A is a
constitutively membrane resident protein that is not
internalized.



THE NATRIURETIC PEPTIDE
CLEARANCE RECEPTOR

In addition to NPR-A and NPR-B, all three natriuretic
peptides bind to a third receptor called the natriuretic
peptide clearance receptor (NPR-C). NPR-C migrates as
a 60 and 120 kDa protein when fractionated by
reducing or nonreducing SDS-PAGE, respectively. It is
found on the cell surface as a disulfide-linked homo-
dimer. NPR-C has a large amino-terminal extracellular
ligand-binding domain, a single transmembrane
domain, and an intracellular domain that contains
only 37 amino acids and possesses no known enzymatic
activity (Figure 1). It binds ANP, BNP, and CNP with
similar affinities, but it can also bind tightly to several
smaller carboxyl-terminal and ring-deleted peptide
analogues that do not bind well to NPR-A or NPR-B.
C-ANF, the prototypical form of these peptides, is
sometimes used to distinguish NPR-C from NPR-A in
both binding and ¢cGMP stimulation assays. The crystal
structure of both the apo form and CNP bound form of
NPR-C has been determined. In contrast to the 2:2
stoichiometry that was suggested for the ANP-NPR-A
complex, the stoichiometry of binding of CNP to NPR-C
was determined to be 1:2.

NPR-C is the most abundant natriuretic peptide
receptor on the cell surface, and its primary function is
to remove natriuretic peptides from the circulation via
receptor mediated internalization and degradation,
thereby controlling the local concentrations of the
natriuretic peptides that are available to bind NPR-A
and NPR-B. Like many nutrient receptors, NPR-C
internalization is constitutive, i.e., it is not increased
by natriuretic peptide binding. In addition to its
clearance role, NPR-C has also been implicated in
signaling, possibly in a G-protein-dependent manner.
However, mice lacking NPR-C displayed a reduced
ability to clear '2I-ANP from the circulation, but
no reduction in known signaling functions. In fact,
pathways activated by NPR-A and NPR-B, blood
pressure, and bone growth, respectively, are increased
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in these animals. Nonetheless, it remains possible that
NPR-C may signal as yet unidentified processes.

SEE ALSO THE FOLLOWING ARTICLES

Aminopeptidases o Calcium/Calmodulin-Dependent
Protein Kinase II e Metalloproteases  Protein Kinase
C Family e Vasopressin/Oxytocin Receptor Family

GLOSSARY

cyclic GMP A cyclic mononucleotide of guanosine that acts as an
intracellular second messenger for hormones, such as natriuretic
peptides, guanylin, and nitric oxide.

guanylyl cyclase An enzyme that catalyzes the synthesis of cyclic
GMP and pyrophosphate from guanosine triphosphate.

natriuresis Urinary sodium excretion.

protein phosphorylation Covalent addition of a phosphate molecule
to the side chain of an amino acid, usually serine, threonine, or
tyrosine in mammalian cells.
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N-End Rule
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The N-end rule relates the i vivo half-life of a protein to the
identity of its N-terminal residue The N-end rule stems from
the activity of a universally present proteolytic pathway called
the N-end rule pathway.

Proteolysis

Proteolysis, or protein degradation, is a set of processes
that result in the hydrolysis of one or more of the peptide
bonds in a protein. Proteolysis is a part of protein
turnover, in which the molecules of specific proteins are
first made through ribosome-mediated translation, and
are eventually destroyed, in ways and at rates that are
specific for the protein in question and depend on the
state of an organism. The in vivo half-lives of
intracellular proteins vary from a few seconds to many
days. Two major functions of intracellular proteolysis
are the selective destruction of damaged or otherwise
abnormal proteins, and the regulated destruction of
normal proteins whose concentrations must vary
depending on the cell’s state. Metabolic instability
(a short in vivo half-life) is a property of many
regulatory proteins. These proteins evolved not only to
carry out their primary functions, for example, those of
a phosphokinase or a repressor of transcription, but also
to be rapidly destroyed in vivo. A short half-life of a
regulator provides a way to generate its spatial gradients
and allows for rapid adjustments of its concentration
through changes in the rate of its synthesis. A protein
can also be conditionally unstable, i.e., long-lived or
short-lived depending on the state of molecular circuit of
which the protein is a part. This fact, and also a faster (in
general) destruction of the newly formed molecules of a
protein in comparison to older, conformationally mature
molecules of the same protein result in complex
degradation kinetics, so that a single “half-life” of
specific protein is at best an approximation of its actual
decay curve in vivo (Figure 1).

The Ubiquitin System

A major set of pathways that target and destroy specific
intracellular proteins is the ubiquitin (Ub) system, also
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called the Ub-proteasome system. In eukaryotes, the
N-end rule pathway (Figure 2) is one pathway of the Ub
system. Ub, a highly conserved 76-residue protein, is
conjugated to e-amino groups of lysine residues of other
proteins (including other Ub molecules) through the
action of three enzymes, E1, E2, and E3. The selectivity
of ubiquitylation is determined by E3, which recognizes
a substrate’s degradation signal (degron). The term “Ub
ligase” denotes either an E2-E3 complex or its E3
component. A ubiquitylated protein substrate bears a
covalently attached poly-Ub chain, which mediates the
binding of substrate to the 26S proteasome, an ATP-
dependent protease that processively destroys the
bound protein, yielding short peptides. The rate of
degradation of specific proteins is regulated through
modulation of the structure or steric exposure of their
degrons, and also through the control of activity of Ub
ligases. Physiological functions of the Ub system
encompass enormous range: the regulation of cell
differentiation, cell cycle, embryogenesis, apoptosis,
signal transduction, DNA transcription, replication,
repair and recombination, transmembrane and vesicular
transport, stress responses (including the immune
response), functions of the nervous system, and many
other processes.

The N-End Rule Pathway

The multiple proteolytic pathways of the Ub system
have in common their dependence on Ub conjugation
and the proteasome, and differ largely through their
utilization of distinct E2—E3 complexes. The Ub ligase
of the N-end rule pathway targets proteins bearing
specific (destabilizing) N-terminal residues (Figure 2).
The corresponding degron, called the N-degron, consists
of a substrate’s destabilizing N-terminal residue and an
internal lysine residue, the latter being the site of
formation of a substrate-linked poly-Ub chain. Because
an N-degron must be produced through a pro-
teolytic cleavage that yields a destabilizing N-terminal
residue, a nascent N-end rule substrate contains a
cryptic N-degron, called pro-N-degron. In the yeast
Saccharomyces cerevisiae, the two substrate-binding



FIGURE 1 The N-end rules of the prokaryote E. coli and
the eukaryote (yeast) S. cerevisiae. Approximate in vivo half-lives of
X-B-galactosidase (X-Bgal) test proteins in E. coli at 36°C and in
S. cerevisiae at 30°C. The N-end rule pathway is Ub-dependent in
eukaryotes, and is also present in prokaryotes, which lack the
Ub system.

sites of the 225-kDa Ub ligase UBR1 recognize (bind to)
primary destabilizing N-terminal residues of two types:
basic (type 1: Arg, Lys, His) and bulky hydrophobic
(type 2: Phe, Trp, Leu, Tyr, Ile) (Figure 2B). Several other
N-terminal residues function as tertiary (Asn, Gln) and
secondary (Asp, Glu) destabilizing residues, in that they
are recognized by UBR1 only after their enzymatic
conjugation to Arg, a primary destabilizing residue
(Figure 2). In the case of N-terminal Asn and Gln, the
conjugation of Arg is preceded by enzymatic deamida-
tion, to yield N-terminal Asp and Glu. In animals (but
not in fungi such as S. cerevisiae), N-terminal Cys is yet
another tertiary destabilizing residue, in that the
arginylation of Cys is preceded by its oxidation.
These covalent modification/conjugation reactions of
N-terminal residues are required for the “downstream”
step of Ub conjugation to N-end rule substrates that bear
N-terminal Asn, Gln, Asp, Glu, or Cys (Figure 2A).
The UBR1 Ub ligase of the N-end rule pathway
contains yet another, third substrate-binding site that
recognizes a specific internal (non-N-terminal) degron in
pathway’s substrates. The only physiological substrate
of this class that had been identified thus far is the
35-kDa homeodomain transcriptional repressor CUP9
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of S. cerevisiae. Among the genes repressed by CUPY is
PTR2, which encodes a di- and tripeptide transporter.
CUP9 is a short-lived protein targeted by the N-end rule
pathway through an internal degron near the C terminus
of CUP9. Dipeptides with destabilizing N-terminal
residues allosterically activate UBR1, leading to accel-
erated in vivo degradation of CUP9 and the resulting
induction of PTR2 expression (Figure 3). Through this
positive feedback, S. cerevisiae can sense the presence of
extracellular peptides and react by accelerating their
uptake. Thus, the type 1 and type 2 sites of UBR1
function not only as substrate-binding sites, but also as
nutritional sensors, making possible the adaptive regu-
lation of peptide import (Figure 3). The mechanism of
activation by dipeptides involves a conformational
transition in UBR1, induced by the binding of dipep-
tides, that exposes the previously inactive (sterically
inaccessible) CUP9-binding site of UBR1.

Another function of the S. cerevisiae N-end rule
pathway is the maintenance of chromosome stability. At
the metaphase—anaphase transition, the ESP1- encoded
protease, called separase, cleaves SCC1, a subunit of
cohesin complexes that hold together sister chromatids
of replicated chromosomes. The resulting 33-kDa
C-terminal fragment of SCC1 bears N-terminal Arg
and is rapidly degraded by the N-end rule pathway. A
failure to degrade this fragment of SCC1 in ubr1A cells
(which lack the pathway’s Ub ligase) results in a greatly
increased frequency of chromosome loss, presumably
because the retention of cohesin’s fragment perturbs
the assembly of intact cohesin complexes in subsequent
cell cycles. Thus, the type 1 binding site of the UBR1
Ub ligase has a dual function of both a dipeptide-
binding nutritional sensor (Figure 3) and a site
that recognizes proteins with destabilizing N-terminal
residues, targeting these proteins for Ub-dependent
degradation.

Methionine aminopeptidases (MetAPs), the proteases
that are specific for N-terminal Met (every nascent
protein bears N-terminal Met), would remove this Met
residue if, and only if, the second residue after Met is a
stabilizing residue in the N-end rule. The only exceptions,
in the mammalian N-end rule, are destabilizing residues
Cys, Ala, Ser, and Thr (Figure 2A). Other destabilizing
residues can be exposed at the N termini of proteins only
through cleavage by proteases other than MetAPs. One
such protease is separase, which cleaves the SCC1 subunit
of cohesin, as stated before. A large class of proteases that
can also produce, in vivo, a destabilizing residue at the N
terminus of a protein are deubiquitylating enzymes
(DUBs). One reaction catalyzed by these proteases is
the cleavage of a linear Ub-X-polypeptide fusion at the
Ub-X junction; this cotranslational cleavage can take
place irrespective of the identity of a residue X at the
junction, proline being a single exception. A method,
called the Ub fusion technique, that takes advantage of
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FIGURE 2 The N-end rule pathway in mammals (A) and the yeast S. cerevisiae (B). N-terminal residues are indicated by single-letter
abbreviations. The ovals denote the rest of a protein substrate. In mammals (A), the Asn-specific N-terminal amidase NTAN1 converts N-terminal
Asn into Asp. N-terminal Gln is deamidated by another (unidentified) amidase. N-terminal Asp, Glu, and Cys are conjugated to Arg by Arg-tRNA-
protein transferases (R-transferases), encoded by the ATE1 gene. N-terminal Cys is arginylated after its oxidation to either sulfinic or cysteic acid
(A), a reaction that does not take place in yeast (B). The primary destabilizing N-terminal residues Arg, Lys, His (type 1 residues), as well as Phe,
Leu, Trp, Tyr, and Ile (type 2 residues) are recognized in yeast (B) by the UBR1 E3, in a complex with the RAD6 E2 enzyme. In mammals (A), the
same residues are recognized by UBR1 and UBR2, and by another Ub ligase that remains to be identified. In mammals but not in yeast, Ala (A), Ser
(S), and Thr (T) are primary (type 3) destabilizing residues, recognized by a distinct Ub ligase that remains to be characterized.

this property of DUBs, has made it possible to produce
different residues at the N termini of otherwise identical
test proteins iz vivo, and led, in 1986, to the discovery of
the N-end rule.

Besides CUP9 and SCC1, several other proteins were
also found to be substrates of the N-end rule pathway.
These proteins include Sindbis virus RNA polymerase
(and homologous polymerases of other alphaviruses),
the integrase of the human immunodeficiency virus
(HIV), a bacterial protein p60, which is secreted by
Listeria monocytogenes into the cytosol of infected
mammalian cells, the mammalian GTPase-activating
proteins (GAP) RGS4 and RGS16, the S. cerevisiae
GPA1-encoded Ga protein, and the encephalomyocar-
ditis (EMC) virus 3C protease. Physiological functions,
if any, of the degradation of these proteins by the N-end
rule pathway are either unknown or have not been
established definitively.

The N-end rule pathway of multicellular eukaryotes is
organized similarly to that in S. cerevisiae, with several
additional features. Among them is the presence of at
least three functionally overlapping Ub ligases that target
pathway’s substrates, in contrast to a single such ligase,

UBRI1, in S. cerevisiae (Figure 2). Molecular genetic
analyses in the mouse have demonstrated, through the
deletion of ATE1, which encodes Arg-tRNA-protein
transferases (R-transferases), that the arginylation
branch of the mammalian N-end rule pathway
(Figure 2A) is essential for cardiovascular development.
It was also discovered that the mammalian N-end rule
pathway is essential for meiosis in spermatocytes: in the
absence of UBR2 (one of the pathway’s Ub ligases),
spermatocytes fail to form synaptonemal complexes and
die, rendering the male UBR2 ~/~ mice infertile. The
corresponding molecular circuits, as well as physiological
N-end rule substrates whose metabolic stabilization
causes the cardiovascular and meiotic phenotypes in
these mutants are unknown. Yet another function of the
N-end rule pathway is regulation of apoptosis (pro-
grammed cell death) in the fruit fly Drosophila melano-
gaster. Specifically, the activated caspases (specific
proteases that mediate apoptosis) cleave DIAP1, the
inhibitor of apoptosis, producing a large C-terminal
fragment of DIAP1 that bears Asn, a tertiary destabilizing
residue in the N-end rule (Figure 2A). The degradation of
this fragment by the N-end rule pathway down-regulates
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FIGURE 3 Ubiquitin-dependent activation of peptide import in S. cerevisiae. (A) Genetic diagram of the peptide transport circuit. (B) UBR1 is
required for dipeptide uptake. In the absence of UBR1 (ubr1A), the transcriptional repressor CUPY is long-lived, accumulates to high levels, and
extinguishes the expression of peptide transporter, encoded by PTR2. ubr1A cells cannot import dipeptides (small dots). (C) Ina UBR1 cell growing
in the absence of extracellular dipeptides, UBR1 targets CUP9 for degradation (¢;,, ~ 5 min), resulting in a lower steady-state concentration of
CUP9 and weak but significant expression of the PTR2 transporter (double ovals). (D) In UBR1 cells growing in the presence of extracellular
dipeptides some of which bear destabilizing N-terminal residues, the imported dipeptides bind to the basic (type 1) or hydrophobic (type 2) residue-
binding sites of UBR1. These peptides are denoted as a rectangle and a wedge, respectively. Binding of either type of dipeptide to UBR1 allosterically
increases the rate of UBR1-mediated degradation of CUP9. The resulting decrease of the half-life of CUP9 from ~ 5 min to less than 1 min leads to a
further decrease in CUP9 levels, and consequently to a strong induction of the PTR2 transporter.

the apoptosis in Drosophila, presumably through the
concomitant destruction of DIAP1-associated activators
of apoptosis. The set of proteases that produce physio-
logical N-end rule substrates is unlikely to be confined to
MetAPs, caspases, and separases. For example, the
cleavage specificity of calcium-activated proteases
called calpains and the properties of other, less well-
characterized cytosolic and/or nuclear proteases suggest
that they, too, may function as upstream components of
the N-end rule pathway. Although many functions of
the N-end rule pathway remain to be discovered, the
functions that have already emerged — peptide import,
chromosome stability, cardiovascular development,
meiosis, and apoptosis — are strikingly diverse. The
broad functional range of the N-end rule pathway thus
resembles, in a microcosm, the vastly greater span of the
Ub system at large.

SEE ALSO THE FOLLOWING ARTICLES

Aminopeptidases ® Proteasomes, Overview e Ubiquitin
System e Ubiquitin-Like Proteins

GLOSSARY

degrons, or degradation signals Features of proteins that
confer metabolic instability (short in vivo half-lives) on these
proteins.

polyubiquitin chain A chain of covalently linked Ub moieties in
which the C-terminal Gly residue of one moiety is conjugated to
a specific lysine residue (usually, but not always, Lys-48) of
adjacent Ub moieties. Protein-linked poly-Ub chains of different
topologies (mediated by different, but unique for a given chain,
lysine residues of Ub) underlie distinct roles of the Ub
system, including its nonproteolytic functions. Poly-Ub can also
exist as linear, head-to-tail chains of DNA-encoded Ub repeats
produced through the ribosome-mediated translation. Such
chains, the natural precursors of mature Ub, are called linear
poly-Ub.

spermatocytes
meiosis.

synaptonemal complex Two chromosome-length, closely apposed
structures that mediate the pairing of two homologous chromo-
somes in meiosis.

ubiquitin ligase A complex of E2 and E3 enzymes, or an E3 enzyme
alone.

ubiquitylation Conjugation of Ub to other proteins, including other
Ub molecules. Ub whose C-terminal (Gly-76) carboxyl group is
covalently linked to another compound is called the ubiquityl
moiety.

Germ cells in the testes of animals that are engaged in
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Neoglycoproteins

Y. C. Lee and Reiko T. Lee

The Johns Hopkins University, Baltimore, Maryland, USA

The term neoglycoproteins refers to proteins modified with
chemical or enzymatic means to acquire structurally defined
carbohydrates. The carbohydrates can be monosaccharides,
oligosaccharides, or even polysaccharides.

Preparation

DIrRECT COUPLING OF
OLIGOSACCHARIDES TO PROTEINS

The easiest method is to attach naturally available
oligosaccharides to the amino groups of proteins. This
process does not require any chemical manipulations
other than the conjugation process by reductive
amination. Some of the readily available di- and
oligosaccharides are: lactose, maltose, cellobiose, meli-
biose, N-acetyl-lactosamine, di-N-acetyl-chitobiose, and
a number of milk oligosaccharides. An example of
coupling of lactose by reductive amination to protein
using sodium cyanoborohydride or pyridine borane as
reducing agent, which preferentially reduces aldimine
(Schiffs base) over aldehyde, is shown in Figure 1. This
method relies on the fact that reducing sugars in acyclic
aldehydo form, although present in a very minor
proportion, are in equilibrium with the cyclic forms.
As the aldehydo form of oligosaccharide is consumed,
more will become available by conversion from the
cyclic forms. However, the conjugation by this simple
method is a very slow process, requiring several days or
longer, because of the low concentration of the aldehyde
form of oligosaccharide in solution.

The reductive amination converts the primary amino
groups of N terminus and lysine side chains to secondary
amines initially, and eventually to tertiary amines (with
two sugar groups attached to a single nitrogen), if both
oligosaccharide and reducing agent are present in excess.
It is important to note that after such a reaction, the
reducing terminal sugar of the oligosaccharide will
become acyclic, and for this reason, conjugation with
monosaccharide is meaningless. The shortcoming of this
approach, in addition to long reaction time mentioned
above, is the limited availability of suitable oligosac-
charides. However, the number of commercially
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available oligosaccharides that are naturally derived or
synthetically prepared has been steadily increasing.

USING SYNTHETIC
CARBOHYDRATE DERIVATIVES

Neoglycoproteins prepared by direct conjugation of
oligosaccharides sometimes can be disadvantageous,
due to sugar residues that are recognition target being
too close to the protein surface. Synthetic carbohydrate
derivatives would expand the scope of neoglycoprotein
considerably both in terms of sugar structure and its
disposition on the protein surface. The procedures can
be totally synthetic or can be chemical modifications of
naturally available glycans either in a free sugar form or
linked to a group such as peptide. A few of the popular
procedures are presented below.

Aromatic Glycosides

Commercially available p-aminophenyl glycosides are
convenient derivatives for making neoglycoproteins
either by diazo-coupling to tyrosine side chains or via
transformation into isothiocyanate (reaction with thio-
phosgen), which then reacts with amino groups.
p-Nitrophenyl glycosides, commonly used chromogenic
glycosides, are available in even wider variety, and can
be easily reduced to the corresponding p-aminophenyl
glycosides. A shortcoming of these derivatives is that
they can increase the hydrophobicity of product
neoglycoprotein considerably and consequently may
alter the nature of protein and give anomalous results
in the probing of carbohydrate function.

Nonaromatic Glycosides

The problem of excessive hydrophobicity can be
alleviated by the use of derivatives which do not contain
aromatic rings and are not as hydrophobic as aromatic
glycosides (e.g., Figure 2). Some of these derivatives are
thioglycosides, which have the advantage of being more
resistant to most exoglycosidases and also specifically
cleavable with mercuric salts. Examples shown in
Figure 2 are: (A) sugar imidate reacting with amino
groups of protein to produce amidino-type (AI)

11
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FIGURE 1

neoglycoproteins; (B) an w-aldehydo glycoside being
coupled to protein via reductive amination; and (C) an
w-aminoalkyl glycosides converted to squaric acid
derivative which can react with amino groups of protein.
In both (B) and (C), the length of a glycon can be varied.

Reduced and Periodate-Oxidized
Natural Oligosaccharides

Synthesis of oligosaccharides having complex structure
is still a tedious and difficult task. Therefore, it is prudent
sometimes to utilize naturally isolable oligosaccharides,
if the quantity of neoglycoprotein needed is not too
large. Natural oligosaccharides, pre-existing or obtained
from natural glycoconjugates by enzymatic cleavage,
can be made more reactive by first reducing them with
sodium borohydride (to convert the reducing sugar
residue into acyclic alditol) followed by mild periodate
oxidation (e.g., 10 mM NalO,4 for 10 min at room
temperature), which will preferentially oxidize acyclic
glycols to generate aldehydo group(s) without affecting
the rest of the cyclic sugar residues. The newly generated
aldehyde can be used in the reductive amination reaction
as described above.

USING OTHER FUNCTIONAL
GROUPS OF PROTEINS

Most of the conjugation methods described above utilize
amino groups of proteins for conjugation, which are
often abundant and reactive because of the distance from
the protein backbone. However, other functional groups
such as phenolic, sulfhydryl, and carboxyl groups can

Conjugation of lactose via reductive amination.

also be used for conjugation. Diazo coupling of aryl
glycosides to tyrosine side chain has been mentioned
earlier. Thiol groups of protein are easy target for
oligosaccharide attachment, since chemically mild, thiol-
specific reactions are readily available. For example, a
heterobifunctional linker with an amino-reacting group
on one end and a maleimido or iodoacetamido group on
the other end is reacted first to an Asn-oligosaccharide
(or other glycopeptide) via its amino terminus, which is
then reacted with protein thiol groups to produce
neoglycoprotein in high yield. Bovine serum albumin
has a single sulfhydryl group which can be utilized in this
way to produce a neoglycoprotein carrying a single
oligosaccharide chain of defined structure. An interesting
approach is to react glycosylthiol with protein thiol
group to form a disulfide bond. This will result in
a product quite similar in structure to the natural
N-glycosylated protein in terms of linkage length.

USE OF GLYCOSYL TRANSFERASES

As the number of glycosyl transferases available
commercially increases steadily, these enzymes have
become a powerful synthetic tool in neoglycoprotein
synthesis. The advantage of glycosyl transferases, is their
exquisite specificity for anomeric configuration as well
as the position of attachment. Thus, these enzymes are
especially suited for modifying a pre-existing glycan
structure (even a monosaccharide) at a specific position.
Attachment of terminal a-L-fucosyl group or sialic acid
group is a prime example. The enzymatic reaction can be
carried out on the oligosaccharide before conjugation or
after the conjugation to proteins.
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FIGURE 2 Example of synthetic methods for neoglycoprotein preparations.

CONJUGATION OF GLYCOPEPTIDES

For the conjugation of glycan structures from glyco-
protein, sometimes it is easier to generate glycopeptide
than to generate reducing oligosaccharide. A hetero-
bifunctional crosslinker with a hydrazide and an acetal
groups at two ends of molecule was devised to react first
with amino groups of glycopeptide (or any other amino-
terminated carbohydrate derivatives) via azide reaction,
which is followed by generation of aldehydo function
and then coupling to protein via reductive amination.
In all of these reactions, the level of sugars on
neoglycoproteins can be controlled either by the ratio

of reagent to protein or by the length of reaction. It should
be borne in mind that these modifications generally
produce a distribution of different sugar substitution in
terms of both position and number. However, the ability
to vary the degree of substitution turned out to be a great
advantage for probing of carbohydrate function in many
biological systems that is not readily available in natural
glycoproteins. This is because recognition of carbo-
hydrates often requires multivalency (Glycoside Cluster-
ing Effect) in order to manifest its function unequivocally.
Neoglycoproteins can readily provide multivalency and
thus are powerful ligands for carbohydrate binding.
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In addition, neoglycoproteins can be radioiodinated
(using the tyrosine side chain) or modified with
fluorescent groups, such as fluorescein (using available
e-amino group) for easy monitoring.

Applications

CARBOHYDRATE RECEPTOR ANALYSES

Using neoglycoproteins, one can easily survey sugar-
binding receptors (or lectins) in biological specimen. For
example, a series of neoglycoproteins have been used to
determine that alligator hepatic receptor has binding
specificity for mannose and L-fucose. The binding of
tagged neoglycoproteins (e.g., >’ I-labeled) to receptors
can be probed both in solution phase and solid phase.
Properly labeled neoglycoproteins can be used as
cytochemical markers.

AFFINANT FOR ISOLATION

Neoglycoproteins can serve as effective affinant for
isolation of lectins and receptors. For such a purpose, a
neoglycoprotein can be conveniently immobilized to a
suitable solid phase (e.g., Sepharose). In an alternate
case, a protein (such as BSA) is immobilized first and
then modified with one of the reagents mentioned above
to form neoglycoproteins on solid phase.

SUBSTRATES FOR ENZYMES

Neoglycoproteins can be used as convenient sub-
strate for enzymes. For example, GIcNAc-BSA
adsorbed on microtiter wells was used conveniently
as substrate to assay B-galactosyl transferase with
great sensitivity, which in turn can be used to assay
a-fucosyl transferase.

TARGETING DEVICE

Neoglycoproteins can be used to target drugs and other
materials to specific organs. For example, Gal- or
GalNAc-containing neoglycoproteins, when properly
conjugated to drug or anti-sense materials, can be used
to target such materials to mammalian liver.

EXAMINATION OF GLYCOPROTEIN
STRUCTURE/FUNCTION RELATIONSHIP

Carbohydrate chains of glycoprotein can have
biological and biochemical function unrelated to specific
sugar—lectin interaction. One of the better documented
cases is the glycan in the Fc domain of IgG, which is
required for interaction with Fc receptor. Neoglycopro-
teins were prepared by disulfide formation between

Cys (in lieu of Asn) in the Fc domain and glycosylthiols
of various structures to examine the effect of glycan
structure on Fc receptor binding activity. Moreover, if
the amino acid sequence and X-ray structure are known,
one can place a Cys at different surface locations by
genetic engineering, which would provide more latitude
in examination of the role of carbohydrates on
glycoproteins.

SEE ALSO THE FOLLOWING ARTICLES

DNA Ligases: Mechanism and Functions e DNA
Ligases: Structures ¢ DNA Mismatch Repair and the
DNA Damage Response e Glycoprotein Folding and
Processing Reactions e Glycoproteins, N-linked e
Glycosylation, Congenital Disorders of ¢ Immunoglo-
bulin (Fc) Receptors ¢ Nonhomologous Recombination:
Bacterial Transposons e Nonhomologous Recombina-
tion: Retrotransposons e Glycoprotein-Mediated Cell
Interactions, O-Linked e Protein Glycosylation Inhibi-
tors  Protein Glycosylation, Overview e Protein Kinase
C Family

GLOSSARY

BSA Bovine serum albumin.

glycoside clustering effect When glycosides are bundled together at
proper distances, the total effect can be much greater (>10°-fold)
than the simple sum of individual glycoside.

neoglycoconjugates The original term of neoglycoproteins has now
been expanded, and the term neoglycoconjugates has been
introduced to encompass all the glyco-modified materials.
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Neuronal Calcium Signal

Hilmar Bading
University of Heidelberg, Heidelberg, Germany

Neurons initiate many changes in gene expression in response
to a synaptic or electrical stimulus. Calcium is the principal
second messenger bridging the gap between the synapse and
the nucleus. To couple synaptic events to specific genomic
responses, neurons exploit the spatial diversity of calcium
signals associated with the stimulus. Dendritic calcium signals,
activating the MAP kinase (extracellular signal-regulated
kinase, ERK1/2) signaling cascade, stimulate gene expression
mediated by the serum response element. Calcium signals in
the cell nucleus activate the transcription factor CRE-binding
protein (CREB) and the coactivator CREB-binding protein
(CBP). Nuclear calcium may, in particular, initiate and govern
gene-expression-dependent forms of neuronal adaptations,
including survival, learning, and memory.

Calcium Ions, Key Regulators
of Electrical-Activity-Dependent

Gene Expression

The generation of calcium signals following electrical
activation is a fundamental property of neurons that
controls many processes in the developing and the adult
nervous system. Activity-induced increases in the intra-
cellular calcium concentration result from calcium
entering neurons from the extracellular space through
ligand- and/or voltage-gated ion channels; these calcium
transients can be amplified through calcium release from
intracellular calcium stores. The N-methyl-D-aspartate
(NMDA) receptor, a calcium permeable, glutamate-
gated ion channel, plays a particularly important role in
the mammalian central nervous system. Calcium entry
through NMDA receptors, triggered by electrical
activity, stimulates mechanisms that affect synaptic
connectivity and neuronal network behavior leading to
information storage; NMDA receptor-mediated calcium
entry can also promote neuronal survival or cause cell
death. For the consolidation of these activity-induced
responses it is important that calcium signals, generated
initially at the plasma membrane, are transduced to the
cell nucleus where they stimulate the expression of
particular genes. Thus, neurons use calcium ions to
couple electrical signals to specific genomic events.
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Among the target genes of calcium signaling are
neurotrophic factors, cytoskeletal proteins, and tran-
scription factors (see below).

Spatial Calcium Signaling
in Synapse-to-Nucleus

Communication

The use of calcium as a universal signal mediator raises
the issue of specificity: what mechanism allows neurons
to use a single second messenger to convert a diverse
range of electrical stimuli into distinct gene expression
responses? Neurons appear to achieve this by using a
calcium code: a given electrical stimulus is transformed
into a calcium signal with particular spatial and
temporal properties. Thus, an activity-induced neuronal
calcium signal is a signature of the stimulus; it functions
as its intracellular representation and links the stimulus
to a gene expression response. The amplitude and the
duration of the calcium signal, two features that
transcriptional regulators decode, primarily control the
magnitude of the increase in transcription. The site of
calcium entry also matters; indeed, calcium entry
through synaptic NMDA receptors and through extra-
synaptic NMDA receptors has opposing effects on the
activation of a crucial transcription factor (see below).
However, most importantly, the genomic response
depends on which part of the neuron is invaded by the
calcium transient (Figure 1). For example, a weak
synaptic input may generate a calcium signal that is
confined to the submembranous space in the immediate
vicinity of the site of calcium entry; following a stronger
stimulus, calcium increases may reach further into the
dendritic tree. Under certain conditions the calcium
signal can invade the cell body and the nucleus. It is
important for the specification of the gene expression
response exactly which subcellular compartment (i.e.,
submembranous space, dendritic tree and somatic
cytoplasm, and cell nucleus) undergoes a change in the
calcium concentration. Thus, the “dialogue between
genes and synapses” (to use a phrase from Eric Kandel)
exploits the spatial and temporal diversity of calcium
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FIGURE 1

NEURONAL CALCIUM SIGNAL 17

Schematic drawing of a neuron and the intracellular signaling pathways that mediate the induction of gene expression following

neuronal activity. Three spatially distinct calcium signals (submembranous, cytoplasmic, and nuclear) are illustrated. Each type of calcium signal
couples to a specific effector mechanism with distinct genomic targets. The decoding, by transcriptional regulators, of spatial information contained
in activity-induced calcium transients allows neuronal impulse patterns to specify gene expression responses.

transients associated with electrical activation. Tran-
scriptional regulation and the neuronal responses
depend on how calcium enters the neurons, the
amplitude of the signal, how long the signal lasts and
what subcellular compartment it invades.

Regulators of Calcium-Induced

Gene Expression

Much knowledge of the mechanisms of electrical-
activity-dependent gene expression comes from studies
of the c-fos gene. This gene is induced, without the
need for new protein synthesis, within minutes after
the stimulation. The c-fos gene encodes a DNA
binding protein; together with members of the Jun
transcription factor family it forms the AP-1 complex
that is involved in the regulation of many genes. c-fos
was the first gene found to be induced by membrane
depolarization and calcium influx into excitable cell
lines and primary neurons.

SRE AND CRE

Analysis of the c-fos promoter revealed that calcium
influx-induced gene transcription is mediated by two
distinct DNA regulatory elements: the cAMP response
element (CRE) and the serum response element (SRE).
The CRE and the SRE were previously known to

mediate gene induction upon increasing intracellular
levels of cAMP or following the addition of serum to
serum-starved fibroblasts, respectively. Analysis of
calcium regulation of SRE-dependent and CRE-
dependent transcription uncovered the importance of
the intracellular localization of the calcium signal: an
increase in cytoplasmic calcium activates gene
expression mediated by the SRE; in contrast, acti-
vation of the CRE and the CRE-binding protein
(CREB) require increases in the nuclear calcium
concentration. Thus, a single second messenger can,
depending on its intracellular localization, induce
distinct responses.

NFAT anD DREAM

Calcium-responsive regulators of transcription, other
than the SRE and CREB, include the Nuclear Factor of
Activated T-cells (NFAT) and the downstream regulat-
ory element (DRE)-binding protein, DREAM (DRE-
Antagonist Modulator). NFAT is important in the
immune system; it mediates in activated T-cells the
induction of interleukin-2 expression, a critical step in
the response to antigen stimulation. DREAM is a
multifunctional calcium-binding protein that can act as
a repressor of gene transcription. The importance of
spatial calcium signaling in the regulation of the SRE,
the CRE, NFAT, and DREAM is outlined in the
following section.
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Calcium Signals in Different
Subcellular Compartments

Calcium brings about biological responses through
activating effector molecules such as protein kinases or
protein phosphatases. Exactly which calcium-regulated
molecule is stimulated depends on the subcellular
localization of the calcium transient.

SUBMEMBRANOUS CALCIUM SIGNALS

A calcium microdomain restricted to the submembra-
nous space near synaptic NMDA receptors serves as the
“on-switch” of the MAP kinase (ERK1/2) cascade
following synaptic activity. This signaling pathway is a
major route for intracellular communication. The
actions of MAP kinases (ERK1/2), both in the vicinity
of calcium entry sites and in the nucleus, are involved in
controlling many different brain functions ranging from
learning to neuronal survival and light-induced shifts in
the circadian rhythm.

One important target of the MAP kinase (ERK1/2)
cascade is the nucleus. The MAP kinase (ERK1/2)
signal propagates to the nucleus independently of
global (i.e., cell-wide) increases in the calcium
concentration and stimulates gene expression
mediated by the SRE. It can also lead to the
phosphorylation of CREB on its activator site, serine
133. Although this phosphorylation is necessary for
inducing CREB-mediated transcription, it is not
sufficient; a second regulatory event is required that
involves stimulation of the activity of the CREB
coactivator CBP by nuclear calcium and nuclear
calcium/calmodulin (CaM)-dependent protein kinases.
Nevertheless, the MAP kinase (ERK1/2) cascade acts
as an auxiliary pathway that promotes at least one of
several activating steps that control CREB-dependent
gene expression. CREB target genes include c-fos and
the brain-derived neurotrophic factor (BDNF).

DENDRITIC/CYTOPLASMIC
CALCIUM SIGNALS

The second calcium pool with a role in transcription
regulation by neuronal activity is localized to the
dendrites and the cytoplasm of the cell body. One of
the targets of dendritic/cytoplasmic calcium is calci-
neurin (CaN). CaN is a cytoplasmic serine/threonine
phosphatase that, upon activation by calcium/CaM,
catalyzes the dephosphorylation of NFAT, which
unmasks a NFAT nuclear localization signal. The
activated CaN/NFAT complex is subsequently imported
into the nucleus to activate gene transcription. Possible
target genes of the CaN/NFAT signaling module are

genes involved in regulating calcium homeostasis;
this includes the IP; receptor and plasma membrane
calcium ATPases (calcium pumps).

Once calcium concentrations have returned to basal
levels, the NFAT/CaN complex dissociates, NFAT is
exported from the nucleus and transcription is rapidly
shut off. Thus, the magnitude of the transcriptional
response is a function of the duration of the calcium
signal; only prolonged increases in intracellular calcium
efficiently activate NFAT-mediated gene expression. In
addition, increases in nuclear calcium are required to
maintain NFAT in the nucleus and to sustain transcrip-
tion. Such calcium signals (i.e., elevated calcium
plateaus in the cytoplasm and the nucleus) are typically
seen in antigen-stimulated T-cells that require NFAT
activation for the immune response (see above). In
neurons, synaptic activity often generates only transient
increases in intracellular calcium that may induce a less
robust NFAT activation.

NUCLEAR CALCIUM SIGNALS

The third player in electrical-activity-dependent gene
expression is nuclear calcium. Synaptically evoked
calcium transients can be amplified by calcium release
from intracellular stores and are propagated, possibly in
the form of a regenerative wave, to the nucleus. Nuclear
calcium is a central regulator of neuronal gene
expression. It activates nuclear calcium/CaM-dependent
protein kinases and is the principal regulator of gene
expression by the CREB/CBP complex. Activation of
gene expression by CREB/CBP requires at least two
regulatory events: phosphorylation of CREB on its
activator site serine 133, which allows CBP to be
recruited to CREB. The second event is the stimulation
of CBP activity. The first regulatory step can be catalyzed
by several protein kinases, including kinases of the
MAP kinase (ERK1/2) signaling pathway (triggered
by submembranous calcium; see above) and nuclear
calcium-induced CaM kinases. Induction of CBP
activity, however, depends upon increases in the nuclear
calcium concentration and the activation of nuclear
CaM kinases.

The only other second messenger known to stimu-
late CBP activity and to increase CREB/CBP-mediated
gene expression is cAMP. Global increases in the
intracellular concentration of cAMP stimulate the
cAMP-dependent protein kinase (PKA); upon binding
of cAMP to the PKA regulatory subunit, the catalytic
subunit of PKA translocates to the cell nucleus to
activate the CREB/CBP complex. A large body of
literature suggests that cAMP and PKA are important
for certain long-term, gene-expression-dependent
forms of plasticity and learning in Aplysia californica
and Drosophila melanogaster. Mammalian neurons are
also capable of increasing intracellular levels of cAMP



following synaptic activity through a process that
involves calcium/CaM-dependent adenylyl cyclases.
However, electrical activity does not appear to elevate
global levels of cAMP sufficiently high to stimulate the
CREB/CBP complex, although it may increase cAMP
and PKA activity locally leading to the phosphoryl-
ation of neurotransmitter receptors or other proteins in
the post-synaptic space. Thus, the cAMP-PKA system
may be important for localized dendritic signaling in
the mammalian nervous system, but the stimulation of
CREB/CBP-dependent gene expression following
synaptic activity appears to be controlled by nuclear
calcium signals.

CBP is a coactivator of CREB, but it also interacts
with several other DNA-binding proteins, thereby
conferring calcium inducibility. One example is the
transcription factor c-Jun that can function as a calcium-
regulated activator. Thus, control of CBP activity by
nuclear calcium and nuclear CaM kinases provides a
general mechanism through which electrical activity
regulates an entire class of transcription factors and,
consequently, many genes. This may be important in
activity-dependent neuronal adaptation including infor-
mation storage and memory that are likely to require
up-regulation (or down-regulation) of many genes.
Indeed, CREB (presumably as a CREB/CBP complex)
has been implicated in synaptic plasticity and learning-
related event in Aplysia californica, Drosophila mela-
nogaster, and mice. Nuclear calcium may be essential for
these processes.

A second type of transcriptional regulation by
nuclear calcium involves DREAM. Rather than being
controlled by calcium/CaM-dependent enzymes, the
ability of DREAM to modulate transcription is
directly controlled by nuclear calcium. DREAM is a
calcium-binding protein that, in the absence of
calcium, interacts with the DRE and represses
transcription. Increases in nuclear calcium lead to
the formation of a calcium/DREAM complex; cal-
cium-bound DREAM dissociates from the DNA,
allowing transcription to take place. Potential
DREAM-binding sites are present in many different
genes; the involvement of DREAM is best documen-
ted for the prodynorphin gene.

CREB Shut-Off Pathway

The genomic responses (and their effects on survival and
plasticity programs) induced by calcium flux through
synaptic NMDA receptors are antagonized by a signal-
ing pathway stimulated by the addition of glutamate to
the extracellular medium. Bath glutamate application
stimulates both synaptic and extrasynaptic NMDA
receptors as well as other types of glutamate receptors.
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Pharmacological experiments revealed that calcium flux
through extrasynaptic NMDA receptors is responsible
for this nuclear signaling mechanism that negatively
regulates gene expression; this pathway also couples to
neuronal cell death. The target transcription factor
inactivated following calcium entry through extra-
synaptic NMDA receptors is CREB; the CREB shut-off
is brought about by a rapid dephosphorylation of CREB
on its activator site, serine 133.

Extrasynaptic NMDA Receptors
Antagonize Nuclear Calcium

Signaling and BDNF

Gene Expression

After calcium entry through extrasynaptic NMDA
receptors, one of the consequences of the CREB shut-
off is the suppression of BDNF gene expression. BDNF, a
neurotrophic factor, activates intracellular signaling
pathways through binding to TrkB, a receptor tyrosine
kinase; BDNF also acts as a fast neurotransmitter and
can rapidly depolarize neurons. BDNF has many
functions in neuronal plasticity and cell survival.
BDNF gene transcription is electrical-activity-dependent
and controlled, antagonistically, by two calcium signal-
ing pathways: calcium flux through synaptic NMDA
receptors (or through L-type voltage-gate calcium
channels) stimulates BNDF gene transcription; in con-
trast, calcium flux through extrasynaptic NMDA
receptors antagonizes increases in BDNF expression.
The BDNF gene’s promoter is complex and provides
binding sites for many transcription factors; however, a
key factor is CREB, which may explain the opposing
action of synaptic and extrasynaptic NMDA receptors
on influencing BDNF gene transcription. Activation of
synaptic NMDA receptors (or L-type voltage-gate
calcium channels) strongly promotes CREB activity,
whereas CREB function is shut off following
activation of extrasynaptic NMDA receptors. Thus,
the dialogue between the synapse and the nucleus is
modulated by extrasynaptic NMDA receptors; those
receptors trigger a CREB shut-off signal and antagonize
increases in BDNF transcription induced by calcium
entry through synaptic NMDA receptors. This under-
scores the importance of the intracellular localization
of the calcium signal for the specification of the
neuronal response.

SEE ALSO THE FOLLOWING ARTICLES
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GLOSSARY

calcium Principal second messenger in the control of gene expression
by electrical activity in neurons.

CBP (CREB binding protein) Transcriptional coactivator regulated
by cAMP and calcium signaling pathway; interacts with CREB and
many transcription factors thereby conferring calcium- and cAMP-
inducibility.

CRE (cAMP response element) DNA regulatory element present in
the promoter of many genes.

CREB (CRE binding protein) CRE-interacting transcription factor
that is a target of cAMP and calcium signaling pathways; mediates
gene induction upon synaptic activity and nuclear calcium
transients.

MAP kinases/extracellular signal-regulated kinases (ERK 1/2)  Impor-
tant intracellular signaling pathway; activated by electrical activity-
induced submembranous calcium signals.

spatial calcium signaling Electrical activity can induce calcium
signals in different intracellular compartments; submembra-
nous, cytoplasmic, and nuclear calcium activate gene expres-
sion through different mechanisms and have distinct genomic
targets.

SRE (serum response element) DNA regulatory element regulated
by signaling pathway, activated by growth factors, serum, or
calcium; nuclear target of MAP kinases (ERK 1/2) signaling
pathway.
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Neuronal Intermediate Filaments
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Neuronal intermediate filaments (IFs) are 10—12 nm filaments
that are expressed in the nervous system. IF proteins belong to
alarge gene family and the expression of different IF proteins is
tissue specific. In the nervous system, different neuronal IFs are
expressed in neuroepithelial stem cells, the central nervous
system (CNS) and peripheral nervous system (PNS). In
addition, the expression patterns of these neuronal IFs are
developmentally regulated. There are six neuronal IFs that will
be described in this section. These are the three neurofilament
triplet proteins (NFTPs), a-internexin, peripherin, and nestin.

Introduction

The cytoskeleton of most eukaryotic cells is composed of
microtubules, microfilaments, and IFs. Microtubules are
25 nm in diameter and are composed of two subunit
proteins called a- and B-tubulin, as well as a number of
associated proteins, microfilaments are 6—-8 nm in
diameter and made up of a protein called actin. IFs are
intermediate in size between the microtubules and
microfilaments. All IF proteins contain a central a-
helical rod domain flanked by nonhelical N-terminal
head and C-terminal tail domains. The rod domain
contains hydrophobic repeats (called heptad repeats)
that mediate dimerization by allowing two a-helices to
wrap around each other forming a “coiled coil.”
Subsequent polymerization into filaments involves the
formation of tetramers and higher-order structures for
which the N-terminal head domain is particularly
important. Based on their protein sequence similarities
and their gene structure, the IF protein family is
separated into six or seven types. In the nervous system,
IFs are expressed in both neurons and glial cells. In the
CNS, astroglial cells express the glial fibrillary acidic
protein (GFAP), whereas oligodendrocytes appear to be
one of the few cell types that express no cytoplasmic IFs.
In the PNS, Schwann cells express the more ubiquitous
IF protein vimentin. Vimentin and GFAP are quite
similar in sequence and gene structure and are part of a
subfamily of IFs called type III IFs.

Neuronal IFs are the major and most visible
filamentous structures in the axons. The number of
neuronal IFs is correlated with axon diameter and they
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are believed to be primary determinants of axonal
diameter. The NFTPs are the most ubiquitous IF proteins
in neurons; they are present in both central and
peripheral nerves. The NFTPs and a-internexin are
more closely related to each other than to other IF
proteins and are classified together as a subfamily called
type IV IFs. The expression of peripherin predominates
in the PNS. Although peripherin is expressed exclusively
in neurons, based on its protein sequence homologies
and its gene structure, peripherin is more similar to
vimentin and GFAP and is therefore considered a type I1I
IF. Nestin is the IF protein found in neuroepithelial stem
cells, as well as muscle progenitor cells. The protein
sequence of nestin is quite unique and nestin is some-
times considered to be a separate type VI IF. However,
on the basis of its gene structure, it resembles the other
type IV neuronal IFs.

One of the hallmarks of a number of neurodegenera-
tive diseases is the accumulation of neuronal IFs in the
form of axonal spheroids. These axonal spheroids have
been observed in amyotropic lateral sclerosis (ALS, also
called Lou Gehrig’s disease) as well as other neuropa-
thies. A number of recent studies from transgenic mice
have indicated that the disorganization of neuronal IFs,
especially in the forms of axonal spheroids, can lead to
neurodegeneration. The relationship between the var-
ious neuronal IF proteins and neurodegeneration will be
discussed below.

The Neurofilament Triplet Proteins

The NFTPs are composed of three proteins called NFL,
NFM, and NFH for neurofilament light, medium, and
heavy chain. NFTPs have been identified in all mammals
and birds. The identification of the NFTPs was first done
on the basis of studies on the transport of proteins in the
axon. To study the transport of particular proteins, early
studies used radioactive amino acids to label the newly
synthesized proteins, and the nerves were then analyzed
to determine the rates at which different proteins move.
The slowest moving fraction moved at 0.1—1 mm per day
and were believed to be the structural components. There
were five major proteins, a- and B-tubulin and three

21



22 NEURONAL INTERMEDIATE FILAMENTS

proteins with apparent molecular weights of 68, 145, and
200 kDa. Since actin, the component of the microfila-
ments, moved somewhat faster than these five proteins,
the three unidentified proteins were identified as the
subunits of the other structural element, the neurofila-
ments. Biochemical verification came when neurofila-
ments were purified and isolated and the contaminating
astroglial filaments were removed. Each subunit was
purified and the ability of the purified proteins to
assemble in vitro was determined and assayed by
examining the assembled filaments under the electron
microscope. These iz vitro assembly studies showed that
the 68 kDa protein, later called NFL, was necessary and
sufficient for IF formation. The 145 kDa (NFM)
and 200 kDa (NFH) proteins coassembled with NFL
and their long C-terminal tails appeared to form the links
that can be observed between filaments in the electron
microscope. The actual sequences of each of these pro-
teins were determined by protein sequencing and later by
c¢DNA cloning. They are shown schematically in Figure 1.
Like all other IFs they contain a central a-helical rod
domain flanked by nonhelical N-terminal head and
C-terminal tail. The rod domain contains a-helical seg-
ments that are represented as cylinders. The rod domain
of NFL can be divided into three separate segments (1A,
1B, and 2), whereas those of NFM and NFH are sepa-
rated into two segments. The NF proteins have variable
size C-terminal tails. The lengths of the C-terminal
tails determine the ultimate sizes of the three proteins.
The tails of NFM and NFH contain multiple lysine-
serine protein (KSP) repeats (shown as yellow circles),
which are sites for phosphorylation as described below.
As mentioned above, NFL is necessary for filament
formation. Using various assays to study protein—
protein interactions, it has been demonstrated that NFL
can form homodimers and heterodimers with NFM and
NFH. These results are consistent with the earlier

observations from in vitro assembly studies that NFL
can form a filament, whereas the other two proteins
require NFL to assemble into filaments. Interestingly,
transfection studies have shown that rat or mouse NFL
needed either NFM or NFH to form a filamentous
network in vivo, indicating that rodent neurofilaments
are obligate heteropolymers. Human NFL can self-
assemble in the transfected cells, but this assembly is not
very efficient. The other neuronal IF proteins, periph-
erin, and oa-internexin are able to self-assemble into
homopolymers in vitro and in vivo, although NFM
appears to have an inhibitory effect on the ability of
peripherin to assemble into a filamentous network.

Neurofilaments have been suggested to play a role in
regulating axonal caliber and thereby influencing axonal
conduction velocity. This role has been confirmed by
studies of the Japanese quiver quail, which has a
premature termination codon in its NFL gene and
consequently no neurofilaments in its axons. Normal
radial growth is severely inhibited in the large caliber
fibers. When the NFL gene was deleted in NFL knockout
mice, no visible IFs were observed and there was axonal
hypotrophy. There was also a substantial decrease in
NFM and NFH in the NFL knockout mice, presumably
because they were unstable, since they could not
polymerize into filaments. Curiously, in spite of this
hypotrophy, the NFL deficient mice developed normally
and showed no obvious neurological problems. NFM
and NFH knockouts have an even less severe phenotype.
NFM knockouts also resulted in some reduction of the
caliber of large axons and some axonal loss, whereas
NFH knockouts resulted in an even more modest
reduction in axonal caliber. Overexpression of NFL
and either NFH or NFM in transgenic mice resulted in an
increase in the number of neurofilaments as well as
axonal caliber, consistent with the role of neurofilaments
in regulating axonal calibers.

FIGURE 1 Diagrammatic representation of the NFTPs. Note that the size of the proteins are dependent on the lengths of the C-terminal tails. The
a-helical rod regions are shown as cylinders. The KSP phosphorylation sites in the tail regions are shown as yellow circles. The first two mutations

linked to CMT disease in NFL are indicated.



NFs are characterized by their phosphorylation, a
post-translational mechanism that is thought to regulate
their functions. NFM and NFH are phosphorylated
mainly in the (KSP) repeats located in their C-terminal
tail domains. These phosphorylation sites are depicted in
the tail domains seen in Figure 1. NFH has 44-51 KSP
residues, whereas NFM has 5-14 of these residues,
depending on species. Phosphorylation of NFs induces
extension of their side arms from the filament backbone,
apparently increasing the spacing between individual
filaments and ultimately the axonal caliber. Phosphor-
ylated NFs are found in axons, while the nonphos-
phorylated forms are found in neuronal cell bodies and
dendrites. A number of different kinases have been
shown to phosphorylate the KSP residues of NFM and
NFH. Phosphorylation of the KSP residues has been
proposed to be important for the increase of the radial
growth of axons by increasing the nearest neighbor
distances between the neurofilaments, possibly through
electrostatic repulsion between the neurofilament side-
arms. The evidence for this proposal came from electron
microscopy studies that showed that dephosphorylated
neurofilaments were more closely spaced together than
phosphorylated neurofilaments. In the dysmyelinated
Trembler mouse mutant, there is a decrease in neurofila-
ment phosphorylation and smaller axonal diameter.
When segments of Trembler sciatic nerves were grafted
onto control nerves, the Trembler segments still main-
tained their smaller diameters and dephosphorylated
neurofilaments, whereas adjacent regions showed nor-
mal diameters and neurofilament phosphorylation.
These studies were considered as strong evidence that
phosphorylation of neurofilaments (especially of NFH)
is a determinant of axonal diameter. It therefore came as
a surprise that the NFH knockout mice showed only a
slight decrease in nearest neighbor spacing of neurofila-
ments and did not change the axon caliber, indicating
that NFH phosphorylation may be less important for the
determination of axonal caliber than was predicted. To
test this particular property of NFH more rigorously, the
NFH gene was replaced in transgenic mice with one
deleted in the NFH tail. The results showed that the loss
of the NFH tail and all of its phosphorylation sites did
not affect the interfilament spacing of the neurofila-
ments. In contrast, the NFM tail and its state of
phosphorylation may be more important for radial
growth, even though it contains considerably fewer
phosphorylation sites.

As described before, neurofilament proteins are
synthesized in the cell body and have been found to
move down the axon as part of the slow component of
axonal transport with a velocity of ~0.1-1 mm day .
The initial hypothesis was that the entire axoplasm
moved as a coherent block, but more recent work has
shown that the entire axoplasm in its totality does not
move. Neuronal IFs are now thought to move as
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monomeric and polymeric units. Studies using proteins
tagged with green fluorescent protein and live-video
microscopy have demonstrated that neuronal IFs
undergo rapid, intermittent, and nonsynchronous trans-
port in both directions, with predominance of the
anterograde transport and long pauses in between
movements along the axons. These studies indicate
that slow transport is actually the result of fast motions
interrupted by long pauses. This fast transport is likely
to utilize one of the many motors that have been
identified for fast transport. These motor proteins could
also be responsible for some of the cross-links observed
between IFs and microtubules. Other potential cross-
linkers are members of the plakin family of proteins that
were first identified in junctions in epithelial cells. Recent
studies have indicated that some plakins are also
expressed in the nervous system. Plakins have distinct
domains that include microtubule, microfilament, and
[F-binding domains and could therefore be important in
the formation of cross-links between these cytoskeletal
elements. The phosphorylation of the side chains of the
neurofilaments described above has also been considered
to be important for the regulation of transport of
neurofilaments through axons. Two recent studies have
provided different conclusions regarding the role of
NFH side arm phosphorylation in neurofilament trans-
port. In one study, all the potential phosphorylation sites
of NFH were mutated either to preclude phosphoryla-
tion or mimic permanent phosphorylation of the NFH
side arms. These mutants displayed altered rates of
transport in a bulk transport assay. The mutant
mimicking permanent phosphorylation spent a higher
proportion of time pausing than one that could not be
phosphorylated, indicating that NFH phosphorylation
slows neurofilament transport. In contrast, in transgenic
mice, where the endogenous NFH was replaced by a
tailless NFH, there were no changes in the rate of bulk
transport. These studies indicate that the mouse studies
are not always consistent with the studies in cultured
cells, in part due to additional compensatory mechan-
isms that may exist in the mouse. In any case, some of
these aspects of neurofilament transport will become
clearer when the specific motors that move neurofila-
ments are identified.

Overexpression of neuronal IFs in transgenic mouse
models results in the formation of mislocalized protein
aggregates, which affect neuronal function and survival.
This has been shown in the case of human NFH, mouse
NFL, peripherin, and rat a-internexin. The relationship
between misexpression, disrupted transport, and mis-
localization of neuronal IFs to neurodegeneration is also
apparent from the appearance of axonal neurofilamen-
tous accumulations in a number of neurodegenerative
diseases. In particular, aggregation of IFs in motor
neurons and alteration in their axonal transport has
been reported in amyotrophic lateral sclerosis (ALS).
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It appears likely that mutations in neurofilament
proteins would also lead to neurodegeneration. When
an assembly disrupting NFL mutant was produced
in a transgenic mouse model, the mutant NFL caused
massive degeneration of motor nerves. Recently, several
mutations have been identified in neurofilament
proteins that lead to neurodegenerative diseases.
Deletions and insertions in the tail domain of NFH
have been reported in 1-2% of patients with sporadic
ALS. More strikingly, a number of mutations in the NFL
gene have now been linked to Charcot-Marie-Tooth
neuropathy type 2E. Two of these mutations (P8R and
Q333P) are shown in Figure 1. When these same
mutations are introduced in an NFL cDNA and the
mutant NFL constructs are expressed in cultured cells,
defects in assembly and transport of NFL are observed.
It appears therefore that these mutations in NFL might
alter axonal transport, which in turn would cause
neurodegeneration. This notion is consistent with the
hypothesis that alterations in axonal transport (in which
neuronal IFs could be directly or indirectly involved)
play a role in the pathogenesis of other neurodegenera-
tive diseases.

a-Internexin

a-Internexin was first isolated from optic nerve and
spinal cord and found to be particularly abundant in the
developing nervous system. a-Internexin has an appar-
ent molecular weight of 66 kDa and is therefore a little
smaller than the NFTPs. Although it is present in both
the CNS and PNS early in development, it is mainly CNS
specific in the mature mammalian nervous system.
Consistent with its expression early in development in
the absence of other IFs, a-internexin has been shown to
be able to self-assemble both in vitro and in transfected
cells. a-Internexin is closely related to the NFTPs and
is therefore also classified as a type IV IF protein.
a-Internexin is the first neuronal IF expressed in neurons
after they are committed to the neuronal lineage. The
expression of a-internexin is high early in development
and then decreases after the axon matures. In the PNS,
the level of a-internexin decreases significantly in
adulthood, although it persists especially in thinner
unmyelinated axons. In the CNS, a-internexin
expression is also lower after the axon matures. Of
particular interest is the fact that a-internexin is the only
neuronal IF expressed in some neurons, e.g., the granule
cell neurons in the cerebellum. The axons of these
neurons are thinner in diameter than the ones that
express the NFTPs suggesting that a-internexin is not
important for maintaining axonal diameter. The early
expression of a-internexin led to the suggestion that it
might be important for axon outgrowth. Although this
idea was supported by antisense inhibition experiments

in cultured cells, the a-internexin knockout mice have
no obvious phenotype. No compensatory changes in the
levels of other neuronal IFs were observed and it appears
that a-internexin is not necessary for axon outgrowth in
these mice. Unfortunately, these knockout studies tell us
little about other potential functions of this protein.
Overexpression of a-internexin in transgenic mice
results in the formation of cerebellar torpedoes.
These torpedoes are swellings in Purkinje cell axons.
The presence of these torpedoes results in the degener-
ation and ultimate death of the Purkinje cell. There is a
dysfunction of the cell as determined behaviorally from
the transgenic mice before the cells die.

Peripherin

Peripherin was first identified as an IF protein from
neuroblastoma and its cDNA was cloned from a cell line
that can be induced to grow neuronal processes by the
addition of nerve growth factor, called PC12 cells.
Peripherin has a molecular weight of 57 kDa and
belongs to the type III IF proteins, which also consists
of vimentin, the glial specific GFAP, and the muscle
specific IF protein called desmin. Peripherin is therefore
the only type III neuronal IF protein, since all the other
neuronal IFs are in the type IV category. The significance
of this difference is not known. Like all the other type III
IFs, peripherin can self-assemble into a filamentous
network. Peripherin can also coassemble with other
neuronal IFs. Peripherin is predominantly found in the
PNS (hence its name), but some CNS neurons also
express peripherin. As described above, peripherin was
identified as a gene that was increased in PC12 cells
upon stimulation by nerve growth factor. Peripherin has
also been shown to be up-regulated following axonal
injury. These studies suggested that peripherin may play
a role in axon outgrowth and elongation. Peripherin
depletion experiments with anti-sense technologies
yielded conflicting results: initial studies showed that
anti-sense oligonucleotides did not inhibit neurite out-
growth, whereas more recent studies using small
interfering RNAs (siRNAs) showed that peripherin
siRNA inhibits the initiation, extension and mainten-
ance of neurites in PC12 cells. The reason for this
discrepancy is not clear. Peripherin knock-out mice have
normal caliber axons and show no axonal loss. Some
interesting observations have led to the possibility that
misexpression of peripherin can lead to neurodegenera-
tive disease. Peripherin has been found in axonal
spheroids in patients with ALS. Furthermore, over-
expression of peripherin by four to seven fold in
transgenic mice leads to late onset progressive motor

neuron disease, which is accelerated in mice that
lack NFL.



Nestin

Nestin was first described as a marker of neuroepithelial
stem cells. Subsequent cDNA cloning showed that a
large IF protein encoded this marker. Nestin has the
basic hallmarks of an IF protein with a a-helical rod,
capable of forming coiled coil dimers, a very short head
domain and a very long tail domain. Nestin has little
homology to the other mammalian IF proteins, but its
genomic structure is similar to the NFTPs and
a-internexin. As a result, nestin is placed either as a
separate type of IF (type VI), or as a type IV IF along
with the NFTPs and a-internexin. During early devel-
opment, nestin is expressed in neuroepithelial cells and
muscle progenitor cells. Transgenic mouse studies have
indicated that different regulatory elements in the
nestin gene are responsible for directing gene expression
in developing muscle and neural precursor cells,
respectively. Nestin is not able to self-polymerize, but
requires vimentin to form a filamentous network.
There have been no published reports of a nestin
knockout mouse.
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GLOSSARY

axonal spheroids Accumulations of protein aggregates in axons,
usually containing neurofilamentous structures.

axonal transport The movements of vesicles, mitochondria, and
other cytoplasmic structures down the axon, necessitated by the
fact that most protein synthesis occurs in the axon and the proteins
must sometimes travel long distances to reach the end of the axon.
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This transport generally occurs by way of motor proteins along
microtubules and microfilaments.

Charcot—Marie-Tooth (CMT) disease An inherited neurological
disorder that affects the peripheral nerves. It is named after the
three physicians who described it. CMT patients slowly lose the
normal use of their limbs as the nerves to the extremities
degenerate. There are a large number of different causes for the
disease, including the recently identified neurofilament mutations.

cytoskeleton A network of interconnected cytoplasmic filaments that
consists of microtubules, microfilaments and IFs.

transgenic mouse A mouse that has been genetically altered to
express a gene that is not normally expressed or to have a gene
deleted (also called a knockout mouse).
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Neuropeptide Y (NPY) is a 36 amino acid neuropeptide that
is widely distributed in both the central and peripheral
nervous systems. NPY is a member of the pancreatic poly-
peptide family, which also includes the structurally related
peptides peptide YY (PYY) and pancreatic polypeptide (PP).
Neurons containing NPY typically coexpress and cosecrete
classical neurotransmitters and/or other neuropeptides
(e.g., norepinephrine, y-aminobutyric acid, somatostatin,
corticotrophin releasing hormone); hence, NPY probably
acts in concert with other neurotransmitters and neuro-
peptides in either a cotransmitter or modulatory role. As
expected from its ubiquitous distribution and colocalization
with other neurotransmitters and neuropeptides, NPY has
been implicated in a wide variety of physiological effects,
including the regulation of body weight, neuronal excitability,
circadian rhythms, mood, ethanol consumption, nociception,
cognition, endocrine function, cardiovascular function, gas-
trointestinal function, and bone formation. The effects of
NPY on energy homeostasis have been most extensively
studied in recent years. NPY increases body weight via
stimulation of food intake and reduction of energy expendi-
ture and also induces metabolic abnormalities associated
with obesity, including hyperinsulinemia, hyperglycemia,
and hypercortisolemia.

Neuropeptide Y (NPY) produces its physiological
effects by interacting with at least six distinct
G-protein-coupled receptors designated Y, Y., Y3,
Y4, Ys, and ys. With the exception of the Y3 receptor,
genes and/or cDNAs encoding each of these receptors
have been cloned. Pharmacological tools that activate
(agonists) or inhibit (antagonists) each of the NPY
receptors have also been identified (Table 1, Figure 1).
Although all the NPY receptors are G-protein-coupled
receptors with high affinity for NPY, their primary
sequences are not highly related to one another
(Figure 2). Site-directed mutagenesis studies suggest
that NPY, NPY-related peptides, and nonpeptide NPY
receptor antagonists have overlapping (although not
entirely identical) binding sites, composed primarily of
residues in the extracellular domains and in the
extracellular side of the transmembrane domains.
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The NPY Y; Receptor

The NPY Y, receptor is pharmacologically character-
ized by its high affinity for [Pro’*|NPY and
[D-Arg”INPY; its low affinity for N-terminally trun-
cated NPY analogues; and its high affinity for
nonpeptide antagonists such as 1229U91, BIBP3226,
and BIBO3304 (Table 1, Figure 1). Structurally, the
receptor is related to the NPY Y, and NPY yq
receptors (Figure 2). NPY Y; receptor mRNA is
expressed at highest levels in brain (especially cortex,
hippocampus, thalamus, and hypothalamus), vascular
smooth muscle, heart, kidney, spleen, skeletal muscle,
lung, testis, adrenal gland, placenta, bone marrow, and
gastrointestinal tract. NPY Y, receptor protein distri-
bution mirrors mRNA distribution fairly closely with
the notable exception that low levels of receptor are
detected in most hippocampal regions. The NPY Y,
receptor is coupled to multiple signal transduction
pathways via pertussis toxin sensitive G proteins (G;
and/or G,), including reduction of cyclic AMP (cAMP)
formation, an increase in intracellular calcium, an
increase in MAP kinase activity, and activation of
GIRK K channels and L-type Ca?' channels. The
NPY Y, receptor mediates several biological effects of
NPY, including contraction of vascular smooth muscle,
stimulation of food intake and body weight gain,
inhibition of insulin secretion, anxiolytic and anti-
depressant effects, regulation of pituitary hormone
secretion (reduction of growth hormone and thyroid
stimulating hormone secretion, stimulation of luteiniz-
ing hormone secretion), regulation of ethanol con-
sumption, nociception, and neurogenic inflammation.
Activation of the NPY Y, receptor acutely stimulates
food intake and body weight gain, and acute treatment
with NPY Y; receptor antagonists often has the
opposite effect. As expected from acute experiments,
mice lacking the NPY Y; receptor are hypophagic,
hyperinsulinemic and have slightly reduced NPY- and
deprivation-induced food intake. However, NPY Y,
receptor-deficient mice are also obese, perhaps due to
hyperinsulinemia, reduced locomotor activity, and/or
reduced metabolic rate.
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Potencies of Standard Agonist and Antagonist Ligands for the Known NPY Receptors

Peptide Y1 Y2 Y3 Y4 Y5 Y6
NPY 0.14 1.2 1.8 >1000 0.96 1.9
PYY 0.70 0.58 7200 >1000 1.0 0.8
NPY (2-36) 3.4 1.6 >1000 1.2 1.4
NPY (3-36) 110 2.4 >1000 2.8 4.9
NPY (13-36) 300 2.2 >1000 20 16.1
[Pro®*] PYY 0.37 >1000 6.0 1.3

Human PP 150 >1000 0.037 1.4 >1000
Rat PP >1000 >1000 0.060 170 >1000
[D-Arg®’ INPY 0.2 28.1 577 118

1229U91 0.063 > 1000 3 > 1000 0.8
BIBP3226 5.1 > 1000 > 1000 > 1000 > 1000 > 1000
BIBO3304 0.38 > 1000 > 1000 > 1000

BIIE0246 > 1000 15 > 1000 > 1000

[D-Trp>’|NPY >1000 >1000 >1000 43 164
[D-Trp>*|NPY 363 >1000 525 15 186
[Ala®!, Aib>?|NPY >1000 >1000 >1000 29

CGP-71684A > 1000 > 1000 > 1000 0.72 > 1000

ECso (nM) (Agonists; normal text) or K; (nM) (Antagonists; bold text).

The NPY Y, Receptor

The NPY Y, receptor is structurally quite distinct
from the other NPY receptors (Figure 2) and is
pharmacologically characterized by its high affinity for
N-terminally truncated NPY analogues, its low affinity
for [Pro®*]NPY, and its high affinity for the nonpep-
tide antagonist BIIE0246 (Table 1). The NPY Y,
receptor is localized primarily in the brain, but is also
expressed at low levels in the gastrointestinal tract
and peripheral nerve terminals. In the brain, highest
levels of NPY Y, receptor mRNA are found in
hippocampus, piriform cortex, olfactory tubercle,
hypothalamus, thalamus, inferior olive, and lateral
reticular nucleus. NPY Y, receptor protein is detected
at highest levels in subfornical organ, thalamus,
hypothalamus, substantia nigra, and area postrema.
NPY-containing neurons in the brain express the NPY
Y, receptor and the NPY Y, receptor antagonist
BITE0246 increases depolarization-evoked NPY release
from brain slices, suggesting that the NPY Y, receptor
acts as an autoreceptor. Similarly, pharmacological
studies have shown that the receptor is localized on
sympathetic, parasympathetic, and sensory nerve
terminals where it functions as both an autoreceptor
and a heteroreceptor to regulate neurotransmitter/
neuropeptide release. The NPY Y, receptor couples to
pertussis toxin-sensitive G proteins (G; and/or G,)
leading to a reduction of cAMP formation, an

increase in intracellular calcium mediated by acti-
vation of phospholipase C, an increase in MAP kinase
activity, an activation of K%' channels (e.g., Kv4,
GIRK, and Ca?" activated K' channels), and an
inhibition of voltage-gated (N and P/Q type) Ca’"
channels. The NPY Y, receptor also apparently
increases intracellular calcium via a phospholipase
C-independent pathway that utilizes a pertussis-toxin
insensitive G protein. The NPY Y, receptor is
involved in several physiological processes, including
reduction of neuronal excitability and seizure activity,
regulation of circadian rhythms, regulation of body
weight and energy metabolism, improvement in
learning and memory, regulation of ethanol consump-
tion, reduction of bone formation, reduction of
gastrointestinal motility, intestinal secretory activity
and stimulation of angiogenesis and wound healing.
The precise role of the NPY Y, receptor in the
regulation of body weight is currently unclear.
Selective NPY Y, receptor peptide agonists do not
alter food intake, suggesting that this receptor does
not mediate the orexigenic effects of NPY. In fact, the
NPY Y, receptor peptide agonist PYY3-36, which is
released postprandially, actually decreases food intake
and body weight in humans. Variable effects of
genetic deletion of the NPY Y, receptor in mice
have been reported. Further studies are needed to
definitively determine the role of the NPY Y, receptor
in the regulation of body weight.
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The NPY Y3 Receptor

The NPY Y3 receptor has been pharmacologically
characterized in bovine adrenal chromaffin cells and in
the rat heart, colon, lung, hippocampus, and brain-
stem. The distinguishing pharmacological feature of
this receptor is its higher affinity for NPY than for
PYY. Activation of the NPY Y; receptor has been
shown to decrease cAMP formation and increase
intracellular calcium concentration. Application of
NPY to the brainstem decreases blood pressure and
heart rate, effects that may be mediated by activation
of the NPY Y; receptor. Although pharmacological
evidence supports the existence of this receptor in rats
and cows, there is no evidence that this receptor exists
in humans, and a gene or cDNA encoding the
receptor has not been cloned. Molecular characteriz-
ation of the NPY Y; receptor is required to
unequivocally validate its existence and determine its
physiological role.

The NPY Y4 Receptor

The NPY Y, receptor is structurally related to the
NPY Y; and NPY vy receptors (Figure 2), but has
distinct pharmacological properties (Table 1). Speci-
fically, the NPY Y, receptor has high affinity for
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human and rat pancreatic polypeptide (PP), but has
low affinity for NPY (Table 1). Indeed, this receptor
would be more accurately classified as a PP receptor
rather than as an NPY receptor. Interestingly, the rat
and human NPY Y, receptors display some significant
pharmacological differences, perhaps due to the fact
that these species orthologues are only 75% identical
to one another. Very low levels of NPY Y, receptor
mRNA are expressed in the brain, primarily in the
brainstem and hypothalamus. There are also species
differences in the expression pattern of the NPY Y,
receptor in the periphery. In rat, the receptor is
expressed primarily in testis and lung, whereas in
human the receptor is expressed primarily in colon,
small intestine, prostate, and pancreas. Activation of
the NPY Y4 receptor decreases cCAMP formation and
increases intracellular calcium. Pharmacological studies
have shown that, the NPY Y, receptor mediates the
ability of PP to increase pancreatic secretion and
increase intestinal motility. Mice lacking the NPY Y4
receptor suggest that this receptor is involved in
aggressive behavior and in maintaining sympathetic
nervous system activity. In addition, genetically obese
oblob mice lacking the NPY Y, receptor have improved
fertility relative to ob/ob mice with an intact NPY Y,
receptor, suggesting that this receptor mediates at
least some of the negative effects of NPY and/or
PP on fertility and on the hypothalamic-pituitary—
gonad axis.
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FIGURE 2 Alignment of the primary sequences of the NPY receptors. Amino acids that are identical in =3 NPY receptors are shaded dark while
conservative amino acid substitutions in >3 NPY receptors are shaded light. The approximate location of the seven transmembrane domains is

indicated over the sequences.

The NPY Y; Receptor

The NPY Y receptor is a structurally and pharmacolo-
gically unique NPY receptor (Figure 2) characterized
by high affinity for N-terminally truncated NPY
analogues [Pro**]NPY, [D-Trp**|NPY, [D-Trp**|NPY,
and [Ala®!, Aib**INPY (Table 1). This receptor also

has high affinity for several recently disclosed
nonpeptide antagonists such as CGP-71684A
(Figure 1). The NPY Y5 receptor is discretely localized
in brain, primarily in hypothalamus, hippocampus,
piriform cortex, and olfactory tubercle. Interestingly,
NPY Y5 receptor mRNA is almost always localized in
neurons that also express NPY Y; mRNA. Since the



30 NEUROPEPTIDE Y RECEPTORS

genes encoding the NPY Y; and Y; receptors overlap
on chromosome 4q31, this may reflect a regulatory
mechanism inherent to this gene locus. In the periph-
ery, NPY Y5 receptor mRNA has been detected in
testis, spleen, pancreas, gastrointestinal tract, vascular
smooth muscles, and cardiomyocytes. Like the other
NPY receptors, the NPY Ys receptor couples to
multiple G protein-mediated pathways (primarily
pertussis toxin-sensitive G proteins G; and/or G,) to
decrease cAMP formation, increase intracellular cal-
cium concentration, and activate MAP kinase path-
ways. There is evidence that the NPY Y5 receptor
utilizes a somewhat different signaling pathway to
activate MAP kinase than do the other NPY receptors.
Evidence suggests that this receptor is involved in the
regulation of body weight (stimulation of food intake
and reduction of energy expenditure), control of
glucose homeostasis, regulation of pituitary hormone
secretion (stimulation of adrenocorticotropin secretion,
inhibition of thyroid stimulating hormone secretion,
inhibition of luteinizing hormone secretion), regulation
of ethanol consumption, control of neuronal excit-
ability and seizure activity, circadian rhythms, diuresis,
and natriuresis. Although selective NPY Y5 receptor
peptide agonists have been shown to stimulate food
intake and decrease energy expenditure, selective NPY
Y5 receptor antagonists generally do not affect food
intake, energy expenditure, or body weight. Further-
more, mice lacking the NPY Y5 receptor have normal
food intake, energy expenditure, and body weight.
Thus, the role of the NPY Y5 receptor in the regulation
of body weight remains unclear.

The NPY y¢ Receptor

The NPY vy receptor is structurally related to the NPY
Y and Y4 receptors. It is pharmacologically very similar
to the NPY Y, receptor, although it tends to bind N-
terminally truncated NPY analogues with somewhat
higher affinity than the NPY Y, receptor. The NPY yq4
receptor couples to Gj and inhibits cAMP formation.
Interestingly, a functional NPY y¢ receptor is found in
mice and rabbits, but not in rats and primates. In the
case of rats, a gene encoding the NPY y, gene cannot be
detected, whereas in primates the gene is a
nonfunctional pseudogene. The lack of a functional
NPY vy receptor in primates has resulted in the adoption
of a lower case designation for this receptor. In mice,
NPY y¢ receptor mRNA has been detected in kidney,
testis, and brain, particularly in the hypothalamus.
Although the NPY vy¢ receptor clearly does not
contribute to the effects of NPY in humans, this receptor
must be taken into account when considering the
physiological effects of NPY in mice. To date, however,

no physiological effect of NPY in mice has been linked to
activation of the NPY y¢ receptor.

Regulation of NPY Receptors

As is the case for most G-protein-coupled receptors, NPY
receptors are subject to various mechanisms of regu-
lation. The NPY Y4, Y5, and Y5 receptors have recently
been shown to exist as homodimers in the plasma
membrane, although the extent of homodimerization
was not affected by the binding of NPY to the receptors
or by the coupling of the receptors to G proteins. NPY
receptors have also been shown to be subject to both
homologous and heterologous desensitization. These
desensitization processes are typically mediated by
phosphorylation of the receptor and subsequent associ-
ation of the phosphorylated receptor with arrestins. Over
a longer period of time, receptors can internalize and be
recycled or degraded. Changes in receptor gene
expression can also occur. NPY Y, receptors rapidly
desensitize after NPY treatment by phosphorylation of
the receptor and rapid internalization of the receptor via
clathrin coated pits. Conversely, NPY Y, receptors are
internalized very slowly. The NPY Yy, Y5, Y4, and Y5
receptors also associate with B-arrestin 2, with the Y,
receptor again showing the most rapid association rate
and NPY Y, receptors showing the slowest association
rate. With respect to heterologous desensitization, NPY
Y, receptors have been shown to desensitize after
exposure of LN319 cells to bradykinin.

SEE ALSO THE FOLLOWING ARTICLES

G Protein-Coupled Receptor Kinases and Arrestins e
Neurotensin Receptors e Neurotransmitter Transpor-
ters e Phospholipase C

GLOSSARY

G protein A heterotrimeric GTP binding protein consisting of a-, 8-,
and y-subunits. G proteins link G-protein-coupled receptors to a
wide variety of effector molecules in signal transduction pathways
by alternately binding and hydrolyzing GTP in response to receptor
and effector activation.

G-protein-coupled receptors (GPCRs) A family of ~ 500 neurotrans-
mitter and neuropeptide receptors (as well as several hundred
odorant receptors) that are structurally characterized by seven
transmembrane domains, an extracellular amino terminus, and a
cytoplasmic carboxy terminus. This receptor family is functionally
characterized by the ability to bind and activate G proteins upon
binding of their cognate ligand.
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Peptides are now well-recognized as important modulators of
central and peripheral functions. Among the considerable
number of peptides which has been discovered in various
species, neurotensin (N'T) has been found to play an essential
role in specific brain and neuroendocrine functions and more
recently in cancer. These effects of NT have been related to an
interaction of this 13 aminoacid peptide with receptors
belonging to the family of G protein-coupled receptors
(GPCRs) with seven transmembrane domains. Very recently
a new NT receptor with a single transmembrane domain has
been discovered. Cloning of these receptors has permitted to
develop agonists and antagonists for NT, the more recent
developments being focused on the potential therapeutical
usefulness of nonpeptide and peptido-mimetic substances able
to cross the blood—brain barrier.

Neurotensin

The discovery of Neurotensin (NT), a 13 aminoacid
peptide, occurred during the isolation of another peptide,
substance P, from bovine hypothalamus, by Susan
Leeman and Robert Carraway in 1973. It was the simple
observation of a characteristic vasodilatation occurring
around the face and ears after intravenous injection of
the isolated material which allowed the purification of
NT. Rapidly after its primary structure in aminoacids
was known, antibodies were raised, a strategy used for
several peptides in order to develop sensitive radio-
immunoassays and immunocytochemical approaches
which provided useful information on the physiology,
content, distribution, and anatomical localization of NT
in fluids and tissues. Though NT was first found in the
brain, 90% of the peptide is located in the gut.

The main in vivo biological activities of NT following
peripheral administration include a strong vasodilatation
and hypotension, an increase in vascular permeability via
histamine released by the mast cells, a hyperglycemia
involving glucagon, insulin and histamine, inhibition
of gastric acid and pepsin secretion and of gastric
motility. Strong neuroendocrine effects on the release of
pituitary hormones such as ACTH, LH, FSH, GH, and
prolactin have been particularly evidenced. Central
injection of NT induced hypothermia, release of the
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neurotransmitter dopamine (DA), inhibition of feeding
in fasted animals, and analgesic effects which are not
mediated by opiates. Finally, high-fat meal and
drugs affecting the brain DA systems have been
reported to produce strong release of NT in plasma and
brain, respectively.

Neurotensin Receptors

The relatively simple amino acid sequence of NT
allowed structure-activity studies which showed that
the C-terminal part (aa 8—13) of the peptide contained
the whole activity of NT. Thus, design of small peptide
molecules and modifications both in the N- and
C-terminal portions of NT rapidly led to NT analogues
which could be labeled with tritium or iodine in order to
carry out binding studies. Such experiments demon-
strated that high affinity NT binding sites could be
observed in several tissues and various cell lines
including human cancer cells. From these binding
studies, it became obvious that NT could bind to several
receptors as already shown for other neuropeptides.

Up to now indeed, three NT receptors — NTS1,
NTS2, and NTS3 — have been identified and their
biochemical and pharmacological properties recently
reviewed. We will thus briefly outline their main
characteristics (Table I).

NTS1

NTS1 has been cloned from rat and human and belongs
to the family of G protein-coupled receptors (GPCRs)
with seven transmembrane domains. It seems to be
involved in the majority of the physiological effects of NT
reported so far. NTS1 is a Gq-preferring receptor
suggesting that binding of NT to NTS1 induces activation
of phospholipase C, increase in inositol phosphate, and
intracellular calcium concentration. In parallel, in
transfected cell systems, NTS1 has been also reported
to be linked to Gi/o or Gs, leading to inhibition or
stimulation of cyclic AMP production, respectively, and
to stimulation of more distal transduction pathways such
as mitogen-activated protein kinases. Interestingly, the
most recent data indicate that different intracellular
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Characteristics of Cloned Neurotensin Receptors
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Signal transduction

Protein size

Receptor subtype Structure pathway amino acids Agonists Antagonists
NTS1 7 transmembrane G4/Gyy, calcium 418 (h%) Neurotensin SR 48692
domains mobilization
Gg, increase cAMP 424 (%) NL-69L SR 142948A
NTS2 7 transmembrane Calcium mobilization 410 (h) SR 48692 Neurotensin
domains SR 142948A Levocabastine
416 (r) Neurotensin
SR 48692
Levocabastine
NTS3 also termed A single transmembrane Unknown 831 (h)
sortilin domain 825 (m°)
“Human.
bRat.
“Mouse.

domains of the receptor are involved in coupling to the
various G-proteins and suggest the existence of multiple
agonist-selective conformations, which may lead to the
preferential activation of either of the corresponding
signaling pathways. These results open the possibility of
designing agonists selective for one of the pathways
associated with a given NTS receptor.

Although the development of selective N'T agonists
may be important for a better understanding of the
physiological relevances of this peptide, random screen-
ing and chemical optimization led to the achievement of
nonpeptide antagonists, which have proved extremely
useful to study the role of endogenous NT associated
with NTS1. The first nonpeptide antagonist, SR 48692,
developed by Sanofi-Synthelabo, as well as the recent
development of knock-out mice for NTS1 confirmed
that most of the NT effects reported above can be
attributed to NTS1. More recently, another nonpeptide
NTS1 antagonist, SR 142948A, but with less selectivity
for NTS1 than SR 48692, has been described.

Elegant strategies of mutagenesis and modeling of
NTS1 have provided useful information about the
molecular determinants of NT and SR 48692 binding
sites on NTS1 demonstrating that on the 424 aminoacid
protein sequence of rat NTS1, the third extracellular
domain and residues in the sixth and seventh transmem-
brane domains were essential for both NT and SR 48692
binding. Some residues such as Trp339, Phe344, and
Tyr347 (all of them aromatic aminoacids) located in the
third extracellular loop of NTS1 are implicated in NT
binding, Tyr324, Tyr351, Thr354, Phe358, and Tyr359
are involved in antagonist binding only, and Met208,
Phe331, and Arg327 interact with both agonist and
antagonist. The third intracellular loop of the NTS1 and
the first half of the C-terminal intracellular domain are
involved in Gq and Gi/o coupling respectively, whereas

the C terminus is essential for NT-induced NTS1
internalization, an observation important for NT
targeting, as it will be discussed later (Figure 1).

NTS2

NTS2 which is also a GPCR shares 60% sequence
similarity with NTS1. It has been cloned from mouse, rat,
and human, and corresponds to the low NT affinity sites
originally described and able to bind the nonpeptide
histamine H1 antagonist levocabastine. Most of the
physiolological implications of NTS2 are unknown, but
several arguments suggest that it mediates the analgesic
effect of NT reported in the mouse. Surprisingly, depend-
ing on the species studied, NT, SR 48692, and levocabas-
tine behave differently on transduction signaling
pathway activation. In summary, SR 48692, an antag-
onist of the NTS1, behaves as a potent agonist on NTS2,
whereas NTor levocabastine have no effect or antagonize
the effect of SR 48692, for instance, on inositol phosphate
production. These results suggest that an endogenous
activator for NTS2 other than NT may exist and remains
to be discovered. Though mutagenesis studies have not
been carried out as extensively for NTS2 as that for
NTS1, it was recently reported that a single tyrosine
residue in position 237 in the third intracellular loop of
the mouse and human NTS2 was responsible for receptor
phosphorylation and essential for receptor recycling.

NTS3

In contrast to both NTS1 and NTS2, this more recently
discovered NT receptor subtype belongs to the family of
proteins characterized by a single-transmembrane
domain, a cystein-rich domain, a signal peptide, a
furin cleavage site, and a short cytoplasmic C-terminal
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FIGURE 1 Molecular properties of the rat NTS1 (color illus-
tration). The rat NTS1 is a 424 amino acid proteins with seven
transmembrane (TM) domains. The SR 48692 (SR, light blue) and
NT (orange) binding domains were established by mutagenesis
and modeling studies. The residues that play a role in agonist and
antagonist binding can be grouped in three categories: Met208,
Phe331, Arg327 that interact with both NT and SR 48692 (green);
Tyr324, Tyr351, Thr354, Phe358, and Tyr359 that are involved in
antagonist binding only (blue); and Trp339, Phe344, and Tyr347 in
extracellular loop 3 (E3) that interact with NT only (yellow). The C
terminus of the NTS1 (magenta box) is essential for agonist-induced
receptor internalization. Intracellular loop 3 (I3, in green) and the first
half of the C-terminal intracellular domain (in red) are involved in Gq
and Gi/o coupling, respectively.

tail. This 100 kDa protein shares 100% with sortilin,
a protein involved in molecule sorting between the cell
surface and intracellular compartments. Thus, it was
recently observed that NTS3 could interfere with
NT-induced intracellular trafficking of NTS1. Brain
distribution of NTS3 demonstrates an extensive overlap
of NTS3 with NTS1 and NTS2 subtypes, suggesting
that NTS3 might interact with the other NT receptors
to mediate central effects of NT. Recent evidence
suggests that NT3 can mediate the effect of NT on
microglial migration.

Receptor-Mediated Physiological
Effects of NT

Although NT has been implicated in several central
and peripheral effects as reported above, studies have

been extensively focused on two main orientations.
On the one hand, the brain involvement of NT in the
regulation of central dopaminergic systems. On the
other hand, in the periphery, its implication in cancer.
The main conclusions of these studies and their
potential implication in therapeutics are reported here.

NEUROTENSIN RECEPTOR IMPLICATION
IN BRAIN FUNCTIONS

Neurotensin and Dopamine Interaction

More than twenty years ago, it was observed that some
behavioral and biochemical effects of centrally adminis-
tered NT were similar to those exhibited by antipsycho-
tic drugs, and that these drugs stimulated NT expression
in brain regions where there are mesocorticolimbic and
nigrostriatal DA neuronal projections. These obser-
vations led to the hypothesis that NT may act as an
endogenous neuroleptic, and stimulated the research on
NT-DA interactions. Moreover, autoradiographic bind-
ing studies showing that central DA neuronal pathways
could be mapped using radiolabeled NT further
suggested that NT could regulate DA transmission.

Subsequent studies confirmed that NT compounds
targeting NTS1 might represent a new class of anti-
psychotic drugs. However, there is still a debate as to
whether an NTS1 agonist or an antagonist such as SR
48692 would be more suitable as an antipsychotic and
have fewer side effects than the antipsychotic drugs used
in clinics. Such controversial issue has recently been
addressed in two complementary reviews.

Part of the discrepancies is based on the fact that NT
exerts opposite effects on DA transmission depending on
the site of injection in the brain. Administered into the
nucleus accumbens where the mesolimbic DA system
projects, NT produced a neuroleptic-like effect. By
contrast, injection of the peptide in the ventral tegmental
area, the region of the mesolimbic DA cell bodies, elicits
psychostimulant-like effects. Similarly, though several
data demonstrate that NT facilitates DA synthesis and
DA transmission (an effect blocked by SR 48692),
suggesting a psychostimulant action of NT, the obser-
vation that SR142948A disrupted acquisition of latent
inhibition in rat, an animal model of schizophrenia, is in
favor of NT mediating the effects of antipsychotic drugs.
Finally, a pseudopeptide analogue of NT able to cross
the blood brain barrier, NL-69L, was recently reported
to exhibit antipsychotic-like effects after peripheral
administration in rat.

Overall, final answer to whether an NT agonist or
antagonist may be useful for the treatment of psychotic
disorders such as schizophrenia will need clear-cut
results in human trials.

Another field in which interaction between NT and
DA has been proved to be potently and clinically



interesting is the treatment of stress and drug abuse.
On the one hand, SR48692 has been shown to blunt
stress-induced DA release and stimulation of the
hypothalamo-pituitary adrenal axis; on the other hand,
very recent data clearly report that NT neurons play a
key role in the modulation of DA mesolimbic system in
reward, blockade of NTS1 by SR 48692 inducing an
inhibition of both amphetamine and cocaine-induced
increase in locomotor activity and addiction.

NT and Pain Modulation

Whereas NTS1 seems to be implicated in NT-DA
interaction, strong evidence suggests the involvement
of NTS2 in the mediation of NT antinociceptive
effects. Pharmacological studies have demonstrated
that the NT antagonist SR 142948A does not
distinguish between NTS1 and NTS2, blocks NT-
induced nociception, whereas the NTS1-specific antag-
onist SR 48692 does not. Recent data on NTS1 and
NTS2 knockout mice suggest the implication of NTS2
in the analgesic effects of NT. Supporting this,
levocabastine and NTS2 antisense oligonucleotides
were both found to inhibit the antinociceptive effects
of intracerebroventricular administration of NT. Fur-
thermore, brain structures associated with every single
sensory system, in particular those implicated in the
descending control of nociceptive inputs (e.g., the
periaqueductal gray or raphe nuclei), contain a strong
NTS2 immunoreactivity. However, since the distri-
bution of brain NTS2 largely exceeds that of NT
terminal fields, it suggests that NT may not be the only
endogenous ligand for this receptor subtype. More
work has to be done to clarify the pharmacology and
physiological relevance of NTS2 in that context.

NEUROTENSIN RECEPTOR IMPLICATION
IN CANCER

Increasing evidence demonstrates that proNT and NTS1
are deregulated in several human cancers such as colon,
pancreatic, prostate, and lung cancer, suggesting that
NT may exert an autocrine activation of its own NTS1
receptor in cancer. Thus, the use of NT receptor
antagonists to block the proliferative effect of NT on
cancer cells is one of the promising prospects in cancer
therapy. In this respect, it has been recently reported that
SR 48692 could inhibit NT-stimulated growth of human
colon, pancreatic, and lung cancer cell lines and, when
administered alone to nude mice grafted with human
NTS1-expressing colon cancer cells, could induce a
reduction in tumor volume. It also seems that the
proliferative effect of NT can be mediated not only by
NTS1 but also by NTS3 since several of the cancer
cells coexpressed both receptor subtypes. Selective
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NTS3 antagonists may thus be of particular interest in
cancer therapy.

Not only NT antagonists but also NT agonists may be
useful in cancer. Since NT receptors can be overexpressed
in cancer tissues, this property can be used positively to
target N'TS-expressing cancer cells. Like most GPCRs,
NTS1 undergoes internalization of the agonist into the
target cell. Because NTS1-agonist complexes readily
internalize, radiolabeled NT analogues targeting NTS1-
expressing cancer cells have been recently developed.
Pseudopeptide NT 8-13 stable analogues radiolabeled
with 99mTechnecium have been developed for diagnostic
purpose in cancer. Recently a strategy using the simul-
taneous detection of an antigen specifically expressed on
cancer cells, carcinoembryonic antigen, with NTS1 using
an 111Indium labeled NT hapten-bearing analogue has
been shown to be an extremely promising approach to
enhance selectivity to target tumor cells as compared
to cells only expressing the cell surface receptor.
This approach could allow the development of radio-
pharmaceuticals labeled with isotopes suitable not only
for diagnostic but also for radiotherapy.

SEE ALSO THE FOLLOWING ARTICLES

Dopamine Receptors e G Protein-Coupled Receptor
Kinases and Arrestins ® Neuropeptide Y Receptors

GLOSSARY

antipsychotic and psychostimulant drugs Synthetic molecules which
affect brain dopamine transmission. Neuroleptics are antipsycho-
tics and psychostimulant drugs of abuse.

dopamine A neurotransmitter synthesized in specific cells from
tyrosine, by means of a rate-specific enzyme, tyrosine hydroxylase.
Dopamine is implicated in motor activity, mood behavior, and
emotion. It is considered as a “pleasure” molecule.

EISAL, NT-69-L, JMV 449, JMV 431 NT analogues used for the
characterization of NTS.

GPCR G protein-coupled receptors, receptor family of heptahelical
transmembrane proteins that trigger intracellular signaling cascade
via G proteins when stimulated by a variety of stimuli including
light, odorant molecules, neurotransmitters, hormones, and pep-
tides. They represent targets for more than 40% of all marketed
drugs and around 10% of the human genome.

levocabastine A nonpeptide histamine H1 antagonist that binds
NTS2; developed by Janssen Laboratories, Beerse, Belgium.

neuropeptides Peptides that work as neurotransmitters or neuro-
modulators on brain and neuroendocrine functions. More than 100
have been described so far.

neurotensin A 13 amino acid peptide found mainly in both the brain
and the gut. Synthetized as part of a precursor protein (pro-NT)
from which it is excised by prohormone convertases in the
regulated secretory pathway of neuroendocrine cells. Its primary
structure is: pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-
Ileu-Leu.

SR 48692 and SR 142948A Synthetic molecules which are nonpep-
tide antagonists of NTS1 and agonists of NTS2 developed by Sanofi
Synthelabo, France.
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Neurotransmitter Transporters
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Neurotransmitters are chemical messengers that neurons use to
communicate with each other. Timely removal of neurotrans-
mitters from the synaptic cleft is critical for synaptic neuro-
transmission. If released neurotransmitter molecules remain
in the synaptic cleft, the synapse would become nonresponsive
due to continued exposure of neurotransmitter. Removal of
neurotransmitter from the synaptic cleft occurs by three
mechanisms: diffusion, enzymatic degradation, and reuptake.
Transporter proteins localized in nerve and glial cell
membranes mediate high affinity reuptake for the released
neurotransmitters, and under many circumstances reuptake
is the dominant mechanism for the termination of synaptic
signaling. This mechanism not only serves to clear extracellular
neurotransmitter, but it also recaptures transmitter molecules
for possible reuse. In addition, significant ionic currents are
associated with transport, and these may contribute sub-
stantially to the excitability of the cell.

Neurotransmitter transporters utilize the electrochemical
energy derived from the inward movement of ions, particularly
sodium, to drive the intracellular accumulation of neurotrans-
mitter. Neurotransmitter transporters are thus designated as
cotransporters. In the early 1990s, several of these membrane
proteins were cloned and two broad families have been
identified. The first, which includes the norepinephrine (NE),
dopamine (DA), y-aminobutyric acid (GABA) and serotonin
(SHT) transporters, shares no significant sequence homology
with the second, which includes transporters for glutamate.
After the “cloning” decade, several intriguing and exiting
questions related to their structure and function are being
raised: What is the molecular mechanism of transport?
How does the protein structure define these mechanisms?
What are the cellular signals and determinants that regulate
transporter expression and function? Are there disease states
related to neurotransmitter transporter dysfunction? This
article will be restricted to GABA transporters and the
monoamine transporters; discussion of vesicular transporters,
glutamate transporters and sodium-dependent glucose trans-
porters will be omitted.

Mechanisms of Transport

REUPTAKE

Neurotransmitter transporters operate by coupling
the transmembrane translocation of substrate to the
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movement of driving ions down pre-established electro-
chemical gradients (cotransport). Members of this
family include the membrane carriers for dopamine
(DAT), serotonin (SERT), norepinephrine (NET), and
vy-aminobutyric acid (GAT1-3). The most widely held
concept of how cotransporters function is founded on
the “alternating access model,” in which the binding
sites for substrates and cosubstrates are alternately
exposed to extracellular or cytoplasmic environments
via conformational changes in the transporter protein.
The thermodynamic work of the transporter is
accomplished by coupling the flux of substrate to the
movement of cotransported ions down their electro-
chemical gradients. The stoichiometry inferred from
radiolabeled transport studies on neurotransmitter
transporter-expressing cells and membrane vesicles is
two Na™, one Cl™, and one molecule of substrate for
DAT and GAT1. For NET the proposed stoichiometry
is one Na™, one Cl™, and one molecule of NE. With
the exception of mammalian SERT, which is proposed
to be electroneutral due to additional counter ion flow,
the neurotransmitter transporter process is electrogenic
meaning that the transport cycle moves net charges
across the plasma membrane. Indeed, in cell lines
stably transfected with the cDNA of neurotransmitter
transporters, it is possible to record electrical currents
generated by their activity using the patch clamp
technique in the whole-cell configuration. However,
these currents are generally too large to be explained
entirely by fixed stoichiometry models (see Figure 1).

Recent electrophysiological studies of both native
and cloned neurotransmitter transporters revealed that
transporters can have brief and rare channel-like
openings comparable to those generated by ligand-
gated ion channels. Models for this exiting mode of
the neurotransmitter transporters have been estab-
lished, in which substrate, Na* and Cl~ induce the
carrier to transport in the alternating access mode
(Figure 1A, 1B), and rarely switching to a channel-like
mode (Figure 1C). The alternating access model
assumes that the substrate permeation occurs through
a state transition (A < B) and results in the transport
of a single neurotransmitter molecule (Figures 1A
and 1B). The channel-like mode (Figure 1C) is a low
probability event that consists of hundreds of ions
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FIGURE 1

crossing the membrane (using a transporter pore),
down their electrochemical gradients. These models
have been recently refined and expanded based on
new data.

EFFLUX

In addition to mediating the reuptake of neurotransmit-
ter into nerve terminals, transporters can also cause non-
Ca**-mediated efflux of the transmitter from the nerve
terminal. There are essentially two mechanisms by
which to elicit reverse transport from neurons: first, by
changing the transmembrane ion gradients and voltage;
and, second, for monoamine transporters, via the
actions of pharmacological compounds such as amphet-
amine that may stabilize an efflux competent confor-
mation, modulate ion gradients or both. In the case of
glutamate transporters, nonvesicular neurotransmitter
release is thought to play a role in pathophysiological
conditions causing membrane depolarization such as
epilepsy, or excitotoxicity such as stroke.

Structure and Function

A milestone in the advancement of knowledge of
neurotransmitter transporters was achieved in 1990
when the first cDNAs encoding the GABA transporters
were cloned and sequenced. As a consequence neuro-
transmitter transporters ¢cDNAs for NET and SERT
were soon cloned, and the list grew. The gene products
of the Na*/Cl™ neurotransmitter transporter family are
highly conserved. Monoamine and GABA transporters
show a common structure of a predicted 12 transmem-
brane (TM) domains with a single large loop in the
external side of the plasma membrane with potential
glycosylation sites. Each TM domain contains pre-
dominantly hydrophobic amino acid residues. The TM
domains are connected by extracellular or intracellular

Model for neurotransmitter transporter function.

loops located on either side of the plasma membrane in
which the residues are mostly hydrophilic. Because
high-resolution structures, such as the ones obtained by
X-ray crystallography, are difficult to gain for integral
membrane proteins, most of the structural information
for neurotransmitter transporters obtained in recent
years has been obtained by chemical modification with
labeling reagents. In particular, the cysteine accessi-
bility method (SCAM) has been used to gather
information on the topology and the mechanism of
transport. With this technique, a particular residue in
the sequence is replaced usually with a cysteine residue.
Then, chemical modifications of the cysteine are
performed to measure its accessibility by evaluating,
for example, changes in transporter function induced
by the chemical modification. Cysteines are well
tolerated as a replacement for a particular amino
acid in the sequence of most membrane transporter
proteins. By using different types of reagents, and,
depending on the reagent used, the accessibility of a
residue may provide information about its location and
function. Use of these methodologies allowed research-
ers to measure the level of exposure of predicted
extracellular loops in SERT, DAT, and other neuro-
transmitter transporters. Because the kinetics of reac-
tivity for cysteine substitutions in TM domains and
loops are expected to be different, SCAM can also
provide information on the location of the end and the
beginning of a particular transmembrane domain.
Furthermore, cysteine substitutions whose chemical
reactions result in a robust modification in transporter
activity can elucidate the relationship between struc-
ture and function. For example, if the change in
transporter activity resulting from the chemical modi-
fication of a cysteine can be altered by the presence of
an inhibitor or a substrate, there is the possibility that
this 