The two studies contribute new evidence
of the effects of solar variability on climate
(see the figure) and indicate avenues for fur-
ther research into the mechanisms involved.
It is clear that the complex links between the
middle and lower atmospheres and between
the atmosphere and oceans are key to a bet-
ter understanding of these mechanisms.
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RIPping Tyrosine Kinase
Receptors Apart

Carl-Henrik Heldin and Johan Ericsson

membrane proteins that transduce

signals controlling cell growth, sur-
vival, motility, and differentiation. These
signals are activated by binding of a ligand
(usually a growth factor) to: the receptor,
which then forms a dimer. This dimer adds
phosphate groups to itself (autophosphoryl-
ation), resulting in the creation of docking
sites that bind to downstream signal trans-
duction molecules containing Src homolo-
gy 2 (SH2) domains. Upon ligand binding,
a number of signaling pathways can be ac-
tivated, each one consisting of a chain of
signaling molecules that indirectly alter the
expression of target genes in the nucleus
(see the figure). On page 2179 of this is-
sue, Ni et al. (1) show that ErbB-4, a
member of the epidermal growth factor
(EGF) tyrosine kinase receptor family, also
activates gene expression in a more direct
manner. The ErbB-4 receptor undergoes
proteolysis within its plasma membrane
domain—a process called RIP for regulat-
ed intramembrane proteolysis—and its in-
tracellular portion moves to the nucleus,
where it may affect the transcription of tar-
get genes (see the figure).

There are two steps to the proteolysis of
ErbB-4. First, most of this receptor’s
ectodomain is cleaved off by a membrane-
associated metalloprotease called TACE.
Next, the remaining part of the receptor is
cleaved within its transmembrane domain by
a second protease. This scenario is remark-
ably similar to the cleaving of certain other
proteins that undergo RIP. These include
Notch, a receptor involved in fate decisions
during embryonic development; amyloid pre-
cursor protein (APP), a transmembrane pro-
tein of unknown function from which the ex-
tracellular B-amyloid peptide implicated in
Alzheimer’s disease is derived; and sterol reg-

Tyrosine kinase receptors are trans-
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ulatory element binding proteins (SREBPs),
transmembrane proteins of the endoplasmic
reticulum that regulate lipid metabolism (2).
In all of these cases, most of the protein
ectodomain is removed during the first cleav-
age. This triggers a second cleavage in the
transmembrane domain, leading to the re-
lease of the cytoplasmic portion of the pro-
tein, which moves to the nucleus. Interesting-
ly, the enzyme that catalyzes the secondary
cleavage of ErbB-4, Notch, and APP is y-sec-
retase, also called presenilin (3). This y-secre-
tase is an aspartyl protease with the unusual
ability to cleave proteins within their trans-
membrane domains. It spans the membrane
several times and may form a channel-like
pore in which proteolysis can occur.

Outside ? 1

There is firm evidence that the intra-
cellular portions of Notch and SREBP
modulate gene transcription (2). Notch in-
teracts with the coactivator p300 (4), and
SREBPs contain well-characterized DNA
binding and transactivating domains that
interact with a number of other transcrip-
tion factors and coactivators (5). Further-
more, the intracellular portion of APP
forms a complex with the nuclear adapter
protein Fe65 and with Tip60 (which has
histone acetyltransferase activity like
p300), and stimulates transcription when
fused to the DNA binding domains of the
heterologous transcription factors Gal4 or
LexA (6, 7). The important question pro-
voked by the Ni et al. findings (/) is
whether the intracellular region of cleaved
ErbB-4 is able to affect gene expression in
the nucleus.

Ni and colleagues found that blocking
Y-secretase activity overcame the ligand-
induced growth inhibition of fibroblasts
overexpressing ErbB-4. This suggests that
release of the intracellular portion of the
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Regulated intramembrane proteolysis of a tyrosine kinase receptor. Binding of a ligand to its
tyrosine kinase receptor induces activation and autophosphorylation of the receptor and the cre-
ation of docking sites for signaling proteins containing SH2 domains. In this way, different signal-
ing pathways, such as that containing mitogen-activated protein (MAP) kinase, are activated. in a
separate signaling pathway, PLC-y activates PKC, which then activates the metalloprotease TACE.
This enzyme cleaves off the ectodomain of the receptor and allows intramembrane cleavage of the
remaining part by y-secretase. The cleaved cytoplasmic region of the receptor then moves to the
nucleus, where it may affect the transcription of target genes.
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ErbB-4 receptor is important for expres-
sion of genes controlling growth inhibition.
Ni et al. also report that the carboxyl-ter-
minal region of ErbB-4 has weak transcrip-
tional activity when fused to the DNA
binding domain of GAL4. Interestingly,
Lin et al. (8) recently reported that the
EGF receptor, a relative of ErbB-4, may al-
so act directly in the nucleus and may af-
fect gene expression. They found that a
fraction of the EGF receptor moved to the
nucleus after activation of the receptor by
ligand binding. A strong transcriptional ac-
tivity was observed when the carboxyl-ter-
minal region of the EGF receptor was
fused to the DNA binding domain of Gal4.
Furthermore, the EGF receptor complex
bound to an AT-rich DNA sequence motif.
The promoter for the gene encoding cyclin
D1 contains two copies of this AT-rich mo-
tif, which are required for activation of this
gene by EGF. Together, the results of Ni et
al. (1) and Lin et al. (8) suggest that cyto-
plasmic fragments of members of the EGF
receptor family are important regulators of
gene expression.

A crucial question is how receptor
cleavage is itself regulated. It appears that,
for the cases studied so far, the triggering
event is the removal of most of the extracy-
toplasmic part of the protein. This appears
to be a prerequisite for intramembrane
cleavage by 7y-secretase or related proteas-
es. In the case of ErbB-4, the metallopro-
tease TACE that removes its ectodomain is
activated by protein kinase C (PKC). The
physiological activator of PKC is phospho-
lipase, but experimentally, as used by Ni et
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al. (1), the phorbol ester TPA also does the
job. Interestingly, phospholipase C—y is one
of the SH2 domain proteins that are acti-
vated by several tyrosine kinase receptors.
Thus, intramembrane proteolysis of ErbB-
4 may be induced by its activation of SH2
domain proteins (see the figure).

It is still unclear how the liberated intra-
cellular fragments of the receptors are
translocated to the nucleus. Because only a
small portion of ErbB-4 undergoes RIP, it
is likely that nuclear transport does not oc-
cur by random diffusion but rather is care-
fully regulated. Ni ef al. report that ErbB-4
has putative nuclear localization and nucle-
ar export sequences. At the very least, the
nuclear export sequence is involved in nu-
clear shuttling of the receptor fragment, be-
cause accumulation of the ErbB-4 receptor
fragment in the nucleus is enhanced by lep-
tomycin B, which blocks nuclear export of
proteins (). Lin et al. (8) also identified a
putative nuclear localization sequence in
the juxtamembrane portion of the EGF re-
ceptor. This sequence is conserved in all
members of the EGF receptor family.

In both ErbB-4 and the EGF receptor, it
is the extreme carboxyl-terminal region of
the receptor that is the strongest activator
of transcription. However, the entire cyto-
plasmic domain of both receptors appears
to be translocated to the nucleus. It is pos-
sible that additional specific proteolytic
events take place in the nucleus such that
the juxtamembrane domain (containing
the nuclear localization signal) and the ki-
nase domain are cleaved off, liberating the
transcriptionally active carboxyl-terminal

tail. Another intriguing possibility is that
the cytoplasmic receptor domains in the
nucleus also regulate transcription through
phosphorylation events.

The discovery that RIP is another way
in which the cell conveys signals from the
plasma membrane (and endoplasmic retic-
ulum membrane) to the nucleus provides a
new example of the multifaceted nature of
intracellular signal transduction. The Ni et
al. work shows that tyrosine kinase recep-
tors are also subject to RIP. One avenue
for future investigation will be to elucidate
how important RIP is compared with other
pathways in ErbB-4 signal transduction,
and to see whether RIP is required for sig-
naling through other tyrosine kinase recep-
tors. Different members of this receptor
family exhibit substantial overlap in their
abilities to activate various SH2-domain
signaling molecules. RIP offers one way to
induce specific signals from different re-
ceptors (see the figure). Finally, it will be
imperative to identify the nuclear partners
of RIP-derived receptor fragments and
their target genes.
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Methylation Talk Between
Histones and DNA

Adrian Bird

but biologists, being human, crave

simplicity. Hence the frisson of ex-
citement, mixed with relief, with the
union of two hitherto separate domains of
study—in this case, the methylation of
DNA and the methylation of histone pro-
teins. DNA methylation is a mark on ge-
nomic DNA made by addition of methyl
groups to cytosine bases, whereas histone
methylation marks proteins that coat the
DNA by addition of methyl groups to cer-

Biological phenomena are complex,
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tain lysine residues. In their recent Nature
paper, Tamaru and Selker (/) report that
DNA methylation and histone methylation
share a common pathway in the filamen-
tous fungus Neurospora crassa. Their dis-
covery sets the stage for an experimental
attack on one of the abiding mysteries of
the genome: How do patterns of DNA
methylation originate?

The problems inherent in managing
large eukaryotic genomes can be eased by
marking regions of DNA. Such marked
DNA becomes structurally adapted so that
it can perform certain activities. The most
direct mark is one applied to the DNA it-
self, but this addition presumably must
avoid adverse effects on the genome’s sta-

bility and coding properties. The only
marking system that is widespread among
eukaryotes is methylation of DNA cyto-
sine rings at position 5 to give the modi-
fied base, 5-methylcytosine (m°C). More
elaborate marking can be achieved by
coating the genome with immobile pro-
teins that are specifically designed to car-
ry covalent messages. Core histones—the
proteins assembled into the beadlike nu-
cleosomes around which the DNA is
wrapped—can be thought of as informa-
tion modules that acquire coded informa-
tion based on addition or removal of
chemical groups. Their amino-terminal
tails protrude from the nucleosome beads
and can be modified through the attach-
ment (or removal) of acetyl, phosphate, or
methyl groups (2).

The resulting “histone code” affects the
accessibility of the packaged DNA to tran-
scriptional activator proteins, and hence
the ability to switch on gene expression.
For example, the lysine residue K9 in his-
tone H3—the ninth amino acid from the
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