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Genomic imprinting is a genetic mech-
anism by which genes are expressed
from the maternal or paternal chro-

mosomes1, and loss of imprinting is involved
in a variety of diseases and cancers. All the
imprinted genes that have been studied so far
have regions in which the maternal and pater-
nal DNA copies are methylated differently at
CpG residues — cytosine–guanine base pairs.
So DNA methylation is suspected to be the
signal from the parental germ cells that results
in the allele-specific expression of imprinted
genes. Indeed, in mice that do not have methy-
lation (because of mutation in the methyl-
transferase gene), imprinting is altered2. 

The exciting work reported by Wutz et al.3

on page 745 of this issue now shows that 
differentially methylated regions in a speci-
fic imprinted gene (Igf2r ; the maternally
expressed gene that encodes the type-2
receptor for insulin-like growth factor) can
carry a crucial imprinting signal. When this
region is deleted from Igf2r, the gene loses its
imprinting and is expressed regardless of
parental origin. Moreover, the authors show
that the deleted region (which is in an intron
of Igf2r) is normally the promoter of an anti-
sense transcript that is expressed from the
paternal chromosome. Intriguingly, when
the antisense gene is expressed, the sense is

not, and vice versa, indicating that some
form of ‘expression competition’ regulates
imprinting of Igf2r, as it apparently also does
with other imprinted loci4,5.

Methylation differences are found in two
regions of the Igf2r gene. Region 1 (Fig. 1a,
overleaf) is in the promoter, and it is methy-
lated when the gene is not expressed. Region
2 is downstream in the second intron, and it
is methylated in the expressed maternal copy.
The maternal methylation patch (region 2)
seems to originate in the germ cells, where
eggs are methylated and sperm is not, leading
to the suggestion that this region contains an
‘imprinting box’. Moreover, because only the
expressed allele is methylated, region 2 is
thought to contain silencer sequences that
can be suppressed by DNA methylation.
Other imprinted genes have similar methy-
lated regions in the expressed allele, indica-
tive of similar mechanisms1. 

To show that the Igf2r gene contains local
signals that are sufficient for imprinting,
Wutz et al.3 introduced a (marked) copy of
the gene on a yeast artificial chromosome
(YAC) into transgenic mice. In three of the
four transgenic lines studied, they observed
proper imprinting, with expression on
maternal transmission and repression on
paternal transmission. Hence, the new study,
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kinase 5 (Cdk5) have a reeler-like pheno-
type12 — Cdk5 is a serine/threonine kinase
that is specifically expressed in postmitotic
neurons. Moreover, cortical development
does not proceed normally in mice that are
deficient in p35, a Cdk5 activator13. The neu-
rological anomalies in p35-knockout animals
are more subtle than in cdk5-knockout mice,
suggesting that proteins other than p35 help
in the regulation of Cdk5. 

Based on these latest observations, it is
tempting to propose an updated model of
Reelin action on migrating neurons in the
developing cerebral cortex (Fig. 1). This
model raises several questions. First, what
are the transcriptional mechanisms that reg-
ulate Reelin expression? Certainly, they must
be very accurate if we compare the high
expression in Cajal–Retzius cells with the
absence of expression in adjacent cortical-
plate neurons. Second, how does Reelin act
on target neurons? Is there a surface Reelin
receptor coupled to intracellular transduc-
tion, or does Reelin interact less directly with
other receptor systems? Third, how is the sig-
nal that is generated by Reelin translated into
a cell response? A proper arrangement of the
cytoskeleton is needed for the formation of
cell patterns, so how does the presence or
absence of Reelin affect this cellular organi-

zation? Interestingly, whereas Reelin is 
purely extracellular, the characterization of
mDab1 provides a tool to attack some of
these questions from the inside of the cell. 

Given the pace of recent progress, it cannot
be long before these questions are answered.
However, our past experience with this thorny
problem has taught us that answers are likely
to be quite different from what we imagine.
André M. Goffinet is in the Département de
Physiologie Humaine, Facultés Universitaires 
Notre-Dame de la Paix, 61 rue de Bruxelles, 
B-5000 Namur, Belgium.
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100 YEARS AGO
The latest number of the American
Naturalist is the first which has appeared
under the new editors. Dr Robert P.
Bigelow, of Boston, is now the
responsible editor .... “Every scientific
man, as such” [he writes], “may well
read two general scientific journals — the
weekly scientific newspaper and the
monthly review of scientific progress.”
The American Naturalist will aim at
providing investigators with the latter
form of scientific information. Authors of
papers intended for beginners, such as
“Some Birds of the Garden,” “Some
Common Weeds,” are politely informed
that their contributions are not wanted,
and very technical works of interest to
only a limited number of specialists will
be declined. What the editors desire is
scientific papers written by scientific
people and of interest to scientific
workers in more than one field. The
desire is a praiseworthy one, and we
hope the fulfilment of it will exceed the
editors’ expectations.
From Nature 14 October 1897.

50 YEARS AGO
The lecture on “The Organisation of
Industrial Research” which Dr. R. P.
Russell, president of the Standard Oil
Development Co., delivered on June 9 to
the Industrial Research Committee of the
Federation of British Industries was... an
outstanding contribution to what may be
termed the philosophy of research.
Research activity in his own Company, he
said, began in 1919 with a group of
twenty-six people: to-day the staff
includes 2,456 technologists, engineers,
assistants and clerical personnel all
engaged exclusively on research and
development projects, as well as several
hundred working on laboratory phases of
direct operating problems and an
engineering staff of more than five
hundred. Dr Russell computed that this
expansion had brought a return of
£15,400 of additional profit for each
£1,000 expended on research and
development.
From Nature 18 October 1947.

Many more abstracts like these can be 
found in A Bedside Nature: Genius and
Eccentricity in Science, 1869–1953, a 266-page
book edited by Walter Gratzer. 
Contact David Plant.
e-mail: subscriptions@nature.com



Nature © Macmillan Publishers Ltd 1997

along with work by Ainscough et al.4 — who
use a similar YAC approach to study
Igf2–H19 imprinting — clearly shows that
‘local’ imprinting controls exist and are 
sufficient for proper imprinting. However,
although the imprinting seen with the YACs
is good it is perhaps not perfect (there are
effects of position3 and copy number4), 
suggesting that regional control may also 

be required to achieve perfect imprinting.
Indeed, regional control mechanisms for
imprinted gene clusters are inferred from
‘imprinting mutations’, which can disrupt
imprinting in the cluster. These mutations,
in ‘imprinting centres’, seem to underlie
some of the imprinting diseases in humans
(such as Beckwith–Wiedemann syndrome
and Prader–Willi/Angelman syndromes)1.

What are the local control elements that
are needed for imprinting of the Igf2r YAC?
When Wutz et al. deleted the maternally
methylated region 2, Igf2r was expressed
regardless of parental origin (Fig. 1b). So this
region might, indeed, contain a silencer. Or
does it? The authors also describe an anti-
sense transcript that originates in region 2
and is expressed from the paternal chromo-
some. If you turn Fig. 1a upside-down, the
antisense gene looks as if it has a normal 
promoter (sitting in a CpG island) which is
silenced by maternal methylation, begin-
ning in the egg. Antisense expression (from
the non-methylated paternal chromosome)
would presumably begin just after implant-
ation of the embryo, when the switch from
biallelic to monoallelic expression of Igf2r
occurs.

If the antisense gene is involved in the
switch from biallelic to monoallelic Igf2r
expression, how does its expression lead to
repression of Igf2r (and vice versa)? Perhaps
the antisense transcript leads to some form
of occlusion at the Igf2r promoter (Fig. 2a).
Or maybe the antisense RNA locally inacti-
vates the chromosome (Fig. 2b), by coating
the chromatin in the same way as the RNA
product of the Xist gene on the X chromo-
some6,7. Finally, the promoters for the anti-
sense transcript and Igf2r might share tran-
scription factors that are in limiting supply
or, as for Igf2–H19, they might compete 
for shared enhancers in cis4,5 (Fig. 2c). 
But although this simple flip-flop model
between sense and antisense is appealing, it
needs to be tested functionally. Also, Igf2 and
H19 seem to be using a flip-flop system4,5,
but exceptions have been found. Such 
exceptions — which indicate additional 
levels of control — may also be expected in
the Igf2r system. 

There seem to be parallels between the
Igf2r and Igf2–H19 systems. But although a
long antisense RNA could creep all the way
(70 kilobase pairs) from H19 to Igf2, in this
system it is more likely that the two genes
compete for shared enhancers. The ‘local’
imprinting control element has not yet been
identified in the YAC transgenes4, but it has
been pinpointed to upstream of the H19
promoter8. However, the Igf2 gene is also
overlapped by an imprinted antisense tran-
script, the function of which is untested9.

How is DNA methylation in ‘imprinting
boxes’ initiated and maintained? Wutz et al.3

provide a tantalizing glimpse of what might
be happening. They made a mutation in the
promoter of Igf2r which, on maternal trans-
mission, leads to demethylation of region 2.
As a result, the antisense gene is expressed
from the maternal allele. This suggests that
the Igf2r transcript is required to initiate
and/or maintain the maternal methylation
in region 2. So protection from demethy-
lation — which seems to be the default state
for CpG islands — is apparently afforded by
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Figure 2 Models for paternal silencing of Igf2r. a, The antisense transcript occludes the Igf2r
promoter (P), so transcription complexes cannot bind. b, The antisense transcript coats the paternal
chromosome and leads to heterochromatization. c, Competition for transcription factors or
enhancers leads to repression of Igf2r when the antisense promoter is engaged.
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Figure 1 Wutz et al.3 have shown that differentially methylated regions in the Igf2r gene can carry a
critical imprinting signal. They introduced a yeast artificial chromosome (YAC) transgene containing
the whole Igf2r gene (filled boxes are exons) into mice. The coding region was modified (open box in
the first exon) so that no IGF2R peptide was produced. Regions 1 and 2 are sites of differential
methylation (grey; CH3) — methylation of region 2 is introduced in the egg, whereas methylation of
region 1 arises during embryonic development. a, Imprinting is maintained with the YAC transgene,
with maternal (MAT) expression of the Igf2r sense transcript and paternal (PAT) expression of the
antisense gene. b, Deletion of region 2 abolishes the expression of the antisense message and, hence,
paternal repression.
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In 1947, while studying cloud-chamber
pictures of cosmic-ray showers, Rochester
and Butler1 found two pictures, among 

50 exposures, that seemed to represent the
decay of two unstable particles. The tracks
were quite different from anything seen
before, and were not anticipated by any 
theory. The researchers assumed that the
pictures showed some kind of meson decay;
they continued to make observations for two
more years, but without further success. 

This summer, almost exactly 50 years after
those humble beginnings, a new milestone
result in the study of K-meson decays was
announced — an achievement that took sev-
eral years of honing technique and gathering
data, and which would have astonished
Rochester and Butler. In collaboration with
colleagues elsewhere in the United States and
in Japan and Canada, scientists at Brook-
haven National Laboratory have observed a
decay mode of the positive K meson that
occurs approximately once in ten billion
decays; the details have just been published in
Physical Review Letters2. Specifically, the team
concerned have for the first time identified 
an occurrence of K+ Ý p+nná, the decay of a
positively charged K into a positively charged
pi meson, a neutrino and an antineutrino.

So what does it mean? Physics has been
stuck with its remarkable success in produc-
ing a Standard Model of the interactions
between the different fundamental particles;
for over two decades, this theory has gone

from triumph to triumph, with no sign of
any discrepancy with experiment (neutrino
oscillations, if confirmed, would require a
significant but only small extension of the
Standard Model). This situation has become
frustrating both to theorists, who would, for
instance, like to see concrete evidence for the
relevance of their exciting ideas about unifi-
cation and supersymmetry, and of course to
experimentalists, who grow weary of verify-
ing old theories. A good way to look for
something new, one that is complementary
to the traditional push towards ever higher
energies, is to look for rare processes at low
energy. This approach provides a test of our
theories, and a handle on new processes at
high energies or short distances, that in the
past has proved extremely informative. 

There are quite definite rules for calculat-
ing the probability (or quantum-mechanical
amplitude) of a process depicted in a Feyn-
man diagram (Fig. 1), so the pictures exist 
at two levels: they are both portraits and
recipes. Here the K+ meson, made up of u
(up) quark and s (strange) antiquark, fluctu-
ates through a loop including heavy ‘virtual’
particles before materializing into a p (u
quark and d (down) antiquark) and neutri-
nos. A W boson is necessarily involved, to
change one type of quark into another, as is a
Z boson, to couple to the neutrinos. Because
the real versions of these particles are heavy,
their virtual analogues arise only rarely as
quantum fluctuations in the vacuum. That 

is why the decay shown is very rare. 
The orange particle, shown with a ques-

tion mark in Fig. 1, can be either a u or a c
(charmed) quark. Before 1970, it was consid-
ered that only the u quark would contribute,
and the predicted value for this and related
processes was much too large to be com-
patible with experiment. Then Glashow,
Iliopoulos and Maiani3 proposed that an
additional contribution from the c quark
cancelled out most of the u quark’s  contri-
bution. This suggestion was brilliantly 
confirmed by the experimental discovery of
real c quarks in 1974. There is also a similar
contribution with t (top) quarks, which
(after u and c have mostly cancelled) actually
dominates the predicted rate.

Looking at Fig. 1, one is struck by how
many different, fundamental components of
the Standard Model come into play in mak-
ing this K-meson decay occur. Indeed, if we
include gluons, shown as the squiggles in Fig.
1, to hold the quarks in the K and pi mesons
together, they all do. It is quite amazing that
this intricate description really works. 

The big question, to be answered by
experiments that are underway, is whether
additional, unknown particles also con-
tribute significantly. Just as the existence of
Neptune, a planet beyond the then standard
model of the Solar System, was inferred from
its small but noticeable influence on the orbit
of Uranus, the existence of heavy particles
and phenomena beyond the Standard Model
of fundamental physics might first be
revealed by tiny effects on the behaviour of
the known particles. 

With just one event observed so far, 
however, no very definite conclusion can be
drawn. The Standard Model predicts4 that
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Figure 1 Virtual particles and the very rare case of
K+-meson decay. In the language of quantum
field theory, the decay of a particle is described as
a series of events depicted in a Feynman diagram.
This is the diagram describing a type of K-meson
decay, resulting in a pi meson and neutrinos,
which has just been observed experimentally for
the first time2. n , neutrino; ná , antineutrino; Z
and W, bosons; s, u, d, strange, up and down
quarks. The particle shown in orange, with a
query, can be a u, charmed or top quark. The
squiggles holding the quarks in the K and pi
meson together represent gluons.
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Igf2r transcription through the methylated
island. 

But loss of maternal methylation in
region 2 could also be explained by the 
transcription-factor competition model. If
the promoter is mutated, transcription com-
plexes cannot bind there. So, more transcrip-
tion complexes may bind to the antisense
promoter, leading to demethylation and,
subsequently, expression of the antisense
transcript. 

It is still not clear what attracts egg-specific
methylation to region 2 (or any other
‘imprinting boxes’). Can the short transgenes
containing region 2, which Wutz et al. show
cannot maintain methylation, attract it in the
first place? If so, are the direct-repeat sequences
that are found near ‘imprinting boxes’ neces-
sary to attract germline-specific methylation,
which apparently uses different machinery to
embryonic de novomethylation?

Finally, the human IGF2R gene also has a
differentially methylated region 2, but is
monoallelically expressed in few people
and/or only at early fetal stages10. Hence, it
could be predicted that the antisense tran-

script exists in some human IGF2R alleles
but not others, that its structure is poly-
morphic or, perhaps, that it has a different
spatio-temporal regulation to the one that
exists in the mouse. One thing is clear —
imprinting has brought (and will continue
to provide us with) interesting and sur-
prising insights into the complex mecha-
nisms of epigenetic gene regulation.
Wolf Reik and Miguel Constancia are in the
Laboratory of Developmental Genetics and
Imprinting, The Babraham Institute, Cambridge
CB2 4AT, UK.
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its arginine finger to the active site in trans,
Ras by itself hydrolyses only one GTP every
35 minutes. In contrast, the built-in arginine
finger of Ga proteins allows them to hydrol-
yse GTP more rapidly (at about 2–4
min–1)7,8. In the presence of the appropriate
partner — the right GAP or an RGS protein
— Ras, RhoA and Gai1 all hydrolyse GTP
much faster, at between 102 and 103 min–1. 

This remarkable acceleration attests to a
second functionally essential feature of
GTP-hydrolysing machines, also created by
convergent evolution: enhanced stability of
other amino acids (not just the arginine 
finger) at the active site. The additional
amino acids are located in two regions of
the GTP-binding fold, switch 1 and switch
2. Their stability is critical: to steady the
GTPase transition state, these residues
must hold an attacking nucleophilic water
molecule and the g- and b-phosphates of
GTP in precisely the right relation to one
another. This stability is greatly increased
in proteins gripped by RGS4 or the appro-
priate GAP, as shown by better-defined
electron densities of switch 1 and switch 2
residues in crystals containing the partner
proteins1–3. 

The stabilizing embraces of GAPs and
RGS for their GTPase partners differ in
detail, because the GAPs and RGS evolved
from structurally different precursors. For
instance, the side chain (see box; magenta)
of a conserved glutamine residue in switch 2
must be in exactly the right place to position
the attacking water molecule, or GTP will
not be hydrolysed. Both RasGAP and
RhoGAP use the ‘knuckle’ (main-chain car-
bonyl) of the arginine finger to stabilize the
side chain of this glutamine2,3. Because 
the knuckle is out of reach in Gai1, RGS4
accomplishes the same end with a different
amino acid1. 

Convergent structural evolution pro-
duces many opportunities to exploit these
off switches in cell regulation. As we have
seen, evolution engineered into trimeric G
proteins an ability to switch signals off at two
different rates. This was accomplished by
supplying the arginine finger from a built-in
Ga domain and by assigning the other GAP
function, stabilization of amino acids in the
active site, to a separate hand — that is, an
RGS protein (or in some cases to a down-
stream effector, as exemplified by phospho-
lipase-Cb9, which turns off its regulator,
Gaq.GTP). For the Gi-regulated K+ channels
that control brain synapses and heart rate,
the accelerated turn-off rate provided by
RGS proteins is physiologically essential.
When a slower tempo would suffice, RGS
proteins are presumably unnecessary — for
instance, to shut off Gas-mediated signals
that promote conversion of liver glycogen
into glucose. 

More subtle variations may also furnish
opportunities for regulation. Binding of
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K+ Ý p+nná occurs with a branching ratio 1.0
50.1210–10, whereas the one reported
event corresponds to 4.2 210–10. If there
is no physics beyond the Standard Model at
work, the experimenters have been a little
lucky to see an event so soon. And, of course,
if the event is the first tangible hint of physics
beyond the Standard Model, for example in
reflecting the influence of supersymmetric
particles, they will have been luckier still.
Only half of the existing data have been
analysed so far; the rest will be scrutinized
over the next few months. 

Beyond that, it will be essential to gather
much more data, so that a decisive con-
frontation with the expectations of the 
Standard Model becomes possible. That
confrontation is eagerly awaited.
Frank Wilczek is in the School of Natural Science,
Institute for Advanced Study, Olden Lane,
Princeton, New Jersey 08540, USA.
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The Ras protein and members of its
family are G (guanine-nucleotide-
binding) proteins, or GTPase en-

zymes, that play pivotal roles in transmitting
regulatory signals between the cell surface
and the nucleus. Ras itself, for instance, is
involved in control of cell proliferation and
differentiation. These proteins are turned on
by binding GTP, and off when the GTP is
hydrolysed to GDP by GTPase-activating
proteins, or GAPs. But how does this crucial
turn-off mechanism work? 

Now we know, thanks to reports1–3 of the
three-dimensional structures of Ras and two
other GTPases, crystallized in the grips of
different GAPs. The crystals reveal elegantly
crafted examples of convergent evolution —
three structurally distinct protein machines
that use identical mechanisms to promote
GTP hydrolysis. Details of the structures also
point to hitherto unknown regulatory func-
tions for GAP-related switches, and they
show, at atomic resolution, why Ras muta-
tions cause 25 per cent  of human cancers. 

The structures, respectively, are of the 
a-subunit, Gai1, of a trimeric G protein in
combination with RGS4 (a regulator of G-
protein-signalling protein)1; H-Ras with a
catalytic fragment of RasGAP2 ; and, on page
758 of this issue3, RhoGAP in a complex with
RhoA, a GTPase that controls remodelling of
the actin cytoskeleton.

Efficiency of an enzyme reaction depends
on the enzyme’s ability to stabilize substrate
atoms in a very specific arrangement, the
transition state, which allows the reaction to
proceed. The transition state’s high energy
makes it too unstable to be captured in a
crystal structure. Instead, investigators crys-
tallized GTPase–GAP complexes in a solu-
tion containing GDP and a combination of
ions (Al3+ and F–), which form a planar com-
plex thought to mimic the atomic arrange-
ment of GTP’s g-phosphate in the transition
state (see box, overleaf). 

The three GTP-hydrolysing machines
form nearly identical webs of hydrogen

bonds that hold key substrate atoms in the
configuration required for GTP hydrolysis
(see box). In each complex, one protein (Ras,
RhoA or Gai1) shares with its counterparts in
the other machines a common GTP-binding
fold and stabilizes the transition state with
the same set of identically positioned amino
acids — with a single exception, an arginine
residue whose guanidinium group interacts
with the same substrate atoms in each transi-
tion state. Like fingers of different hands
pointing at the same object, the arginines
stick into the active site from different 
directions (see box). 

The arginine fingers belong to three
structurally different hands — RasGAP,
RhoGAP and a built-in domain of Gai1. In
this last case, as in all Ga proteins, the finger
projects from a loop that connects the built-
in extra domain to the GTP-binding fold. 
All three hands grasp GTPases that evolved
from a common GTP-binding precursor and
share the same 3D architecture. In contrast,
convergent evolution reshaped three a-heli-
cal but otherwise unrelated protein folds to
produce morphologically different hands
able to point an arginine finger with equal
precision. Despite their differing evolution-
ary origin, arginines pointed by RasGAP 
(see box; blue) and RhoGAP (cyan) occupy
similar positions in the active sites of their
respective targets. The built-in domain of
Gai1  points its finger (green) from almost the
opposite direction; nonetheless, the position
of its key guanidinium group is almost 
identical to those of RasGAP and RhoGAP. 

In all three cases, amputation of the argi-
nine finger creates a machine that hydrolyses
GTP and turns off transmitted signals very
slowly, as shown by the effects of missense
mutations in the appropriate arginine
codons of RasGAP4, RhoGAP5 and Ga pro-
teins6,7. Indeed, such mutations in Gas, a Ga
structurally similar to Gai1, cause endocrine
tumours7 by triggering excessive synthesis of
a second messenger, cyclic AMP. 

When RasGAP is not available to deliver

G proteins

The arginine finger strikes again
Henry R. Bourne
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