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G proteins of the Ras family function as molecular switches in
many signalling cascades'~; however, little is known about where
they become activated in living cells. Here we use FRET (fluo-
rescent resonance energy transfer)-based sensors to report on the
spatio-temporal images of growth-factor-induced activation of
Ras and Rapl. Epidermal growth factor activated Ras at the
peripheral plasma membrane and Rapl at the intracellular peri-
nuclear region of COS-1 cells. In PC12 cells, nerve growth factor-
induced activation of Ras was initiated at the plasma membrane
and transmitted to the whole cell body. After three hours, high Ras
activity was observed at the extending neurites. By using the FRAP
(fluorescence recovery after photobleaching) technique, we found
that Ras at the neurites turned over rapidly; therefore, the

letters to nature

sustained Ras activity at neurites was due to high GTP/GDP
exchange rate and/or low GTPase activity, but not to the retention
of the active Ras. These observations may resolve long-standing
questions as to how Ras and Rapl induce different cellular
responses* and how the signals for differentiation and survival
are distinguished by neuronal cells’.

G proteins of the Ras family cycle between GDP-bound inactive
and GTP-bound active forms. This cycle is regulated by guanine
nucleotide exchange factor (GEF), the activator, and GTPase acti-
vating protein (GAP), the inactivator. Many external and internal
signals converge on G proteins of the Ras family through several
GEFs and GAPs; however, if so many signals can activate G proteins
of the Ras family, it remains unknown how they transmit a specific
signal®®.

After making a calcium indicator based on FRET technology’, we
designed a protein that consisted of H-Ras, the Ras-binding domain
of Raf (Raf RBD) and a pair of an enhanced yellow-emitting mutant
of green fluorescent protein (YFP) and an enhanced cyan-emitting
mutant of green fluorescent protein (CFP), so that intramolecular
binding of GTP—Ras to Raf RBD brings CFP close to YFP and
increases FRET between CFP and YFP (Fig. 1a). This protein was
named a Ras and interacting protein chimaeric unit (Raichu). By
replacing Ras with Rap1l, we also made a probe for Rapl. Raichu—
Ras and Raichu—Rapl were co-expressed in 293T cells with either
GEFs or GAPs, and their emission profiles were examined with an
excitation wavelength of 433nm (Fig. 1b). FRET, which was
typically observed as an emission peak of 527 nm, was more
prominent in the presence of GEFs than in the presence of GAPs.
After treatment with proteinase K, which cleaved Raichu—Ras and
Raichu—Rap1 between YFP and CFP, the emission peak at 527 nm
disappeared, proving that this peak was caused by FRET®.

To correlate GTP loading with FRET efficiency, we labelled cells
expressing Raichu—Ras, Flag-tagged H-Ras and a varying quantity
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Figure 1 Properties of Raichu—Ras and Raichu—Rap1. a, Schematic representation of
Raichu—Ras bound to GDP or GTP. b, Emission spectra of Raichu—Ras and Raichu—Rap1
(excited at 433 nm) co-expressed with GEF (red) or GAP (blue) in 293T cells. To confirm
FRET, one sample was treated with proteinase K (green), which cleaved Raichu between
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CFP and YFP. ¢, d, Emission ratio of Raichu—Ras or Raichu—Rap1 co-expressed with
GAPs and GEFs in 293T cells. GAPs and GEFs for Ras (¢) or Rap1 (d) are indicated in grey
and black columns, respectively e, Emission ratio of Raichu—Ras mutants expressed with
or without GAPTm or mSos1 in 293T cells. Bars are s.d. (n = 3).
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of either mSos1 or GAP1m with **P; and determined the amount of
GTP bound to Raichu—Ras and Flag-tagged H-Ras by thin layer
chromatography (see Supplementary Information Fig. 1). FRET
efficiency, which is shown as an emission ratio of 527/475nm,
correlated well with the amount of GTP bound to Raichu—Ras. The
percentage of GTP-bound Raichu—Ras was always higher than that
of GTP-bound Flag—H-Ras obtained from the same cells. This is
probably because Raf RBD present on Raichu—Ras competitively
inhibits GAP’. Despite this, the linear correlation of GTP-loading
and FRET efficiency and the large dynamic range of the emission
ratio from 1.2 to 2.4 show that Raichu—Ras can be used for
monitoring Ras activation in vivo. Similar results were obtained
for Raichu—Rapl.

We next tested the specificity of Raichu—Ras on a panel of
GEFs and GAPs of G proteins of the Ras family (Fig. 1c). Neither
R-RasGAP, which is related closely to GAP1m but specific to R-Ras,
nor raplGAPII, a GAP for Rapl, stimulated the GTPase activity of
Raichu—Ras. RasGRF and CalDAG-GEFII, GEFs for Ras and R-Ras,
increased FRET, as did mSos1. In contrast, GEFs for Rap1, R-Ras or
Ral including CalDAG-GEFI, C3G, PDZ-GEFI and KIAA0351
(RalGPS/RalGEF2) did not show any effect on the FRET efficiency
of Raichu—Ras. Thus, Raichu—Ras retained specificity for both
GEFs and GAPs of the classical Ras subfamily. Again, similar results
were obtained for Raichu—Rapl (Fig. 1d): the emission ratio of
Raichu—Rapl was increased in the presence of GEFs for Rapl
including PDZ-GEF], C3G, CalDAG—GEFI and CalDAG—-GEFIII,
and was decreased in the presence of GAPs for G proteins of the
Rap family including raplGAPII and Spal (see Supplementary
Information Fig. 2).

To confirm that the increased emission ratio of Raichu—Ras was
caused by the intramolecular binding of Ras to Raf RBD, we
constructed a series of mutants: Raichu 001 lacked Raf RBD;
Raichu 103 contained an S17N mutation in Ras, which reduced
the affinity to guanine nucleotides'’; and Raichu 102 contained a
Y40C mutation in which the interaction of H-Ras with Raf was
abolished"'. In these mutants, the FRET efficiency was not enhanced
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Figure 2 EGF activation of Ras and Rap1. a, IMD images of COS-1 cells expressing
Raichu—Ras or Raichu—Rap1 and stimulated by EGF. b, Tangential IMD images obtained
with a confocal microscope. COS-1 cell expressing Raichu—Ras or Raichu—Rap1 were
stimulated by EGF for 5 min. ¢, Phase contrast and IMD images of a Raichu—Ras-
expressing COS-1 cell, which had grown to subconfluency and was stimulated by EGF for
5min. Arrows indicate the free edge of the cell, to which Ras activation was restricted.
d, Cell indicated by a dotted line (left) was photobleached at an excitation wavelength of
510 nm for 2 min (centre) and stimulated by EGF for 5 min (right).
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in the presence of mSos1 (Fig. le). Raichu 104, which lacked GTPase
activity because of a G12V mutation in Ras?, had an increased FRET
efficiency irrespective of the presence of GAP1m or mSosl. Thus,
the effects of mutations shown either to inhibit or to activate H-Ras
were reproduced upon mutation of Raichu—Ras.

Because the effector domain of the GTP-loaded Raichu is occu-
pied by Raf RBD, Raichu will not perturb the cellular signalling
cascades by binding to the cellular target proteins. In fact, we
confirmed that expression of Raichu—Ras and Raichu—Rap1 neither
enhanced nor attenuated the epidermal growth factor (EGF)-
induced ERK/MAPK activation (see Supplementary Information
Fig. 3).

With these probes, we monitored the activation of Ras and Rapl
in living COS-1 cells by a dual-emission ratio fluorescent micro-
scopy. CFP and YFP images were taken every 20 s and used to create
FRET images (see Supplementary Information movie 1). In the
following figures, the FRET images are presented in intensity-
modulated display (IMD) mode, which associates colour hue
with emission ratio value and the intensity of each hue with the
source image brightness. We found that EGF-induced Ras activation
was marked at the periphery of the cells, where membrane ruffling
was prominent (Fig. 2a and Supplementary Information movie 2).
In contrast, EGF activated Rapl mostly in the centre of the cells
(Fig. 2a and Supplementary Information movie 2). Use of a confocal
microscope showed more clearly that, upon EGF stimulation, Ras
activity increased mostly at the peripheral plasma membrane
(Fig. 2b). However, EGF activated Rap] at the internal perinuclear
region of the cells, but not at the plasma membrane. EGF did not
stimulate a Raichu—Rapl mutant that lacked a farnesyl moiety,
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Figure 3 Activation of Ras and Rap1 in NGF-stimulated PC12 cells. a, IMD images of
PC12 cells expressing Raichu—Ras or Raichu—Rap1 and stimulated by NGF. Scale bars,
10 m. b, Neurites of differentiated PC12 cells expressing YFP—Ras or YFP—Rap1 after
they were photobleached.
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indicating that Rapl was activated at the intracellular membrane
compartments. When we pretreated cells with monodansylcada-
verine, an inhibitor for clathrin-mediated endocytosis, EGF
activated Ras, but not Rapl. Therefore, only the internalized EGF
receptor may activate C3G, a Rapl GEF activated by tyrosine
phosphorylation'.

When subconfluent COS-1 cells were stimulated with EGE, Ras
was activated mostly at the free edge of the cells, but less at the edge
in contact with the neighbouring cells, where membrane ruffling
was suppressed (Fig. 2c). It is proposed that GAP activity is
increased in confluent cells”. Our observation indicates that local
activation of GAP at the sites of cell-to-cell contact may attenuate
Ras activation.

The EGF-induced increase in FRET was not observed in Raichu-
102 (Y40C mutant)-expressing cells, in cells co-expressing Raichu—
Ras with a dominant negative mutant of H-Ras (S17N) (see
Supplementary Information movie 3) or in cells pretreated with
AG1478, a tyrosine kinase inhibitor. To confirm that the increase in
the emission ratio of YFP to CFP was due to FRET, we photo-
bleached one of a pair of Raichu—Ras-expressing cells on YFP before
EGF stimulation®. As expected, only the non-photobleached cells
had an increased emission ratio upon EGF stimulation (Fig. 2d).

We next examined the activation of Ras and Rapl in the rat
phaeochromocytoma cell line PC12. Upon nerve growth factor
(NGF) stimulation, Ras was activated from the periphery of the
PC12 cells (Fig. 3a). Within 3 h, Ras activation diminished in the cell
body and became apparent in the extending neurites. After 24 h,
when PC12 cells differentiated into neuronal cells, activation of Ras
persisted only in the extended neurites. Again, in contrast to Ras,
Rapl was activated at the intracellular region of NGF-stimulated
PC12 cells, but never at the neurites. It has been proposed that
differentiation of the PC12 cells is prompted by the NGF receptor
(TrkA) at the endosomes and that survival responses are initiated by
TrkA at the cell surface'. This is consistent with our observation
that Ras is activated transiently at the cell body and persistently at
the extended neurites. The high Ras activity at the neurites may
be maintained by the NGF-TrkA complex, which is transported
from the axon to the cells and is required for ERK-dependent
phosphorylation of CREB cyclic AMP response element-binding
protein®.

To understand the mechanism underlying the intracellular gra-
dient of the activities of Ras and Rap1, the mobility of Ras and Rap1
was examined by FRAP'®. We photobleached neurites of the PC12
cells expressing YFP—Ras or YFP—Rap1 and monitored the recovery
of fluorescence intensity (Fig. 3b). In both cells, the fluorescence
intensity recovered within 240 s. This observation indicates that the
sustained high activity of Ras and low activity of Rapl were not
caused by the retention of active Ras or inactive Rap1 at the neurites.
It is likely that local balance between the activities of GEFs and GAPs
determines the local activities of Ras and Rapl.

Rapl antagonizes Ras-dependent cellular transformation and
ERK activation in some cell types'”'®, probably by sequestering
the Ras—Raf complex". We have found that, upon growth factor
activation, the localizations of the active Ras and active Rap1 are
exclusive of each other. Moreover, expression of active Rapl,
RaplV12, did not inhibit EGF-induced Ras activation (see Supple-
mentary Information movie 3). Therefore, it is unlikely that
activated Rapl inhibits the Ras-dependent ERK activation by
trapping the Ras—Raf complex. However, Rapl may attenuate
Ras-dependent activation of ERK by retaining Rafin the perinuclear
region and reducing the quantity of Raf at the plasma membrane.
This view is supported by the observation that overexpression of
rapl GAP enhanced growth-factor-induced ERK activation®.

Previous biochemical analyses rarely detected more than 40%
activation of Ras and Rap1 upon growth factor stimulation®.. It has
now become clear that growth-factor stimulation strongly activates
Ras and Rapl in a very restricted area within cells, and that a large
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population of Ras or Rapl remains inactive, causing an apparent
low-level response in biochemical assays. Thus, the probes reported
here enable highly sensitive monitoring of the activities of Ras and
Rapl with spatio-temporal information. This property also pro-
mises the widespread application of this probe in vivo.

Methods

For detailed methods, see Supplementary Information.

Plasmids

pRaichu—Ras was derived fro the pCAGGS eukaryotic expression vector’ and encoded a
chimaeric protein, Raichu—Ras, which consisted of EYFP-V68L/Q69K*, H-Ras, Raf RBD
and ECFP from the amino terminus. In pRaichu—Rap1, H-Ras was replaced with Rap1A.
The nucleotide sequences of the coding regions of pRaichu-Ras and pRaichu—Rap1 were
deposited in the DDBJ/EMBL/GenBank data (accession nos AB046925 nd AB051846).
Plasmids used in this study have been described previously*.

Cells and Imaging

COS-1 and PC12 cells were plated on a collagen-coated 35-mm-diameter glass-base dish
(Asahi Techno Glass), transfected with plasmids, starved of serum for 6 h, and stimulated
with 5 ngml™ EGF or 25 ng ml™' NGE. In some experiments, cells were pretreated with
10nM AG1478 (Calbiochem) for 30 min or 20 uM monodansylcadaverine (Sigma) for
10 min. Dual-emission ratio imaging and FRAP experiments were performed as described

elsewhere””.
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Cyclin-dependent kinases prevent
DNA re-replication through

multiple mechanisms
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The stable propagation of genetic information requires that the
entire genome of an organism be faithfully replicated once and
only once each cell cycle. In eukaryotes, this replication is initiated
at hundreds to thousands of replication origins distributed over
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Figure 1 Clb—Cdc28 phosphorylation of Orc6 and Orc2 in vivo. a—f, Immunoblot of Orc6
using anti-haemagglutinin (HA) detection of Orc6-HA3 (a—d, f) or anti-Orc6 (e).

g-1, Immunoblot of Orc2 using anti-HA detection of Orc2-HA3 (@) or anti-Orc2 (h-1).
Extracts used in h, j—1 were identical to those used in b, d—f, respectively.

a, g, Immunoprecipitates from YJL921 (ORC6-HASJ) (a) or YJLI63 (ORC2-HA3) (g) treated
with A-phosphatase with or without phosphatase inhibitors. b, h, YJL934 (cdc28-4
ORC6-HAS3) or YJL865 (CDC28 ORC6-HA3) grown at 23 °C were arrested in early S phase
with hydroxyurea (HU) (after a pre-arrestin G1 with a-factor) then shifted to either 38 °C or
kept at 23 °C for a further 3 h. ¢, Log phase YJL865 (ORC6-HA3) and YJL1394 (orc6-4A-
HAJ). i, Log phase YJL3155 (ORC2) and YJL1737 (orc2-6A). d, j, YIL865 (ORC6-HA3)
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the genome, each of which must be prohibited from re-initiating
DNA replication within every cell cycle. How cells prevent re-
initiation has been a long-standing question in cell biology. In
several eukaryotes, cyclin-dependent kinases (CDKs) have been
implicated in promoting the block to re-initiation', but exactly
how they perform this function is unclear. Here we show that
B-type CDKs in Saccharomyces cerevisiae prevent re-initiation
through multiple overlapping mechanisms, including phosphor-
ylation of the origin recognition complex (ORC), downregulation
of Cdc6 activity, and nuclear exclusion of the Mcm2-7 complex.
Only when all three inhibitory pathways are disrupted do origins
re-initiate DNA replication in G2/M cells. These studies show that
each of these three independent mechanisms of regulation is
functionally important.

The mechanism of eukaryotic replication initiation and the role
of CDKs in its regulation have been most extensively characterized
in the budding yeast S. cerevisiae (reviewed in ref. 1). Initiation
events at yeast origins can be divided into two fundamental stages:
the assembly of pre-replicative complexes (pre-RCs) and the trig-
gering of new DNA synthesis. The assembly of pre-RCs occurs
shortly after mitosis and renders origins competent to initiate DNA
synthesis. During this assembly ORC, which binds origins through-
out the cell cycle, is joined by additional initiator proteins, including
Cdc6 and the Mcm2-7 complex. Passage through the G1 commit-
ment point (Start) then activates the kinases Cdc7-Dbf4 and the
B-type CDKs Clb—Cdc28, which together trigger origin unwinding,
assembly of the replication fork machinery, initiation of daughter
strand synthesis, and pre-RC disassembly.

In addition to triggering initiation, Clb—Cdc28 prevents re-
initiation, in part by blocking re-assembly of pre-RCs'. This block
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cells were released (time 0) from an a-factor arrestin G1 and samples taken every 10 min
for analysis by immunoblot, FACS (to determine time of S phase), and budding index with
4,6-diamidino-2-phenylindole (DAPI) staining (to determine time of Start and mitosis). The
80-min time point in j is absent. e, k, YJL1937 (dbf2-2 ORC6) cells were grown at 37 °C
for 150 min to arrest them in late mitosis, released from the arrest (time 0) by shifting
them to 23 °C, and sampled every 10 min for immunoblot analysis. f, I, immunoblot of
ORC6-HA3 cd strains arrested by growth at 37 °C for 2—3 h (until more than 95% have
appropriate bud morphology); drug arrests were performed on YJL864 (ORC6-HAS3) using
«-factor, hydroxyurea or nocodazole (NOC).
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