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Fig. 4. FKHRL1 regulates hydrogen peroxide scavenging and oxidative stress resistance. (A) FKHRL1
stimulated transcriptional activity using a catalase promoter beginning at ~3179 (black bar) or at
~1645 (striped bar) or with a synthetic promoter containing three tandem forkhead binding sites
(stippled bar). Transcriptional activity was determined after transfection with increasing amounts
of either full-length FKHRL1 (WT) or the activation domain deficient FHKLR1 mutant (AC) isoform
(8). (B) Total hydrogen peroxide scavenging capacity in control cells (Neo), cell stably expressing
the activation deficient FHKLR1 mutant (AC) or cells expressing full-length FKHLR1 (WT ). (C) Cell
survival in PC12 cell lines 24 hours after exposure to hydrogen peroxide (200 wM).

creased survival after direct hydrogen perox-
ide challenge (Fig. 4C).

Our results, therefore, demonstrate an im-
portant functional relation between forkhead
proteins that regulate longevity in C. elegans,
p66shc that is implicated in mammalian life
span, and intracellular oxidants, which are
thought to play a role in aging across all
species (/). We have also demonstrated a role
for FKHRL1 expression in the regulation of
cellular oxidative stress resistance. This is
consistent with previous studies demonstrat-
ing that DAF-16 can act as a potential tran-
scriptional activator of several antioxidant
scavengers and stress resistance genes in C.
elegans including superoxide dismutase
(SOD), catalase, and OLD-1 (2, /12-14). In
contrast, most evidence in mammalian cells
to date suggests that, after trophic withdraw-
al, transient activation of forkhead proteins is
associated with increased cell death (3, /7,
18). Similarly, a number of studies have in-
dicated a potentially protective effect of Akt
activation after exposure to hydrogen perox-
ide (79-22). These observed differences in
the protective versus harmful effects of Akt
and forkhead proteins may relate to the levels
of activation seen in these various studies, the
nature of stimulus used, the differences be-
tween transient and stable FKHRL1 overex-
pression, or differences in the cell lines used.
Whereas small increases in DAF-16 activity
are associated with longevity in C. elegans,
more robust activation results in a dauer-like
state characterized by growth arrest (9, 23).
In mammalian cells, although increased fork-
head activity can be associated with cell
death, inhibiting forkhead activity can also
result in apoptosis (24).

Lastly, since the initial description over
40 years ago of the free radical theory of
aging (25) the implication has been that ROS
act solely as random, destructive agents. The

observation that forkhead activity is regulated
by intracellular ROS in a p66shc-dependent
fashion suggests that intracellular hydrogen
peroxide might also provide a specific signal-
ing function. Given that oxidative stress has
been implicated in a host of human diseases
as well as human aging, this expanded role
for ROS as signaling agents may have impor-
tant therapeutic implications.
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Visualization of a Ran-GTP
Gradient in Interphase and
Mitotic Xenopus Egg Extracts

Petr Kalab, Karsten Weis,* Rebecca Heald*

The small guanosine triphosphatase Ran is loaded with guanosine triphosphate
(GTP) by the chromatin-bound guanine nucleotide exchange factor RCC1 and
releases import cargoes in the nucleus during interphase. In mitosis, Ran-GTP
promotes spindle assembly around chromosomes by locally discharging cargoes
that regulate microtubule dynamics and organization. We used fluorescence
resonance energy transfer—based biosensors to visualize gradients of Ran-GTP
and liberated cargoes around chromosomes in mitotic Xenopus egg extracts.
Both gradients were required to assemble and maintain spindle structure.
During interphase, Ran-GTP was highly enriched in the nucleoplasm, and a steep
concentration difference between nuclear and cytoplasmic Ran-GTP was es-
tablished, providing evidence for a Ran-GTP gradient surrounding chromosomes

throughout the cell cycle.

Because of the chromosomal localization of
the Ran—guanine nucleotide exchange factor
(GEF) RCCI1 (regulator of chromosome con-
densation 1) and the cytoplasmic localization
of Ran-GAP (Ran—guanosine triphospha-

tase—activating protein) and its cofactor Ran-
BP1 (Ran-binding protein 1), Ran-GTP is
predicted to exist exclusively in the inter-
phase nucleus or in the immediate proximity
of mitotic chromosomes, whereas the bulk of
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cytoplasmic Ran is rapidly converted to its
guanosine diphosphate (GDP)-bound form
(1). During interphase, the Ran cycle regu-
lates the binding and release of transport
cargoes from their receptors in the nucleus or
cytoplasm, giving directionality to nucleocy-
toplasmic transport (2, 3). A Ran-GTP gra-
dient is also proposed to regulate spindle
formation during mitosis (4, 5), because
Ran-GTP modulates microtubule dynamics
and organization (4-8). In addition, Ran
appears to regulate nuclear envelope reas-
sembly upon exit from mitosis (9, 10).
Recently, the nuclear import receptor im-
portin B has been identified as a key factor
regulated by Ran-GTP during spindle mor-
phogenesis (//-13). Importin 8 acts as an
inhibitor of spindle assembly and is thought
to function by sequestering cargoes re-
quired for microtubule polymerization and
organization. Ran-GTP generated in the vi-
cinity of chromosomes binds importin 8
and discharges these cargoes. However, the
existence of a Ran-GTP gradient during
interphase or mitosis has remained hypo-
thetical, and although several lines of evi-
dence support this model, it has never been
demonstrated experimentally.

- Based on Ran’s binding partners and regu-
lation of nuclear transport factor—cargo
interactions, we designed two chimeric biosen-
sor probes that exhibit intramolecular fluores-
cence resonance energy transfer (FRET) be-
tween cyan fluorescent protein (CFP) and yel-
low fluorescent protein (YFP), modulated by
the Ran nucleotide state (Fig. 1A) (/4). In the
absence of binding partners, we predicted that
probe flexibility should allow FRET caused by
the transfer of energy from a COOH-terminal
CFP to an NH,-terminal YFP, leading to a
decrease of CFP (donor) emission and an in-
crease of YFP (acceptor) emission (/5). The

_ first sensor, designed to monitor the Ran nucle-
otide state directly, contained the Ran-binding
domain (RBD) of the yeast Ran-GAP accessory
factor Yrbl (/6). The RBD has a low affinity
for Ran-GDP but binds to Ran-GTP in an ex-
tended conformation with its NH,- and COOH-
termini ~5.6 nm apart (/7). Thus, the YFP-
RBD-CFP chimera (YRC) should not undergo
FRET in the presence of Ran-GTP (Fig. 1A).

The second sensor was designed to
monitor the release of importin B cargoes,
which is regulated by the local concentra-
tion of Ran-GTP. We used the importin
B-binding domain (IBB) of importin « as a
model cargo. Importin « acts as an adapter
to bind a subset of nuclear cargoes and is
dissociated from importin B by Ran-GTP
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(18-20). The free IBB domain is highly
flexible (21), and the YFP-IBB-CFP (YIC)
chimera should undergo FRET. However,
when bound to importin B, the IBB forms
an o-helical rod ~5 nm long (22), and
FRET of the YIC sensor should be inhibit-
ed (Fig. 1A). Thus, this probe should di-
rectly monitor free importin 8 cargoes and
provide an indirect measure of Ran-GTP
concentration.

To characterize the behavior of the YRC
and YIC chimeras, their emission profiles
were examined by spectrofluorimetry with
435-nm excitation in the presence of either
Ran-GDP or Ran-GTP (Fig. 1B) (23). Under
opposite Ran nucleotide states, the two

Fig. 1. (A) Design of A
FRET probes. The YRC

probe, consisting of a

RBD fused to YFP and /0
CFP, should undergo
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" om

ol
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of Ran-GDP but not +
when bound to Ran- RanGAP
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portin B-binding do-

main of importin o

(1BB) fused to YFP and {";;,;
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FRET when released

from importin B by
Ran-GTP. [(B) through

(D)] Characterization
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. proteins. (B) Emission

profiles showing the c
decrease in the CFP
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probes displayed an emission increase at 525
nm (YFP, acceptor) and a decrease at 474 nm
(CFP, donor) indicative of FRET: YRC
FRET occurred in the presence of Ran-GDP,
whereas Ran-GTP induced maximal FRET of
the YIC probe in the presence of importin 3.
To confirm the nucleotide dependence of the
binding reactions biochemically, pull-down
experiments were performed with purified
proteins (Fig. 1C) (24). YRC bound Ran-
GTP but not Ran-GDP. The interaction was
fully reversible, because YRC that had bound
to Ran-GTP could be released by the addition
of Ran-GAP to induce Ran-GTP hydrolysis.
Like full-length importin &, YIC bound to
importin 8 only in the absence of Ran-GTP.
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probe interactions. (Upper panel) FRET of YRC was diminished fractionally to a baseline level by
addition of increasing amounts of Ran-GTP (arrowheads) but restored by subsequent addition of
Ran-GAP causing GTP hydrolysis (arrow): (Lower panel) FRET of YIC was diminished by addition of
importin B (arrow) but recovered upon addition of Ran-GTP (arrowheads). Experiments were
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simultaneously.
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The fluorescent tags did not alter the affinity
of the probe for importin 8 as compared to
IBB or importin o (25, 26). The rapid revers-
ibility of FRET sensors was demonstrated by
monitoring of emission intensity over time
while the Ran nucleotide state was manipu-
lated (Fig. 1D). The YRC FRET ratio calcu-
lated as the FRET emission at 535 nm upon
excitation at 435 nm, divided by CFP emis-
sion at 474 nm (Ipger/Icpp) decreased rapidly
when its binding partner Ran-GTP was added
and was restored upon addition of Ran-GAP.
In contrast, the Igge/Icpp ratio of YIC de-
creased quickly after the addition of importin
B but was recovered upon Ran-GTP-induced
release of the sensor.

Next we examined whether the FRET
probes could also be used to monitor differ-
ences in the Ran nucleotide state in mitotic
cytoplasmic extracts prepared from unfertil-
ized Xenopus eggs (Fig. 2, A through C) (27,
28). Analogous to results with purified pro-
teins (Fig. 1B), addition of a nonhydrolyzable
Ran mutant loaded with’ GTP (Ran-Q69L-
GTP) to extracts containing YRC caused a
decrease in YFP acceptor emission and an
increase in CFP donor emission, indicating a
loss of YRC FRET (Fig. 2A), whereas YIC
FRET in extract increased in the presence of
Ran-Q69L-GTP (Fig. 2B). Similar results
were obtained with the addition of RCCI,
whereas addition of a large excess of Ran-
GAP did not significantly alter FRET ratios

Fig. 2. Characteriza-
tion of FRET probes in
Xenopus egg extracts.
(A and B) Emission
profiles showing a de-
crease in the CFP do-
nor fluorescence peak
at 474 nm and an in-
crease in the acceptor
fluorescence peak at

>

Emission intensity

REPORTS

of YRC (Fig. 2C). Thus, at equilibrium, free
Ran was predominantly in the GDP-bound
form in cytoplasmic egg extracts.

As in solutions of pure proteins, FRET
in the extract required both fluorophores to
be on the same probe (29) and reflected
specific binding reactions tightly regulated

. by Ran-GTP (Fig. 2D). Biotinylated sen-

sors were retrieved from extracts by means
of streptavidin beads (30). YRC did not
bind endogenous Ran in untreated extracts
but could capture exogenously added Ran-
Q69L-GTP. Under these conditions, endog-
enous Ran also associated with YRC, indi-
cating that addition of Ran-Q69L altered
the Ran nucleotide state equilibrium in the
extract to favor the GTP form. YIC was
found associated with endogenous importin
B in extracts, but this interaction was lost
upon addition of Ran-Q69L-GTP. Thus,
our FRET probes detected dynamic chang-

es in the Ran nucleotide state and importin

B—cargo binding in egg extracts and indi-
cate that endogenous Ran in egg extracts is
predominantly in its GDP-bound form.

To test whether our sensors could allow
visualization of a Ran-GTP gradient generat-
ed by chromosome-bound RCC1 during mi-
tosis, Xenopus sperm nuclei were added to
mitotic egg extracts supplemented with
FRET probes and rhodamine-labeled tubulin
(Fig. 3A). Spindle assembly and FRET were
both monitored by fluorescence microscopy
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occurred. (A) FRET of
2 M YRC in extract
(blue line) was de-
creased upon addition
of 30 nM Ran-Q69L-
GTP (red line). (B)
FRET of YIC in extract
(blue line) was in-
creased upon Ran-
Q69L-GTP  addition
(red line). Samples
were excited at 435
nm, and emission was
measured from 465 to
550 nm at 0.5-nm in-
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crements. (C) Free Ran in the extract was predominantly in the GDP-bound form. The FRET ratio
of the YRC probe was diminished by the addition of 50 .M Ran-Q69L or 5 M RCC1 that increased
the concentration of Ran-GTP but was unaffected by the addition of 6 uM Ran-GAP. Data represent
the average of at least four experiments. (D) Probe interactions in extracts detected biochemically.
No detectable Ran was pulled down with YRC from untreated extracts (lane 1), whereas exog-
enously added Ran-Q69L-GTP was retrieved (arrow) along with some endogenous Ran (arrow-
head), as confirmed by immunoblot with antibody to Ran (lane 2). YIC retrieved endogenous
importin B from untreated extracts (lane 3), as confirmed by immunoblot with antibody to
importin 3, but this interaction was blocked by the addition of Ran-Q69L-GTP (lane 4).

(31). After 30 min of incubation, spindle
assembly was apparent, as rhodamine-labeled
tubulin incorporated into bipolar structures
with chromosomes positioned at the meta-
phase plate. Visualization of the YRC probe
revealed a gain in CFP fluorescence intensity
(Icpp) and a relative decrease in FRET emis-
sion intensity (/prgt) in the immediate vicin-
ity of the chromosomes. As a result, the
Ierer/lcrp 1atio of the YRC probe was the
lowest in the central spindle, indicating local-
ized loss of YRC intramolecular FRET due to
its binding to Ran-GTP generated by chro-
mosome-bound RCC1. Conversely, the YIC
probe exhibited a decreased I.gp signal and
an increased Izger signal in the region sur-
rounding the chromosomes of the spindle.
The high FRET ratio (/pret/Icpp) levels in
the central spindle thus revealed a gradient of
YIC liberated from importin B, indicating
localized release of cargoes by Ran-GTP.
Results obtained with Jggpr/Icpp ratio imag-

_ ing were supported by FRET images normal-

ized for probe concentration and channel
cross-bleed (32, 33) that displayed YRC and
YIC FRET gradients of similar proportions
and steepness (29). When probes were sub-
stituted with a mixture of individually labeled
RBD-YFP and RBD-CFP or IBB-YFP and
IBB-CFP constructs or with a sensor unre-
sponsive to the Ran nucleotide state, no
FRET signal was detectable, demonstrating
that the changes were specific and caused by
intramolecular FRET (29).

The establishment of Ran-GTP and liber-
ated cargo gradients preceded microtubule
polymerization into polarized arrays, because
YRC and YIC Jgger/Icpp ratio gradients were
visible around sperm nuclei within several
minutes after the initiation of spindle assem-
bly reactions (29).

If chromatin-bound RCC1 is responsible
for formation of the mitotic Ran-GTP ‘gradi-
ent and the downstream gradient of released
cargoes, then inhibition of RCC1 function
should disrupt localized FRET of both the
YRC and YIC probes. Furthermore, if these
gradients are physiologically meaningful,
their disruption should affect spindle assem-
bly. Addition of Ran-T24N, a potent inhibitor
of RCC1, eliminated FRET ratio gradients of
both probes and caused a decrease in micro-
tubule density in spindles (Fig. 3B). In con-
trast, addition of nonhydrolyzable Ran-
Q69L-GTP led to spontaneous microtubule
polymerization and formation of spindle-like
structures independent of chromosomes (4—
8). Under these conditions, fluorescence mi-
croscopy revealed uniform Ipger/Icpp Signals
without a gradient surrounding chromo-
somes, with overall lower YRC and elevated
YIC Iirer/Icpe ratios consistent with results
obtained by fluorimetry in the presence of
Ran-Q69L-GTP (Fig. 2, A through C). In
contrast, addition of the Ran-GTP-indepen-
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dent cargo-binding domain of importin 3
(amino acids 71 through 876) eliminated the
Ierer/Icpp ratio signal displayed by the YIC

probe by interfering with the release of this
cargo, but did not disrupt the Ran-GTP gra-
dient visualized directly with the YRC sen-
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Fig. 3. A gradient of Ran-GTP surrounding chromosomes visualized in egg extracts and abolished
by the addition of Ran mutants. Scale bars, 10 wm. (A) Fluorescence images of mitotic spindles
showing microtubules (MTs) and Iygp, Icgp, and FRET ratio (Ierer/Icep) signals, and an MT-FRET ratio
overlay showmg a decrease in FRET surrounding chromosomes in the presence of YRC and an
increase in the presence of YIC due to the presence of Ran-GTP. There is a decrease in /gp in regions
where FRET occurs. (B) Addition of 30 uM exogenous Ran-Q69L-GTP caused a loss of localized YRC
and YIC FRET ratio signals and distortion of spindle structures due to ectopic microtubule
polymerization. Addition of 30 wM Ran-T24N inhibited RCC1, abolished localized FRET ratio
gradients around chromosomes as detected by both probes, and destabilized spindle microtubules.
Addition of the cargo-binding domain of importin B [ImpB(71-876), 10 uM] did not distort the
Ran-GTP gradient visualized with YRC but sequestered importin 8 cargoes, including YIC, uniformly
abolishing its FRET signal and demonstrating that proper cargo release was required to maintain
spindle morphology. (C) The Ran-GTP gradient in interphase visualized with the YRC probe.
Addition of 30 uM RCC1 inhibitor Ran-T24N or 30 wM importin B Ran-GTP binding domain
[ImpB(1-380)] diminished nuclear Ran-GTP.
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sor. Thus, importin B cargo release functions
downstream of the Ran-GTP gradient, and,
consistent with previous data, sequestering of
importin B cargoes caused defects in micro-
tubule polymerization and organization (/7).

Next we used the YRC probe to analyze the
distribution of the Ran nucleotide state in nuclei
formed in interphase egg extracts (Fig. 3C).
Although the YRC probe was enriched in the
nucleus, specific loss of Iegpt/Icpp Was ob-
served in this compartment, revealing a very
high enrichment of Ran in its GTP-bound form
in the nucleoplasm. An increase in YRC FRET
in the nucleus was observed upon addition of
either the RCC1 inhibitor Ran-T24N or the
Ran-GTP binding domain of importin B (Fig.
3C) (29). Based on the Ran-GTP occupancy of
the YRC sensor and its affinity for Ran-GTP,
we estimated that the concentration difference
between free nuclear and cytoplasmic Ran-GTP
was at least 200-fold.

The FRET probes reported here enable
highly sensitive monitoring of spatial and tem-
poral changes in both the Ran nucleotide state
and importin B—cargo interactions throughout
the cell cycle. This analysis reveals that mitotic
chromosomes are surrounded by a Ran-GTP
gradient that induces a gradient of liberated
cargoes and that a steep Ran-GTP concentra-
tion difference exists between the nucleus and
cytoplasm during interphase. Our observations
provide direct evidence that a chromatin-gener-
ated Ran-GTP gradient is maintained through-
out the cell cycle and support the model that
Ran-GTP acts as a positional marker of the
genome.
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Systemic RNAi in C. elegans
Requires the Putative
Transmembrane Protein SID-1

William M. Winston, Christina Molodowitch, Craig P. Hunter*

Double-stranded RNA-mediated gene interference (RNAi) in Caenorhabditis
elegans systemically inhibits gene expression throughout the organism. To
investigate how gene-specific silencing information is transmitted between
cells, we constructed a strain that permits visualization of systemic RNAi. We
used this strain to identify systemic RNA interference—deficient (sid) loci re-
quired to spread gene-silencing information between tissues but not to initiate
or maintain an RNAi response. One of these loci, sid-1, encodes a conserved
protein with predicted transmembrane domains. SID-1 is expressed in cells
sensitive to RNAI, is localized to the cell periphery, and is required cell-auton-

omously for systemic RNAi.

One of the first reported and still mysterious
aspects of RNAi in C. elegans is that it is
systemic. Injection of gene-specific double-
stranded RNA (dsRNA) into one tissue leads
to the posttranscriptional silencing of that
gene in other tissues and in that worm’s
progeny (/). The systemic nature of RNAi
also provides for initiation of RNAi by soak-
ing animals in dsRNA (2, 3) or by cultivating
worms on bacteria expressing dsRNA (4, 5).
Although systemic RNAI has not been dem-
onstrated in any other animal, systemic post-
transcriptional gene silencing (PTGS) effects
in plants are well established (6, 7). PTGS
appears to play a role in viral defense (8); at
the same time, viruses are able to inhibit
systemic PTGS (9).

Genes required for RNAI have been iden-
tified in a variety of systems, as have small
interfering RNAs (siRNAs) that can directly
trigger RNAi and act as guide RNAs that
direct sequence-specific mRNA cleavage
(10-12). Among the C. elegans genes re-
quired for RNAI are rde-1 and rde-4, which
have no readily detectable mutant phenotype
other than resistance to RNAi (/3). These
mutants are resistant to dSRNA targeting both
somatic and germ line—specific genes and are
also resistant to dsRNA produced by trans-
genes (/3). However, these genes are not
involved in systemic RNAi, because ho-
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mozygous rde-1 or rde-4 mutant animals in-
jected in the intestine with dsSRNA are capa-
ble of efficiently transporting the RNAI effect
to heterozygous cross progeny (/3). It is note-
worthy that rde-4 is required for the efficient
production of siRNAs (/4), suggesting that
siRNAs are not required for systemic RNAi.

To specifically investigate systemic
RNAi, we constructed a transgenic strain
(HCS7) that allows simultaneous monitoring
of localized and systemic RNAi. HCS7 ex-
presses two green fluorescent protein (GFP)
transgenes, one expressed in the pharyngeal
muscles (myo-2::GFP) and the other ex-
pressed in the body-wall muscles
(myo-3::GFP). To initiate RNAi, a third
transgene was introduced that expresses a
GFP dsRNA construct under the control of
the pharynx-specific = myo-2  promoter
(myo-2::GFP dsRNA) (15). In HC57, local-
ized RNAi of myo-2::GFP in the pharynx
was highly penetrant, but incomplete and
temperature sensitive (Fig. 1B, compare with
1A), whereas systemic RNAi of myo-3::GFP
in body-wall muscle was position-dependent
and also temperature-sensitive (Fig. 1, B and
C) (15). Systemic RNAI did not require ex-
pression of GFP in the pharynx, as expression
of only myo-2::GFP dsRNA led to silencing
of GFP in body-wall muscle (Fig. 1D). Si-
lencing in both the pharynx and body-wall
muscles was dependent on rde-1, verifying
that the silencing was due to RNAi (Fig. 1G).

We used the HC57 strain to identify sys-
temic RNA interference defective (sid) mu-
tants, by screening for animals resistant to
systemic RNAi of myo-3::GFP in the body-
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