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Hypoxia-inducible factor � (HIF-�) proteins are regulated by oxygen levels through several different
mechanisms that include protein stability, transcriptional coactivator recruitment, and subcellular localiza-
tion. It was previously reported that these transcription factors are mainly nuclear in hypoxia and cytoplasmic
in normoxia, but so far the molecular basis of this regulation is unclear. We show here that the Drosophila
melanogaster HIF-� protein Sima shuttles continuously between the nucleus and the cytoplasm. We identified
the relevant nuclear localization signal and two functional nuclear export signals (NESs). These NESs are in
the Sima basic helix-loop-helix (bHLH) domain and promote CRM1-dependent nuclear export. Site-directed
mutagenesis of either NES provoked Sima nuclear retention and increased transcriptional activity, suggesting
that nuclear export contributes to Sima regulation. The identified NESs are conserved and probably functional
in the bHLH domains of several bHLH-PAS proteins. We propose that rapid nuclear export of Sima regulates
the duration of cellular responses to hypoxia.

In eukaryotic organisms, transcription factors are typically
regulated at the level of transcription or controlled through a
wide variety of posttranslational mechanisms that frequently
operate simultaneously to cope with dynamic cell needs. Reg-
ulation of transcription factor expression is a robust mecha-
nism, usually associated with highly stereotyped processes,
such as the development of multicellular organisms. Regula-
tion through posttranslational modifications, such as phosphor-
ylation, proteolytic processing, and control of subcellular lo-
calization, is less robust but allows for rapid responses that
enable adaptation to external insults or modifications in the
extracellular milieu. Therefore, the combination of transcrip-
tional and posttranslational mechanisms that account for tran-
scription factor regulation ensures an ample repertoire of re-
sponses that allows adaptation to diverse situations.

Transcription factors of the basic helix-loop-helix–PAS
(bHLH-PAS) family control a wide array of biological func-
tions throughout the animal kingdom, including different de-
velopmental processes, circadian rhythmicity, xenobiotic re-
sponses, and adaptation to hypoxia. bHLH-PAS proteins are
�/� heterodimers in which �-subunits provide functional spec-
ificity and �-subunits are promiscuous partners, though abso-
lutely necessary for transcriptional activity. Members of the
bHLH-PAS family display an overall conserved modular struc-
ture characterized by several domains distributed in a highly
stereotyped pattern along the protein (10, 26) (see Fig. 1A,
below). The bHLH domain, typically localized to the N termi-
nus, has a basic region (b) that consists of a stretch of 12 mainly
basic residues that bind a G/CTAC-GTG consensus in the

DNA, the asymmetric E-box (53, 56); the HLH component of
the bHLH domain that is involved in �/� heterodimerization is
a hydrophobic region of approximately 50 residues encompass-
ing two amphipathic �-helices separated by a loop of variable
length (37), and the PAS domain is another protein-protein
interaction domain that contributes to defining target gene
specificity (42). Finally, the glutamine-rich transcription acti-
vation domain is typically localized at the C terminus and
interacts with the basic transcriptional machinery, thereby en-
abling transcription (37).

Those bHLH-PAS proteins that mediate developmental
processes are mainly regulated at a transcriptional level. They
display spatially and temporally restricted expression patterns
that generally anticipate their developmental function. For
example, the Drosophila melanogaster bHLH-PAS protein Tra-
chealess, a master regulator of tracheal and salivary duct de-
velopment, is expressed in embryonic tracheal and salivary
duct precursors (20, 54); Dysfusion, another Drosophila
bHLH-PAS transcription factor, is involved in tracheal fusion
and is expressed exclusively in a specific subset of tracheal cells
known as fusion cells (21). The same principle applies to
bHLH-PAS proteins that control other developmental pro-
cesses, such as the Drosophila and mammalian Single-minded
proteins, which are involved in differentiation and develop-
ment of the nervous system.

In contrast to bHLH-PAS proteins that mediate develop-
mental processes, transcription factors of this family that reg-
ulate homeostatic responses to physiologic or environmental
stimuli are controlled through a complex array of posttransla-
tional mechanisms that fine-tune their transcriptional activity
in response to these external cues (40, 41).

Hypoxia-inducible factors (HIFs) are a family of mammalian
bHLH-PAS proteins that mediate adaptation to oxygen depri-
vation. Whereas the expression of their �-subunit, a common
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partner of several other bHLH-PAS proteins, is unaffected by
oxygen levels (50), the �-subunit is regulated by oxygen
through several concurrent mechanisms that include control of
protein degradation (7, 14, 34, 55), transcriptional coactivator
recruitment (46), and regulation of subcellular localization (25,
49). The mechanisms underlying oxygen-dependent control of
HIF-� protein stability and transcriptional coactivator recruit-
ment have been well characterized. In contrast, the molecular
basis of the regulation of HIF-� oxygen-dependent subcellular
localization is unclear. Studies in mammalian cell lines have
shown that HIF-� is mainly cytoplasmic in normoxia and nu-
clear in hypoxia; it has been proposed that this phenomenon
involves hypoxia-dependent nuclear import (9, 25), which in
turn depends on a conserved bipartite nuclear localization
signal (NLS) mapping next to the C terminus of HIF-�-sub-
units (32).

Our group and other laboratories have defined a hypoxia-
inducible transcriptional response in Drosophila that is homol-
ogous to mammalian HIF (7, 8, 12, 13, 16, 31). The Drosophila
genes involved in the response have been defined, and they are
Drosophila Tango (Tgo) (47) and Similar (Sima) (39) bHLH-
PAS proteins, HIF-� and HIF-� homologues, respectively (7,
16, 31). Whereas Tgo is not regulated by oxygen, Sima protein
is stabilized in hypoxia, with degradation in normoxia being
dependent on a central domain encompassing amino acids 692
to 863 that are functionally homologous to the mammalian
HIF� oxygen-dependent degradation domain (ODDD) (8,
31). Recently, we showed that continuous ectopic expression
overrode Sima degradation, which remained mostly cytoplas-
mic in normoxia and accumulated in the nucleus in hypoxia
(12). Regulation of subcellular localization is not an all-or-
none response but, rather, depends on oxygen levels in a dose-
dependent manner and is also modulated by developmental
parameters during embryogenesis (12).

In this study we have further investigated the mechanism
controlling HIF-�/Sima subcellular localization. We show that
Sima shuttles continuously between the nucleus and cytoplasm.
Nuclear import is mediated by a noncanonical bipartite NLS
that maps next to the Sima C terminus. Nuclear export de-
pends on two functional nuclear export signals (NESs) local-
ized in the bHLH domain that are critically required for Sima
steady-state subcellular localization and for nuclear export
upon reoxygenation. These functional NESs are conserved in
the bHLH domain of mammalian HIF-� subunits, as well as in
several other bHLH-PAS proteins throughout evolution.

MATERIALS AND METHODS

DNA constructs. To generate the enhanced green fluorescent protein (EGFP)-
Sima fusion construct, the EGFP coding sequence was amplified from a
pEGFP-C1 plasmid (Clontech Laboratories, Inc.) with primers including SacII
restriction sites on their 5� ends and cloned in frame in a SacII site that was
previously inserted by PCR upstream of Sima coding sequence in a pGEM-T
Easy vector (Promega). EGFP-Sima was finally subcloned into XbaI-NotI sites of
a pMT/Bip/V5-His vector. Except for Sima.mNES3-4, all Sima mutant constructs
for transgenic line generation were engineered in a pMT-EGFPSima plasmid
and then subcloned into the pCaSpeR-UAS vector as EcoRI-NotI fragments
(see below). Sima �HLH was obtained by NruI partial digestion of pMT-
EGFPSima and subsequent religation. This resulted in the deletion of 141
nucleotides encompassing amino acids 78 to 124. Sima.mNES1-4, SimaF92Y,
SimaL101A, SimaM114A, and SimaI123A were generated by overlap extension
PCR to obtain fragments bearing the point mutations depicted in Fig. 6A and
7A, below. Amplification products for Sima.mNES3-4 were digested with

BamHI, and the resulting 842-bp fragment was replaced in wild-type pCaSpeR-
UAS Sima. All other PCR products were digested with BglII, and the 706-bp
fragment was replaced in wild-type pMT-EGFPSima. The mutations were con-
firmed by automatic sequencing.

EGFP-NES and EGFP constructs encoded in the pMT/Bip/V5-His vector for S2
cell transfections were previously described (45). EGFP-SimaHLH, EGFP-
CycleHLH, EGFP-TrhHLH, EGFP-DysHLH, EGFP-SimHLH, EGFP-TgoHLH,
and EGFP-ClkHLH constructs were generated by in-frame cloning of sequences
amplified by PCR into XbaI-NotI sites of the pMT/Bip/V5-His-EGFP plasmid. The
HRE-Luc construct that was used for Sima-dependent transcription assays in S2
cells was previously described (12). Tgo and HA-Sima sequences to be expressed in
mammalian COS-7 cells were cloned in the pcDNA6/V5-His vector (Invitrogen)
using XbaI-NotI and EcoRI-NotI, respectively.

Structural modeling. The PredictProtein, Jpred, and PSIPRED servers (11,
44, 23) were used for secondary structure predictions. Mutations that preserved
the overall secondary structure of �-helices, while impairing nuclear export
activity, were designed using the Agadir prediction program (30) based on the
helix/coil transition theory that considers specific interactions occurring in helices
devoid of tertiary interactions.

Luciferase activity. For Sima transcriptional activity assays, plasmids encoding
the wild type or mutated variants of Sima were cotransfected in S2 cells along
with the HRE-luciferase reporter plasmid and with a pAc5.1/LacZ plasmid to
normalize transfection efficiency. Forty-eight hours after transfections, cells were
exposed to desferrioxamine (DFO) and expression of the encoded proteins was
induced by addition of 0.4 mM CuSO4 for 24 h. One day later, cells were
harvested and lysed, and luciferase and �-galactosidase activities were assayed.
Luciferase activity was determined by using the Steady-Glo reagent (Promega),
following the instructions of the manufacturer.

S2 cell transfections and analysis of subcellular localization of EGFP fusion
constructs. All expression constructs were cloned in a pMT/Bip/V5-His plasmid
(Invitrogen). Experiments using EGFP-Sima and EGFP-Sima�HLH constructs
were carried out in stable cell lines. Expression of the chimeras was induced by
addition of 0.4 mM CuSO4 for 6 to 8 h, after which cells were then observed with
a confocal microscope (LSM5; Carl Zeiss, Pascal). Hypoxic treatments were
carried out by exposing cells to 1% O2 during 8 h in a Forma Scientific 3131
incubator. Leptomycin B (LMB; Sigma-Aldrich) was added at a 30 nM final
concentration, and results were immediately analyzed in the confocal micro-
scope; cell nuclei were visualized by Hoechst 33342 staining. For scoring subcel-
lular localization, cells were classified into three categories: nuclear, for cells in
which nuclear fluorescence was higher than cytoplasmic fluorescence; ubiqui-
tous, for cells with an equal distribution of fluorescence between the nucleus and
the cytoplasm; and cytoplasmic, for cells in which fluorescence in the cytoplasm
was higher than in the nucleus. A total of 300 to 400 cells were analyzed for
distribution of fluorescence, the proportion of cells assigned to each category was
calculated, and category distributions were compared through a chi-square test.

Subcellular distributions of EGFP-HLH chimeras corresponding to Single
minded, Dysfusion, Clock, and Trachealess were analyzed in transient cell trans-
fections. Five �g of DNA was transfected with a calcium phosphate transfection
kit (Invitrogen), and 24 h later, expression was induced by addition of 0.4 mM
CuSO4 for 6 to 8 h; cells were then observed with a confocal microscope (LSM5;
Carl Zeiss, Pascal). Analysis of subcellular localization of the chimeras was
carried out with the confocal microscope by measuring the intensity of EGFP
fluorescence per �m2 in the nucleus (N) and in the cytoplasm (C), followed by
calculation of the N/C ratio.

Fly stocks and analysis of Sima subcellular localization in vivo. Transgenic
lines were generated by P-element germ line transformation using standard
procedures. UAS-sima and LDH-LacZ lines have been previously described
(31). Analysis of Sima subcellular localization in vivo was performed in trans-
genic embryos overexpressing the Sima wild-type protein or altered variants of
Sima under control of an en-Gal4 driver. To obtain synchronized embryos,
egg-laying agar plates were replaced every 3 h, and embryos were grown at 25°C
in normoxia until the desired stage and then transferred to hypoxia for 4 h.
Hypoxic treatments were applied in a Forma Scientific 3131 incubator at 25°C;
embryos were then recovered, fixed, and immunostained with anti-Sima antibod-
ies (1, 31). Observations were performed with an Olympus BX60 microscope or
a Carl Zeiss LSM5 Pa confocal microscope. Quantitative analyses of subcellular
localization were carried out as previously described (12). Briefly, each embryo
was classified into one of three categories of Sima subcellular localization: cyto-
plasmic, where more than 90% of the cells in the Engrailed-expressing stripes
showed cytoplasmic localization; nuclear, where more than 90% of the cells in
the Engrailed-expressing stripes had nuclear localization; and ubiquitous, where
less than 90% of the cells had cytoplasmic or nuclear localization. The percent-
age of embryos assigned to each subcellular localization category was calculated,
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and category distributions in the different genotypes were compared with a
chi-square test.

Yeast two-hybrid interaction assays. For examining protein-protein interac-
tions we have used the LexA Saccharomyces cerevisiae two-hybrid interaction
system (35a). Wild-type Sima or mutated Sima amino acids (aa) 32 to 494,
including the bHLH and PAS domains, were used as baits by cloning them into
the pEG202 vector, which fuses the sequence to be tested onto a LexA DNA
binding domain. Tgo full-length protein (644 aa) was used as a prey by cloning
it into a pJG4-5 plasmid. The reciprocal experiment using Tgo bait could not be
performed because the reporter was activated in the absence of a prey (47). Bait
plasmids were transformed into the yeast strain EGY42, and prey plasmid was
transformed into the EGY48 strain, which contains the pSH18-34lacZ reporter
gene preceded by eight LexA binding sites. The interaction assays were per-
formed in diploid yeast cells generated by mating the corresponding haploid
strains. At least three independent colonies were selected for each bait-prey pair
and assayed for �-galactosidase activity in liquid culture assays, using o-nitro-
phenyl-�-D-galactoside as a substrate, with glucose or galactose as a carbon
source.

Coimmunoprecipitation assays. pcDNA6/V5-His plasmids encoding HA-Sima
and Tango were transiently transfected by using a calcium phosphate transfec-
tion kit (Invitrogen) in COS-7 cells grown in Dulbecco’s modified Eagle’s me-
dium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum; 48 h
later cell extracts were prepared as previously described (12a) in buffer C con-
taining 0.5 mM dithiothreitol and a protease inhibitor cocktail (Sigma). For
immunoprecipitation assays, 200 �g of extract was incubated for 1 h with anti-
hemagglutinin (anti-HA) antibody (Santa Cruz) in 20 mM Tris-HCl (pH 7.5),
120 mM NaCl, 1% Triton, and 10% glycerol in a final volume of 1 ml. Then, 30
�l of 50% protein G-Sepharose was added to the reaction mixture and the
mixture was incubated for 12 h at 4°C under rotation. After rapid centrifugation,
Sepharose beads were washed three times with buffer (20 mM Tris-HCl [pH 7.5],
120 mM NaCl, 1% Triton, and 10% glycerol) and then boiled in protein sample
buffer, and proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by immunoblotting using anti-Tgo antibodies (Devel-
opmental Studies Hybridoma Bank) diluted 1:1,000.

RESULTS

Identification of a functional nuclear localization signal
next to the Sima C terminus. Proteins with a molecular mass
larger than 60 kDa require NLSs in order to be targeted to the
nucleus through the nuclear pore complex (27). Canonical
NLSs consist of two classes: monopartite NLSs, composed of a
single stretch of basic amino acids (24), and bipartite NLSs,
consisting of two basic residues, a spacer of approximately 10
amino acids, and a second region consisting of at least three
basic residues out of five residues (43). Inspection of the Sima
amino acid sequence revealed the occurrence of two candidate
atypical bipartite nuclear localization signals: NLS1 (aa 537 to
568) and NLS2 (aa 1210 to 1229), both of them with longer-
than-normal spacers between the two stretches of basic amino
acids, and a monopartite candidate nuclear localization signal,
NLS3, spanning amino acids 1406 to 1409 (Fig. 1A and B). To
examine whether these predicted Sima nuclear localization
signals were functional, we conducted a structure-function
analysis by expressing in transgenic embryos in hypoxia (5%
O2) either full-length Sima (wild type) (Fig. 1C) or deleted
forms of the protein (Fig. 1D to F), followed by analysis of
their subcellular localizations. As reported in our previous
studies (12, 31), we utilized the Drosophila Gal4/upstream ac-
tivation sequence (UAS) overexpression system in transgenic
lines (5) to override the rapid rate of protein degradation and
to be able to analyze Sima localization. Full-length Sima pro-
tein was mostly cytoplasmic in normoxia and accumulated in
the nuclear compartment upon hypoxic exposure (12, 31) (Fig.
1C). To identify Sima functional NLSs, we initially deleted the
C-terminal portion of the protein, starting at residue 971, to

generate Sima�971-1507, which lacks candidates NLS2 and
NLS3. As shown in Fig. 1D, this deletion provoked accumula-
tion of Sima exclusively in the cytoplasm even in hypoxia,
suggesting that either NLS2 or NLS3 is critically required for
Sima nuclear import. Next, we generated a smaller C-terminal
deletion encompassing residues 1252 to 1507 (Fig. 1E), which
included candidate NLS3 but not NLS2. This deleted form of
Sima exhibited nuclear localization in hypoxia (Fig. 1E) and
cytoplasmic localization in normoxia (not shown), indicating
that the putative NLS3 is not required for nuclear import. In
contrast, specific deletion of NLS2 (Sima�1210-1229) totally
prevented Sima nuclear import (Fig. 1F), suggesting that it is
likely a functional NLS. Remarkably, the NLS2 sequence has
significant amino acid identity with bipartite nuclear localiza-
tion signals previously described in mammalian HIF-� subunits
(32) (Fig. 1G).

To further demonstrate that NLS2 is indeed a functional
nuclear localization signal, we explored the ability of the se-
quence spanning amino acids 1210 to 1229 to drive nuclear
localization of an EGFP reporter in Drosophila Schneider (S2)
cells. Whereas subcellular localization of an EGFP control
element lacking an NLS was essentially ubiquitous (slightly
nuclear) in the S2 cells (Fig. 2A and G), an EGFP positive
control construct, bearing an NLS derived from the simian
virus 40 large T antigen, was clearly more nuclear (Fig. 2B and
G). When we tested the candidate NLS2 by the same method,
we found that nuclear localization of the EGFP reporter was
dramatically enhanced (Fig. 1C and G), suggesting that Sima
NLS2 is a strong functional nuclear localization signal. In order
to determine whether the two stretches of basic amino acids
separated by 14 residues in NLS2 are both required for nuclear
import activity, we introduced point mutations as depicted in
Fig. 2D to F. Replacement of a single residue in each of the
two stretches of basic amino acids, or in both stretches simul-
taneously, provoked complete destruction of NLS2 nuclear
import activity (Fig. 2D to G). In all three cases the EGFP
reporter exhibited a subcellular localization that was indistin-
guishable from that of the EGFP control construct (Fig. 2A
and G). Taken together, the above results strongly suggest that
NLS2 is an atypical bipartite nuclear localization signal with a
14-amino-acid spacer and that this NLS is necessary and suf-
ficient to drive Sima nuclear import. In order to address the
possibility that NLS2-dependent nuclear import might be in-
fluenced by oxygen tension, we examined subcellular localiza-
tion of the EGFP-NLS2 chimera in transfected S2 cells upon
exposure to 1% O2 for 24 h. Localization of the chimeric
protein under these conditions mimicked the localization ob-
served in normoxia (data not shown).

Sima shuttles continuously between the nucleus and the
cytoplasm. It has been proposed that in normoxia HIF-� re-
sides in the cytoplasm and upon a hypoxic stimulus it is im-
ported into the nucleus (9, 25, 32). However, it is becoming
increasingly evident that many proteins whose nucleo-cytoplas-
mic localization depends on external stimuli shuttle continu-
ously between the nucleus and the cytoplasm (33, 51). Hence,
we decided to analyze the possibility that Sima is a shuttling
protein that varies its steady-state subcellular localization by
modifying the import versus export rate, in an oxygen-depen-
dent manner. If this were the case, interfering with its putative
nuclear export would be expected to modify the steady-state
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subcellular localization by increasing the proportion of the
protein localized in the nucleus. In eukaryotic cells, nuclear
export of many proteins is mediated by the nuclear export
receptor CRM1, which binds NESs on cargo proteins, thereby

recruiting them to the Ran ternary protein export complex that
transverses the nuclear pore (15, 33, 48).

CRM1 is specifically inhibited by LMB, a metabolite pro-
duced by Streptomyces spp. that prevents the formation of the

FIG. 1. Identification of a Sima functional NLS. (A) Schematic representation of the Sima protein. Candidates NLS1, NLS2, and NLS3 are
shown in red. (B) Amino acid sequence of candidate Sima NLSs. NLS1 (aa 537 to 568) and NLS2 (aa 1210 to 1229) have atypical bipartite
structures in which the separation between the two stretches of basic amino acids (in red) is longer than 10 residues. The NLS3 (aa 1406 to 1409)
PRKR sequence matches a typical monopartite NLS consensus. (C to F) Subcellular localization of full-length (C) or deleted (D to F) forms of
Sima. Sima constructs were expressed in UAS transgenic embryos under control of an en-Gal4 driver, and subcellular localization was analyzed
with an anti-Sima antibody (red). The embryos also contained a UAS-nGFP.LacZ element that included a nuclear localization signal and, thus,
�-galactosidase expression (green) marked the nuclei. Cells from one of the Engrailed stripes are shown in the photographs. (C) Full-length Sima
was predominantly cytoplasmic in normoxia (21% O2) and mainly nuclear in hypoxia (5% O2). WT, wild type. (D) Sima�971-1507 that lacked
candidates NLS2 and NLS3 failed to enter the nucleus in hypoxia and therefore was detected only in the cytoplasm. (E) Sima�1252-1507, lacking
NLS3, behaved exactly as full-length Sima and could be detected in the nucleus in hypoxia. (F) Sima�1210-1229 failed to enter the nucleus in
hypoxia, indicating that NLS2 is a functional nuclear localization signal, necessary for Sima nuclear import. Bar, 10 �m. (G) Sequence alignment
between nuclear localization signals of Sima and human HIF-� subunits. Note that the two blocks of basic residues in the bipartite NLSs are highly
conserved, whereas the length of the spacer varies considerably between the different HIF-� subunits.
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CRM1-Ran-Cargo ternary complex (28). We therefore inves-
tigated whether Sima steady-state subcellular localization was
dependent on CRM1 by addressing if it was influenced by
LMB. To this end, we set up a cell culture system that enabled
pharmacological intervention. We engineered an EGFP-Sima
chimera in a pMT plasmid (metallothionein promoter) that
was transiently transfected into Drosophila Schneider (S2)
cells, and the resulting subcellular localization was analyzed by
fluorescence microscopy. For scoring subcellular localization,
cells were classified into three categories, namely, cytoplasmic,
ubiquitous, and nuclear (Fig. 3B). As depicted in Fig. 3C, the
proportion of cells exhibiting nuclear localization of EGFP-
Sima was threefold higher in hypoxia (3% O2) than in nor-
moxia, paralleling Sima regulation by oxygen in living embryos

(12). DFO or LMB treatment in normoxia provoked an effect
very similar to that of observed upon exposure to hypoxia (Fig.
3C). These results suggest that Sima is a shuttling protein and
that nuclear export is mediated at least in part by CRM1.

Occurrence of CRM1-dependent nuclear export signals in
the bHLH domain of Sima. To begin characterizing Sima nu-
clear export, we searched the primary sequence for consensus
CRM1-dependent NESs by using the NES Finder 0.2 software
(6). As shown in Fig. 3A, four predicted consensus NESs occur
in the Sima sequence. Remarkably, two of these NESs that
map in the bHLH domain have been conserved in most HIF-�
proteins throughout evolution (Fig. 3E), suggesting that they
are likely relevant for HIF function. It has been reported that
nuclear export signals tend to adopt an �-helical structure (29).
According to the predicted structure of the Sima bHLH do-
main (6, 36), one of these NESs (NES1), which encompasses
amino acids 92 to 101 and exhibits a 2-3-1 type of CRM1-
dependent consensus, is localized at the first helix of the bHLH
domain (Fig. 3D and E). The second putative NES (NES2) has
a typical 3-2-1 NES consensus and maps to the second helix
extending between residues 115 and 124 (Fig. 3D and E). The
bHLH is probably the domain with the highest degree of evo-
lutionary conservation in the bHLH-PAS family, displaying a
stereotypical array of two amphipathic helices separated by a
loop. However, not all the residues within the domain are
equally conserved among HIF-1� homologues. A remarkable
degree of amino acid identity is observed in three particular
stretches of amino acids: (i) at the basic region where physical
contact with the DNA takes place; (ii) in a stretch with the
sequence LDKAS at the beginning of helix 2; (iii) in the res-
idues that constitute NES1 and NES2 (Fig. 3E). This remark-
able conservation of the presumptive NESs prompted us to
initiate functional studies to test if they indeed participate in
nuclear export. We began by analyzing in transfected S2 cells
the subcellular localization of an EGFP-Sima fusion protein in
which the entire HLH motif was deleted (EGFP-Sima�HLH).
As depicted in Fig. 3F, this deleted version of Sima was re-
markably more nuclear than wild-type Sima, and its subcellular
localization was unaffected by LMB (Fig. 3F; compare with C),
suggesting that these candidate NESs might play a role in Sima
nuclear export.

In order to answer if the behavior of the EGFP-Sima�HLH
chimeric protein in S2 cells is paralleled by its behavior in
Drosophila living embryos, we generated transgenic lines ex-
pressing Sima�HLH under control of a UAS promoter, as
described above. When expressed through an en-Gal4 driver,
Sima�HLH was clearly more nuclear than full-length Sima,
and this could be verified at different oxygen concentrations all
throughout embryogenesis, as revealed by anti-Sima immuno-
fluorescence (Fig. 4A and B).

Having established that the bHLH domain is necessary for
normal regulation of Sima steady-state subcellular localization,
we looked for direct evidence that this domain is specifically
required for nuclear export. To this end, we set up a reoxy-
genation assay in which embryos expressing Sima were exposed
to 1% O2 for 4 h, transferred to normoxic conditions, and fixed
at different times after reoxygenation; Sima subcellular local-
ization was then analyzed by immunofluorescence. At 1% O2,
Sima was totally nuclear and exported from the nucleus to the
cytoplasm only 10 min after reoxygenation (Fig. 4C). By using

FIG. 2. NLS2 is an atypical bipartite nuclear localization signal that
can drive nuclear import of an EGFP reporter in Drosophila Schneider
(S2) cells. S2 cells were transfected with different EGFP constructs (A
to F) and then subcellular localization was assessed with a confocal
microscope by comparing fluorescence intensity in the nuclei (that
were marked by Hoechst staining) with fluorescence intensity in the
cytoplasm. (G) The N/C fluorescence ratio was calculated for each
construct and compared with the N/C ratio of an EGFP control con-
struct (A) through a Student t test. �, significantly different. The EGFP
simian virus 40 (SV-40) NLS positive control (B) and EGFP-NLS2
(C) were clearly more nuclear than EGFP (G) (P � 10�14; n 	 16).
Single amino acid replacements in any of the two stretches of basic
residues in NLS2 (D and E) or in both stretches simultaneously (F) to-
tally destroyed NLS2 nuclear import activity (G). Mutated amino acids
are shown in blue. Bar, 10 �m.
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the same strategy, we studied the behavior of Sima�HLH; in
contrast to full-length Sima, nuclear export of the deleted form
was remarkably slower (Fig. 4D), suggesting that the HLH
motif plays a central role in oxygen-dependent nuclear export
of the protein. Of note, it is still possible that nuclear export
impairment of Sima�HLH is not directly due to deletion of
specific functional NESs but, rather, could be an indirect effect
derived from inefficient heterodimerization with the �-subunit
(see below).

Characterization of Sima CRM1-dependent nuclear export
signals. To begin examining whether these NESs might be
functional, we tested if the HLH sequence had the capacity to
direct nuclear export of a reporter in an autonomous manner.
We fused the HLH region of the bHLH domain of Sima
(amino acids 77 to 130) to EGFP (EGFP-SimaHLH) and stud-

ied its subcellular localization in transfected S2 cells, along
with the localization of two control constructs, EGFP alone
and EGFP fused to an NES derived from the protein kinase A
inhibitor (45, 52). As shown in Fig. 4E and H, EGFP-
SimaHLH was largely excluded from the nuclear compart-
ment, displaying a subcellular distribution very similar to that
of the EGFP-NES positive control (Fig. 4E and G); upon
addition of LMB, the localization of EGFP-SimaHLH and
EGFP-NES became remarkably more nuclear (Fig. 4E, G, and
H), indicating that both constructs are subjected to active
CRM1-dependent nuclear export. As expected, subcellular lo-
calization of EGFP alone was unaffected by LMB, which ex-
hibited a ubiquitous (though slightly nuclear) localization (Fig.
4E and F). These results suggest that the bHLH domain of
Sima includes at least one functional NES.

q q

FIG. 3. Subcellular localization of Sima responds to hypoxia or DFO and is sensitive to LMB. (A) Schematic representation of the Sima protein,
showing the bHLH, PAS, and ODDD. The bHLH domain is marked in blue. The positions and sequences of four putative CRM1-dependent
nuclear export signals (NES1 to -4) are shown. (B) An EGFP-Sima fusion protein was transiently transfected in S2 cells, and subcellular
localization was analyzed under a fluorescence microscope. Based on the subcellular localization of the chimeras, the cells were classified into three
categories: nuclear, ubiquitous, and nuclear. (C) Distribution of the cells in the three categories as defined for panel B maintained in normoxia
(21% O2), exposed to hypoxia (1% O2), or in normoxia after adding 150 �m DFO or 30 nM LMB. Sima subcellular localization becomes more
nuclear in hypoxia or upon addition of DFO or LMB (chi-square test, P � 10�2; n 	 300). (D) Three-dimensional model of the bHLH domain
of Sima. The hydrophobic amino acids that define the CRM1 binding consensus are shown in color. (E) Amino acid sequence of the bHLH domain
of HIF-1� proteins from different phyla, ranging from Drosophila to humans. The conserved NES1 and NES2 consensus sequences are highlighted
with black boxes; other conserved residues of the bHLH domain are marked with gray boxes. (F) An EGFP-Sima�HLH fusion protein was
transiently transfected in S2 cells, and the distribution of categories of subcellular localization was analyzed in normoxia as for panel C with or
without the addition of LMB. The mutated Sima variant loses sensitivity to LMB.
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Given the multiple functions of the bHLH domain, it is
important to address directly a possible role of the candidate
individual NES mapping in this motif. Thus, we sought to
analyze the functionality of NES1 and NES2 in the context of
the full-length Sima protein in transgenic embryos as above.
Mutagenesis of two out of four hydrophobic amino acids of the

CRM1 consensus in nuclear export signals is known to cripple
NES function (2, 18, 29, 35). Since NES1 and NES2 are con-
served among many bHLH-PAS proteins, we sought to mu-
tagenize those amino acids that display the highest conserva-
tion, namely, the second and third hydrophobic residues of the
consensus. Thus, we generated UAS-transgenic lines bearing

FIG. 4. (A) Definition of three categories of Sima subcellular localization. Sima and a �-galactosidase (�-gal) variant bearing a nuclear
localization signal were simultaneously expressed in UAS transgenic embryos under control of an engrailed-Gal4 driver and visualized by
immunofluorescence. Three arbitrary categories of subcellular localization were defined: cytoplasmic, where more than 90% of the cells in the
embryo exhibited cytoplasmic localization; nuclear, where more than 90% of the cells showed nuclear localization; ubiquitous, where less than 90%
of the cells showed cytoplasmic or nuclear localization. Bar, 10 �m. (B) Quantitative analysis of subcellular localization of Sima wild type and
Sima�HLH in en-Gal4/UAS-Sima transgenic embryos at different oxygen concentrations throughout embryogenesis was performed as previously
described (12). White, cytoplasmic localization; black, nuclear localization; gray, ubiquitous localization. Sima subcellular localization in wild-type
embryos was progressively more nuclear as embryogenesis proceeded and gradually more nuclear as oxygen levels decreased (chi-square test,
P � 10�2; n 	 30). Nuclear localization was increased in Sima�HLH embryos (P � 10�2; n 	 30) at 21%, 5%, and 3% O2 concentrations. At 1%
O2 Sima was almost totally nuclear in wild-type embryos throughout development. (C) At all embryonic stages, Sima is totally exported from the
nucleus in only 10 min after reoxygenation. Embryos were exposed to 1% O2 during 4 h, and then they were transferred to normoxia and stained
for Sima at different time points after reoxygenation. Time course variation of the proportion of Sima protein localized in the nucleus of embryos
from different stages expressing wild-type Sima. (D) Time course variation of the proportion of Sima�HLH or wild-type Sima protein localized
in the nucleus in stage 15 embryos. The experimental procedure described for panel C was followed. Sima�HLH nuclear export after reoxygen-
ation was severely impaired (Kaplan-Meier, P � 10�4; n 	 30). (E to H) EGFP control constructs or an EGFP-SimaHLH fusion was transiently
transfected in S2 cells; 6 h after induction with CuSO4, cells were treated or not with 30 nM LMB and, 2 h later, subcellular localization was
analyzed with a confocal microscope. Bar, 10 �m. (E) At least 10 cells from each construct and condition were quantitatively analyzed by measuring
the intensity of EGFP fluorescence per �m2 in the nucleus (N) and cytoplasm (C); the N/C ratio is represented. *, P � 10�4, Student’s t test;
n 	 10).

3416 ROMERO ET AL. MOL. CELL. BIOL.

 by on M
arch 12, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


mutated variants of Sima full-length protein, in which these
hydrophobic residues of NES1 and -2 were replaced by ala-
nines (Sima.mNES1 and Sima.mNES2) (Fig. 5A). As above,
nuclear export of the Sima mutated variants was evaluated by
assessing subcellular localization at different times after reoxy-
genation of the transgenic embryos (Fig. 4C and D). Nuclear
export of Sima.mNES1 and Sima.mNES2 was severely im-
paired compared to wild-type Sima (Fig. 5B), suggesting that
the two NESs mapping in the bHLH domain are required for
Sima nuclear export. Because nuclear export of Sima�HLH as
well as that of the two NES-specific mutated variants was
slowed but not completely abrogated (Fig. 4D), we examined
whether any of the two other predicted CRM1-dependent ex-
port signals, NES3 and NES4, both of them mapping outside
the bHLH domain (Fig. 3A), contribute to Sima nuclear ex-
port. We therefore generated Sima.mNES3 and Sima.mNES4
mutated variants, in this case, by replacing the third and fourth
hydrophobic residues of the CRM1 binding consensus (Fig.
5A). The kinetics of nuclear export of Sima.mNES3 and
Sima.mNES4 was analyzed in transgenic embryos upon reoxy-
genation as above, revealing that these candidate NESs do not
contribute to nuclear export at all (Fig. 5C). These results
indicate that NES1 and NES2 are both bona fide CRM1-
dependent export signals that contribute to nuclear export of
Sima wild-type protein in vivo and that NES3 and NES4 are
not functional export signals.

Role of NES1 and NES2 in the regulation of Sima activity.
The fact that Sima shuttles continuously between the nucleus
and the cytoplasm raises the possibility that oxygen-dependent
nuclear export is a physiological mechanism that contributes to
the regulation of Sima transcriptional activity. The bHLH do-
main of Sima is critically involved in DNA binding as well as in
heterodimerization with the �-subunit Tango. Hence, in order
to test whether nuclear export is a mechanism that contributes
to Sima regulation, we designed a new set of mutations that
were expected to preserve the overall secondary structure of
the �-helices 1 and 2 in the bHLH domain, while impairing
nuclear export activity (see Materials and Methods). In each of

these Sima mutant variants, one out of the four hydrophobic
residues of the CRM1 binding consensus of either NES1
(SimaF92Y or SimaL101A) or NES2 (SimaM115A or SimaI124A)
was mutagenized (Fig. 6A). Given that the HLH region is
probably the most important dimerization interface with the
�-subunit, we sought to examine whether the mutations affect
heterodimerization with Tango by using a yeast two-hybrid
system. As previously reported (47), the Tango full-length pro-
tein was used as a prey and amino acids 32 to 494 of Sima or
Sima mutant variants were used as baits. As depicted in Fig. 6B
and C, L101A and M115A Sima mutations displayed �-galac-
tosidase activation levels comparable to wild-type Sima, indi-
cating that the mutations do not interfere with Sima-Tango
physical interactions. Coimmunoprecipitation experiments
further confirmed that Sima-Tango physical interactions are
not disrupted in SimaL101A or SimaM115A mutant variants
(Fig. 6D).

In order to examine the intrinsic transcriptional activity of
these new mutations, plasmids encoding mutant or wild-type
Sima versions were cotransfected into S2 cells, along with a
Sima-responsive luciferase transcriptional reporter (12), and
the transfected cultures were exposed to the iron chelator
DFO, a chemical agent known to mimic hypoxia (Fig. 3C). The
mutations SimaF92Y and SimaI124A both induced the lucif-
erase reporter to a similar extent as wild-type Sima, suggesting
that the structure of �-helices was intact in both cases (Fig.
6E). However, SimaL101A and SimaM115A exhibited a 40 to
43% reduction of their intrinsic transcriptional activities, as
revealed by the expression of the luciferase reporter (Fig. 6E).

Having established that the four Sima mutated variants were
at least partially active, we studied if their nuclear export was
impaired in UAS transgenic fly lines by following the experi-
mental strategy described above. At least five transgenic lines
were generated for each construct, and protein expression lev-
els were assessed by anti-Sima immunofluorescence, in crosses
with an en-Gal4 driver line (data not shown). Based on com-
parable protein expression levels, one transgenic line of each
construct was selected, and nuclear export upon reoxygenation

FIG. 5. Mutagenesis of NES1 or NES2 at the Sima bHLH domain provokes a severe impairment of Sima nuclear export in transgenic embryos
after reoxygenation. (A) UAS-Sima transgenic lines were generated by P-element germ line transformation of wild-type or altered variants of Sima
in which NES1 to -4 were mutated (mutagenized residues are underlined). (B and C) Embryos were exposed to 1% O2 for 4 h, and then they were
transferred to normoxia and stained for Sima at different time points after reoxygenation. Time course variation of the proportion of Sima protein
localized in the nucleus of stage 15 embryos expressing wild-type Sima or Sima variants with mutations in the NES1/NES2 (B) reveals that these
NESs are necessary for export (P � 10�4, Kaplan-Meier; n 	 30). The NES3 or NES4 mutation does not impinge on nuclear export (C).

VOL. 28, 2008 Sima PROTEIN NUCLEAR EXPORT 3417

 by on M
arch 12, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


FIG. 6. Sima defects in nuclear export increase its transcriptional activity. (A) Amino acid sequence of the bHLH domain of Sima variants with
mutations in NES1 or NES2. (B) Yeast two-hybrid assays showed that Tgo dimerizes with Sima. Yeast liquid cultures containing Sima as a bait and Tgo
as a prey were assayed for �-galactosidase activity using glucose or galactose as a carbon source and employing the pSH18-34 lacZ gene as a reporter.
The empty vectors pEG202 and pJG4-5 were used as negative controls. (C) Sima-Tango interactions in the two-hybrid system, revealed by the ability of
galactose-induced cells to grow in a medium lacking leucine, revealing the specific interactions. Note that all interactions were positive; the only cells that
failed to grow were the negative controls containing the pEG202 and pJG4-5 empty vectors. (D) Sima-Tango coimmunoprecipitation assays. HA-tagged
wild type (WT) or mutated Sima variants were cotransfected with Tango in COS7 cells; extracts were subjected to immunoprecipitation with an anti-HA
antibody, after which they were analyzed by Western blotting with an anti-Tango antibody. Note that Sima-Tango interactions were maintained in the
mutagenized Sima variants. (E) Intrinsic transcriptional activities of SimaL101A and SimaM115A are reduced under conditions of constitutive tran-
scriptional activation. S2 cells were cotransfected with wild type or mutagenized Sima variants, along with an LDH-luciferase reporter plasmid, 2 days
later they were treated with 150 �M desferrioxamine for 20 h, and luciferase activity was assayed. (F) Poststimulus nuclear export of SimaL101A and
SimaM115A is slower than export of wild-type Sima in transgenic embryos. Stage 15 UAS transgenic embryos expressing the wild type or mutagenized
Sima variants through an en-Gal4 driver were exposed to 1% O2 for 4 h and then transferred to normoxia. The proportion of embryos with Sima protein
localized in the nucleus was assessed by anti-Sima immunofluorescence at different time points after reoxygenation (P � 10�4, Kaplan-Meier; n 	 30).
(G) A Sima-responsive LDH-LacZ transcriptional reporter was crossed into the UAS lines expressing the wild type or mutagenized Sima variants, and
expression of the reporter was analyzed by 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside staining in normoxic embryos. (H) Expression of the
LDH-LacZ reporter was quantitatively assessed in the embryos described for panel G by using the CPRG (chlorophenyl red-�-D-galactopyranoside)-
based �-galactosidase activity colorimetric assay (*, P � 10�3, Student’s t test; n 
 3). (I) Expression of the Sima target gene fatiga was studied in the
embryos described for panel G by mRNA in situ hybridization.
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of the transgenic embryos was analyzed. Whereas the muta-
tions F92Y and I124A did not provoke a significant effect on
the rate of nuclear export (data not shown), L101A and
M115A clearly impaired Sima nuclear export (Fig. 6F). To
analyze the role of nuclear export in the regulation of Sima
transcriptional activity, a Sima-dependent LacZ transcriptional
reporter (31) was crossed into the UAS lines expressing dif-
ferent Sima variants under control of an en-Gal4 driver. As
shown in Fig. 6G and H, induction of the reporter in L101A
and M115A Sima lines was two- to three fold higher than in
embryos expressing wild-type Sima. As expected, expression of
the reporter in the line that lacked the entire bHLH domain
(Sima�HLH), which was used as a negative control, was below
detection levels (Fig. 6G and H). These results strongly suggest
that nuclear export plays a role in the regulation of Sima
overall transcriptional activity. This notion is strengthened by the
fact that, under conditions of Sima maximal activation in S2 cells
(DFO), the intrinsic transcriptional activity of L101A and M115A
Sima variants was lower than the activity of wild-type Sima (Fig.
6E), but nevertheless, under conditions in which the system was
not fully active—in normoxic transgenic embryos—the activity of
Sima mutated variants was remarkably higher than that of wild-
type Sima protein (Fig. 6G and H).

To investigate whether export-dependent regulation of Sima
impinges on the expression of endogenous target genes, we
analyzed by mRNA in situ hybridization the expression of the
HIF prolyl-4-hydroxylase Fatiga, which was previously de-
scribed as a bona fide Sima endogenous target (8, 31). As
shown in Fig. 6I, the expression of fatiga induced by L101A and
M115A Sima mutants was clearly stronger than its expression
induced by wild-type Sima; as expected, Sima�HLH com-
pletely failed to induce fatiga. Taken together, the above
experiments indicate that regulation of Sima nuclear export
contributes to the regulation of its transcriptional activity.

Evolutionary conservation of NES1 and NES2 in the bHLH-
PAS protein family. Having identified two functional NESs in
the bHLH domain of Sima, we were interested in determining
whether these NESs are present in other Drosophila bHLH-
PAS proteins. Sequence alignment revealed that, indeed, nu-
clear export signals homologous to Sima NES1 and NES2 exist
in the bHLH domain of many other Drosophila bHLH-PAS
transcription factors (Fig. 7A), suggesting that nuclear export
could be a general regulatory feature of this protein family. To
investigate this possibility, we analyzed the ability of the HLH
motifs of different bHLH-PAS proteins to promote CRM1-
dependent nuclear export of an EGFP reporter in transfected
S2 cells (Fig. 7B to H). As shown in Fig. 7C to F, subcellular
localization of the HLH-EGFP chimeras corresponding to Cy-
cle, Trachealess, Dysfusion, or Single minded, all of them dis-
playing at least one NES in the bHLH domain (Fig. 7A), all
exhibited a localization clearly more cytoplasmic than that of
the EGFP control construct (Fig. 7B to F and I), paralleling
subcellular localization of EGFP-SimaHLH (Fig. 4H and 7I).
Upon LMB treatment, subcellular localization of Sima, Cycle,
Trachealess, Dysfusion, and Single minded EGFP chimeras
shifted to a predominantly nuclear localization (Fig. 4H and
7C to F and I), while the EGFP negative control (Fig. 7B), as
well as EGFP-Tango-HLH and EGFP-Clock (Fig. 7G and H),
the two latter lacking predicted NESs at the bHLH domain
(Fig. 7A), were unaffected by the addition of LMB (Fig. 7I).

These results suggest that those Drosophila bHLH-PAS pro-
teins that include either NES1 alone, or both NES1 and NES2
presumptive NESs are likely regulated by CRM1-mediated
nuclear export.

DISCUSSION

Subcellular localization of Sima is controlled by CRM1-
dependent nuclear export. By combining cell culture strategies
with experiments in living embryos, we have shed light on the
mechanisms involved in the regulation of subcellular localiza-
tion of the Drosophila HIF-� homologue, Sima. We have char-
acterized the nuclear localization signal required for Sima nu-
clear import and found a bipartite NLS localized next to the
Sima C terminus which displays an atypical separation between
the two stretches of basic amino acids (14 residues instead of
the 10-aa usual separation in canonical bipartite NLSs). Inter-
estingly, the structure and position of this functional NLS seem
to be a conserved aspect of HIF-� subunits, since nuclear
import of mammalian HIF-1�, -2�, and -3� proteins also de-
pends on C-terminal bipartite NLSs in which the two stretches
of basic amino acids display a longer-than-normal separation
(32).

We have shown that the Sima protein shuttles continuously
between the nucleus and the cytoplasm and that nuclear export
is mediated, at least in part, by the nuclear export receptor
CRM1.

We demonstrated that the HLH motif of Sima encompasses
two CRM1 consensus sequences, NES1 and NES2, that are
critically required for Sima steady-state subcellular localiza-
tion. We performed an in vivo nuclear export assay and showed
that when embryos are exposed to extreme hypoxic conditions
(1% O2), Sima accumulates totally in the nuclear compart-
ment, and after reoxygenation it is completely exported to the
cytoplasm within only 10 min, through a mechanism that in-
volves NES1 and NES2. Sequence comparisons have led to the
identification of homologous NESs in the HLH domain of
HIF-1� homologues from diverse phylogenetic groups, includ-
ing insects, fish, amphibians, birds, and mammals, while they
are absent from all HIF-� subunits. Reports on mammalian
HIF-� provided circumstantial evidence that CRM1-depen-
dent nuclear export might also occur in mammalian HIF-� (3,
38). However, detailed studies suggested that CRM1 does not
play a role in mammalian HIF-� subunit subcellular localiza-
tion but, rather, is exported from the nucleus to the cytoplasm
through a mechanism that depends on the tumor suppressor
factor VHL (17), which is known to shuttle between the nu-
cleus and the cytoplasm, in a CRM1-independent manner (4).
The fact that nuclear export of a Sima protein variant that
lacks the entire HLH domain was slowed down but not totally
abrogated supports the possibility that Sima is subjected to
CRM1-independent nuclear export as well. Thus, CRM1-de-
pendent and CRM1-independent nuclear export mechanisms
apparently coexist to cooperate in determining the oxygen-
dependent steady-state subcellular localization of Sima, as well
as its rapid nuclear clearance upon reoxygenation.

How does hypoxia impinge on nuclear export? This point is
so far unclear. We could verify that subcellular localization of
EGFP-SimaHLH is not influenced by oxygen levels (data not
shown). Thus, it seems that, although the HLH motif is criti-
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cally required for nuclear export, this motif is not sufficient for
oxygen-dependent regulation of nuclear export. It remains to
be defined which regions of the protein are responsible for
oxygen-dependent sensitivity of Sima nuclear export.

Nuclear export as a mechanism to control Sima activity. We
have shown that by altering one out of the four hydrophobic
amino acids that define each of the CRM1-dependent NES
consensus sequences in the Sima bHLH domain, it is possible
to impair nuclear export and increase Sima transcriptional
activity. These results suggest that nuclear export plays a role
in oxygen-dependent control of Sima activity, adding a new

layer to the complexity of the regulation of this protein (Fig. 8).
How does this new mode of regulation interface with the well-
characterized machinery that controls proteasomal degrada-
tion of HIF-� proteins? So far, this point is unclear. It has not
been fully established whether proteasomal degradation of
HIF-� proteins occurs in the nucleus, in the cytoplasm, or if it
can take place in both compartments (3, 57). It is conceivable
that Sima needs first to be exported from the nucleus in order
to be degraded in the cytoplasm (17). Alternatively, proteaso-
mal degradation and nuclear export could represent two par-
allel mechanisms that synergize in shutting off transcriptional

FIG. 7. NES1 and NES2 are conserved in the bHLH domain of other bHLH-PAS proteins. (A) Sequence alignment of the bHLH domain of
several Drosophila proteins. The hydrophobic residues that define the CRM1 recognition consensus are highlighted with gray boxes. Note that in
the Cycle sequence the position of NES2 (underlined) is shifted toward the N terminus within helix 2. (B to H) EGFP was fused to the HLH motif
of several different bHLH-PAS proteins, and constructs were transiently transfected in S2 cells. Subcellular localization of the chimeras was studied
after adding or not 30 nM LMB. Bar, 10 �m. (I) At least 10 cells from each construct and condition were quantitatively analyzed with a confocal
microscope by measuring the intensity of EGFP fluorescence per �m2 in the nucleus (N) and cytoplasm (C); the N/C ratio is represented (*,
P � 10�4, Student’s t test; n 	 10).
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activity under normoxic conditions. Consistent with this possi-
bility, regulation of the activity of many transcription factors
often occurs at several different levels through partially redun-
dant mechanisms that operate simultaneously to ensure pre-
cise control of their activity. If this were the case, Sima degra-
dation and nuclear export would occur simultaneously in an
oxygen-dependent manner to act synergistically in the reduc-
tion of nuclear levels of the transcription factor, thereby con-
tributing to prevent hypoxia-inducible gene expression.

Two conserved nuclear export signals in the bHLH domain
of many bHLH-PAS proteins. Sequence alignment has re-
vealed the occurrence of one CRM1-dependent NES in each
of the two �-helices of the bHLH domain in several Drosophila
bHLH-PAS proteins (Fig. 7A). In the mammalian aryl hydro-
carbon receptor (Ahr), these CRM1-dependent NESs have
been shown to be functional (19, 41); our studies extend this
observation to other members of the family, suggesting that
regulation based on nuclear export is probably a hallmark of a
subgroup of these transcription factors. Analysis of the subcel-
lular localization of some Drosophila EGFP-HLH fusion chi-
meras suggest that these presumptive NESs might indeed be
functional, as they can promote nuclear export of the EGFP
reporter.

Interestingly, NES1 and NES2 occur in the bHLH domain of
the Drosophila proteins Sima, Cycle, and Trachealess, whereas
only NES1 occurs in the bHLH-PAS proteins Single-minded
and Dysfusion. While NES1 and NES2 are both required for
Sima normal nuclear export, NES1 by itself seems to be suffi-
cient for driving nuclear export of Dysfusion and Single-
minded.

What might be the physiological meaning of the conserva-
tion of nuclear export in members of the bHLH-PAS family?
This mechanism might certainly contribute to the regulation of
members of the family that are controlled by external stimuli,
such as the mammalian Ahr, which is activated by xenobiotic
ligands (41), or Sima, which mediates adaptation to environ-
mental oxygen tension. Interestingly, subcellular localization of
the master regulator of tracheal development, Trachealess,
which is not primarily involved in adaptation to environmental
stimuli, has been reported to be regulated by the activity of the
phosphatidylinositol 3-kinase/Akt pathway (22). Thus, it is con-
ceivable that other bHLH-PAS members, such as the circadian
protein Cycle or other bHLH-PAS proteins primarily involved
in developmental processes, such as Single minded and Dys-
fusion, might be subjected to regulation of subcellular local-
ization as well. Further research is required to determine to
what extent CRM1-dependent nuclear export is a common
feature in the regulation of bHLH-PAS proteins.
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FIG. 8. Model for Sima regulation by CRM1 nuclear export. In normoxia, the nuclear export receptor CRM1 promotes Sima nuclear export,
contributing to target gene silencing. In hypoxia, Sima fails to be exported to the cytoplasm, resulting in nuclear accumulation and target gene
induction.
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