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The Drosophila tango gene encodes a bHLH-PAS protein that is orthologous

to mammalian Arnt and controls CNS midline and tracheal development
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SUMMARY

The Drosophila single-mindedand trachealessbHLH-PAS
genes control transcription and development of the CNS
midline cell lineage and tracheal tubules, respectively. We
show that Single-minded and Trachealess activate tran-
scription by forming dimers with the Drosophila Tango
protein that is an orthologue of the mammalian Arnt
protein. Both cell culture and in vivo studies show that a
DNA enhancer element acts as a binding site for both
Single-minded::Tango and Trachealess::Tango het-
erodimers and functions in controlling CNS midline and

tracheal transcription. Isolation and analysis of tango
mutants reveal CNS midline and tracheal defects, and gene
dosage studies demonstrate in vivo interactions between
single-minded::tangoand trachealess::tangoThese exper-
iments support the existence of an evolutionarily
conserved, functionally diverse bHLH-PAS protein regu-
latory system.

Key words:Arnt, bHLH, development, PASjngle-mindedtangq
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INTRODUCTION

nervous system (CNS). Genetic and ectopic expression

studies reveal thaimfunction is required in the midline cells

The PAS domain is a large, multifunctional interaction domairfor activation of CNS midline gene expression (Nambu et al.,
found within a family of proteins that control a wide variety 0f 1990, 1991) and repression of lateral neuroectodermal
biological processes in vertebrates, invertebrates, plants, aegpression (Chang et al., 1993; Mellerick and Nirenberg,
prokaryotes. These functions include neurogenesis, tubul995; Xiao et al., 1996). Thus, it acts as a genetic switch.
formation, carcinogen metabolism, response to hypoxia, and/hen turned on in the neuroectoderm as cell lineages are
biological rhythms. Most of the PAS proteins studied inbeing specifiedsimcauses the cells to enter the CNS midline
mammals an®rosophilaalso contain a basic-helix-loop-helix cell lineage. Recently, two mammalian orthologuessiaf
(bHLH) domain that implicates them as DNA-binding tran-(Simland Sim2 have been discovered (Michaud and Fan,
scription factors. One important aspect of PAS protein functiod997). Both are expressed in the developing CBI®2is a
is that some members can act as receptors and mediate @alhdidate gene for Down Syndrome, based on its expression
signaling pathways. The mammalian aromatic hydrocarbopattern and localization to chromosome 21. Transgenic and
receptor complex (AHRC; also dioxin receptor) is one of thenutational analysis of target genes[xosophila simhave
paradigmatic members of the bHLH-PAS family (Hankinsonjdentified acis-regulatory CNS midline element (CME) that
1995). The aromatic hydrocarbon receptor (Ahr) bHLH-PAcontrols transcription of CNS midline cell transcription by
protein is localized in the cytoplasm in the ligand-free statesim (Wharton and Crews, 1993; Wharton et al., 1994). The
When ligand (e.g. dioxin) enters the cell, it binds Ahr, whichCME has a core sequence of ACGTG. When multimerized,
then enter the nucleus. The Ahr-ligand complex binds anothdris sufficient for CNS midline transcription in vivo. It was
bHLH-PAS protein, Aromatic hydrocarbon receptor nucleahypothesized, based on analogy to the AHRC, that Sim forms
translocator (Arnt). The Ahr::Arnt heterodimer binds DNA a dimer with aDrosophila Arnt-related protein to bind the
sequence elements with a core GCGTG sequence, referred@ME and activate CNS midline transcription (Wharton et al.,
as the xenobiotic response element (XRE), that reside withit994). The work described in this paper describes a
target genes such as that encoding Cytochropd®0P and Drosophila Arnt-like protein and demonstrates that it
activates their transcription. One of the key questions regardirfgnctions as predicted.
PAS protein function is the generality of this paradigm. In par- More recently, several novébrosophila and mammalian
ticular, is the function of Arnt evolutionarily conserved, andbHLH-PAS proteins have been identified. These include
does it function as a dimerization partner for multiple bHLH-Drosophila trachealesgrh) (Isaac and Andrew, 1996; Wilk et
PAS proteins? al.,, 1996), the mammalian hypoxia inducible factor (HIF)

The Drosophila single-minde@sim) bHLH-PAS gene is a (Wang et al., 1995Drosophila similar(simg (Nambu et al.,
master regulatory gene that controls the development of tH©96), and murin€lock(King et al., 1997). Thieh gene plays
neurons and glia that lie along the midline of the centrah prominent role in tracheal development, by controlling the
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expression of genes involved in tracheal tubule formation. klones (pCT-1-12) corresponding tgo were isolated from 500,000
also is involved in formation of the posterior spiracle anccDNA clones screened.

salivary gland ducttrh is specifically expressed in tracheal : ,
cells and the salivary gland. HIF controls the cellular respons%:ggﬁq?gilg‘gzgs's of tgo wild-type and mutant cDNA and

to hypoxia by activating the transcription of genes that prote .
the organism against oxygen deprivation. HIF consists of a hets A Was sequenced at the UNC-CH Automated DNA Sequencing

. . ; . . . acility on a Model 373A DNA Sequencer (Applied Biosystems)
erodimer in which one subunit (HIF}is related to Sim and using the Taq DyeDeo¥{Terminator Cycle Sequencing Kit (Applied

the other (HIF-B) is Arnt. Drosophila simais most closely gjosystems). Fourgo cDNA clones, pCT-5, 7, 8, and 12, were com-
related to HIF-&r and is broadly expressed in the embryo. Thisyetely sequenced. The 1.8 Kindlll-EcoRl and 2.6 kb BllI-Hindlll
suggests that Sima may play a roleDrosophila hypoxia  restriction fragments that contain the entigp gene were also
induction, butsimamutations have not been isolated and itssequenced (data not shown). DNA was sequenced from two EMS-
biological function remains unknown. Tldockgene controls — generatedgo mutants {go* andtgo?) and the parental strain they were
the periodicity of biological rhythms in mice, and is postulatedenerated from. Eactyo mutant was balanced with TM3 Btpx-

to activate circadian rhythm gene transcription. Although théacZ]. Embryos were collected and stained fbgalactosidase
Clock, Sim, Sima, Trh proteins are closely related, their intefeXPression using the X-gal reaction without fixation. Embryos that

- . iled to turn blue were considered homozygous mutang&@IiDNA
3?}22?5{?(:&””5 and mechanisms of gene control are not W‘\%j/lllas extracted, the entitgo gene amplified by PCR, and sequenced.

: . . Three independent PCR reactions were subcloned and sequenced for
In this paper, we report the cloning of hesophilatango  each mutant strain to correct for PCR-generated artifacts.

(tgo) gene. Sequence, biochemical, and expression data

indicate thatgois highly related to mammalighrnt. Tgo can ~ Production of Tgo monoclonal antibodies

dimerize strongly with both Sim, Sima and Trh and is able tdo generate antibodies against Tgo, the bHLH PAS domain was

activate gene transcription via the CME. Analysis of transgenicloned by PCR from the pCT-8 cDNA clone and inserted in-frame

fly strains indicate that the CME acts in vivo as both a CN$1to pGEX-2T6, a bacterial, glutathione S-transferase (GST) fusion

midline and tracheal enhancer element, consistent with it beirRjotéin expression plasmid. The Tgo fragment encodes amino acids

a regulatory element for Sim::Tgo and Trh::Tgo heterodimef-393 that includes the complete bHLH and PAS domains. Mice were

L . . P immunized by subcutaneous injection of B of fusion protein,
binding. Mutations in thégo gene reveal both CNS midline diluted in Ribi Adjuvant, every 21 days. Monoclonal antibodies were

and t_racheal d_efects, ar_ld genetic interaction studies SUGOGgherated and screened by ELISA and embryo staining. Three

thatsimandtrh interact withtgoin vivo. These results provide iterent anti-Tgo monoclonal antibodies (mAbs) were isolated and

in vivo evidence that Tgo/Amt functions as a broadlygesignated mAb-Tgo1-3.

expressed dimerization partner for a number of specifically o

expressed bHLH-PAS proteins that control a variety of devellmmunostaining

opmental and physiological processes. Antibody staining of embryos using HRP/DAB histochemistry was
carried out according to standard protocols (Patel et al., 1987). Anti-
bodies used were: mAb arftigalactosidase (Promega), mAb BP102,

MATERIALS AND METHODS MAD 2A12, and mAb-Tgol.

Yeast two-hybrid analysis of bHLH-PAS protein
Drosophila strains interactions
The following mutant loci were usedint®® (null), trh® (severe), The yeast interaction system used in this study was the LexA system
neutB12 (P[lacW] lethal insertion), an®f(3R)p-XT9(84F14; 85C-  of Brent and colleagues (Brent, 1994). All bait constructs were cloned
D). Enhancer trap and P[lacZ] transgenes used were: AA142 and X%%o the pEG202 vector, which fuses the sequence to be tested onto a
enhancer trap lines (Klambt et al., 1991)WPR[4xCME-lacZ] trans- LexA DNA binding domain. The prey plasmids were cloned into
genic line that contains a 4-fold multimeriz&all site 4 CME cloned pJG4-5, which fuses the protein to be tested onto an acid blob tran-
into the C4PLZ enhancer tester vector (Wharton et al., 1994). Thecriptional activation domain. Both bait and prey plasmids were trans-
third chromosomesint®9, tgo!, andtrh® mutations were recombined formed into the yeast strain EGY48, which contains the pSH18-34
individually onto a strain containing a P[4xCME-lacZ] that geneti-lacZreporter gene preceded by eight LexA binding sites. At least three

cally maps to the distal tip of 3R. independent colonies were picked for each bait-prey pair and assayed
) ) ) in the presence or absence of galactosB-fyalactosidase expression
Isolation of Drosophila tgo genomic and cDNA clones using either solution or colony enzyme assafsgjalactosidase

The probe used to isolate tbeosophila tgogene was derived from enzyme activity of transformants was quantitated using the chro-
the bHLH region of the humatrntM1 cDNA clone (Hoffman et al., mogenic substrate o-nitropherdb-galactoside (ONPG) in a
1991). PCR was used to generate a fragment of 206 bp (nt 208-41&andard enzyme assay, and the colony assay was a modification of
that included all of theArnt bHLH region. Genomic clones were the standard freeze-thaw assay.

isolated from an EMBL3 bacteriophage library of isogetpccl cn ) ] )

bw DNA (R. Blackman, University of Illinois) using moderately Baculoviral expression of bHLH-PAS proteins and

stringent hybridization conditions consisting of incubation ik 6 Immunoprecipitation assays

SSPE/50% formamide/10% dextran sulfate/0.1% SDS/0.196f9 cells were infected individually or in combination with recombi-
NaPPi/3 Denhardt's at 42°C for 18 hours with a7ldisints per  nant viruses containing full-length cDNA sequencesiof tgo and
minute/ml probe followed by 3 washes at 25°C #S5C/0.1% SDS  trh using the Bac-to-Bac system (Gibco-BRL). The coinfection exper-
for 15 minutes each and 2 washes at 55°Cxii8$C/0.1% SDS for iments were carried out at a m.o.i. of 2 for cells co-infected with Bac-
30 minutes/each. Twelve clon@dlG-1-12) were analyzed by restric- sim and Bac-tgo. Cells co-infected with Bac-trh and Bac-tgo, used a
tion enzyme cleavage and shown to correspond to a single gene. Tineo.i. of 0.2 for Bac-trh and 20 for Bac-tgo. Individually infected cells
humanArntM1 bHLH probe was also used to screen a cDNA libraryutilized the same m.o.i. as coinfected cells. Cytoplasmic extracts were
derived from 4- to 8-hour embryonic RNA (N. Brown). Twelve cDNA prepared and subjected to immunoprecipitation assays (Gradin et al.,
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1996) using mAb-Tgol, rabbit-Sim, rat a-Trh and Protein-A  sequently namedangd. Sequence analyses of the complete
Sepharose (Pharmacia) followed by western blot analysis using tigiene and corresponding embryonic cDNA clones indicate that
same antibodies exceptSim, which was a rat antibody. tgo is highly related to mammaliaarnt (Fig. 1), both in
sequence and predicted structure. The bHLH region is near the

SL2 cell transient expression assays terminus, a feature common to all bHLH-PAS proteins,

cDNA clone fragments containing the complete coding sequences . P
sim, tgo and trh were PCR-cloned into the vector pAct5C, which fllowed closely by the PAS domain, and then glutamine-rich

contains theDrosophila actin 5Cpromoter and poly(A) site (Han et C-terminal ,domainos' Thg bHLH regions are 9,2% identical and
al., 1989). The reporter plasmid containedodl site 4 CMEs fused PAS domains 53% (Fig. 1B). The C-terminal regions are
to lacZ in C4PLZ. Standard transfections PfosophilaSL2 cells ~ generally unrelated in primary sequence, but share the occur-
contained 10 mg copia-LTR-CAT as a transfection control and 10 mgence of glutamine-rich sequences (18% in Tgo), which are
of each transfected DNA. Each transfection was done in triplicate. 48ctivation domains in mammalian Arnt (Jain et al., 1994; Li et
hoqr_s after transfection, cell_s_were lysed anq b-galact_osidase and CAT., 1994),Drosophila Sim (Franks and Crews, 1994), and
activity assayed. CAT activity was quantitated using FAST-CATmany other transcription factors (Mitchell and Tjian, 1989),
(Molecular Probes) and b-galactosidase activity was quantitated usingyq the entire region is proline-rich (15% in Tgo). In particu-
a LacZ/GaIgctzsmjasg fQuanﬂtatkl)on IK't (I\/_Iglecular Probes). Flucér]a , the poly[glutamine] regions are closely flanked by proline
escence units derived from the b-galactosidase assay were stan ?F ; - ;
ized using percentage conversion values of CAT assays as a con? |d_ues. One mter_estmg feature of .Ihmlsophna Tgo C

. - erminus not found in other Arnt proteins is the presence of a
for transfection efficiency. S . . . . )

histidine-proline-rich region of unknown function found in a

Transposase-mediated local P-element hopping small number of otherDrosophila transcription factors
The starter strain for the local P-element transpositionned812  including the Paired segment polarity and Bicoid homeobox
which contained a R[*; lacW] P-element in the' Begion of theneu  proteins. This region is called the Paired (PRD)-repeat

gene (BerkeleyDrosophila Genome Project). The R{: lacW] (Frigerio et al., 1986), and is distinct from the ‘Paired domain’.
element was mobilized in the male germline by mating

neu817TM3 females to males containing tweA2-3SbHTM6 trans-  The tgo gene maps to 85C adjacent to the  neuralized
posase source. Mosaic male progemy (euéB19A2-3 Sh were ene

mated 2 per vial with &; TM3/TM6B Tb Hufemales to stabilize the §equence analysis t§o genomic and cDNA clones revealed

mobilization events. Male or female progeny were scored for ey . . . .
color changes from the original orange-eyed starter strain. The e relatively small gene of 2.9 kb with a single intron of 142 bp

color changes can signify alterations in the copy number and/gVithin the 3-untranslated region (Fig. 2; nucleotide sequence
positions of the Ry*; lacW] element with respect to its original site data not shown). The simplicity of the exon-intron structure of
within the genome. An inverse PCR screen was performed to identifjie tgo gene is in contrast to the mammalimt gene that is
P-element insertions into thgo gene according to the method of much larger with a more complex exon-intron structure
Dalby et al. (1995) with modifications by Bob Nelson (personal com{Maltepe et al., 1997). The sequence upstreatgafevealed
munication). Identification of the genomic DNA sites flanking thethat the 5-end of the longestjo cDNA clone is 328 bp'&o
novel P-elem_er_n insertions was achieved by plasmid rescue and SLiHeneuralizec{neL) gene in the same orientation (Fig. 2). Since
sequent hybridization and DNA sequence analyses. neuhas been mapped by polytene chromosome in situ hybrid-
EMS mutagenesis ization to 85C (Boulianne et al., 1991go resides in this cyto-

EMS mutations irtgo were identified using anzFethal screen in |09ical vicinity. Furthermore, the PRD repeat sequendgaf

which EMS mutations were screened over the R65 P-elemei® identical to the previously reportquid7 gene sequence

insertion line for lethality. Malev!118flies were fed 25 mM EMS in  homology that was mapped cytologically to 85C (Frigerio et

a 1% sucrose solution (Lewis and Bacher, 1968), and mated en magde 1986; Price et al., 1993).

to w; TM3 Sb éTM6 Tb efemale flies. Male progeny (2092) of the

genotypew; */TM6 Th ewere mated individually withv; R65/TM6  fgo is broadly expressed in the embryo

Th efemales. Complementation to R65 was assayed by scoring ttEmbryonic expression of thego gene was examined by

vials for the presence @b* pupae. Vials containingb® pupae were  staining embryos with a monoclonal antibody generated

Tofes. Fligs from the seven stocks selected wero tested for comp@JFANSt a bacterial Tgo fusion protein. Specifciy of the reagen

mentation inter se and witheu mutations. Four of the mutations ' o> indicated by the S|m|.Iar|ty bet‘.’"‘?e” n situhybridization

failed to complemenneuand the other 3 made up a novel comple-(data not Sho‘("”) and antibody s.talnlng with mlono.clonal and

mentation group shown to go. polyclonal antibodies, and reduction of expression in embryos
homozygous for a deficiency of tigo gene (Fig. 3F). Tgo
protein is found in cell nuclei or cytoplasm depending on cell

RESULTS type and time of development (detailed description of subcel-
] ) lular Tgo localization will be published elsewhere). In the pre-

Isolation of a Drosophila orthologue of the cellular blastoderm, Tgo protein is uniformly distributed (Fig.

mammalian Arnt gene 3A), presumably due to maternal contribution. Staining is more

Sequence comparison of bHLH proteins between divergeimtense in the cytoplasm than the nucleus. During the extended
species indicates that the bHLH region is often highlygermband stage, Tgo protein is detected in all three germ layers
conserved with respect to the rest of the protein. Cloning of @ig. 3B). As tracheal pits form, the cells surrounding the pits
Drosophila Arntrelated gene was carried out by screening ahow enhanced levels of Tgo protein (Fig. 3C) and RNA (data
Drosophilagenomic library with a humaArnt bHLH probe  not shown) compared to surrounding cells. Amounts of Tgo
(Hoffman et al., 1991). Positive clones were identified, restricprotein above the ubiquitous levels continue to be observed in
tion mapped, and shown to correspond to a single gene, suhe tracheal cells including the posterior spiracles from stage
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11 to the end of embryogenesis at stage 17 (Fig. 3D,E). As tlaetivation are comparable. Additional evidence for biochemi-
CNS forms, uniformly high levels of Tgo protein are found incal associations between Sim and Tgo and Trh and Tgo were
the brain (supraesophageal ganglia) and ventral nerve coreivealed in co-immunoprecipitation experiments employing
(Fig. 3E). In summary, Tgo protein is found broadly distrib-Sf9 cells infected with recombinant baculoviruses that express
uted throughout embryogenesis, although certain cell typeSim, Tgo and Trh. These experiments showed that Sim and Tgo

including trachea and CNS have enhanced levels. and Trh and Tgo formed stable complexes when co-infected
) o _ (Fig. 4B). Since the cytoplasmic fraction, which does not

Interaction assays show that Tgo dimerizes with include DNA, was analyzed, the associations are due to direct

Sim, Trh and Sima protein-protein interactions and not to independent binding of

Direct evidence that Tgo can dimerize wittosophilabHLH- ~ each protein to the same DNA molecules.

PAS proteins was obtained using the yeast two-hybrid system. . ] .

The full-length Tgo bHLH-PAS protein was used as a preyevolutionary conservation of Tgo/Arnt function

with bHLH-PAS protein baits obrosophila Sim, Sima, and Additional two-hybrid interaction assays were carried out to
Trh. The results, shown in Fig. 4A, indicate that Tgo interactsletermine the evolutionary conservation of Tgo/Arnt in its
strongly with all three bHLH-PAS proteins, and the levels ofability to interact with bHLH-PAS proteins, and to examine the

Fig. 1. Drosophila tgois highly A

related to mammaliaArnt.

(A) The sequence organization of

the DrosophilaTango and Human Tango |:-: PR . ﬁ . . ‘iﬁ

Arnt proteins derived from cDNA
clone sequences are shown along . PR .:|
with important sequence motifs. Human Arnt

The N terminus is to the left. The bHLH PasA PasB Qrich

bHLH domains are shown in red,

and the PAS domains have been

subdivided into PasA (blue) and B

PasB (green) subdomains. Within

each Pas subdomain is a Pas

repeat (PR) illustrated in lighter N-terminus

_ f ; Tango MDEANI QD 8
colors. In the C-terminal regions H Arnt  MAATTANPEMTSDVPSLGPAI ASGNSGPG QGGGAI VQRAI KRRPGLDFDDDGEGNSKFLRCD: DQVEN 70
are glutamine (Q)-rich aa

stretches shown in purple. The Basi ¢ Helix 1 Loop Helix 2

Tgo protein has a histidine- Tango KERFA SRENHCE! ERRRR NKMTAYI TELSDMWP TCSALARKPD KLTI LRVAVAHVKAL RGTGNTS 73
proline-richPRD-repeatnearitsC H Arnt eeee. NeeeeSeceeccee secccccccccccce scsccsccce scvsccccceSeeeSe cececee 134
terminus (cyan). (B) The protein Spacer 1 PasA

sequences ddrosophilaTango Tango SDGTYKPSFLTDQEL KHLI LEAADGFLFVWSCDSGRVI YVSDSVTPVLNYTQSDWYGTSLYEH HPDDR 142
andhumanArnt(HArnt)are H Arnt TeeSeeeecececee scoccocecccce|oesETocoVooooeoossees(QPeeEeFeSTeoDQVeseeV 203

compared. Amino acid numbering
is shown on the right for both Spacer 2

proteins. Sequence identities are Tango EKI REQLS TQESQNAGRI LDLKSGTVKKEGHQSSMRLSMGARRGFI CRVMRVGNWN- - PESW SGHLNR 208
indiCatEdbydotsanddeletionsby H Arnt DelLececee ’S'NALT"""'T"""'Q""W"S"S"""C‘SSSVD’E'VN RLSFVe 271

dashes. Different sequence PasB
regions are divided by spaces. The  Tango LKQRNSLGPSRDG- TNYAVWHCTGY! KNWPPTDVFPNIVHVERDVDDVBSHCCLVAI GRLQVTSTAA- NDM 276
two PRs, shown below the HANnt  NRCeeG e SVKEs EPHFVe e oo eeees Asee AGV- - SLPDDDPEAGQG KFeeesseseeeee SPNCTes 339

n re 44 long an
sequences, are 44 aa long and Tango SGSNNQSEFI TRHAMDGKFTFVDQRVLNI LGYTPTELLGKI CYDFFHPEDQSHVKESFDQVLKQKGQVFS 346

bounded by invariant HAnt  «NVOQPTe+eSseNIEG eeseeHe CVATVe e Q@ Q eese NI VEs Gooees QLLRD Qe Ve LeseVLe 409
phenylalanine (F) and histidine =S P S H-D

(H) X X aspartic acid (D)

residues. Three poly[glutamine] Tango  LLYRARAKNSEYVWILRTQAYAFLNPYTDEVEY! VCTNSSGKTVHGAPLDAAAA HTPEQVQQQOQQQCEQ 415

: . H ANt  VMFeFe SeNQ W.e Mo SSFTe Qoo Seeloee|eee TNVe NSSQE* RPTLSN TI QRPQLGPTANLPLE 478
clusters in the Tgo C-terminal Ne e & FPQ

region that are likely Tango  HVYVQAAPGVDYARREL TPVGSATNDGMYQTHVL AMQAPTPQQOQUQQQORPGSAQTTPVGYTYDTTHSPY 485
transcriptional activation domains ~ H Arnt  MGSGQLAPRQQQQQTEL DWPGRDGLASYNHSQUVQPVTTTGPEHSKPLEKSDGL FAQDRDPRFSEI YHN 548

are shown in purple, as are two tgoz X tgol X

glutamine-rich clusters in human  tango  SAGGPSPLAKI PKSGTSPTPVAPNSWAAL RPQQQOQQQOPVTEGYQYQUTSPARSPSGPTYTQLSAGNGN 555
Arnt. Shown in cyan is therd7 H Arnt | NADQSKG SSSTVPATQQLFSQGNTFPPTPRPAENFRNSGLAPPVTI VQPSASAGOMLAQ SRHSNPTQ 618

PRD repeat. The position of the

. PRD r epeat

premature t_ranslatlon:ll stopsO(ZX) Tango RQRAQPGAYQAGPPPPPNAPGMADWQQAGGHPHPPHP T AHPHHPHAHPGGPAGAGOPQAQEFSDMLQVMLD 625
correspond]ng to thigo" andtg H Arnt  GATPTWIPTTRSGFSAQQVATQATAKTRT SQFGVGSFQTPSSFSSVBLPGAPTASPGAAAYPSLTNRGSN 688
EMS mutations are shown above

the Tgo protein sequence. This Tango HTPTTFEDLNI NMFSTPFE 644

sequence has been deposited with H ATNt  FAPETGITAGQFQTRTAEGVGWPQNGGQIPHHRSSSSECHVQQPPACPGPEVFQEM. SMLGDGBNSY 758

GenBank under accession number
AF020426. H Arnt  NNEEFPDLTMFPPFSE 774
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P-element P[j6B12] P[R65] P[R91] P[R94]
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r T T 1 T T
BamHI | |
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Hindlll | [ | [ 11 [ | |
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MRNA I]\/-]:I_:I
neu —>» tgo —>»
. AgT-1
genomic
clones AgT-6

Fig. 2. Structure of thégo genomic region. Shown is the genomic interval that containgtrendneugenes. The scale in kb is shown at the

top with the number ‘0’ denoting thé-&nd of the longedgo cDNA clone. The locations of the four P-element insertions, described in the text,
that reside in this interval are indicated. The location of P[R65] was determined by sequence analysis. The other tneeR([js&1i2],

P[R91] and P[R94] were mapped by Southern hybridization of genomic DNA and the limits of their positions are indicatedheetween
flanking vertical lines. The restriction enzyme cleavage sitéBdoH|, Bglll, EcoRl, Hindlll, and Xbd are indicated. The structure méuand
tgomRNAs as determined by analysis of cDNA clones are shown. Transcriptional orientdttor®)(&re indicated by arrows. Unfilled

blocks indicate untranslated regions, filled boxes are coding sequences, and adjoining lines indicate introns. Two gespxgit-tland

AgT-6, that cover the 30.4 kb interval are shown, although a total of 12 genomic clones in this region were mapped.

Fig. 3. Antibody staining of wild-type embryos
with anti-Tgo monoclonal antibody shows that
Tgo protein is broadly distributed throughout
development. Embryos are sagittal views
oriented with the anterior to the left and ventral
at the bottom. (A) Stage 5 precellular
blastoderm embryo. Arrow denotes cytoplasm
internal to the nuclei. (B) Germband-extended
stage 9 embryo. (C) Stage 11 embryo. Tgo is
concentrated around the tracheal pits (arrow).
(D) Stage 13 embryo. Enhancigh staining is
found in tracheal branches (arrow). (E) Stage 15
embryo with high levels of Tgo in the brain (br),
ventral nerve cord (vnc) and posterior spiracles
(ps). (F) Specificity of anti-Tgo antibody
staining is revealed by a strong reduction of
staining in embryos (stage 13 or older) that are
homozygous mutant for tHef(SR)p-XT9
chromosomal deficiency that deletes tifpe

gene.

rules that govermrosophilabHLH-PAS protein interactions. Sima and Trh proteins interact strongly with human Arnt, as
Trans-species interactions with Tgo can occur since Tgdid murine Ahr. Homodimerization was observed with human
interacts strongly with murine Ahr (Fig. 4A). Additional exper- Arnt, a result observed in some published accounts (Sogawa et
iments were carried out usimyosophilabHLH-PAS proteins  al., 1995; Swanson et al., 1995), but not others (Reisz-Porszasz
and human Arnt in all pairwise combinations, both as bait andt al., 1994). However, no other bHLH-PAS protein examined
prey. The results (Table 1) indicate that DwsophilaSim, was able to form homodimers. Heterodimerization was only
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Table 1. Yeast two-hybrid analysis indicates that Tgo/Arnt A 1000
function is evolutionarily conserved and that bHLH-PAS

protein heterodimerization with Tgo/Arnt is the 900
predominant mode of interaction 800
Sim Sima Trh Ahr Arnt Tgo Prey % 700
Sim - - - - + + § 600
Sima - - - - + + I3
Trh - - - - + + % 500
Ahr - - - - + + @
Arnt + + + + + nd = 400
Bait ‘S 300
=)
Each bHLH-PAS proteinrosophilaproteins: Sim, Sima, Tgo, and Trh; 200
mammalian proteins: murine Ahr and human Arnt), was tested pairwise as 100
both bait and prey, except Tgo, which was used only as prey, in the two-
hybrid interaction assay usindaaZ reporter. All proteins contained intact 0
bHLH and PAS domains, but had the C-terminal activation domain removed, Sim Sima Trh Ahr  Tim (neg)
except the Tgo prey, which is a full length protein. Proteins are the same as Bait
described in Fig. 4 with the addition of the human Arnt bHLH-PAS bait (67-
458) and prey (67-589) proteirfsgalactosidase activity was assessed using . +Gal . - Gal

either liquid assays or Bluo-Gal colorometric assay on yeast colonies. Results
were comparable between the two assays and only strong interactions were
considered positive (+). Absence of consisfegalactosidase expression was

considered negative-). (nd) indicates that assay was not done. B
| o-Tgo | o-Sim | aTgo | a-Trh |

observed between bHLH-PAS proteins and Tgo/Arnt, no het EEINNELELE &S
erodimers were formed between pairwise combinations c Bac-sim |- - + + 4|+ +++ +- - - - - - - - -
Sim, Sima, Trh and Ahr. These results show that botl Bac-tgo |+ + + + |- -+ F HF A -+t
Drosophilaand mammalian Arnt are not only highly related in Bac-trh |- - - - -|- - - - -f- - LA LA
seqguence and expression, but can form heterodimers with ott S A ] R

. . a-Tgo T S S I SN S
bHLH-PAS proteins, regardless of species. P T I A
Transient expression studies in  Drosophila tissue acCon - -t -l el e
culture indicate that Tgo interacts with Sim and Trh Fig. 4. Yeast two-hybrid and Sf9 cell co-precipitation assays show that
to bind DNA and activate transcription Tgo dimerizes with Sim, Trh, and other bHLH-PAS proteins.

Direct evidence that Tgo and other bHLH-PAS proteins caff) Liquid cultures of Yeast containing bHLH-PAS protein baits
dimerize, bind DNA, and activate transcription through theCrosophilaSim, Sima, Trh, and murine Ahr) and Tgo full-length

’ . T : - -BHLH-PAS prey were assayed in the presence or absence of galactose
CME was obtained using transient transfection assays wi

. IR r B-galactosidase activity expressed in units activity + s.e.m. The
DrosophilaSL2 cell culture. Western blot analysis |nd|catedpSH18_34 lacZ gene was used as reporter. Galactose induces the

that Tgo protein is present in SL2 cells, but Sim and Trh argypression of the Tgo prey construct. All bait constructs contained
absent (data not shown). Full length cDNAs encoding each @ftact bHLH and PAS domains, but had C-terminal regions removed,
these proteins were cloned into vectors that express them cawhich contain transcriptional activation domains. The amino acid
stitutively under the control of thactin5C promoter (Han et sequences of each protein are the following: Sim (1-461); Sima (32-
al., 1989), yielding the plasmids pAct-sim, pAct-tgo, and pAct-488); Trh (1-698); Ahr (6-420). The Tgo prey was full length (644 aa).
trh. The reporter gene (P[6xCME-lacZ]) contained six copiedhe reciprocal experiment using Tgo bHLH-PAS baits could not be
of the CME (the putative Sim::Tgo and Trh::Tgo binding Sitesi)rerformed S|.nce.these proteins self-.actlvated in the absenqe of prey.
fused to a P-element promoter drivilegZ. This is the same | e DrosophilaTimeless (Tim) protein was used as a negative control;
DNA construct that functions as a midline (Wharton et al.results showing lov3-galactosidase activity were similar to those

A using no bait or other control baits. The bHLH-PAS protein baits also
1994) and tracheal (see below) enhancer in vivo, except thé\iowed lowp-galactosidase activity when tested in the presence of

the in vivo studies were carried out with a reporter containingajactose with either no prey or unrelated preys (also see Table 1).
only 4 copies of the CME. (B) Sf9 cells were singly infected or coinfected with baculovirus Bac-
When pAct-sim and pAct-tgo were cotransfected with thesim, Bac-tgo, and Bac-trh expression plasmids, cytoplasmic extracts
P[6xCME-lacZ] reporterJacZ transcription was induced to prepared, and proteins immunoprecipitated with either control mouse
high levels (Fig. 5). Control experiments indicated that higter rat pre-immune antibodgi{Con), polyclonal rabbit anti-Sinu¢
levels oflacZ activation required the presence of the CME andSim). polyclonal rat anti-Trho(-Trh), or monoclonal anti-TgaitTgo).
overexpression of both Sim and Tgo. The magnitude ofnmunoprecipitates were electrophort_ased on SDS/PAGE and
reporter gene activation in cultures transfected with pAct-sinfmunoblotted with mAl-Tgo, rato-Sim, or rai-Trh. Shown
above the autoradiogram are the antibodies used for immunoblotting;

and pAct-tgo compared to those transfected with only pAC.éhown below are baculoviral expression plasmids used for infection

sim correlates with the magnitude of increased Tgo proteifng antinodies used for immunoprecipitation. &k@im anda-Trh

detected by western analysis (data not shown). The enhancgginodies were more efficient in immunoprecipitating heterodimeric
levels oflacZreporter expression that were obtained when botomplexes than-Tgo. Bac-sim infected cells routinely had two Sim

Sim and Tgo were co-expressed at high levels suggests that fhietein bands of 84 and 8203 M,. The baculoviral Tgo protein was
two proteins interact to activate CME-regulated transcription75x10° and Trh was 12810° M.
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250, the structure of the trachea (data not shown). fiée tgo
] double insertion line was used to screen 2092 EMS-mutage-
] L nized third chromosomes. Seven EMS mutations were
200 obtained that were lethal over both treal tgodouble insertion
@ 1 strain andf(3R)p-XT9 a chromosomal deletion of 85C. Com-
5 150.] - plementation experiments revealed that 4 were new mutations
°Cd ] of neuand the other 3 corresponded to a novel complementa-
8 ] tion group shown to bigo.
® 100 Confirmation that the new lethal complementation group
3 ] corresponded to thigo gene was obtained by DNA sequence
* ] analysis of two of thégo mutants (Fig. 1). Thégo! mutant
50 has a termination codon at aa 532 that deletes a proline-rich
] region, the PRD repeat, and a glutamine-rich region from the
oVe=rl a7 2oy 2o 7 VWW VW 7. 77 protein. Thego? mutant has a termination codon at aa 518 that
deletes another poly[glutamine] stretch in addition to the
CME + + + + + + - - region deleted ingol. These experiments confirm that tge
C4PLZ - - - - - - + + mutations correspond to tient-related transcription unit and
Sim - - + - + - + - thattgois a vital locus.
Trh - - - + - + - +
Tgo - + - - + + + + Mutations in Tgo result in CNS midline and tracheal
Fig. 5.Sim and Trh interact with Tgo in SL2 cells to activate defects . . .
transcription from CME-bearing genéosophilaSL2 cells were Mutanttgoembryos were examined for defects in CNS midline
transfected with expression plasmids that act as a source of Sim, and tracheal development, which would be expected if Tgo is
Tgo, and Trh proteins, reporter plasmids, and a transfection a dimerization partner for Sim and Trh. Tige! mutant was

normalization plasmid. The expression plasmids are pAct-sim, pActused in all of the experiments described below. ffjeé and
tgo, and pAct-trh. The reporter plasmids are either: (1) P[6BxCME-  tgo3 mutants qualitatively show similar phenotypesgio', but
lacZ] that contains six copies of the CME fused to C4PLZ, which quantitatively are more severgo! andtgc? are likely to be
contains a P-element promoter fused todleZ gene (CME), or (2)  hypomorphic, since they cause quantitatively more severe phe-
CirLz dore The coni LT CAT plas e used§ homalze. notypes whe anayzed frans o heDIGR P XTctromo-
galactosidase is expressed in arbitrary fluorescence units as the meap e t.hat IS def|C|ent fago. I:_)efects in CNS midline neurons
+ s.e.m. of multiple assays. and glia were exammgd using the AA142 and X55 enhancer
trap reporters, respectively (Klambt et al., 1991); expression of
lacZin both of the genes is absensimmutant embryos (Son-
Similar experiments were performed with pAct-trh and pAct-nenfeld and Jacobs, 1994). In wild-type embryos, the AA142
tgo; Trh and Tgo also interact to activate CME transcription.enhancer trap gene is expressed in an average of 3.5 midline
. . glia/segment by stage 14 of embryogenesis (Fig. 6Algdh
Creation of Tgo mutations by P-element and EMS mutant embryos, there was a reduction in the number of stained
mutagenesis midline glia to approximately 1 cell per/segment (Fig. 6B). The
tgo maps to 85C on the third chromosome. Mutationgd  X55 enhancer trap gene stains the ventral unpaired median
were generated using a two-step strategy. The first stepeurons (VUMs) and the median neuroblast (MNB) and its
involved hopping P-elements from the adjagesmigene into  progeny in the ventral region of the CNS (Fig. 6C)tdat
the tgo gene (Dalby et al., 1995; Tower et al., 1992; seanutant embryos, the number of VUM neurons and MNB
Materials and Methods). The P-element mutgotstrain was  progeny were reduced in number (60% of wild-type) and did
then used to screen for EMS-indudgd mutations. The local not migrate into the ventral regions of the VNC (Fig. 6D).
hop involved crossing P-element transposaseniati§812and ~ Mutations intrh result in severe defects in tracheal tubule
identifying progeny flies with an eye color darker or lighterformation (Younossi-Hartenstein and Hartenstein, 1993; Isaac
than the orange color of the parental strain. It is expected thahd Andrew, 1996; Wilk et al., 1996). The role tgb in
some of these strains will have novel P-element insertionstacheal development was examined by staingmd mutant
Flies from 120 distinct lines that had altered eye color werembryos with monoclonal antibody 2A12 that stains the lumen
screened using an inverse PCR/Southern blot procedure (Dalbf/the tracheal tubes (Fig. 6E). The results revealedtgoat
et al.,, 1995). Three lines (R65, R91, and R94), all with rednutant embryos have a variety of tracheal defects, some weak
eyes, were found to have novel P-element insertions in or ne@fig. 6F) and others more severe (Table 2). The relatively weak
thetgolocus (Fig. 2). phenotypes oftgol mutations compared tsim and trh
Sequence analysis indicated that R65 was located in exom&utations are likely due to phenotypic rescue by matégoal
in the 3-untranslated region 43 bp & the proposed initiator (Fig. 3A) and the hypomorphic naturetgb?l.
methionine (Fig. 2). This insertion is likely to disrupt tran- o
scription of thetgo gene, resulting in a severe mutation. TheSim::Tgo, and Trh::Tgo control transcription in vivo
R65 strain retained the original P-element neantheene as  through a common enhancer element
well as the newly generated P-element insertion tgm  Previous work on putative target genes that are expressed in
Cellular analysis of theeu tgodouble insertion strain consis- the CNS midline cells revealed the existence of the CME, an
tently showed more severe embryonic defects teaifB12in  enhancer element both required and sufficient for CNS midline
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transcription (Wharton et al., 1994). Multimerizatiorx\4f  in tgo mutant embryos are consistent with Tgo being a dimer-
the CME drives CNS midline cell expression from a heteroloization partner for Sim and Trh and binding to the CME in vivo.
gous promoter (Fig. 7A). Further characterization of théThe less severe phenotypes observegdhmutants compared
P[4xCME-lacZ] transgene shows that it is also expressed in thie simandtrh are interpreted as being due to the occurrence
developing and mature trachea, posterior spiracles, and salivasf maternaltgo and the hypomorphic nature wfol. We have
ducts (Fig. 7A,B). This expression pattern resembles thesed the relatively weak phenotypes observed withtigbe
combinedsim and trh expression patterns, and suggests thamutant strain to genetically test for in vivo interactions between
the CME is an in vivo target element of Sim, Trh and Tgo. simtgoandtrh-tgo. Bothsimandtrh were individually recom-
Tests of the genetic control of CME expressiortrhy sim, bined ontotgo!, and crosses done to generate embryos with
andtgo were performed by crossing P[4XCME-lacZ] into thevariable copies of mutant and wild genes. Embryos were then
three mutant backgrounds. All CNS midlifecZ expression assayed for CNS and tracheal defects.
from P[4xCME-lacZ] was abolished sim mutant embryos, mAb BP102 was used to examine the CNS for indication
although tracheal expression was normal (Fig. 7C). Similarlyof midline defects (Thomas et al., 1988). 100% of the
all tracheal lacZ expression from P[4XxCME-lacZ] was embryos that are homozygous mutantdimn show a severe
abolished intrh mutant backgrounds (Fig. 7D
while CNS midline expression was unaffectec
tgol mutant embryos, both CNS midline ¢
tracheal expression were reduced (Fig. 7I
although not as severely as observediinand
trh mutant embryos, perhaps due to resi
maternatgo and the hypomorphic naturetgb®.

Gene dosage interactions suggest that
Sim and Trh interact with Tgo in vivo

The CNS midline and tracheal defects obse

Fig. 6.tgo mutant embryos show defects in CNS
midline cell and tracheal development and double
mutants suggest in vivo interactions betwtgnand ' .
simandtgo andtrh. Anterior is to the left in all ki +/4 igo / igo
panels. (A-G) Sagittal views. (A) Stage 15 wild-type

embryo containing the AA142 enhancer trap gene E
that stains midline glia present in the dorsal aspect of
the CNS. (B) There is a strong reduction in the
number of AA142-positive midline glia iigot

mutant embryos. (C) Stage 15 wild-type embryo
containing the X55 enhancer trap gene that stains
midline neurons present in the median and ventral Ty igo/ tgo
regions of the CNS. (D) In mango! mutant ganglia,
there is a reduction in the number of X55-expressing
neurons and they are misplaced to the dorsal side of
the CNS instead of the median and ventral regions.
(E) Stage 15 wild-type embryo stained with mAb
2A12 that visualizes the tracheal lumen. (F) Stage 15
tgo! mutant embryo stained with mAb 2A12 showing
a severe phenotype in which only a few tracheal
branches are present. (G) StagarhFgol/+ tgo!
embryo stained with mAb 2A12 showing a complete
absence of staining. (H-K) Dissected stage 15
embryos are stained with mAb BP102 to reveal the
CNS axon scaffold. (H) Embryo heterozygoussion
showing a wild-type CNS with orthogonal axon
scaffold consisting of anterior and posterior
commissures and longitudinal connectives. (I) The
CNS axonal phenotype tgo! mutant embryos

shows disorganized commissures and thin
connectives, but is not severely collapsed. (J) The
axon scaffold irsimH® mutant embryos shows a
severe collapsed CNS phenotype. (K) The axon
scaffold phenotype of embryos that are reduced 50%
in simdosage in a homozygous mutsgn!
backgroundtgo' simtgo! +) show a severe collapsed
CNS phenotype identical to homozygais mutant
embryos.

+ sim /+ sim

. tgo sim uﬁb +
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Table 2. Phenotypic analysis of mutant combinations show genetic interactions betwesim and tgo and trh and tgo
% Axon phenotypes of mutant embryo population

Genotype Wildtype Severe collapsed Mild collapsed n
+sim/ + + 100 0 0 96
+sim/+ sim 0 100 0 29
tgot + /tgot + 58 0 42 65
tgot sim/ tgot + 43 57 0 46

% Tracheal phenotypes of mutant embryo population

Severe Mild
Small No dIt branches Branches present

Genotype Wildtype No trachea patches present but broken n
+trh/++ 100 0 0 0 0 65
+trh/ +trh 4 96 0 0 0 71
tgot + / tgot + 14 3 11 11 61 84
tgot trh / tgot + 18 42 19 9 12 115

Mutant combinations ofim, tgo, andtrh were analyzed with mAb BP102 for axonal defects and mAb 2A12 for tracheal defects. Only embryos of the
indicated mutant genotype were considered; they were identified usicgmarked balancer chromosome. Bon-tgocombinations, the severe collapsed
phenotype corresponds tosii phenotype and the mild collapsed phenotype has a narrow axon scaffold, thin longitudinal connectives, and incompletely
separated commissures. The tracheal phenotypes include severe phenotypes in which there are no detectable tracheapatardg.ddtider phenotypes
include: (1) the presence of the dorsal longitudinal trunk (dIt) but no other branches present, and (2) the presendebohtctedethat are incompletely joined
(broken).n=number of mutant embryos examined of the indicated genotype.

collapsed phenotype (Fig. 6J; Table 2; Thomas et al., 198&bsence of CNS midling-gal staining (Fig. 7G), whereas
Embryos that arsim/+ showed 100% wild-type CNS (Fig. tgo! +/tgo! + embryos generally retained staining although it
6H; Table 2). Mutant embryos that are homozygousdot ~ was reduced from wild-type (Fig. 7E).

are either wild-type (58%) or have a mild defect (42%) in Similar results were obtained for mutant embryos that were
axon morphology (Fig. 61). None of thgo! mutant embryos homozygous fotgo! and heterozygous fdrh. When stained
show a severe collapsedim phenotype
(Table 2). In contrast, 57% of the embr
that are tgo! simtgol + have a seve
collapsed CNS (Fig. 6K; Table 2). Cor
sponding results were obtained us
P[4xCME-lacZ] as a CNS midline mark
mosttgo! sim'tgo! + embryos had a comple

Fig. 7. The CME acts as a CNS midline and
tracheal enhancer and its function is controlled by
sim, tgo andtrh. Ventral views (A,C,D,E,G).

Sagittal views (B,F). All embryos contain a
P[4xCME-lacZ] transgene and are stained with
antif3-galactosidase. (A) Wild-type stage 11
embryo shows that P[4xCME-lacZ] is expressed in
both the CNS midline cells (arrowhead) and cells
surrounding the tracheal pits (arrow). (B) - .
P[4xCME-lacZ] expression in wild-type stage 15 sim /sim trh [ trh
embryo can be observed in the tracheal cells '
including the anterior and posterior spiracles
(arrows). (C) Stage 13 embryo mutantgor®

shows an absence of P[4xCME-lacZ] expression in
the CNS midline cells (arrowhead), but shows 1
normal expression in the trachea (arrow). (D) Stage]
15 embryo mutant farh8 shows an absence of ; . _'
P[4xCME-lacZ] expression in the trachea (arrow), tgo [ tgo . | tgo [ tgo
but expression is present in the CNS midline cells :
(arrowhead). (E) Stage 11 embryo mutantdot G
reveals that P[4xCME-lacZ] expression in the
midline cells is often present but the number of
stained cells and staining intensity is reduced
(arrowhead). (F) Stage 15 embryo mutantdo?
shows reduced expression in trachea. (G) CNS
midline expression (arrowhead) is absent in —
P[4xCME-lacZ] embryos that atgo® simtgo! +. L

Wi

aperean
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with mAb 2A12, which visualizes the tracheal lumen, 96% ofTrh in the tracheal cells. (2) Studies using the yeast two-hybrid
the embryos homozygous mutant fioh show a complete assay indicate that Tgo can form dimers with Sim, Trh, and
absence of trachea, and 100%rbfheterozygotes have wild- Sima. (3) Co-immunoprecipitation experiments with baculovi-
type trachea (Table 2). Masfo! homozygous mutant embryos ral-expressed proteins indicates that Tgo forms dimers with
(86%) have mutant trachea, but the phenotypes are generaBjm and Trh. (4) SL2 transient expression assays suggest that
weak (Fig. 6F); 97% have some mAb 2A12-staining materialSim and Tgo and Trh and Tgo interact to bind DNA and
and only 14% have severe defects. In contrast, 42% of embryastivate transcription. (5) Mutations itgo result in CNS
that aretrh tgol/+ tgo! completely lack tracheal staining (Fig. midline and tracheal defects. (6) Gene dosage experiments
6G) and another 19% had a severe phenotype. Thus, the Idggher suggest thatim and tgo and trh and tgo interact to
of a single copy ofrh in thetgo! homozygous mutant back- control CNS midline and tracheal cell transcription and devel-
ground resulted in greater than a 4-fold increase in sevempment, respectively. This work firmly establishes ttopt
tracheal defects. In summary, the results of the genetic expdunctions in CNS cell fate specification and formation of a
iments provide strong evidence tls#in andtrh interact with  functional respiratory system.
tgo in vivo to control CNS midline and tracheal transcription The interaction experiments described in this paper and
and development. others indicate that Tgo/Arnt is a common dimerization partner
for bHLH-PAS proteins. These bHLH-PAS proteins form het-
erodimers exclusively with Tgo/Arnt and not with each other.

DISCUSSION In addition, they do not form homodimers while Arnt does.

_ ) Even though Arnt homodimers can be detected, no in vivo
Tgo/Arnt Acts as an evolutionarily conserved, function has been reported. As more PAS proteins are discov-
broadly expressed bHLH-PAS protein dimerization ered, exceptions to these rules may emerge (e.g. Hogenesch et
partner al., 1997; Tian et al., 1997). Never-the-less, it is convenient to

These results show that Arnt is a highly conserved protein théttink of Arnt as a common PAS dimerization partner playing
functions as a dimerization partner for a number of bHLH-PAS role similar to that observed for E2A and Max for other
proteins. The Drosophila tgo gene is orthologous to classes of bHLH proteins.
mammaliarrnt, as indicated by the following criteria. (1) The o
primary sequence and protein domain organization of the twbhe CME controls CNS midline and tracheal
proteins are strongly conserved. (2) The expression patterns i&nscription and is a target of Sim::Tgo and
tgo and mammalianArnt (Abbott et al., 1995; Abbott and Trh:'Tgo
Probst, 1995) are also similar. They are both transcribed ifhe CME acts as an enhancer element for both CNS midline
most if not all cells of the embryo. Another mammalfemt  and tracheal transcription. CME transcription within the CNS
gene,Arnt2, is expressed in a subset of cells in the braimmidline is dependent aimfunction, CME transcription in the
(Hirose et al., 1996), and, for this reastyg resembledArnt  trachea is dependent drh function, andtgo function is
more tharArnt2. (3) Interaction studies indicate that Tgo andrequired for CME transcription in both cell types. The CME is
mammalian Arnt act interchangeably as dimerization partnesufficient for transcription in these cell types since multimer-
for other phylogenetically diverse bHLH-PAS proteins. Thesézed Toll site 4 is sufficient to drive transcription specifically
observations demonstrate that Tgo/Arnt acts as a broadlyithin the CNS midline and tracheal cells. These results
expressed dimerization platform for bHLH-PAS proteins insuggest that Sim::Tgo heterodimers control CNS midline tran-
both mammals anBrosophila RecentlyArnt has been iden- scription through the CME, and that Trh::Tgo heterodimers
tified in fish (Pollenz et al., 1996) ar@tl elegangGenome control tracheal transcription through the CME. Consistent
Project). ThusArnt constitutes an evolutionarily conserved with this view are the transient transfection results indicating
transcriptional regulator found in most, if not all, multicellular that co-introduction of either Sim and Tgo or Trh and Tgo
animals. induce high levels of transcription from a multimerized CME
Together, Arnt/bHLH-PAS protein complexes control a widereporter gene. Nevertheless, complete molecular dissection and
variety of developmental and physiological processes. Giveidentification of all possible protein::DNA interactions within
the strong evolutionary conservation betwéent, sim, their  the 20 bprloll site 4 have not been attempted, and it is possible
genomic target DNA sequence elements, and their accessdhat regulatory proteins in addition to Sim::Tgo and Trh::Tgo
proteins including Hsp90, it is apparent thaht represents a may bind to this DNA and help control its CNS midline and
central element in an evolutionarily conserved gene regulatotyacheal enhancer function.
pathway. In some cases, these transcriptional regulatory Our results suggest that for a gene to be expressed in both
pathways may be responsive to ligand::bHLH-PAS proteirCNS midline precursor and tracheal cells, the only require-
interactions (e.g. AHRC). Identification tfo in Drosophila  ments are a promoter and multiple copies of the CME.
opens up the possibility of sophisticated genetic analysis @&lthough synthetic genes of this type are expressed in both cell
these regulatory and signaling pathways. These possibilitiggpes, expression of authentic target genesmftrh, andtgo
are realized in this work in which genetic interactions betweeare more complex. Minimally, there are six classes of putative
tgo and other bHLH-PAS genes are clearly revealed. target genes that may utilize a CME. Their expression in vivo
Biochemical studies in mammals have implicated Arnt as éncluding an example) are: (1) CNS midline and trachea (MT)
partner for Ahr and HIF-d. We have provided evidence that — breathlesgKlambt et al., 1992), (2) CNS midline only (M)
Tgo associates in vivo with Sim and Trh using several criteria- simautoregulation (Nambu et al., 1990), (3) trachea only (T)
(1) Tgo protein is expressed in all cells in the embryo and thustrh autoregulation (Wilk et al., 1996), (4) CNS midline glia
overlaps in expression with Sim in the CNS midline cells anqMG) — slit (Wharton et al., 1994), (3im midline repression



tango developmental regulatory gene 4581

(MR) — ventral nervous system defectiy®lellerick and Patel, Michael Rosbash, Susan Shepherd and Benny Shilo for
Nirenberg, 1995; Xiao et al., 1996), and (6) hypoxia (H) — HIFproviding essential antibodies, clones and fly stocks, and Russ Finley
1o (Wang et al., 1995; Nagao et al., 1996). Since the CME b§nd Roger Brent for two-hybrid yeast strains and plasmids. We would
itself drives expression in both the CNS midline and trachea!so like to acknowledge the North Carolina State University mono-
CME-controlled expression would acquire specificity via theclonal antibody facility for production of Tango antibodies, the
addition of repressor elements. We would predict that the ME/20mington Drosophila Stock Center for providingrosophila

I i Id . | ltiol . f the CM tocks, and the NICHD Developmental Studies Hybridoma Bank for
class or genes would require only mufliple copies or the onoclonal antibodies. This work was supported by a Canadian MRC

to be expressed in both cell types. In contrast, the M and gjiowship to M. S. and an American Cancer Society Fellowship to
classes may require the presence of cell-specific repressorsMow, Research is supported by NIH grant RD25251 to S. T. C.
restrict the expression of CME-driven processes to only a

single cell type. For example, the regulatory regions of genes

such asimandToll, in which the CME has been directly impli-
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