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The Drosophila Dysfusion basic-helix-loop-helix-PAS (bHLH-
PAS) protein controls the transcription of genes that mediate
tracheal fusion. Dysfusion is highly related to the mammalian
Nxf protein that has been implicated in nervous system gene
regulation. Toward the goal of understanding how Dysfusion
controls fusion cell gene expression, the biochemical proper-
ties of Dysfusion were investigated using protein interaction
experiments, cell culture-based transcription assays, and in
vivo transgenic analyses. Dysfusion dimerizes with the Tango
bHLH-PAS protein, and together they act as a DNA binding
transcriptional activator. Dysfusion/Tango binds multiple
NCGTG binding sites, with the following preference: TCGTG >
GCGTG > ACGTG > CCGTG. This binding site promiscuity
differs from the restricted binding site preferences of other
bHLH-PAS/Tango heterodimers. However, it is identical to the
binding site preferences of mammalian Nxf/Arnt, indicating
that the specificity is evolutionarily conserved. Germ line trans-
formation experiments using a fragment of the CG13196 Dysfu-
sion target gene allowed identification of a fusion cell enhancer.
Experiments in which NCGTG sites were mutated individually
and in combination revealed that TCGTG sites were required
for fusion cell expression but that the single ACGTG and
GCGTG sites present were not. Finally, a reporter transgene
containing four tandemly arranged TCGTG elements has strong
expression in tracheal fusion cells. Transgenic misexpression of
dysfusion further revealed that Dysfusion has the ability to acti-
vate transcription in multiple cell types, although it does this
most effectively in tracheal cells and can only function at mid-
embryogenesis and later.

Members within a related group of transcription factors
often control expression of different gene sets despite their pro-
tein sequence conservation. This differential gene regulation
can arise from a variety of mechanisms. These mechanisms
include 1) different transcription factor DNA binding specific-
ities, 2) interactions with different co-regulatory proteins, and
3) expression in different cell types that may vary in their chro-
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matin states. The basic-helix-loop-helix-PAS (bHLH-PAS)>
proteins comprise a group of highly conserved transcription
factors that control a variety of developmental and physiologi-
cal events (1). The defining structural feature of this class of
bHLH proteins is the presence of the PAS domain, a multifunc-
tional interaction domain. In Drosophila there are 11 bHLH-
PAS family members, and they control disparate processes,
including neurogenesis, tracheal formation, tracheal fusion,
dendrite morphology, retinal cell fate, circadian rhythms, hor-
mone responsiveness, appendage identity, and the response to
hypoxia. Most of these proteins have mammalian and nema-
tode orthologs. One of the issues regarding bHLH-PAS protein
function is how these related proteins regulate the different sets
of genes that execute these biological phenomena.

One mechanism of differential bLHLH-PAS protein gene con-
trol involves protein binding to different co-regulatory pro-
teins. The Drosophila Single-minded (Sim) and Trachealess
(Trh) bHLH-PAS proteins both dimerize with the Tango (Tgo)
bHLH-PAS protein, and bind the same ACGTG sequence (2,
3). However, Trh directly interacts with the Ventral veinless
(Vvl) POU-homeobox protein and activates expression of tra-
cheal target genes that contain both Trh and Vvl binding sites
(4). In contrast, Sim is unable to directly bind Vvl and, thus,
unable to activate tracheal gene expression. In other cases, tran-
scriptional specificity arises from differences in the basic region
protein sequences that results in recognition of different DNA
sequences. For example, the Drosophila Spineless (Ss) protein
also pairs with Tgo but preferentially binds a GCGTG sequence
unlike the Sim/Tgo and Trh/Tgo heterodimers that prefer
ACGTG (5). Thus, similar to other transcription factor fami-
lies, PHLH-PAS proteins use multiple methods to differentially
regulate gene transcription in vivo.

The last Drosophila bHLH-PAS protein to be discovered was
the dysfusion (dys) gene (6). This gene has a mammalian
ortholog (Nxf) (7) and a nematode ortholog (C15C8.2) (8). The
Dys DNA binding basic region sequence is highly conserved but
not identical among the different animal species (Table 1). It is
markedly divergent compared with the basic regions of other
bHLH-PAS proteins. DNA binding and transient transfection
studies on human Nxf revealed that Nxf dimerized with the

2The abbreviations used are: bHLH-PAS, basic-helix-loop-helix-PAS; Act,
actin5C; Arnt, aromatic hydrocarbon nuclear translocator; btl, breathless;
dys, dysfusion; en, engrailed; GFP, green fluorescent protein; HA, hemagglu-
tinin; Hif-1e, hypoxia-inducible factor-1«; lacZ, B-galactosidase; luc, lucifer-
ase; mbo, members only; sca, scabrous; shg, shotgun; sim, single-minded,;
sima, similar; ss, spineless; tgo, tango; trh, trachealess; twi, twist; vvl, ventral
veinless; kb, kilobase; Ahr, aryl hydrocarbon receptor.
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aromatic hydrocarbon nuclear translocator (Arnt) protein, the
mammalian Tgo ortholog, and bound ACGTG, GCGTG, and
TCGTG sequences (7, 9, 10). Which of these sequences is uti-
lized in vivo to control gene expression by Nxf is unknown. The
Drosophila dys gene is prominently expressed in tracheal fusion
cells. These cells reside at the tip of the growing tracheal tubules
and mediate the fusion of adjacent tracheal branches. Elimina-
tion of dys function by mutation and RNA interference resulted
in an absence of tracheal fusion (6), and four genes were iden-
tified whose fusion cell transcription was abolished or reduced
in dys mutants (11) and are potential candidates to be directly
regulated by Dys. The identification of these target genes allows
biochemical and molecular experiments that can test the mech-
anistic role of dys in controlling fusion cell transcription.

In this paper we used in vitro and in vivo approaches to study
how Dys regulates gene expression in tracheal fusion cells. We
showed that Dys dimerizes with Tgo, resulting in nuclear trans-
location of the Dys/Tgo complex. The Dys/Tgo dimer then acts
to activate transcription. The Dys basic region differs from
mammalian Nxfat 3 amino acid sites. Yet transient transfection
experiments revealed that Dys/Tgo, like Nxf/Arnt, binds to
multiple NCGTG sequences with a specificity conserved
between mammalian and Drosophila proteins. This is in con-
trast to the results of identical experiments with Sim/Tgo and
Trh/Tgo which demonstrated that they are restricted to a single
ACGTG binding site specificity. Drosophila transgenic
approaches were employed to test how Dys/Tgo controls tran-
scription in vivo. Reporter gene transformants containing a
1.0-kb fragment of the fusion cell-expressed CG13196 Dys tar-
get gene drives fusion cell expression. Mutation of ACGTG,
GCGTG, and TCGTG sites in the CG13196 fragment along
with analysis of a transgene containing TCGTG multimers
revealed that TCGTG is required for expression in vivo. This
indicated that Dys/Tgo uses a novel bHLH-PAS protein DNA
binding specificity in vivo to control fusion cell gene expression.
Further dys misexpression experiments revealed that Dys/Tgo
has the ability to ectopically activate CG13196 transcription in
multiple cell types but is temporally blocked from acting until
mid-embryogenesis.

EXPERIMENTAL PROCEDURES

82 Cell Transient Expression Plasmids and Assays—The dys
expression plasmid, pAct-dys, was generated by cloning an
EcoRYV fragment of a full-length dys cDNA (6) into the EcoRV
site of the pActSCSRS (12). This pAct-dys plasmid contains the
entire dys coding sequence behind an actin5C (Act) promoter.
The pAct-dys-Ab plasmid has a deletion of the entire Dys basic
region (NKSTKGASKMRR), which is expected to abolish DNA
binding. It served as a negative control. The dys-Ab fragment
was cloned into the Sacl site of pActSCSRS. The construction of
PAct-sim, pAct-tgo, and pAct-trh were previously described (2).
The reporter plasmids contained four tandemly linked copies
of an identical 24 bp Toll CME-4 sequence (13) with a different,
potential Dys/Tgo NCGTG binding site (underlined): CTAG-
AAATTTGTACGTGCCACAGA, CTAGAAATTTGTCCG-
TGCCACAGA, CTAGAAATTTGTGCGTGCCACAGA, and
CTAGAAATTTGTTCGTGCCACAGA. Each fragment was
cloned into pCR-Blunt II-TOPO (Invitrogen), cut with Kpnl
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and Sacl, and then cloned into the Kpnl and Sacl sites of the
pGL-3 enhancer tester vector (Promega). pGL3 utilizes a firefly
luciferase (luc) reporter gene.

The full-length NxfcDNA coding sequence was generated by
PCR from pEGFP-LE-PAS (9) using the primers 5'-GGTACC-
ATGTACCGATCCACCAAGGGCG-3' and 5'-GGTACCTC-
AAAACGTTGGTTCCCCTCCA-3'. The PCR product was
cloned into pGEM-T Easy vector (Promega), digested with
Kpnl, and cloned into the Kpnl site of pAct5CSRS, generating
PAct-Nxf. The full-length human Arnt coding sequence was
contained on a BamHI fragment derived from pBM5/Neo/
M1-1 (14). This fragment was cloned into the BamHI site of
PACctSCSRS, generating pAct-Arnt. The pAc5.1/V5-His/lacZ
transfection control plasmid (Invitrogen) consists of the
actin5C promoter driving B-galactosidase (lacZ) gene expres-
sion. The LE-PAS and Arnt clones were generously provided by
Cam Patterson.

Transient transfection in Drosophila S2 cells was carried out
using an Effectene transfection reagent protocol (Qiagen). Each
transfection was performed 6 times using 1 ug of total DNA.
The total DNA included 0.3 ug for each reporter and expres-
sion plasmid, 0.1 ug of pAc5.1/V5-His/lacZ internal control
plasmid, and additional pActSCSRS DNA to achieve a final
DNA concentration of 1 ug. After 48 h of growth, luc expres-
sion was assayed using a luc assay kit (Promega) and a Typhoon
9400 variable mode imager (Amersham Biosciences). B-Galac-
tosidase activity was measured with a B-galactosidase assay kit
(Promega) and enzyme-linked immunosorbent assay and was
used to normalize transfection efficiency.

Protein-Protein Interaction (HA Pulldown) Assays—The dys
c¢DNA coding sequence was cloned into pAHW (T. Murphy,
Carnegie Institution) in which an N-terminal hemagglutinin
(HA) tag was added to dys. The dys cDNA was PCR-ampli-
fied using primers 5'-CACCATGCCAAATGCTATTGGA-
GCTAG-3" and 5'-CACACTTAATACTAACCTCTATC-
CTC-3'. The PCR product was cloned into pENTR using the
PENTR TOPO cloning kit (Invitrogen). Then the dys cDNA
was recombined into pAHW using the Gateway LR Clonase
enzyme mix (Invitrogen).

S2 cells were transiently transfected with 0.5 ug of pAct-tgo
and 0.5 ug pAct-HA-dys individually or in combination using
Effectene. pAct5CSRS DNA was added to achieve a final DNA
concentration of 1 ug when necessary. After 48 h of growth,
whole-cell extracts were prepared by sonication of cells in lysis
buffer (20 mMm Tris-HCI, pH 7.5, 0.5% Nonidet P-40, 150 mm
NaCl, 3 mMm EDTA, 3 mm EGTA, 10 pg/ml aprotinin, 10 ug/ml
of leupeptin, 10 mm benzamidine, 1 mm phenylmethylsulfonyl
fluoride). Extracts were incubated with 30 ul of anti-HA-con-
jugated-agarose beads (Sigma) overnight at 4 °C. The extracts
and HA-associated proteins were electrophoresed on 10% SDS-
polyacrylamide gels followed by Western blot analysis using
mAb-Tgo antibody (2).

CG13196 Transgenic Strains—The sequence from —985 to
—1in the 5’'-flanking sequence of CG13196 was PCR-amplified
using the primer pair GGTACCCTATAAGTATGGCAAGA-
GGTGGC (Kpnl site is underlined) and AGATCTGATTGG-
GCCGCAAGTGATA (BgllII site is underlined). This 1.0-kb
fragment was cloned into the Kpnl and BgllI sites of pH-Stinger
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