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SUMMARY 

The Drosophila melanogaster (Dm) similar (sima) gene was isolated using a low-stringency hybridization screen employ- 
ing a Dm single-minded gene basic helix-loop-helix (bHLH) DNA probe. sima is a member of the bHLH-PAS gene family 
and the conceptual protein shares a number of structural features, including a bHLH domain, PAS domain, and 
homopolymeric amino acid stretches. Sima is most closely related to the human hypoxia-inducible factor la bHLH- 
PAS protein. In situ hybridization experiments reveal that sima is transcribed in most or all cells throughout embryogen- 
esis. It has been cytologically mapped to position 99D on the third chromosome, and is not closely linked to other 
known bHLH-PAS genes. 

INTRODUCTION 

The bHLH-PAS transcription factor family is com- 
prised of a number of important developmental and 
physiological regulatory proteins. Developmental regula- 
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tors include the Dm Single-minded (Sim) protein, which 
is required for central nervous system (CNS) midline cell 
development (Nambu et al., 1991) and Trachealess (Trh), 
which is required for tracheal formation (Isaac and 
Andrew, 199.5; Wilk et al., 1995). One important mamma- 
lian bHLH-PAS regulatory factor is the aromatic hydro- 
carbon receptor complex (AHRC), which is involved in 
the induction of hydrocarbon metabolizing enzyme genes 
(reviewed in Swanson and Bradfield, 1993). AHRC con- 
sists of two bHLH-PAS proteins: the aromatic hydro- 
carbon receptor (Ahr) and its partner Aryl hydrocarbon 
receptor nuclear translocator (Arnt). The cellular res- 
ponse to hypoxia in humans is controlled by hypoxia- 
inducible factors la (HIF-la) and lp (HIF-ll3). HIF-la 
is related to Sim, whereas HIF-1P is Arnt (Wang et al., 
1995). All of these proteins have an N-terminal bHLH 
domain followed by the PAS multifunctional interaction 
domain, which is subdivided into PAS-A and PAS-B sub- 
regions. Another Dm protein, Period (Per), controls 
rhythmic behavior, has only a PAS domain, and is a 
negative regulator of transcription (Rosbash, 1995). The 
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Fig. 1. Sequence relationships between Sima and PAS domain proteins. (A) Sima bHLH region is related in sequence to HIF-lc(, Sim, and Trh. The 
bHLH sequences of the four proteins were aligned and residues identical to Sima arc indicated by dots. The nt positions of the sequences shown are 
indicated in parentheses (GenBank accession No. U43090, Sima; U22431, HIF-lee; U42699, Trh; M19120, Sim), and percent identity within the bHLH 
region is indicated between Sima and the other three proteins. Asterisks indicate residues of the Max protein sequence that are responsible for DNA 
contacts. Labels above the sequence indicate the extent of each bHLH sequence domain. (B) PAS domain sequence comparison tree of PAS family 
proteins. Published PAS domains were aligned and a sequence comparison tree generated. Comparisons used the PAS-A and PAS-B subregions; the 
poorly conserved spacer region was excluded. Each protein name is preceded by an abbreviation of the organism that the gene was isolated from: 
Bacillus subtiE& (B), D. melanogaster (D), human (H), and mouse (M). The proteins included are: Ahr, Arnt, HIF-lcr, Kina, Per, Sim, Sima, and Trh. 
The% aa identity between the Sima PAS domain and other PAS domains is shown to the right. Methods: (A) The h8-1 genomic clone representing 
the sima gene was identified by low-stringency hybridization of a Dm AEMBL3 genomic DNA library with a 3ZP-labeled 256-bp NdeI-PstI bHLH 
fragment of the Dm sim gene that encodes the entire bHLH region, and an additional 20 aa of spacer between the bHLH and PAS domain. 
Hybridization was performed at 37°C in 5 x SSC/lO mM Tris pH 7.5/l mM EDTA/S x Denhardt’s solution/O.1 %SDS/lOO pg per ml sheared salmon 
sperm DNA/lo% formamide. Filters were washed in 1 x SSC/O.S%SDS at 60°C. (B) Sequence alignments were generated using the multiple alignment 
program in GeneWorks (Intelligenetics), the Genetics Computer Group, Madison, WI, USA Bestfit program, and manual alignment. The sequence 
comparison tree was generated using the GeneWorks Unweighted Pair Group Method with Arithmetic Mean Tree program. 

PAS domain is found not only in eukaryotes, but in pro- 
karyotes. The Bacillus subtilis Kina gene encodes a PAS 
domain-bearing protein kinase (Wang et al., 1995; 
Perego et al., 1989). In this paper we describe another 
member of the bHLH-PAS protein family, the Dm 
Similar protein. 

EXPERIMENTAL AND DISCUSSION 

(a) Isolation of a &z-related bHLH gene 
Genes related in sequence to sim were sought by screen- 

ing a Dm genomic DNA library at reduced stringency 
with a sim bHLH DNA probe (bHLH proteins generally 

Fig. 2. Sequence of sima cDNA clone. The complete nt sequence (5763 bp) of the NB-1 sima cDNA clone is shown (GenBank accession No. U43090). 
A poly(A) tract of 12 bp is present at the 3’ end of the sequence and there is a polyadenylation specification sequence (AATAAA) (underlined) that 
begins 13 bp before the poly(A) stretch. The predicted ORF of 1505 aa begins at Met613, and is shown using the one letter aa code. The Met start 

codon has flanking sequences [CACA] which match well (3 out of 4) with the preferred Dm translation start sequence (MAAM) (where M=A/C) 
(Brown et al., 1994). Both the bHLH domain (aa 72 through 125) and PAS domain (aa 171 through 433) are boxed. The PAS repeats lie between 
aa 182 to 223 and 321 to 362. Homopolymeric and acidic aa stretches are underlined. They include 13 stretches of poly[Gln] that follow the bHLH 
and PAS domains, two stretches of poly[Ser], one His-rich region, and one Pro-rich stretch. The Pro-rich stretch (aa 577-587) is part of a longer 
Pro-rich region that is 16% Pro over aa 506-635. There are six acidic regions also underlined. Methods: Isolation of sima cDNA clones utilized a 
32P-labeled 600-bp PstI genomic DNA fragment that contains the sima bHLH region to screen 500000 pNB40 plasmid cDNA clones derived from 
Dm 4-8 h embryonic mRNA (Brown and Kafatos, 1988). Seven positive clones were identified, purified, analyzed by restriction enzyme mapping and 
Southern blot analysis, and sequenced. 
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show highest sequence homology within the bHLH 
region). One clone, h8-1, possessed an authentic bHLH 
region. This gene is referred to as sima. The Sima bHLH 
domain has 55% aa identity to Sim (Fig. 1A). It has even 
higher identity (63%) to HIF-la, and is closely related 
to Trh (59%). Within the bHLH region, the highest 
homology is within the basic region and the loop-helix 2 
junction. The presence of identical basic region residues 
at position numbers shown by the crystal structure of the 
bHLH-LZ Max protein to be DNA binding residues sug- 
gests that all four bHLH-PAS proteins could bind the 
same core half-site sequence (Fig. 1A; Ferre-D’Amare 
et al., 1993). The loop is the least conserved region in 
sequence although its length is the same in all four pro- 
teins. The Sima bHLH sequence clearly places Sima 
within the Sim-related gene family since it shows signifi- 
cantly lower identity to other bHLH proteins: Ahr (28%), 
Arnt (28%), MyoD (20%) and Myc (15%). 

(b) The Sima protein is a member of the bHLH-PAS 
protein family 

The complete coding sequence of sima was determined 
by analyzing corresponding cDNA clones. The inserts of 
seven embryonic cDNA clones ranged in size from 3 to 
5.8 kb, and sequence and restriction map analysis showed 
they completely overlap. These results do not provide 
evidence for multiple embryonic mRNA species. This is 
consistent with Northern blot analysis of embryonic 
RNA with a 32P-labeled sima cDNA probe that detected 
a single 6.1 kb mRNA species (data not shown). The long- 
est clone, NB-1, was completely sequenced (Fig. 2). It is 
5763 nt in length, contains a predicted ORF of 1505 aa 
(Fig. 2), considerably longer than Sim (673 aa), HIF-la 
(826 aa), and Trh (929 aa). In vitro transcription and 
translation of a full length sima cDNA clone resulted in 
synthesis of a polypeptide of approximately 150 kDa, 
close to the expected size of Sima (M. Ward and S.T.C., 
unpublished results). 

The Sima coding sequence shares structural features 
with bHLH-PAS proteins including a bHLH domain, a 
PAS domain with the 41-44 aa PAS repeats (Nambu 
et al., 1991), and C-terminal Glu-rich regions. Arrange- 
ment and spacing of the domains is also conserved 
between Sima and other members of the family. Both of 
the PAS repeats have the invariant PAS repeat residues 
(S.T.C., unpublished results, Wang et al., 1995) in the 
44-aa consensus repeat sequence: Phe’, His41, and ASHES. 
Several PAS domain residues have been shown by muta- 
tional analysis to affect Per PAS domain dimerization 
(Huang et al., 1993): (I ) Val 205 of Per (the pevL mutation), 
(2) Gly375-Tyr376, and (3) Pro378-Leu381. These residues 
are also conserved in the Sima PAS domain (aa 185, 
343-344, 346-349, respectively). The C-terminal half of 

Sima contains numerous long stretches of poly[Glu], 
His-rich, Pro-rich, Ser-rich, and acidic regions (Fig. 2) 
that may function as transcriptional activation domains 
(Mitchell and Tjian, 1989). 

(c) Sequence relationships among bHLH-PAS domain 
proteins 

Fig. 1B shows a sequence identity tree of the published 
PAS proteins. The proteins can be partitioned into five 
groups, all with a single homologous member except the 
Sim-related group, which is comprised of Sim, Sima, 
HIF-la, and Trh. Statistical considerations indicate that 
Sima and HIF-lcl are significantly more related to each 
other than to Sim or Trh. However, analysis of the incom- 
plete human Sim (Chen et al., 1995) and Dm Sip 
sequences indicate they have considerably higher conser- 
vation than human HIF-la and Dm Sima. Thus, sequence 
analysis is unclear regarding whether Sima and HIF-lcl 
are homologous genes. 

(d) Ubiquitous embryonic expression of sima 
Whole-mount embryonic in situ hybridization experi- 

ments using different sima cDNA probes were performed 
to determine the sima expression pattern. Hybridization 
was observed in most or all cells from the blastoderm 
stage through the end of embryogenesis (Fig. 3). The sig- 
nificant amounts of sima transcripts in syncitial blasto- 
derm embryos suggest a maternal contribution of sima. 
The pattern of sima transcripts completely overlaps that 
of sim and trk. 

(e) Cytological mapping of the sima gene 
The cytological position of the sima gene was mapped 

by in situ hybridization to larval polytene chromosomes 
using biotinylated sima cDNA and genomic DNA frag- 
ments as probes. Specific hybridization was detected with 
both probes at position 99D on the right arm of chromo- 
some 3. Thus, unlike the related bHLH members of the 
ackaete-scute complex and the Enhancer of split locus, the 
sima gene is not closely linked to sim (87DE) or trh 
(61BC). Further localization of sima was derived by in 
situ hybridization mapping with respect to deficiency and 
duplication chromosomes (Fig. 4). These experiments 
localized sima to the chromosomal interval 99D6-9. 

(f ) Conclusions 
(1) The Dm sima gene encodes a novel member of the 

bHLH-PAS protein family. Sequence data suggests that 
Sima is a DNA-binding transcriptional activator. 

(2) Sima is most closely related in sequence to the 
human HIF-lcl protein that controls the cellular response 
to hypoxia. However, further genetic and cellular analysis 
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Fig. 3. The sima gene is expressed ubiquitously during embryogenesis. 
Drosophila embryos were hybridized in situ to four different sima NB-1 
cDNA clone fragment probes (to confirm specificity), and all four 
showed identical uniform expression. The fragments are labeled A-D 
in panel F, and their hybridization is shown in panels A-D. All embryos 
are wt stage 13 sagittal views with anterior to the left and ventral up. 
Probes are: (A) 3.4-kb EcoRI-BamHI fragment, (B) 0.8-kb BamHI frag- 
ment, (C) 1.2-kb BglII-XhoI fragment, and (D) 0.7-kb BglII fragment. 
Panel E shows a negative control embryo of the same stage hybridized 
to a non-hybridizing probe. (F) Map of the sima NB-1 cDNA clone 
showing the location of the bHLH, PAS, and poly[Glu] (poly Q) 
domains, and the location of the four probes used for embryo in situ 
hybridization. Methods: Fragments were labeled with digoxygenin using 
the Genius labeling kit (Boehringer Mannheim). The probe was hybrid- 
ized to fixed wild-type embryos, and hybridization was detected by 
alkaline phosphatase histochemistry (Tautz and Pfeifle, 1989). 

is required to determine if hypoxia regulation is one func- 
tion of sima. 

(3) sima transcripts are ubiquitously expressed in the 
embryo. 

(4) sima maps to Dm cytological position 99D, a loca- 
tion unlinked to the other known bHLH-PAS genes. 
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Fig. 4. Cytological mapping of sima. In situ hybridization of a sima 
gene probe to polytene chromosomes of wt and deficiency/duplication 
strains maps the sima gene to the third chromosome interval 99D6-9 
(bottom of figure). Depiction of polytene chromosome interval from 
99C to 1OOA is shown at the top. Below are shown the names and 
positions of chromosomal duplications and deficiencies (Kongsuwan 
et al., 1986; Warmke et al., 1989; Warmke, 1990). Open blocks indicate 
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