
Abstract.Hypoxia-inducible factor-1 (HIF-1) is a hetero-
dimeric transcription factor activated by hypoxia. It is
composed of two di�erent subunits, HIF-1a and ARNT
(aryl receptor nuclear translocator). When activated,
HIF-1 mediates the di�erential expression of genes such
as erythropoietin and vascular endothelial growth factor
(VEGF). This work is aimed at de®ning the 3D structure
of HIF-1. In this work we use the powerful modeling
approach in order to obtain a ®rst model of HIF-1. The
two subunits HIF-1a and ARNT belong to the bHLH
(basic helix-loop-helix) PAS (per, ahr/arnt, sim) family.
We focused on the bHLH domain since the protein/
DNA interactions are mediated by the basic domains
and the dimerization by hydrophobic interactions be-
tween the two helices. Firstly, we aligned the sequence of
each subunit along with sequences of other bHLH
factors, using the program CLUSTALW. Such align-
ments could not detect the sequence corresponding to
the bHLH domain. We therefore used the program
GIBBS, which detects common motifs between sequenc-
es of di�erent proteins. We indeed obtained common
residues which could constitute the bHLH motif. In
order to validate the target sequences, we submitted
both sequences to a secondary structure prediction
algorithm, PHD. Secondly, we made sequence/structure
alignments in order to ®nd a template using the BLAST
program. We were then able to obtain a structural model
of the heterodimer by means of HOMOLOGY. Once the
four-helix bundle was constructed, we generated both
loops using the program SCWRL for adding sidechains
to the protein backbone based on the backbone-depen-
dent library. Thirdly, we minimized the model of the
heterodimer to avoid steric clashes in its structure, using
the program DISCOVER. A combination of tools, such
as Ramachandran plots, physicochemical properties,
and energetic pro®les, enabled us to validate the 3D
model. The next step will be to dock the structure onto

the DNA recognition site. This ®rst study already
allowed us to obtain a structural view of HIF-1. It has
to be con®rmed by X-ray structure analysis of the
protein and we will then be able to understand the
protein DNA interaction of this transcription factor and
its role played in the cellular response to hypoxia.
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1 Introduction

Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric
transcription factor activated by hypoxia. It is composed
of two di�erent subunits, HIF-1a and ARNT (aryl
receptor nuclear translocator). The two subunits HIF-1a
and ARNT belong to the bHLH (basic helix-loop-helix)
PAS (per, ahr/arnt, sim) family, and are respectively
composed of 826 and 789 amino acids [1].

HIF-1a is activated by hypoxia, migrates to the nu-
cleus, and dimerizes with ARNT to form the active
transcription factor HIF-1. HIF-1 recognizes the hyp-
oxia-response element (HRE) [5¢-(G/C/T)-ACGTGC-
(G/T)-3¢] present in the enhancers of several genes and
leads to their overexpression [2, 3]. Amongst these genes
are erythropoietin, vascular endothelial growth factor
(VEGF), and several glycolytic enzymes. Erythropoietin
is the glycoprotein hormone which regulates mammalian
erythrocyte production and, as a result, oxygen delivery
to tissue [3]. VEGF has been suggested to be a key me-
diator in hypoxia-induced angiogenesis [4]. HIF-1 is
present in various cell types and seems to be part of a
widespread O2-sensing and signal transducing mecha-
nism. It thus seems to play an important role in the
adaptive response of tissue to hypoxia [5, 6].

This paper describes the results obtained for molec-
ular modeling of HIF-1. We focused our work on the
bHLH domain, which is composed of two amphipatic a-
helices connected by a loop. This domain is responsible
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for dimerization and binding to the consensus sequence
of DNA.

2 Methods

2.1 Identi®cation of the bHLH motif

2.1.1 Multiple alignments

Alignments are done using CLUSTALW [7]. The multiple align-
ments are carried out in three stages: (1) all sequences are compared
to each other (pairwise alignments); (2) a dendrogram (like a
phylogenetic tree) is constructed, describing the approximate
groupings of the sequences by similarity; (3) the ®nal multiple
alignment is carried out, using the dendrogram as a guide. For the
multiple alignment the selected matrix was BLOSUM62, which
describes how similar are the sequences to be aligned. As an input,
we used the sequence portions of four bHLH transcription factors
and the entire sequences of HIF-1a and ARNT.

2.1.2 Motif detection

The software GIBBS [8] is based on three fundamental character-
istics. First, the algorithm seeks a small number of sequence pat-
terns throughout the sequences previously used as input. Second, a
single pattern is described by a probabilistic model of residue fre-
quencies at each position. Third, the location pattern within the
target sequence is described by a set of probabilistically inferred
position variables. As an input, we use 25 sequences of bHLH
transcription factors, including the entire sequences of ARNT and
HIF-1a [8].

The secondary structure predictions are predicted by the PHD
[9, 10] algorithm. A sequence database is scanned for similar se-
quences to the user's sequence. Then, a multiple sequence align-
ment is generated by a weighted dynamic programming method
and motifs are retrieved from the PROSITE database in order to
compare the target protein to a domain database (ProDom). Fi-
nally, the multiple alignment is used as input for pro®le-based
neural network predictions [9, 10].

2.2 Generation of a 3D model

The algorithm used to detect a template is BLAST (basic local
alignment search tool) [11]. BLAST ®rtsly looks up an ``index'' of
every oligomer in the database for oligomers showing a su�cient
degree of similarity to those present in the query sequence. The
program then tries to extend the initial regions of similarity into a
larger ungapped alignment. A score taken from a scoring matrix
(BLOSUM 62) is given to each amino acid pair and the alignment
score is calculated by adding up individual amino acid pair scores.
The database used was the Brookhaven protein data bank (PDB)
[12] since the purpose of this alignment was to detect a 3D canvas.
The query sequences corresponded to the ``consensus'' sequences
de®ned in the previous part.

In the module HOMOLOGY [13] we assign the 3D coordinates
of the template's residues to the residues corresponding to the he-
lical structures in the ``consensus'' sequence. The loops are built
using the Generate loop command in the HOMOLOGY module.
This last command builds a peptide backbone chain between two
anchor residues using randomly generated values for all the loops'
phi and psi angles [13]. The loops are screened and those with
unacceptable contacts are rejected. However, the conformations for
the side chains are fully extended. We then used the program
SCWRL [14] to position the sidechains in an ideal conformation.
SCWRL is a program designed for adding sidechains to a protein
backbone based on a backbone rotamer library. The program starts
with the mainchain atoms (N, Ca, C, O) from the protein structure
and then the calculated dihedral angles are used to select a list of
rotamers from a rotamer library, for each residue. The rotamers are
built, based on the parameter set from AMBER 4.1, and the set is
searched for the minimum steric clashes to build the output

structure. The structures obtained were optimized by molecular
mechanics, using a three-steps process (steepest descent, conjugate
gradient, VA09A) in the cu� force®eld with DISCOVER [15].

2.3 Analysis of the structure

Di�erent tools were used to analyze the structure. Firstly, we cal-
culated physicochemical properties using the program HINT [16].
HINT (Hydropathic INTeractions) is designed to detect and esti-
mate the strength of the hydrophobic and polar interactions. The
solvent partition calculations performed by HINT are based on the
Hansch and Leo [17] approach to the hydrophobic fragment con-
stant. The program then assigns hydrophobic constants and factors
to each atom in the molecule. We chose a level of )20 to represent
the polar contributions and a level of 5 for the hydrophobic con-
tributions of the residues.

Secondly, we used PROSA [18] to determine errors in protein
3D structures. This method is based on the Boltzmann's principle.
Forces are extracted from a database of known structures in the
form of a potential of mean force [19] which constitutes the mean
®eld. In a given structure the interaction energy eij between amino
acid residues at positions i and j along the chain is the sum of the
interaction energies between the atoms of the respective residues.
When eij is plotted as a function of i, the graph represents the
energy distribution of a sequence pair in terms of sequence posi-
tioning [18].

3 Results

3.1 Identi®cation of the bHLH motif

3.1.1 Multiple alignments

The most powerful method available today for inferring
the biological function of a protein from its sequence is
similarity searching on a protein sequence database.
Sequence comparison showed that the bHLH motif is
present in many proteins. First, we aligned the sequence
of each HIF-1a and ARNT subunit along with the
partial sequences of other bHLH factors of known 3D
structures, using CLUSTALW [5]. Such multiple align-
ment was designed to detect a portion of the query
sequence that would correspond to a similar secondary
and tertiary structure, in this case the bHLH motif.

As expected, both subunits possess a bHLH motif.
Essential residues are conserved among these sequences.
Comparisons of the sequences show four identical hy-
drophilic residues conserved within the N-terminal end
of the ``homologous'' basic region and a set of hydro-
phobic residues in two segments, which are separated by
a short sequence (Table 1). The basic region is mainly
composed of Arg and Lys residues. The two segments
could correspond to the two helices found in each
monomer. In these segments a clear pattern of conserved
and non-conserved residues is found. The conserved
residues are separated by three or four residues, which
suggests turns of an a-helical protein. In Helix 1, the
number of hydrophobic residues is greater but this could
account for the dimerization, which is driven by hy-
drophobic interactions.

3.1.2 Motif detection

Nevertheless, the alignments were not reliable enough
because Table 1 shows that some portions of the
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sequences were not conserved and therefore the global
alignment was probably not optimal. In order to further
con®rm those results, we used the program GIBBS [8]
that detects common motifs between sequences of
di�erent proteins. Even though GIBBS and sequence
alignments are two di�erent techniques, Table 2 shows a
complementarity between the results obtained by
both methods. In fact, the Motif 1 detected by
GIBBS corresponds to the amphipatic Helix 1 found
by alignment (Table 1). Similarly, the sequence portion
attributed to Helix 2 (Table 1) is found to be Motif 2
(Table 2). For illustration, we represent the two motifs
detected for only ®ve sequences (Table 2).

These two programs allowed us to have a good in-
dication of the residues involved in the bHLH motif and
gave two ``target'' sequences, linked by a loop, which are
represented in Table 3 and which will be used in the rest
of the work.

In order to validate the target sequences we submitted
both sequences to a secondary structure prediction al-
gorithm, PHD [9, 10] (see Methods for description). The
results obtained by PHD are shown in Table 4. The
secondary structure elements corresponding to the se-
quence portions are represented by a one letter code
(H � helix) and blanks represent secondary structures
such as loops. The reliability index of predicition,
ranging from 0 to 9, is also represented. The comparison
between the target sequence of ARNT in Table 3 and
the results obtained by PHD, for that same sequence,
show a great complementarity. In fact, PHD detects two
helices and a loop region. This region corresponds ex-
actly to the one proposed in Table 3. Concerning the
helices, the similarity is evident and we see that the re-
liability index of predicition is quite high, except for the
N-terminal part of the sequence where no secondary
structure has been attributed (Table 4). However, the
complementarity is not as evident for the target sequence

of HIF-1a. Nevertheless, PHD predicts a helix (Amp-
hipatic Helix 1) with a high reliability between residues
VMRL...RVR. This helical structure corresponds to one
helix proposed in Table 3. The results do not show a
clear loop region for this target sequence, but the reli-
ability index of predicition in this region is low, therefore
the presence of a loop region in that sequence portion is
not rejected. For the Amphipatic Helix 2 (Table 4), the
program predicts part of it as a helix but is not reliable
for the N-terminal part of its related sequence. Even
though the complementarity is not as evident, one can
still see a similarity between the results obtained by PHD
(Table 4) and the ones proposed in Table 3.

The secondary structure predictions show that the
target sequences obtained by sequence alignments and
by the program GIBBS correspond to helix-loop-helix
motifs, as previously proposed. These results encourage
us to go further in the construction of the model.

3.2 Generation of a 3D model

We then made sequence/structure alignments on the
target sequences in order to ®nd a template for the 3D
model. The program BLAST [11] was used to align the
query sequence among sequences of a database (PDB)
from which the 3D structure has been obtained either by
X-ray or NMR. In our case, the use of BLAST is justi®ed
by the fact that the aim of this part is to ®nd a template
but it is important to note that other methods are
available such as PSI-BLAST [27] to detect weak
similarities. The results obtained by BLAST are repre-
sented in Table 5. For the target sequence HIF-1a the top
matching sequence corresponds to the bHLH domain of
the transcription factor MyoD [20]. The alignment
obtained by the program is also shown. Therefore, we
will use this structure as a template for the construction
of the HIF-1a subunit. For the second target sequence,
the ®rst seven hits did not correspond to a bHLH
transcription factor but the eigth hit did. In fact, this hit
corresponds to the transcription factor MyoD as pro-
posed for the HIF-1a target sequence, so we discarded
the ®rst seven results since their structures were not what
we expected and were rather di�erent from the bHLH
transcription factors. Again, we chose the 3D structure of
MyoD as a template to build the ARNT subunit.

Table 1. Partial sequence alignments of the DNA binding domain of ARNT and HIF-1a with Max, USF [25], e47 [26] and MyoD [20]

Table 2. bHLH motifs detected with GIBBS
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Table 3. Target sequences (lower case = a-helix; upper case = loops)

Table 4. Secondary structure prediction obtained by PHD (loops are in bold)

Table 5. Sequence/structure alignment results obtained by BLAST
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We then substituted the residues of HIF-1a and
ARNT, corresponding to two helical structures, into the
3D coordinates of the template's residues. Once the two
helices for each monomer were constructed, we gener-
ated the loops by means of HOMOLOGY [13]. We
could not substitute the sequence portion corresponding
to the loops onto the template for two reasons. Firstly,
the sequence alignments did not show any conservation
or any evident patterns in the loop portion. Secondly,
loops are known to be more ¯exible and less structured
regions. The conformations generated for the sidechains
of the residues in generated loops are arbitrarily set to be
fully extended. This is not a real situation and is never
observed in proteins. Therefore, each loop was submit-
ted to the SCWRL [12] program. Each residue of the
sidechains was placed in an optimized conformation,
based on the backbone-dependent library. Figure 1
represents the structures of ARNT and HIF-1a obtained
in this way.

Thirdly, we minimized the structure of each subunit
separately, using DISCOVER [16]. These energy opti-
mizations were mainly used to avoid steric clashes.
However, after several steps of energy minimization, the
structure of each subunit started to diverge from a
bHLH structure. Instead of staying in the HLH struc-
ture, as in Fig. 1, the structure of each monomer became
distorted. Each helix was broken into little fragments.
Moreover, the Helix 1 had a tendancy to tip and face the
other helix. This led us to think that the secondary
structure (helical in this case) was induced upon dimer-
ization and stabilized by interactions with its DNA
consensus sequence.

Therefore, we ®rst assembled both subunits to con-
struct the heterodimer before optimisation (Fig. 2). This
was possible since the template we used to build the
monomers was initially a dimer. The structure of the
heterodimer was then optimized. The results show that
the helices responsible for the dimerization now re-
mained well structured (Fig. 2). Nevertheless, the helices
responsible for the protein/DNA interaction were not as
well structured. Once again, this could be explained by
the fact that the DNA sequence recognized by HIF-1

was not taken into account in this calculation. Recently,
Fisher et al. [21] have tested, by circular dichroism,
whether the basic region of the b-HLH-ZIP proteins
might similarly form a helix upon binding. Their results
con®rmed that the helical structure was induced when
the protein binds DNA.

3.3 Analysis of the structure

We used di�erent tools such as Ramachandran plots,
energetic pro®les, and physicochemical properties to test
if the model obtained was plausible. The energy
minimization procedures gave four di�erent models,
including the initial one. Each of these models corre-
sponded to a di�erent ``derivative criterion (DC)'' used
in the energy minimization steps.

We calculated the Ramachandran plot for three
models. The ®rst one is the initial heterodimer 3D model
(no minimization), the second one is an intermediate
model (DC � 0.1 kcal/AÊ ), and the last model the one
obtained once the minimization procedure was ®nished
(DC � 0.01 kcal/AÊ ). The Ramachandran plots for
these structures show that the number of residues in
disallowed regions decreases to a certain point as the
energy minimization goes on. However, for the last
structure, the number of residues in disallowed regions
was greater. This means that even though the energy of
the structure was decreasing, some residues were forced
to adopt unfavorable conformations. This result con-
®rms what we observed during the energy minimization
procedures: one of the helices was not as well structured
probably owing to the absence of the DNA.

We propose as a plausible model of the bHLH the 3D
model with the DC of 0.1 kcal/AÊ , because of its low
potential energy and because it has the greatest number
of residues in the favored regions. It must be noted that
the few residues which are present in disallowed regions
are located in the loop regions. This also con®rms the
di�culty to model this loop region.

We also calculated, on the selected model, the polar
and hydrophobic contributions for all the residues, using

Fig. 1. Representation of the 3D structure of the bHLH domain of
ARNT and HIF-1a

Fig. 2. Representation of the 3D structure of the heterodimer
(bHLH domains of HIF-1)
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the program HINT [17]. Figure 3 represents the polar
contributions (dark gray) at the )20 level and the hy-
drophobic contributions (light gray) at the 5 level. The
complementarity between the two hydrophobic patches
is evident. This complementarity is responsible for the
dimerization of both subunits, which is mediated by
hydrophobic interactions. This ®gure shows that the
hydrophobic amino acids from Helices 1 and 2 are
buried in the interior of the four-helix bundle, where
they pack together to assure the dimerization and sta-
bility of the heterodimer structure. We also expect a
greater polar contribution in the two helices that interact
with DNA. In this region, the basic residues make up
most of the DNA/protein interactions. Ma et al. [22]
reported di�erent types of interactions in that region
such as hydrogen bonds, water-mediated contacts be-
tween a carboxylate group and a nitrogen atom of a base
of the DNA, and salt bridge interactions. Figure 3
clearly shows that both monomers can be brought to-
gether through the complementarity of the hydrophobic
residues and that the basic region would be inserted into
the major groove of the DNA.

To further validate the model, we calculated, using
PROSA [19], the energetic pro®le of the structure
(Fig. 4). The energy calculated for each residue is neg-
ative, thus most residues are in a favorable conforma-
tion. We noticed, however, an increase in energy for the
residues in the loop regions. This result is in agreement
with the Ramachandran plot.

4 Conclusion

The combination of di�erent modeling approaches leads
to the de®nition of a valuable 3D structure of the bHLH
domain of the transcription factor HIF-1. The next
logical step in this work would be to dock this structure
onto the DNA sequence recognized by HIF-1. We are
currently investigating this approach using the program
FTDOCK [23]. The docking of the protein/DNA would
permit us to characterize the protein/DNA interactions
and identify the residues and the bases of the DNA
involved in the protein/DNA recognition and interac-
tion. Such a model will have to be con®rmed by X-ray
analysis of the HIF-1 dimer bound to DNA. It will help
to understand the DNA/protein interactions and the role
played by HIF in the cellular response to hypoxia.
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