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Abstract The double-histone fold is a rare protein fold in
which two consecutive regions characterized by the
typical structure of histones assemble together, thus
giving a histone pseudodimer. Previously, this fold was
found in a few prokaryotic histones and in the regula-
tory region of guanine-nucleotide exchange factors of
the Sos family. Standard methods of sequence compar-
ison did not allow us to find new proteins containing a
histone pseudodimer, as previously reported (Sonder-
mann et al. 2003). However, a deeper investigation of
protein sequences showed that the two histone folds
included in Sos proteins share significant sequence sim-
ilarity with nucleosomal histones. On the basis of this
observation, we applied a specific strategy of sequence-
homology search, which led to the identification of a
new group of histone pseudodimers in Cca3 and proteins
similar to Cca3 (Cca3S). A homology model of the
histone pseudodimer included in rat Cca3 was con-
structed. A subsequent structure—function relationship
study revealed that the histone pseudodimers included in
Cca3 and Cca3S proteins, but not those present in Sos
proteins, could retain the ability of mediating protein—
DNA interactions, and could consequently act as DNA-
binding modules.
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Introduction

Histone folds are structural elements that are able to
form dimers by means of tight interactions between
hydrophobic surfaces. Normally, a histone fold is com-
posed of a long a-helix flanked by two or three shorter
helices. In the nucleosome core particle, two pairs of
H2a-H2b and H3-H4 histone heterodimers assemble
together, giving rise to a disk-like octamer upon which
DNA rolls up [1].

The publication of the X-ray structure of the pro-
karyotic histone from Methanopyrus kandleri (PDB
code: 1fle) highlighted a novel protein fold, which is
formed by the assembly of two consecutive histone folds
included in the same peptide chain [2]. More recently,
the publication of the X-ray structure of the amino-
terminal domain of hSosl (PDB code: 1q9¢) showed
that this protein module also assumes a similar fold,
dubbed the histone pseudodimer [3] and here also
referred to as “‘double-histone fold™. In fact, the evolu-
tionary relationship between the H2a histone and the
domain spanning the protein sequence 96-190 of hSosl
had been already disclosed because of the high sequence
similarity [4] between the two domains. However, the
first histone-like domain of hSosl, spanning the protein
portion 6-95, does not show any evident sequence
similarity with histones [3]. Moreover, it is unknown
whether the “double-histone fold” can be found in other
protein families.

Prompted by these observations, we initially searched
for possible remote homologues of the whole-double
histone fold of hSosl. It turned out that the protein
portion 22-95 shows similarity to proteins characterized
by the presence of the H2b histone domain. On the
basis of these results, we searched for other proteins



characterized by a sequence compatible with the “dou-
ble histone fold”. This search allowed us to detect his-
tone pseudodimers in Cca3 and similar to Cca3 (Cca3S)
proteins. The homology modeling and the in silico
characterization of these histone pseudodimers is re-
ported here.

Methods

The initial search for proteins containing putative his-
tone pseudodimers was carried out with Psi-Blast [5].

Multiple sequence alignments were carried out with
ClustalW, [6] and manually refined. The neighbor join-
ing tree of protein sequences was generated using the
alignment obtained with ClustalW.

Secondary-structure predictions were obtained using
three different tools: Psi-Pred, [7] J-pred [8] and PHD [9].
Meta-predictions were carried out by comparing the
results obtained from these three servers, and taking into
account only the sequence regions that were predicted to
assume a particular secondary structure by at least two
servers, with a grade of reliability of 50% or higher.

Fold recognition results were obtained using the 3D-
jury meta server [10].

The Moe program suite [11] was used to obtain a 3D-
model of the histone pseudodimer included in rat Cca3.
The H2a-H2b histone dimer from Gallus gallus was
chosen as a template (PDB code: leqz). The homology-
modeling procedure was based on the alignment
reported in Fig. 1. The construction of the model started
with the production of ten intermediate homology
models, which were the result of the permutational
selection of different loop candidates and side-chain
rotamers. The intermediate models were averaged in
order to build the final model; to this end, the Cartesian
Average Method was employed. Both the intermediate
models and the final model were refined by molecular
mechanics. All structures were energy minimized using
the Amber94 force field.

The reliability of the final model was evaluated with
PROCHECK [12].

The analysis of the model was carried out with Pymol
[13] and Swiss PDB viewer [14]. Swiss PDB viewer was
also used to obtain the electrostatic potential maps
shown in Fig. 2.

Results and discussion

Individuation of remote homology between hSosl
and histone H2b

The alignment between the domain spanning the hSosl
protein portion 22-95 and the histone H2b was analyzed
to evaluate possible remote homology (Fig. 3).
Remarkably, it turned out that the H2b domain and the
corresponding hSosl domain show a significant simi-
larity (22.1% identity). The analysis of the alignment
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highlights a strict conservation of a group of hydro-
phobic residues; the amino acids included in this
hydrophobic pattern are mainly localized at the relative
positions i and i+ 3 or i+ 4 along each a-helix, as shown
in Fig. 3. The conservation of this feature maintains the
amphiphilic character of the o-helices, a crucial property
for the formation of tight interactions between the two
histone folds and for the correct folding of this domain
[3]-

Three gaps are evident in the hSosl sequence after the
alignment. The first two gaps fall in a region that cor-
responds to an a-helix in the H2b domain. Since the gaps
correspond to four and three residues in H2b, respec-
tively, they do not affect the proper alignment of the
crucial hydrophobic residues, strongly suggesting that
two helix turns are missing in the second o helix of the
H2b domain of hSosl1.

Identification and in silico characterization of a new
group of histone pseudodimer containing proteins

Prompted by the above observations, we searched for
other proteins that could be characterized by the
peculiar double-histone fold observed in hSosl. Sub-
mission of the N-terminal protein sequence of hSosl
(residues 1-190) to Psi-Blast did not highlight proteins
sharing a significant sequence similarity with the probe
sequence, in agreement with previous observations [3].
However, the existence of homology between Sos pro-
teins and histone H2b (see above) led us to use a dif-
ferent strategy to search for remote homologues, based
on the submission to Psi-Blast of a “chimeric” sequence
obtained by linking the protein regions corresponding to
the H2b (residues 38-114) and H2a (residues 1-119)
monomers of the human histone dimer. This search gave
a statistically significant hit (E-value = 7x10~%7) corre-
sponding to the rat Cca3 protein (NCBI code:
2i[19705529). In the same Psi-Blast entry, we identified
proteins from Homo sapiens, Mus musculus, Xenopus
laevis, Tetraodon nigroviridis and Anopheles gambiae,
with significant sequence similarity to rat Cca3. We also
identified two other proteins from rat and chicken
tagged as “‘similar to Cca3”, and their homologues from
H. sapiens, X. tropicalis and T. nigroviridis. Further
research in protein sequence databases resulted in
the identification of proteins from Fugu rubripes and
Drosophila  melanogaster, both sharing significant
sequence similarity with rat Cca3. The accession number
of these protein sequences and their general features are
shown in Tables 1 and 2.

In rat Cca3, an amino-terminal module encompassing
the first 97 residues precedes the region of homology to
histones, which is followed by ankyrin repeats and a POZ
domain (Fig. 4). Ankyrin repeats and POZ domains are
able to mediate protein—protein interactions in many
different classes of protein [15, 16]. To compare the Cca3
protein from rat with all other putative Cca3 proteins
identified in different species, we examined the pairwise
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Fig. 1 a Multiple sequence alignment among the ‘“‘chimeric”” H2b—
H2a histone, hSosl, and a group of Cca3 and similar to Cca3
(Cca3S) proteins. Above the alignment, are shown the positions of
a-helices in hSos1 (light blue boxes), histone H2b (green boxes) and
histone H2a (yellow boxes). Red letters indicate regions predicted to
assume an o-helical structure, based on a comparison among the
results obtained from three different secondary structure prediction
servers (PHD, J-pred, Psi-pred; see Methods). Underlined residues
belong to the pattern of aminoacids whose hydrophobicity is
strictly conserved. b Multiple sequence alignment among histones
and a group of Sos homologs. In histone H2b and H2a sequences,
the residues forming hydrogen bonds with DNA are marked with
red letters. Red and light blue letters in Sos sequences indicate

conservation and conservative substitution, respectively. Gray
letters in Sos sequences signalize regions in which there is no
structural overlap between Sos and histones. Above the alignment,
are shown the positions of a-helices in histone H2b (green boxes)
and histone H2a (yellow boxes). ¢ Multiple sequence alignment
among histones and a group of Cca3 and similar to Cca3 (Cca3S)
proteins. In histone H2b and H2a sequences, the residues forming
hydrogen bonds with DNA are marked with red letters. Red and
light blue letters in Cca3S and Cca3 protein sequences indicate
conservation and conservative substitution respectively. Above the
alignment, are shown the positions of o-helices in histone H2b
(green boxes) and histone H2a (yellow boxes)
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Fig. 2 a Left side: Molecular electrostatic potential of hSos1 double
histone fold, in the region of putative contact between the protein
and DNA. Blue surfaces are positively charged, while red surfaces
are negatively charged. Right side: positions of basic residues (Arg,
Lys, His) and acid residues (Glu, Asp) in the double histone fold of
hSosl. The side chains of these residues are colored in light blue and
red, respectively. The hypothetical relative positions of hSosl (in
grey) and DNA (in orange) were obtained through a superimposi-
tion of hSosl double histone fold on the H2b—H2a nucleosomal
histone dimer. b Left side: molecular electrostatic potential of rat

alignment between the whole sequences of these proteins.
It turns out that the amino-acid similarity is always
above 50%, a threshold conventionally used to classify a
group of genes as a gene family.

Then, in order to characterize the hypothetical his-
tone pseudodimer present in the different members of
the Cca3 protein family, we aligned such sequences
(Fig. 1), as explained in the Methods section. In Cca3

Cca3 model, in the region of putative contact between the protein
and DNA. Right side: positions of basic residues (Arg, Lys, His) and
acid residues (Glu, Asp) in the 3D model of rat Cca3. The
hypothetical relative positions of Cca3 (in grey) and DNA (in
orange) were obtained through a superimposition of Cca3 double
histone fold on the H2b—H2a nucleosomal histone dimer. ¢ Left
side: molecular electrostatic potential of the nucleosomal histone
dimer H2b-H2a, in the region of contact between the dimer and
DNA. Right side: positions of basic residues (Arg, Lys, His) and
acid residues (Glu, Asp) in the dimer

proteins, the region similar to histone H2b was always
followed by a region characterized by similarity to his-
tone H2a. The percentages of identity among histone
H2a, histone H2b and Cca3 proteins are reported in
Table 1. The analysis of the alignment reveals that,
considering the region similar to H2b, the amphipatic
character of the putative o-helices is well-conserved,
even when the sequence identity is as low as 16%.
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Fig. 3 Alignment between hSosl (residues 22-95) and histone H2b
(residues 38-114). White boxes and grey boxes indicate the positions
of a-helices in the structure of histone H2b and hSosl1, respectively.

As for the protein region corresponding to H2a, the
sequence identity with Cca3 is about 30%, and the
typical pattern of hydrophobic residues is also con-
served. Moreover, glycine and proline residues, which
are known to be found often in loop regions, are mainly

Table 1 Members of the Cca3 family

ASDVEERVQKSFPHPIDKWAIADAQSAIE-——-

* ke o e

* .

Underlined residues belong to the pattern of aminoacids whose
hydrophobicity is strictly conserved. The alignment was obtained
with ClustalW and manually refined

located among the regions that should correspond to
o-helices.

Psi-Blast searches also showed the existence of a
human homolog of Cca3 (NCBI code gi|21754934),
which surprisingly lacks the region of homology to his-

Seq.N. NCBI code Organism Protein Position Percent of identity Percent of identity
(aa) DHF to histone H2b to histone H2a
1 2i/19705529 R. norvegicus 1,024 98-282 27.4 26.2
2 2i/49402267* M. musculus 1,024 98-282 27.4 26.2
3 2i|54038583* X. laevis 1,016 94-274 24.2 29.3
4 2i|47215237* T. nigroviridis 1,093 93-285 30.2 27.6
5 2i|31240747% A. gambiae 1,352 386-563 16.4 37.6
6 gi|45553229% D. melanogaster 1,326 356-527 16.4 33.8
7 SINFR UP00000078440° F. rubripes 936 90-273 24.4 27.7
8 SINFRUP00000051335° F. rubripes 975 95-276 20.6 27.7
9 SINFRUP00000077108° F. rubripes 1,002 93-284 30.4 29.9

DHF Double histone fold

“These proteins were identified from the nr database, as uncharacterized protein sequences; accession numbers as given in the NCBI

database are shown.

These proteins were identified from the translated version of the genomic database of Fugu rubripes

Table 2 Members of the “‘similar to Cca3” family

Seq.N. NCBI code Organism Protein Position Percent of identity Percent of identity
(aa) DHF to histone H2b to histone H2a
1 gi|51471006 H. sapiens 332 98-258 21.0 36.4
2 2i/34862936 R. norvegicus 316 98-268 22.1 33.8
3 2i|50784195 G. gallus 459 95-275 26.1 27.4
4 2i[52139159* X. tropicalis 294 95-274 27.7 28.0
5 2i/47218320* T. nigroviridis 323 95-277 22.4 26.7
6 2i|47225780% T. nigroviridis 392 89-272 23.3 27.9

DHF Double histone fold

4These proteins were identified from the nr database, as uncharacterized protein sequences; accession numbers as given in the NCBI

database are shown
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Fig. 4 Graphical representation of the four classes of proteins (archeal histone pseudodimers, Sos proteins, Similar to Cca3 and Cca3

proteins) encompassing a double histone fold (DHF) domain

tone H2b. Prompted by this observation, we identified
the corresponding gene in the human genome sequence,
and translated the nucleotidic sequence upstream of the
region of homology to histone H2a. The resulting pro-
tein sequence shares 97.8% identity with the region
similar to histone H2b of rat Cca3, indicating that the
human Cca3 protein should also encompass two distinct
histone folds.

As stated above, the Psi-Blast search found other
proteins, referred to as “‘similar to Cca3” (Cca3S), which
could be characterized by the double histone fold. These
proteins are significantly shorter than Cca3 (see
Table 2), and do not include ankyrin repeats or POZ
domains. However, Cca3S proteins show a significant
sequence similarity (above 50%) in the region corre-
sponding to the putative double-histone fold, and in the
upstream amino-terminal module. Furthermore, Cca3S
proteins show the expected conservation of the amphi-
patic character of the putative a-helices.

The alignment among Cca3S proteins and histones
showed the absence of gaps in the putative a-helices,
apart from the case of rat Cca3S which lacks 14 residues
in the region of homology to histone H2a. This gap
could cause the fusion of two helices, namely the third,
longest helix of this region and the following one. This
fusion and the consequent loss of an a-helix flanking the
longest helix in one of the two histone folds is expected
to be compatible with the formation of the double-his-
tone fold, since some transcription factors are composed
of couples of interacting histone folds, in which the first
monomer presents a complete histone fold (two short
helices flanking a longer one), while the second mono-
mer lacks one of the shorter helices (see [17] and 1h3o
PDB record, shown in Fig. 5). Similar structural fea-
tures are also expected to characterize the human ver-
sion of Cca3S, in which the H2a-like histone fold
comprises only two putative a-helices (see Fig. 1).

All these observations strongly suggest a common
fold for all these domains. To investigate this aspect
further, we predicted the secondary structure for these
domains, as explained in the Methods section, and

compared it with experimental data for hSosl and the
H2a and H2b proteins of the human histone dimer. The
comparison among the results obtained from three dif-
ferent prediction servers gave rise to a meta-prediction
which supports the hypothesis that Cca3 and Cca3S
proteins assume a secondary structure very similar to
that of hSosl and histones H2a and H2b (Fig. 1).

To test the previous observations further, we also
submitted to the fold recognition meta-server 3D-Jury
(see Methods) the protein portions of Cca3 and Cca3S
which should have structural features similar to the
double histone fold domain of hSos1. The results of this
analysis confirmed that Cca3 and Cca3S protein se-
quences are compatible with the structure of the amino-
terminal domain of hSosl (data not shown).

Analysis of the structure—function relationship in Sos,
Cca3, and Cca3S histone pseudodimers

The presence of double-histone fold domains in Sos,
Cca3, and Cca3S proteins rises an important question:
are these structural modules implicated in DNA bind-
ing? To investigate this possibility, we carried out a deep
in silico analysis on Sos, Cca3, and Cca3S histone
pseudodimers. The agreement between the results of our
computational investigation and the experimental data
available in the literature was then checked.

Sos proteins are ubiquitously expressed Ras—GEFs
(guanine nucleotide exchange factors). The activation
of growth factor receptors stimulates the translocation
of Sos proteins from the cytoplasm to the plasma
membrane, where Ras is localized. The interaction
between Sos and Ras at the membrane causes Ras to
release GDP, bind GTP and become activated [I8].
Since there is no evidence supporting the possibility
that Sos proteins can move to the nucleus, the histone
domain is probably not involved in DNA binding. In
fact, our analysis based on sequence comparisons
among histones and the different Sos orthologs
showed a substantial lack of conservation in the
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Fig. 5 1h30 PDB record; the
histone fold that lacks one of
the short helices flanking the
longest helix is colored in red

pattern of residues that would be directly involved in
the interaction with DNA (Fig. 1). In the H2a-H2b
nucleosomal histone dimer, the surface region that
mediates protein-DNA contacts is strictly basic. As a
result, attractive interactions between the histone di-
mer and deoxyribonucleic acids can take place. The
corresponding surface region of Sos histone pseud-
odimer proved to be prevalently negatively charged, as
shown in the electrostatic potential map shown in
Fig. 2. Moreover, in the hypothetical complex between
hSosl and DNA, three acid residues of hSosl (Glu39,
Glul08, Aspl23) would be in direct contact with
phosphate groups of DNA (Fig. 2).

Analogous computational analyses were carried out
on the Cca3 and Cca3S proteins. The alignment
among the sequences of all these proteins and histones

highlights the fact that the residues that could mediate
the interaction with DNA are prevalently conserved or
substituted with other amino acids that could be
involved in DNA binding. In particular, a cluster of
conserved basic residues is observed in the amino-
terminal part of the region of homology to histone H2a
(Fig. 1). In the case of Cca3 proteins, the presence of a
POZ domain also suggests a tight relationship between
the double-histone fold domain and DNA, since POZ
domains are commonly found in nuclear proteins con-
taining other well-established DNA-binding modules,
belonging to the zinc-finger domain family [19].

In order to shed light on some key structural features,
we used a homology-modeling procedure on the double-
histone fold of rat Cca3 (see Methods), using the
H2b-H2a histone dimer as a template. The structural
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Fig. 6 Organization of histones H2b and H2a, Sos, Cca3 and Cca3S
proteins based on molecular phylogenetics. The tree is generated
using the entire double histone fold domain of Sos, Cca3 and Cca3S

proteins, together with the chimeric sequence obtained linking the
protein regions corresponding to the H2b (residues 38-114) and
H2a (residues 1-119) monomers of the human histone dimer
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Fig. 7 a and b Graphical representation of the statistical param-
eters (Pscore and Parea, see [20]) on which the prediction of DNA-
binding site is based. Black crosses indicate the Pscore and Parea
values calculated for 63 representative dsDNA-binding proteins,
while the red asterisks refer to the values of the same parameters for

reliability of the model was evaluated by means of
PROCHECK; the calculation of PROC-AVE parame-
ter, (which represents a carefully weighted average of all
the analyses performed by PROCHECK) gave a value
of —0.27, significantly higher than the threshold of —0.5
which divides poor and good models. The rat Cca3
model shows that the putative region of interaction be-
tween the double-histone fold and DNA is very rich in
basic residues and no acid residues in direct contact with
DNA are found (Fig. 2). Moreover, the calculation of
the electrostatic potential map of the model highlights
that the putative region involved in DNA binding is
positively charged (Fig. 2). This conservation of physi-
co-chemical properties in the putative region of contact
to DNA is even more significative considering the fact
that the Cca3 and Cca3S proteins are more distantly
related to histones than the Sos proteins (Fig. 6).

Cca3 histone pseudodimer model (a), and for the amino-terminal
domain of hSosl (b). Only the proteins with Pscore > 0.12 and
Parea > 250 (thus included in the upper right region of the graph)
are considered dsDNA-binding proteins. ¢ Localization of the
predicted DNA-binding surface (in blue) on the rat Cca3 model

The availability of a model for the double-histone
fold included in rat Cca3 allowed us to apply a novel and
highly reliable computational method for the identifi-
cation of DNA-binding proteins. This method, devel-
oped by Tsukiya et al. [20] focuses on the shape of the
molecular surface of the protein and DNA and on the
electrostatic potential on the surface. The resulting
prediction scheme shows 86 and 96% accuracy for
DNA-binding and non-DNA-binding proteins, respec-
tively [20]. It is important to note that this method is
complementary with respect to the phylogenetic and
comparative approach applied in the present work up to
now. The results obtained from the application of such a
method confirmed all the observations reported above:
the histone pseudodimer included in hSosl was
indicated as a non-DNA-binding domain, while the
double histone fold from rat Cca3 was recognized as a
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DNA-binding module (Fig. 7). Furthermore, the surface
portion indicated by the algorithm as the DNA-binding
region on Cca3 histone pseudodimer lies over the con-
served basic surface described above (see Figs. 7, 2).

The above observations strongly support the
hypothesis that the double-histone fold of the Cca3 and
Cca3S proteins could mediate the interaction between
these proteins and deoxyribonucleic acids. Cca3-encod-
ing mRNA preferentially accumulates in growth-ar-
rested 3Y1 line cells, [21] and its level decreases
transiently before initiation of DNA replication in
regenerating rat-liver cells [22]. No molecular informa-
tion is available so far regarding the molecular details of
the function of Cca3 proteins. In light of our computa-
tional data, it is tempting to speculate that the pattern of
expression of Cca3 may correlate with preferential
binding of Cca3 to DNA in a pre-replicative condensed
GO/G1 state. Thus, biochemical studies of proteins of
the Cca3 family will receive novel impulse and directions
from our studies and will contribute to shed new light on
the function of this interesting class of proteins.

Conclusions

In the double-histone fold, two consecutive regions
characterized by the typical structure of histones
assemble together, thanks to tight interactions between
their hydrophobic surfaces [3]. Until now, this protein
fold had been identified only in prokaryotic histones and
in Sos proteins. Sequence comparisons, secondary
structure predictions and fold recognition methods
indicate that this protein fold is more widespread than
previously expected. In fact, histone pseudodimers have
been identified in conserved sequence modules of Cca3
and “‘similar to Cca3” proteins.

Previous literature data indicated that the prokaryotic
histone pseudodimer could have a role in chromatin
packaging, [23] while the double-histone fold domain in
Sos proteins is known to be implicated in the mediation
of intermolecular interactions that lead to the autoinhi-
bition of the Ras-GEF activity [24]. In silico analysis of
Cca3 and Cca3S has allowed us to show that the physico-
chemical properties of the histone pseudodimers in these
proteins are compatible with DNA binding. This result
suggests that the double-histone fold could also be in-
volved in mediating the interactions between DNA and
multidomain proteins. Moreover, our computational
data will be useful for planning further experimental

functional characterization of these novel classes of
proteins.

The analysis of new genomic sequences and the
availability of more sensitive computational tools will
allow us to verify if other protein families can be in-
cluded in the group of histone-pseudodimer containing
proteins.
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