J. Biochem. 138, 821-829 (2005)
doi:10.1093/jb/mvil82

Structural Similarity between Histone Chaperone Cialp/Asflp

and DNA-Binding Protein NF-kB

Balasundaram Padmanabhan®*, Kazuhiro Kataoka'!, Takashi Umeharal’*,

Naruhiko Adachi*!, Shigeyuki Yokoyama®*® and Masami Horikoshi'"*?

!Horikoshi Gene Selector Project, Exploratory Research for Advanced Technology (ERATO), Japan Science and
Technology Corporation (JST), 5-9-6 Tokodai, Tsukuba 300-2635; Laboratory of Developmental Biology,
Institute of Molecular and Cellular Biosciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo
113-0032; °>RIKEN Genomic Sciences Center, 1-7-22 Suehiro-cho, Tsurumi, Yokohama 230-0045; *‘RIKEN
Harima Institute at SPring-8, 1-1-1 Kouto, Mikazuki-cho, Sayo, Hyogo 679-5148; and ®Department of
Biophysics and Biochemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-0033

Received August 8, 2005; accepted October 14, 2005

The structural relationships between histone-binding proteins and DNA-binding
proteins are important, since nucleosome-interacting factors possess histone-binding
and/or DNA-binding components. S. cerevisiae (Sc) Cialp/Asflp, a homologue of human
CIA (CCG1l-interacting factor A),isthe most evolutionarily conserved histone chaperone,
which facilitates nucleosome assembly by interacting with the nucleosome entry site of
the core histones H3/H4. The crystal structure of the evolutionarily conserved domain
(residues 1-169) of Cialp (ScCialp-AC2) was determined at 2.95 A resolution. The refined
model contains 166 residuesin the asymmetric unit. The overall tertiary structure resem-
bles a p-sandwich fold, and belongs to the “switched” immunoglobulin class of proteins.
The crystal structure suggests that ScCialp-AC2 is structurally related to the DNA-
binding proteins, such as NF-kB and its family members. This is the first examination
ofthe structural similarities between a histone chaperone and DNA-binding proteins. We
discuss the possibilities that the strands p3 and p4, which possess highly electronegative
surface potentials, are the important regions for the interaction with core histones, and
that the histone chaperone ScCialp/Asflp and the DNA-binding protein NF-kB may have

evolved from the same prototypal protein class.
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Eukaryotic genomic DNA is wrapped around the core his-
tones H2A, H2B, H3 and H4, resulting in a nucleoprotein
complex called the nucleosome (I). The regulation of the
interactions between DNA and histones is important for
controlling the active and/or inactive states of DNA (2), and
is modulated by three types of chromatin-associated
factors: histone modification enzymes, nucleosome remo-
deling factors and histone chaperones (3—5). To assemble
and disassemble nucleosome efficiently, these chromatin-
associated factors should interact with and modify the DNA
and/or core histones (2). In fact, the complexes involving
histone acetyltransferase (HAT) and nucleosome remodel-
ing ATPase contain both DNA- and histone-interactive
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subunits (6). However, although the possibility that
histone chaperones themselves might have inherited
DNA-binding domains is intriguing, it is not known
whether histone chaperones contain DNA-binding subu-
nits, and the binding mode of histone chaperones to nucleo-
somal DNA has yet to be elucidated.

Human histone chaperone CIA (hCIA; CCGl-interacting
factor A) was isolated as an interacting factor of the bro-
modomain of CCG1/TAF1/TAF{1250 (7, 8), the largest sub-
unit of TFIID (9, 10). CIA is the most conserved histone
chaperone, and it shares high sequence conservation with
its yeast homologue (anti-silencing function-1; ScCialp/
Asflp) (11, 12). Both hCIA and ScCialp/Asflp have nucleo-
some assembly activity (7, 12), and ScCialp also has the
ability to disassemble nucleosomes (13, 14). CIA binds to
histone H3 through (i) the region responsible for the for-
mation of the (H3/H4), tetramer (15), and (ii) the starting
and ending points of the interactive region between the
core histones and DNA in the nucleosome core particle
(7, 16). Although little evidence exists for the involvement
of the histone chaperone CIA in the DNA-binding reac-
tions, previous studies implied that CIA itself also contains
a DNA-binding motifs in addition to the histone-binding
motif: (1) CIA regulates several DNA-mediated reactions,
including transcription (8, 13), gene silencing (10, 17, 18),
DNA replication (19-21), DNA repair (22-25), cell cycle
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(11, 26), cell death (27), and spermatogenesis (28), and (ii)
CIA interacts with various proteins that function in DNA/
nucleosome-mediated reactions, including histone acetyl-
transferases CCG1 (7, 8) and the SAS complex (17, 18), the
core histones H3 and H3/H4 (7, 19), the transcription cor-
epressors Hirlp and Hir2p (29, 30), the DNA repair factor
Rad53 (22, 23), the DNA replication factor C (RFC) (20), the
Tousled-like kinase (31), the histone chaperone CAF-I (24),
and the chromatin remodeling ATPase brahma complex
(32).

Several DNA-binding domains exist among DNA-
binding proteins, and the domains utilized in bacteria,
archaea and eukaryotes differ from each other. In addition,
there are many DNA-binding proteins that interact not
only with naked DNA but also with nucleosomal DNA
(33). For example, glucocorticoid receptor (GR) binding
to its recognition sequence within the nucleosome results
in the disruption of the local chromatin structure, the
assembly of a transcriptional complex over the TATA box,
and the induction of transcriptional activation (34). GR is
well suited to interact specifically with nucleosomal DNA,
with only a slight reduction in its affinity relative to naked
DNA. This interaction is dependent on the precise position
of the nucleosome as well as the translational position of
the GR-binding site within the nucleosome (33). In addi-
tion, the activated GR complexes bind tightly to histones
H3 and H4 (35). Although the relationship between these
naked/nucleosomal DNA-binding domains and histone-
binding domains is still unclear, these studies have
provided information leading to a possible interaction
mechanism of DNA-binding proteins with nucleosomal
DNA and core histones. Thus, the possibility that
DNA-binding proteins and histone chaperones are struc-
turally and functionally related to each other should be
investigated.

In our previous study, we reported the purification,
crystallization and preliminary crystallographic studies
of ScCialp-AC2 (comprising residues 1-169 of Cialp),
which has nucleosome assembly activity (12, 36). Here
we report the tertiary structure of ScCialp-AC2 at 2.95
A resolution, and discuss the surprising result that it
shares structural similarities with several eukaryotic
DNA-binding proteins.

EXPERIMENTAL PROCEDURES

Protein Purification, Crystallization, and X-Ray Data
Collection—The expression, purification and crystalliza-
tion of ScCialp-AC2 were recently reported (36). Briefly,
E. coli BL21 (DE3) harboring the pGEX5X-2-ScCialp-AC2
plasmid was grown at 27°C in TBG-M9 medium (7), con-
taining 50 pg/ml ampicillin and 30 pg/ml chloramphenicol,
to an ODgso of 0.8-1.0. GST-ScCialp-AC2 expression
was induced for 3 h by the addition of IPTG to a final
concentration of 0.4 mM. The cells were harvested by
centrifugation, resuspended in a buffer containing
20 mM Tris-HCl pH 7.9, 10% glycerol, 500 mM KClI,
50 mM 2-mercaptoethanol, 1 mM PMSF, 20 pg/ml
leupeptin and 20 pg/ml pepstatin A, and lysed by
EmulsiFlex-C5 (Avestin). The cell lysate was centrifuged,
and the resulting supernatant was applied to Glutathione-
Sepharose resin (Amersham Biosciences). After washing
the resin, GST-ScCialp-AC2 was eluted and cleaved by
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factor Xa (Amersham Biosciences) at 20°C for 16 h.
Benzamidine-Sepharose (Amersham Biosciences) was
added to the mixture to remove the factor Xa. The
ScCialp-AC2 fraction was loaded on a Poros QE column
(Applied Biosystems), which was eluted with a linear gra-
dient from 0.2 to 1.5 M NaCl, and then the protein was
fractionated by gel filtration on a Hil.oad 26/60 Superdex
200 prepgrade column (Amersham Biosciences). The pur-
ified ScCialp-AC2 protein was concentrated to 4 mg/ml by
Centriprep YM-10 ultrafiltration (Millipore).

Microcrystals initially appeared within 2-3 d when a
precipitant solution containing 0.1 M Tris-HCl (pH 7.5
at 20°C), 35% PEG 8000, and 0.2 M ammonium sulfate
was used. Systematic screening of buffer pH, PEGs (4K,
6K and 8K) and different salts did not improve either the
crystal size or morphology. Hence, the streak seeding
method was employed to improve the growth of these
microcrystals. Clusters of thin plate crystals (0.1-
0.15 mm) appeared in 7-10 d, with 30% PEG 8000,
0.18 M ammonium sulfate and 0.1 M MES (pH 6.5).

Diffraction data were collected from a single crystal on
the beam line BL18B, using an ADSC Quantum-4 CCD
detector, at the Photon Factory, Tsukuba, Japan. A com-
plete data set was collected at room temperature to a max-
imum resolution of 2.95 A, and was processed and scaled
with the programs DPS/MOSFLM (37) and SCALA from
the CCP4 package (38). The crystals belong to the orthor-
hombic space group P2,2;2, with unit-cell parameters a =
106.70, b = 46.92, ¢ = 40.60 A. The data collection statistics
are shown in Table 1.

An exhaustive screening for heavy-atom derivatives was
performed, but none of the derivatives yielded data with

Table 1. Summary of data collection and refinement
statistics.

Data Collection

Source BL18B, Photon Factory, Tsukuba

Wavelength (A) 1.0

Resolution (A) 30.0-2.95

Unique reflections 4,606

Completeness (%) 99.0 (99.0)

I/t 5.3 (2.0)

Rierge (%) 8.5 (28.7)
Refinement statistics

Resolution (A) 20.0-2.95

Sigma cutoff 2.0

Reflections 4,033

No. protein residues 166

No. water molecules 119

Reryst (%)° 19.8

Riee (%)* 275
Average B factors (A%)

Protein 34.67

Solvent 39.91
r.m.s. deviations

Bond lengths (A) 0.007

Bond angles (A) 14

!Numbers in parentheses are values in the highest resolution
shell (3.13-2.95). Rperge = = | I(h) — <I(h)> |/ I(h) summed over
all observations and reflections. 3Rcryst =2 | Fops — Feate |/Z Fops.
4R calculated with 5% of data omitted from refinement.
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sufficient quality for MIR structure determination. Since
the protein has no methionine residue in its sequence, the
protein was mutated to place methionine residues at the
positions Val94Met and Leu97Met, and Se-methionines
were subsequently incorporated at these positions. The
Se-Met incorporated ScCialp-AC2 protein crystals were
obtained in a drop containing 18% PEG4000, 50 mM
CaCl; and 0.1 M Na-Hepes pH 7.5. The cell parameters
of these crystals were different from those of the native
crystals. In addition, the diffraction from these crystals
was very poor, with a limit of not beyond 5.0 A resolution,
and was highly anisotropic. During the screening to
obtain suitable crystals for the Se-MAD data collection,
the structure of the N-terminal conserved domain (com-
prising residues 1-155) of ScCialp was solved (39). We
used this protein structure (yAsflN) as a model to solve
our ScCialp-AC2 structure.

Structure Determination and Refinement—The struc-
ture was determined by molecular replacement with
AMoRe (40), using normalized structure factor amplitudes
and with the yAsflN protein structure (39) as the search
model. Molecular replacement calculations were carried
out with diffraction data in the resolution range of
15-3.0 A. The peaks in the cross-rotation function used
for the translation function (TF) search, with subsequent
rigid-body refinement, gave a high contrast peak with a
correlation coefficient of 31.3 and an R-factor of 50.8%. The
model generated from this solution revealed good crystal
packing when inspected on a graphics terminal. After rigid
body refinement, the structure was subjected to molecular
dynamics simulated annealing from 3,000 K to reduce
the model phase bias, using the program CNS (41). A
test data set containing 5% of the reflections from a data
set was selected to examine the Rg... throughout the entire
refinement process. Based on the (2 m|Fo|-D|Fc|) and
(m|Fo|-D|Fc|) electron-density maps, the structure
was rebuilt with the graphics program O (42). The initial
value of R-factor and Rg... were 28.9% and 34.6%, respec-
tively, and the (2 m|Fo|-D|Fc|) map generated by CNS,
calculated after the 1st cycle of refinement, showed that
the model fitted the electron density well and many side
chains were readily interpretable (Fig. 1A). Several rounds
of simulated annealing with grouped temperature-factors
were performed until all possible side chains were identi-
fied. A series of omit maps was used for inspection, parti-
cularly in the flexible loop regions between 5 and 6, and
B7 and B8, and confirmed the amino acid assignment. As
the electron density for the side-chain of Lys129 was not
visible, it was truncated to Ala during the refinement. At
the final stage of refinement, water molecules were added
to the peaks above 2.2 ¢ in the (m|Fo|-D|Fc|) difference
Fourier map using WATERPICK in CNS, but were only
retained in the model that had good spherical electron
density and suitable hydrogen bond geometry. The stereo-
chemistry of the refined structure was analyzed with the
program PROCHECK (43). The program LSQKAB from
CCP4 was used to calculate the r.m.s. deviations for the
superposition of the molecules. The figures in this paper
were generated by using ESPript (44) and PyMOL (Delano
Scientific LLC).

Protein Data Bank Entry—The refined atomic coordi-
nates of ScCialp-AC2 have been deposited in the Protein
Data Bank, under the accession code 1WGS3.
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RESULTS AND DISCUSSION

Overall Structure of ScCialp-AC2—The crystal struc-
ture of ScCialp-AC2 was solved by the molecular replace-
ment method and refined to 2.95 A resolution (Fig. 1A). The
final structure contains 166 residues, including 6 tagged
residues at the N-terminus (tagged residues: 2—7; ScCialp-
AC2: 8-167). The region Met8—Aspl167 in the structure
corresponds to Metl-Aspl160, as defined in Swiss-Prot
(Entry name: ASF1_YEAST) (Fig. 1B). The actual protein
sequence numbering is used for all further discussions. The
structure of ScCialp-AC2 mainly consists of eight antipar-
allel B-strands, which form a f-sandwich domain topped by
short a-helices (Fig. 1, B and C). The topology of ScCialp-
AC2 falls into the “switched” immunoglobulin class of pro-
teins (45). It possesses two antiparallel B-sheets packed
against each other, and a similar Greek key strand topol-
ogy. The front sheet is formed by antiparallel f-strands (3,
B4, 6, B7, and P9), and the other B-sheet is formed by
the other antiparallel B-strands (f1, B2 and B5). A shallow
concave groove exists on the front side of the first B-sheet,
which possesses a highly hydrophobic surface.

In the present ScCialp-AC2 protein structure, a long
chain with an unspecified secondary structure (from
Aspl54 to Aspl60) resides at the C-terminal region. This
region is quite flexible and protrudes away from the glob-
ular sandwich domain without the bona-fide C-terminal
region (Fig. 1, C and D). Since the rest of the C-terminal
region is composed of a highly polyanionic stretch, this
flexible chain probably separates the two distinct domains
(the conserved globular sandwich domain and the polya-
nionic stretch domain) and enhances their conformational
flexibility, which would facilitate binding with other pro-
teins. The electron density for the residues Leul61 to
Vall69 is completely absent. Since the full length ScCialp
protein was not expressed well, this protein is likely to be
degraded with various C-terminal truncations, based on
biochemical results and a secondary structure prediction
(12). The truncated targets were screened for their expres-
sion and purification levels, and the present ScCialp-AC2
(Met1-Val169) protein yielded good results. Although it
produced tiny crystals, we were able to collect a native
data set up to 2.95 A resolution. However, we had many
difficulties in obtaining heavy-atom derivatives, and none
of them gave a good diffraction dataset. After solving this
structure by the molecular replacement method, using the
recently determined yAsf1N structure (39), we observed an
extra, long tail at the C-terminal region (Fig. 1, B and E).
This flexible region was probably the main reason for the
major hurdles in the various experimental stages, from
expression to structure refinement.

A comparison of the ScCialp-AC2 structure (Ile3 to
Trpl153) with the recently determined yAsfl structure
(39) revealed that the overall structures of these two pro-
teins are almost the same (Fig. 1E). A superposition of the
C” atoms of these two structures (ScCialp-AC2 : 3-153;
yAsfIN: 3-153) yielded an average r.m.s. deviation value
of 1.1 A. However, as observed in Fig. 1E, the long loops
between B5 and 6 (Asp77-Ser91), and between B7 and 8
(Aspl118-His134) did not superpose well, because of their
flexibility. Interestingly, insertions and deletions exist in
these regions of the S. pombe cial sequence (positions 89
and 130-142 in S. pombe cial) (Fig. 1B) (12), which
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suggests that the sequences of these two intervening
regions (where loops and short helices are formed) not
only diverged throughout evolution but also are loosely
structured in ScCialp. The tertiary structure of the N-
terminal domain of hCIA (1-156), determined by NMR,
was recently reported (46). Although the overall tertiary
structure of ScCialp-AC2 is similar to that of hCIA, sub-
stantial structural variations exist in the loop regions con-
necting the pB-strands p5 and 6, and B7 and 8 (Fig. 1E).
The structural deviations occurring in these regions reflect
the significant sequence dissimilarity between yeast Cialp
and hCIA (Fig. 1B), and hence may contribute to functional
differences between the yeast and human proteins.
Surface Potential Analysis—The electrostatic potential
analysis revealed that the ScCialp-AC2 structure
possesses a few potential regions for protein—protein
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Fig. 1. Crystal structure of yeast
Cialp-AC2. (A) Stereoview of the
refined (2Fo-Fc) electron density map
of ScCialp-AC2 at 2.95 A resolution.
The map is contoured at 1 o, with the
final model displayed for comparison.
(B) Structure-based amino acid
sequence alignment of ScCialp-AC2
with other homologous proteins. The
secondary structures of ScCialp-AC2
are shown by arrows and helices. The
alignment was produced by ClustalW
(55) and was manually modified.
Sequences used in this figure were
obtained from the Entrez database:
(S. cerevisiae Cialp/Asflp, L07593;
B4 S. pombe cial, AB031397; human CIA,
o — o AB028628; human CIA-II, AB104486).
: . The red characters indicate homolo-
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AERH on a red background indicate comple-
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tely identical residues among the four

al sequences. (C) Ribbon diagram of the
ScCialp-AC2 structure. The B-strands
are labeled as B1 through 9. A short
310-helix connects the strands B7 and
B8. An arrow indicates the position of
the concave groove region. (D) Pro-
posed functional residues. Color codes
from the N-terminus (blue) to the C-
terminus (red). (E) Superposition of
the structures of ScCialp-AC2 (blue),
AsfIN (red) (PDB entry 1ROC), and
hAsf1 (green) (PDB entry 1TET).
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interactions. One is the hydrophobic surface region (con-
cave groove region), which is a protein—protein—interacting
region formed by the conserved residues Val45, Val92,
Leu96 and Tyr112 (Figs. 1D and 2). Another is the ele-
ctronegative surface potential arising from the charged
residues Asp37, Glu39, Asp58, and Asp77, which are posi-
tioned on the B3 and B4 strands (Figs. 1, C and D, and 2).
The residues Asp37, Glu39, Asp58, and Asp77 are comple-
tely conserved from yeast to human (7, 12). Recent studies
have suggested that electronegative surfaces may function
as histone-binding determinants (5), and thus it is likely
that this conserved region might interact with histones.
Another study (46) revealed that the hCIA protein asso-
ciates with the C-terminal region of histone H3, through
the conserved hydrophobic residue Val94, which is located
in the hydrophobic concave groove. In addition, the study
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showed that the charged residues surrounding the groove,
such as Asp54 and Argl08, also contribute to the H3 inter-
action, though to a lesser extent. Further structural
analyses of ScCialp-containing complexes, such as those
with the core histones H3/H4 (19), will be essential to
understand not only the functional role of ScCialp but
also the mechanism of the nucleosome assembly processes.

Comparison of CIA-I and CIA-II with the ScCialp-AC2
Structure—Although only one CIA homologue exists in
unicellular eukaryotes, multiple genes are present in
multicellular organisms, such as CIA (CIA-I) and CIA-II

Fig. 2. Electrostatic surface potential of ScCialp-AC2. Left
panel: Hydrophobic surface region of ScCialp-AC2. Right panel:
Electronegative surface potential formed mainly by strands p3
and P4. Negative and positive charges are shown in red and
blue, respectively. Functional residues, which are indicated in
Fig. 1D, are labeled.
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in mammals (28). To understand the structural and
functional difference between these family members, we
mapped the positions of the divergent amino acids on
the ScCialp-AC2 structure (Fig. 3A). The non-conserved
regions, which are mainly clustered in the loop connecting
the strands B7 and B8, and on the B-sheet surface (Figs. 1C
and 3A), may be responsible for generating the functional
differences between these two isoforms.

Comparison of Other CIA Homologues with the ScCialp-
AC2 Structure—We mapped the evolutionarily conserved
residues on the ScCialp-AC2 structure (Fig. 3B). Many
of the conserved residues are distributed on the concave
side of the B-sheet. The residues that lie on the interface
between the two B-sheets are highly conserved from yeast
to human. This conserved region may be responsible for
performing the common functional roles of CIA, such as the
interaction with H3. However, a closer analysis revealed
that the p1 and B5 strands (Figs. 1C and 3B), on the oppo-
site side of the concave groove, possess more non-conserved
residues. In addition, the residues residing on the loop
connecting the strands g5 and B7 (Figs. 1C and 3B) display
more diversity among the species. The residue at posi-
tion 69 is hydrophobic in the yeast protein (Val69/I1e69)
(Fig. 1B), whereas this position is occupied by a basic resi-
due (Arg69) (Fig. 1B) in the human form. Similarly, hydro-
phobic and hydrophilic residues reside at position 86 in the
yeast and human CIA homologues, respectively (Fig. 1B).

Another interesting feature of the sequence diversity
exists in the loop that connects the strands 7 and 8
(Fig. 1, B and C). The presence of a five-residue insertion,
found in S. pombe (Sp), suggests that this region might
be responsible for the distinct functional role of the Sp
CIA homologue (Spcial), as compared to those of ScCialp
and hCIA. In addition to this insertion, the sequence
of this long loop region is highly divergent from yeast
to human. Analyses of the species-specific functions
among the S. cerevisiae, S. pombe and human CIA homo-
logues revealed that ScCial is dispensable and Spcial
is indispensable for cell viability, and that ScCial could

Fig. 3. Amino acid sequence comparisons of CIA families and
homologues. (A) Distribution of conserved residues between hCIA
and the hCIA-II isoform on the ScCialp-AC2 structure. Molecular
surface models are shown in ‘front’ and ‘back’ views. The conserved
and non-conserved residues are shown in pink and grey, respec-
tively. Non-conserved residues are mainly localized in the loop
that connects the pB-strands 7 and B8, and on the B-sheet surface.

Vol. 138, No. 6, 2005

(B) Distribution of conserved residues between ScCialp-AC2 and its
homologues, corresponding to Fig. 1B. Molecular surface models are
shown in the same view as in (A). The conserved and non-conserved
residues are shown in olive and grey, respectively. The non-
conserved residues are distributed widely, such as on the edges
of B-sheets, and on the opposite side of the concave groove of the
B-sheet.
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complement the cell growth defect caused by the deletion of
Spcial, while hCIA could not (11, 12). Hence, we propose
that these sites with sequence diversity are likely to
be responsible for the functional differences among the
various species.

Comparison of the ScCialp-AC2 Structure with Other
Protein Structures—The ScCialp-AC2 structure was
compared with the protein structures within the Protein
Data Bank, using the DALI server (47). The structure
of ScCialp-AC2 falls into the immunoglobulin-like
B-sandwich fold family, which includes various DNA-
binding proteins such as NF-«B, involved in the activation
of immunoglobulin genes (Fig. 4A), NFAT1, involved in the
activation of T cells (Fig. 4B), and p53, involved in tumor
suppression and apoptosis (Fig. 4C), although their
sequence similarities are low. A maximum sequence iden-
tity of about 10% was observed in the DALI results. This is
the first time to point out the structural similarities
between a histone chaperone and DNA-binding proteins.

As expected from the low sequence similarities, the sur-
face potential profiles among these proteins are divergent
(Fig. 5, A, B, and C), and they are distinct from that of
ScCialp (Fig. 5D). To gain insight into the functional role
of ScCialp and its relationship with DNA-binding proteins,
we carefully analyzed the DALI homology search results.
We found that the ScCialp-AC2 structure is related to
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Fig. 4. Structural comparison of
the immunoglobulin-like domain
region of the NF-kB family proteins.
Shown 1is a superposition of the
structures of ScCialp-AC2 (blue) and
(A) NF-kB (red) (PDB entry 1NFI),
(B) NFAT1 (salmon) (PDB entry 1P7H),
and (C) p53 (green) (PDB entry 1TUP).
Putative DNA-binding regions are
shown by dotted circles.

Fig. 5. Electrostatic surface poten-
tials of the immunoglobulin-like
domain regions of the NF-kB
family proteins. (A) NF-«xB (PDB
entry 1NFI), (B) NFAT1 (PDB entry
1P7H), (C) p53 (PDB entry 1TUP),
and (D) ScCialp-AC2. Negative
charge is shown in red, and positive
charge is blue.

the C-terminal dimerization domain of the p65 subunit
of NF-«xB (48), with a z-score of 4.2 (Fig. 4A). Superposition
of the ScCialp-AC2 structure with the NF-kB structure
yielded an r.m.s. deviation value of 3.4 A, with small
gaps for the C” atoms corresponding to the B-sandwich
core region. The NF-xB p50/p65 heterodimer is the classi-
cal member of the Rel family. The Rel family transcription
factors regulate diverse cellular functions, such as immune
response, cell growth, and development. The heterodimer
binds to DNA through the edges of the N- and C-terminal
domains, which possess the B-sandwich immunoglobulin
fold (49).

The NFAT1 dimer protein, which also belongs to the Rel
family, binds to DNA containing the HIV-1LTR «B site,
through the RHR-N and RHR-C subdomains containing
the immunoglobulin fold (50). The ScCialp-AC2 structure
is also related to the RHR-C subdomain of NFAT1, with
small gaps (z-score = 3.9) (Fig. 4B). Thus, since the -
sandwich core region might constitute a potent protein-
protein interaction surface, ScCialp may form a dimer
through this region. This notion is consistent with our
finding that the ScCialp proteins interact with each
other in a yeast 2-hybrid assay system (data not shown).
In addition to its potential protein—protein interactions,
ScCialp may also interact with DNA through the edges
of its B-sandwich domain. However, the DNA-binding mode
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of ScCialp might be different because an extra region of
ScCialp-AC2 (126-140) (Fig. 1B), as compared to NF-xB
and NFAT1, extends from the region responsible for DNA-
binding by NF-kB and NFAT1 (shown in a dotted circle in
Fig. 4, A and B, respectively). On the other hand, as the
B-sandwich fold region of ScCialp is responsible for its
histone chaperone activity, it is plausible that the Rel
family proteins (e.g. NF-xB, NFAT1, etc.) might have simi-
lar histone chaperone activities. Other DNA-binding pro-
teins with histone chaperone activity may be identified by
comparisons to the tertiary structures of other histone
chaperones.

Another member of the Rel family, p53, forms a tetramer
associated with DNA through its first and second subunits
(51). Each core domain adopts a f-sandwich fold. Two large
loops, at the edge of the B-sandwich, are bound together
by a tetrahedrally-coordinated Zn atom. The helix and
the loop bind to the major groove of DNA and contact
the edges of the base pairs. In contrast to NF-xB and
NFAT1, there are large gaps between the ScCialp-AC2
and the DNA-binding domain of p53 (shown in a dotted
circle in Fig. 4C), in spite of the significant fold similarity
(z-score = 4.1) (Fig. 4C). p53 has three extra regions (115—
133, 174-212, and 279-289) as compared to ScCialp-AC2,
and ScCialp-AC2 contains one extra region (115-132)
(Fig. 1B) as compared to p53. Thus, if ScCialp-AC2

Prototype
(B-sandwich structure)

CIA type NF-«B type

Fig. 6. Proposed model for the origin of CIA family proteins
from the nucleosome-binding prototype. The NF-«B type pro-
tein and ScCialp, and their putative ancestor (a nucleosome-
binding prototype), are depicted as examples of eukaryotic proteins
that bind to naked DNA, core histones and/or nucleosomes.
The Rel family transcription factors bind to the nucleosomal
DNA by interacting through the edges of their B-sandwich
immunoglobulin-like folded structures. As the histone chaperone
CIA possesses a similar tertiary structure, we propose that histone
chaperones and Rel family transcription factors may have evolved
from a common prototype during evolution.
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binds to DNA, like p53, then it is likely that the DNA-
binding by ScCialp-AC2 and p53 is accomplished in
quite different manners, because ScCialp-AC2 lacks the
residues Lys120 and Arg280 of p53, which are important
for its DNA-binding activity, and the extra region of
ScCialp-AC2 extends from the area responsible for the
DNA-binding by p53.

Structural and Functional Relationship between
Histone Chaperones and DNA-Binding Proteins—The ter-
tiary structure of the histone chaperone ScCialp revealed
that ScCialp forms the “switched” immunoglobulin class
of the B-sandwich fold, which is totally different from the
structures of nucleoplasmin family members (52—54). This
implies that the nucleosome assembly and/or disassembly
reactions involving the histone chaperones are composed
of multiple steps, which may utilize different histone cha-
perones at distinct reaction steps. Surprisingly, we found
that ScCialp shares structural similarity with the DNA-
binding domain of the Rel family proteins (Fig. 4). This
suggests that a prototypal B-sandwich fold protein pre-
viously existed, which interacted with both core histones
and naked DNA in ancient organisms (Fig. 6). The histone
chaperone CIA, and DNA-binding proteins such as NF-«xB,
might have evolved from a common prototype to specifi-
cally interact with core histones or a particular DNA
sequence, respectively (Fig. 6). This hypothesis has been
partially confirmed by our recent finding that one of the
DNA-binding proteins has histone chaperone activity
(unpublished results). Further structural and functional
analyses of histone chaperones and the DNA-binding pro-
teins that share structural similarity with them will be
required to understand their interaction mechanisms
with histones and/or DNA.
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